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ABSTRACT

Megathrusts have been the subject of more research recently. Therefore efforts are needed to
understand the patterns, novelties, research trends, and potential future research areas
connected to megathrusts. This study aims to analyze research trends, document types, source
documents, most prolific authors, most cited documents globally, most contributing countries
and affiliations, top subject areas and keywords, and visualization mapping of megathrust
research trends over ten years. This bibliometric study and review of the literature use
metadata from the Scopus database and a mapping application created with the help of the
based program of bibliometrics and VOSViewer. The bibliometric results show that the trend
of megathrust research over the last ten years is relatively stagnant, with most types of
documents being articles and document sources published in journals, one of the journals that
contributes the most is the Journal of Geophysical Research: Solid Earth. The top prolific
author is Lay, T. The most cited document globally is by Hayes G. P. The top affiliates and
countries that researched megathrust the most were Nanyang Technological University and
the USA. The top subject areas and keywords in megathrust research in the last ten are Earth
and Planetary Sciences and Earthquake. The mapping of visualization of megathrust research
trends over the past ten years, seven clusters focus on active faults, crustal earthquakes,
geology, geomorphology, amplitude, crustal deformation, seismic, and kinematics.
Meanwhile, the opportunity and potential for future researchers to conduct megathrust
research are keywords that are still few found, such as mitigation, aftershock, and ground
motion.

Keywords: Megathrust, Bibliometric, Review, Bibliometric and VOSViewer
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1. INTRODUCTION

Lately, natural disasters, especially earthquakes, often occur and cause significant
damage and impact on life. There have been 17 largest earthquakes recorded in history, 15
megathrust earthquakes (Atakan, 2015; Mallick et al., 2021; Ye et al., 2016). Megathrust is a
big earthquake occurring in a subduction zone or megathrust zone with a magnitude of Mw
8.0 - 9.0 (Kirkpatrick et al., 2020; Michel et al., 2019). Megathrust is also one of the causes of
large-scale earthquakes that have occurred throughout the world and can also be one of the
causes of severe tsunamis that have been experienced by several countries in the world, such
as Indonesia, to be precise in Aceh and Japan sometimes ago (Hutchings & Mooney, 2021;
Melnick et al., 2017; Mitogawa & Nishimura, 2020).

The megathrust zone or in Indonesia known as the Sunda strait subdivision zone (Sunda
megathrust), is one of the most active zones in the world. These zones are responsible for
large earthquakes and tsunamis worldwide (Bilek & Lay, 2018; Gao & Wang, 2017;
Khaledzadeh & Ghods, 2022). The Megathrust Zone is divided into three major zones:
Andaman Megathrust, Sumatra Megathrust, and Java Megathrust (Bilek & Lay, 2018;
Cerchiari et al., 2020). The zone is extensive, has an area or range of more than 5,500 km
starting from the north of Myanmar, to the southwest in the Sumatra region, then can continue
to the south of Java and Bali, and ends in Australia (Inca & Nikorn, 2019; Silpa & Earnest,
2020; Widiyantoro et al., 2020).

Research on megathrust is fundamental to study, one of which is literacy and awareness
among the public about the importance of mitigation efforts against the megathrust disaster
(Mardiatno et al., 2017; Sari & Soesilo, 2020). Publication of research on megathrust
continues to increase every year, although the increase is not so fast. Therefore, efforts are
needed to know and understand the status and trends of a research topic. Bibliometric studies
can be a solution to understanding research trends, novelties, and related studies
(Hidaayatullaah et al., 2021; Suprapto et al., 2021; 2022). Bibliometric analysis is also a
popular and rigorous method for exploring and analyzing large amounts of scientific data
through the metadata of Scopus, Web of Science, Google Scholar, etc. (Echchakoui, 2020;
Prahani et al., 2022; Suprapto et al., 2021).

Many authors have researched megathrust worldwide, for example, Ulrich et al. (2022)
entitled Stress, rigidity, and sediment strength control megathrust earthquake and tsunami
dynamics. Acufia et al. (2022) researched how good a paleoseismic record of megathrust
earthquakes is for probabilistic forecasting. Chile's super-interseismic phase of the megathrust
earthquake cycle (Melnick et al., 2017). Cascadia megathrust earthquake rupture model
constrained by geodetic fault locking (Li & Liu, 2021). Research by Widyantoro et al. (2020)
is implications for megathrust earthquakes and tsunamis from seismic gaps south of Java,
Indonesia. However, research on megathrust trends through bibliometric analysis has never
been done. Therefore, this study will conduct a bibliometric analysis of the global trends of
megathrust research in the last ten years.

This research is a bibliometric and literature review study on megathrust in the last ten
years using metadata from the Scopus database. The application used to map the data uses
bibliometric and VOSviewer. This study aims to determine the pattern, novelty, research
trends, and future research opportunities regarding megathrust. Thus, the questions posed in
this study are as follows:

a) What has been the trend of publications, document types, and document sources in
megathrust research over the last ten years?
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b) Who are the top authors' production and the most globally cited document in
megathrust research?

c) Where are the most productive affiliates and countries in megathrust research?

d) What are the subject areas and keywords in megathrust research trends?

e) What is the trend of visualization mapping in megathrust research?

2. RESEARCH METHOD

This descriptive study uses bibliometric analysis (Donthu et al., 2021; Hidaayatullaah et
al., 2021; Suprapto et al., 2022). The bibliometric analysis aims to evaluate the research
performance and publications of individuals and institutions and to reveal a study topic's
structure and dynamics (Goyal & Kumar, 2021; Guo et al., 2019; Nurhasan et al., 2022). The
Scopus database (www.scopus.com) is the metadata used in this study. The Scopus database
is used because it is one of the largest academic databases globally, providing abstracts and
indexing with full-text links (Hidaayatullaah et al., 2021; Polat et al., 2022; Purnell, 2022;
Zakhiyah et al., 2021). The research procedure is depicted in Figure 1.

BNtz Res}ll.t .Of Enhanced 99’?“’“‘"*3 Data
keyword the initial h initial data lysi
search search searc statistics analysis

Figure 1. Steps of bibliometric study (Donthu et al., 2021; Prahani et al., 2022; Suprapto et
al., 2021)

Data was collected on August 23, 2022, with 1433 documents generated in the search
range of the last ten years (2013 to 2022). After that, the data is downloaded in .ris and .csv
formats. Next, the data were processed using the program bibliometrics and VOSViewer to
detail the data transcripts and visualize the bibliometric mapping. For the final stage, the data
were analyzed descriptively to answer the research objectives, namely: (1) analyzing the trend
of publications, types, and sources of megathrust research for the last ten years; (2) Top
authors production over time and most cited documents globally; (3) Top affiliates and
productive countries conducting megathrust research; (4) Subjects and keywords in
megathrust research trends; and (5) Trends in visualization mapping in megathrust research.

3. RESULTS AND DISCUSSION

3.1 Megathrust research distribution by year, document types, and document sources

The distribution of publications and average research citations on megathrust over the
last ten years (2013 to August 2022) is presented in Figure 2. It can be seen that the
development of megathrust research is relatively stagnant in the range of 100-200 documents
each year. Meanwhile, the mean total citations per article each year regarding research on
megathrust has decreased.
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Figure 2. Annual scientific production and mean total citation per article in megathrust
research

Figure 3 shows the types and sources of documents regarding megathrust research over
the last ten years. Based on the search results from the Scopus database, a total of 1433
documents were obtained from 2013 to August 2022. Most types of documents from the
search results of megathrust research are documents from articles, as much as 85.1% (1219
documents). In addition, the most sources of documents published in journals are 1309
documents. Meanwhile, other sources are found in the conference proceedings of 89
documents, 19 document book series, 15 books, and 1 item trade journal. Most documents
about megathrust are published in journals by researchers because journals have higher
quality and are in high demand compared to other sources.
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Figure 3. The document by type and source of megathrust research

The top 10 most relevant sources regarding megathrust research are presented in Figure
4. It can be seen that the journal that has contributed a lot over the last ten years to megathrust
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research is "The Journal of Geophysical Research: Solid Earth," which has 189 documents.
Journal of Geophysical Research: Solid Earth is a Q1 journal (SJR: 1.77) from the United
States with a subject area and category, namely earth and planetary sciences, geochemistry
and petrology, geophysics, space, and planetary Science. The second journal source is
occupied by the journal "Geophysical Research Letters" from the United States, with 139
documents. Geophysical Research Letters is a Q1 journal (SJR: 1.86) with a subject area and
category, namely earth and planetary (miscellaneous) and geophysics. On average, journals in
the third to tenth place contributed <100 documents over the last ten years. The graph in
Figure 5 shows the distribution of documents per year by source from 4 journals.
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Figure 4. Top 10 most relevant sources of megathrust research
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Figure 5. Documents per year by source
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3.2 Top Authors' Production and The Most Global Cited Document

The top 10 authors who have been productive in the last ten years conducting
megathrust research are presented in Figure 6. It is seen that the top author is occupied by
Lay, T., with 39 published documents. Furthermore, Wang, K. is the second author who
contributed 35 documents, and the third position is Kodaira, S., with 28 published documents.
Authors ranked fourth to tenth and contributed fewer than 25 documents over the past ten
years on megathrust research. Figure 6 on the right shows a network visualization co-
authorship conducting research on megathrust over the past ten years. It can be seen that
writers with larger circles and thicker networks are very productive writers who do
megathrust research and collaborate more with other writers. These authors include Lay, T.,
with 13 links and 72 total link strengths. Wang, K. has 21 links and 57 link strengths, and
Kodaira, S. has 15 links and 65 links strengths.

] 5 10 15 20 25 30 35 40 45
Documents

Figure 6. Documents by author and network visualization co-authorship

Table 1 shows the top 10 most global cited documents regarding megathrust research
over the last ten years. It can be seen that the first top paper with total citations of 402 and
total citations per year of 80.40 is a paper written by Hayes, G. P. (2018) with the title "Slab2,
a comprehensive subduction zone geometry model," published in the journal Science. The
second top paper is written by Obara, K. (2016) and the top author on megathrust research,
with the paper titled "Connecting slow earthquakes to huge earthquakes" with 308 citations
and 44.00 total citations per year. The third widely cited paper globally on megathrust
research over the past decade is entitled "Slip pulse and resonance of the Kathmandu basin
during the 2015 Gorkha earthquake, Nepal," written by Galetzka, J. (2015) with 289 total
citations and 36.13 total citations per year. Elliott JR writes the fourth top document. (2016)
published in the journal nature geoscience with 262 total citations over the last ten years. The
fifth top document was written by Ito Y. (2013) and published in the journal Tectonophysics
obtaining 241 total citations over the last ten years. Likewise, for the following document, the
top documents quoted globally in megathrust research are in the fifth to tenth order, namely
obtaining <200 total citations for the last ten years.

Table 1. 10 Top most global cited document

Total TC per

Paper bol Citations Year
Hayes GP, 2018, Science https://doi.org/10.1126/science.aat4723 402 80.40
Obara K, 2016, Science https://doi.org/10.1126/science.aafl512 308 44.00
Galetzka J, 2015, Science | https://doi.org/10.1126/science.aac6383 289 36.13
Elliott JR, 2016, Nat https://doi.org/10.1038/nge02623 262 37.43
Geosci
Ito Y, 2013, https://doi.org/10.1016/j.tect0.2012.08.022 241 24.10




Total TC per

Paper bol Citations Year
Tectonophysics
Wang K, 2014, https://doi.org/10.1016/j.tecto.2013.11.024 189 21.00
Tectonophysics
Ujiie K, 2013, Science https://doi.org/10.1126/science.1243485 188 18.80
Araki E, 2017, Science https://doi.org/10.1126/science.aan3120 170 28.33
Bollinger L, 2014, J https://doi.org/10.1002/2014JB010970 169 18.78
Geophys Res Solid Earth
Saffer DM, 2015, Nat https://doi.org/10.1038/nge02490 163 20.38
Geosci

3.3 Most Relevant Affiliations and Country Scientific Production

Figure 7 shows the top 5 most relevant megathrust research affiliates over the last ten
years. It can be seen that the top rank is Nanyang Technological University, with a total of
185 articles over the last ten years. Then the second affiliation is Tohoku University (159
articles), Universidad De Chile (148 articles), University of California (143 articles), and
University of Tokyo (108 articles). Meanwhile, the top 10 country contributions in megathrust
research over the last ten years are shown in Figure 8. The top countries that contributed the

most to megathrust research were the USA, with 1758 documents. Japan, with 1231

documents, is in second place, and France, with 520 documents in third. They were followed

by Germany, Chile, China, and Canada, with documents produced during the last ten years,

less than 500.
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Figure 7. Affiliations' production over time in megathrust research
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Figure 8. Top 10 Country scientific production in megathrust research

3.4 Top Subject Area and Keyword Tren in Megathrust Research

Table 2 shows megathrust research's top 10 subject areas over the last ten years. Earth
and Planetary Sciences (1210), Environmental Science (106), and Engineering (101) are in
the top 3 because they are highly relevant to megathrust. Other top subject areas are Physics
and Astronomy (75), Multidisciplinary (70), Social Sciences (58), Agricultural and Biological
Sciences (42), Arts and Humanities (29), Computer Science (27), and Biochemistry, Genetics,
and Molecular Biology (24).

Table 2. The top subject era in megathrust research

Subject Area Frequency
Earth and Planetary Sciences 1210
Environmental Science 106
Engineering 101
Physics and Astronomy 75
Multidisciplinary 70
Social Sciences 58
Agricultural and Biological Sciences 42
Arts and Humanities 29
Computer Science 27
Biochemistry, Genetics, and Molecular Biology 24

The most frequent words or keyword trends in megathrust research can be seen in
Figure 9. The most common terms in megathrust research are earthquakes, marked by
extensive writing. The emergence of the term earthquakes in the megathrust study is 610
occurrences. The second term that often appears is subduction zone (499), followed by
earthquake rupture (392), megathrust earthquakes (342), earthquake event (325), earthquake
magnitude (266), pacific ocean (262), deformation (244), Japan (220), seismicity (215) and
the emergence of several other terms relevant to research on the megathrust.
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Figure 9. Top most frequent words in megathrust research

3.5 Mapping Visualization of Trends in Megathrust Research

Figure 10 maps megathrust research trends over the past ten years to find research
updates. The mapping results show seven keyword clusters related to the Magahtrust research.
The first cluster of red nodes (n=63) focuses on asperity, earthquake cycles, earthquake
epicenter, earthquake trigger, fluid pressure, etc. The second cluster of green nodes (n=54)
focuses on active faults, crustal earthquakes, disasters, earthquake damage, earthquake effects,
seismic response, etc. The third cluster of dark blue nodes (n=49) focuses on geology,
geomorphology, geophysics, lithology, seismology, stratigraphy, etc. The four yellow nodes
(n=42) cluster focuses on the accretionary prism, amplitude, geometry, heterogeneity,
megathrust, etc. The fifth cluster of superior nodes (n=40) focuses on crustal deformation,
displacement, earthquake mechanism, geodynamics, etc. The cluster of six light blue nodes
(n=29) focuses on aftershock, algorithm, data inversion, seismic source, etc. The seventh
cluster of orange nodes (n=4) focuses on articles, priority journals, earthquakes, and
kinematics.
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Looking at the association between keywords in smaller circles or farther out from the
primary term is one technique to identify novelty based on mapping findings. (Hidaayatullaah
et al., 2021; Suprapto et al., 2022: Polat et al., 2022). For example, megathrust research
related to subduction zones and earthquakes has been widely studied in the last ten years
because many keywords are marked with large circles. Meanwhile, many researchers have not
researched aftershocks related to megathrust because the keywords found are relatively few.
Other examples include megathrust analysis related to rheology, teleseismic waves, ground
motion, seismic reflection, etc. this is an opportunity and potential for research on megathrust
now and in the future.

Figure 11 shows examples of more specific keyword mapping results regarding
megathrust occurrence, areas that have experienced megathrust disasters, and megathrust
modeling or analysis. Figure 11a-11b represents the top research trends on megathrust over
the last ten years. It can be seen that megathrust has a very close relationship with the
keywords subduction zone and thrust fault. Megathrust refers to a substantial thrust fault,
typically formed at the plate interface along a subduction zone, such as the Sunda megathrust
(Bilek & Lay, 2018; Nelson et al., 2021; Tal et al., 2020).

Figure 11c-11d is a country that has experienced a megathrust disaster. The largest
megathrust earthquake recorded with magnitude Mw 9.4-9.6 centered off the coast of Chile
along the Peru-Chile trench (Ruiz & Madariaga, 2018; Sippl et al., 2021). Indonesia, precisely
in the province of Aceh, Sumatra, has also experienced a natural disaster that brought sorrow
to one world, namely the megathrust disaster that caused a massive tsunami with an
earthquake magnitude of Mw 9.1-9.3 (Ibrahim et al., 2022; Rubin et al., 2017).

Figure 11e-11f is an analysis of megathrust modeling and is an opportunity for future
researchers to research megathrust because the keywords generated are still few or have small
circles. Aftershock analyzes aftershocks or small earthquakes after the mainshock (Sladen &
Trevisan, 2018; Soto et al., 2019). Ground motion is modeling that can determine the
magnitude of the earthquake hazard in bedrock at a site and determine the earthquake's source
that has the most dominant impact on a site (Hong et al., 2021).
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Figure 11. Some examples of the results of mapping specific keywords on topics from (a)
subduction zone; (b) thrust fault; (c) Chile; (d) Sumatra; (e) aftershock; dan (f) ground motion

4. CONCLUSIONS

This study is the first to assess publications of megathrust research over the previous ten

years and analyze global trends. There are the following five conclusions from this research:

a)

b)

The development of research on megathrust during the last ten years has been
relatively stagnant every year, with most documents being articles (1219) and most
document sources being published in journals (1309). The most contributing journal is
the Journal of Geophysical Research: Solid Earth (189)

The top writer who is productive over time doing megathrust research is Lay, T. (39),
with collaboration between other writers has 13 links and 72 total link strength.
Meanwhile, the first top paper cited the most in the last ten years was written by
Hayes, G. P., 2018, with 402 total citations.

Most of the affiliates that researched megathrust were Nanyang Technological
University, Tohoku University, Universidad De Chile, the University of California,
and the University of Tokyo. Meanwhile, the USA, Japan, France, Germany, and Chile
are the most productive countries in researching megathrust.
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d) The top subject areas of megathrust research are Earth and Planetary Sciences,
Environmental Science, and Engineering. At the same time, the top keywords for
megathrust research that are often used are Earthquake, Subduction Zone, and
Earthquake Rupture.

e) The visualization mapping of megathrust research trends over the last ten years shows
7 clusters focusing on active faults, crustal earthquakes, geology, geomorphology,
amplitude, crustal deformation, seismic, and kinematics. Meanwhile, the opportunity
and potential for future researchers to conduct megathrust research are keywords that
are still few found, such as mitigation, aftershock, and ground motion keywords.

The study aims to identify some instances of novelty in megathrust research to serve as
a reference for future megathrust researchers. This research can also find the most relevant
issues about megathrust, the most contributing countries and affiliations, types of documents,
and top global citations. It can pinpoint the critical areas of scientific inquiry over a given
period. As a result, it also helps to prevent the next trend in this field of study from emerging.
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The work 1s devoted to the study of landslide-induced tsunami in the area of the Sea of Okhotsk
on the western slope of the Kuril Basin. Landslide areas, up to 2 km in size, are located on the
North Hokkaido marginal plateau and near the Patience Ridge. Possible strong tsunamis generated
by landslide processes in the Kuril depression, which represent a potential hazard for the eastern
coast of the island, are considered. Sakhalin Island, where there is currently an intensive
development of infrastructure related to the development of oil and gas fields. To assess the risks,
it is necessary to carry out numerical simulation of possible catastrophic landslide processes in the
Kuril Basin and tsunamis generated by these processes. In this work, such modeling was carried
out on the basis of a solid-block segmental model of a landslide body.
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1. INTRODUCTION

The tsunami problem is especially relevant for the Russian Far East. There are many studies
on the tsunami hazard of the Sea of Okhotsk and the Kuril-Kamchatka region, both for seismic
events and for landslides (see, for example, [1-7]). The waves formed by landslides often have a
shorter period and length compared to the waves that appeared as a result of an earthquake, and
diminish rather quickly. However, their destructive power is comparative with that of seismic
tsunami. Large waves caused by landslides have been observed quite often in recent decades. So,
for example, on June 17, 2017, a landslide descended into the Karrats Fjord (Greenland), which
caused a tsunami more than 90 meters high, although the magnitude of the earthquake was M ~ 4
[8]. A well-known tsunamigenic underwater landslide Storegga along the continental slope on the
coast of Norway, which was about 290 km wide and extended for more than 800 km. The
maximum height of tsunami waves reached 10—12 m, and in the Shetland Islands it exceeded 20
m [4]. On December 22, 2018, a tsunami occurred in the Sunda Strait, in the southwestern part of
Indonesia, which was presumably caused by a landslide (from the slope of the Anak-Krakatau
volcano) in an area of 64 hectares [9]. Widespread landslides were noted in the southern part of
the eastern slope of Sakhalin Island (western slope of the Kuril basin) [3].

Under computation of tsunami waves caused by landslides, the main point is the choice of a
model for describing the behavior of a landslide in numerical simulation. Currently, there are a
number of models, the main of which are the model of solid block [10-13], and the model of a
viscous or viscoelastic fluid [14-17], etc. In the model of solid block, the motion of a landslide is
described within the framework of the rigid body dynamics, and for generation of surface water
waves, shallow water equations are used. An underwater landslide is modeled by a rectangular
block that moves with a constant speed on the bottom or sea slope. At the beginning of the
landslide movement, in the general case, a dipole wave is generated — an elevation of water
(crest) at the front edge of the landslide and a dip in the water level (trough) at its back. The
relationship between landslide and water was based on the assumption of an impermeable solid
bottom interacting with water for a certain period of time. A landslide usually consists of
disconsolidated sediments that travel downslope and accumulate in a new location. The process of
interaction of disconsolidated deposits does not always imply volume conservation.

In a number of cases, when landslide materials, such as lava, river sediments, or snow,
behave approximately in the same way as a plastic Bingham fluid, an underwater plastic landslide
is studied using the viscoelastic fluid approximation (see, for example, [14, 15]). In this model,
the nonlinear equations of shallow water are used both for the movement of a landslide and for the
generation of surface water waves. The variety of models of wave generation on the water surface
by an underwater landslide leads to a difference in its parameters, which, of course, affects the
characteristics of the waves generated on the coast (see, e.g., [13, 18-22]). Recently, several new
models of landslide processes have been developed [23-25]. In contrast to these models, there is
an elastic-plastic model of a landslide [26], which takes into account both the morphology of the
landslide body and the mechanical characteristics of the sliding body components during the
sliding process. At the same time, part of the sedimentary material is shifted from the upper part
of the landslide body down the slope. When the elastic-plastic sedimentary layer slips, it generates
a surface water wave, which is formed until the landslide stops, and then propagates over the
water area [27, 28].

The complexity of the modeling problem is associated with the localization of an
underwater landslide, as well as with its initial displacement. In addition, it is important how
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complex the geometry of the underwater part of the slope along which the landslide moves
is. During the underwater localization of a landslide, a long wave is formed on the surface of the
water during the sliding process. As is known, at the beginning of a landslide movement, in the
general case, a dipole wave is generated — an elevation of water (crest) at the front edge of the
landslide and a dip in the water level (trough) at its back. As a result, the surface wave splits into
two waves. The first train is moving towards the open sea, and the second one, consisting of two
low waves and a crest, is moving towards the coastline.

As known, on Sakhalin Island, there are enterprises for the extraction and processing of oil,
there are numerous settlements. With any significant earthquake or landslide process in the nearby
zone, followed by a tsunami to the coast of Sakhalin Island, huge loss of human and material are
possible. A wide distribution of landslides was noted in the southern part of the eastern slope of
Sakhalin Island (western slope of the Kuril basin),

2. PROBLEM STATEMENT

This paper considers the landslide process on the western slope of the Kuril Basin. As noted
in [3], the material was obtained in five marine expeditions in 2004-2015 during the survey of the
Kuril basin. On the western slope of the Kuril basin, based on the data of bathymetric and seismic
surveys, areas of possible landslide processes were identified. Using the data of these studies, the
work considered the western slope of the Kuril Basin and the western part of the basin itself. The
data of [3] made it possible to identify sections of the slope that may be subject to destruction. A
map of landslide hazard from landslides in the Kuril Basin is shown in fig. 1. The red dots mark
the localizations of the largest landslide slopes, the arrows indicate the landslide centers
considered in [3].

In this paper, we consider the distribution of maximum tsunami wave heights along the
eastern coast of Sakhalin Island, which, with possible landslide processes on the western slope of
the Kuril Basin, will be most susceptible to such waves. To do this, the paper considers several
options for the implementation of the landslide process in the Kuril basin. The shelf area is
occupied by the South Sakhalin sedimentary basin, which consists of the Aniva and Patience
troughs. A graphical illustration of the profiles of the main landslide slopes taken from [3] is
shown in Fig. 2. Two hypothetical centers of landslides were chosen in the work, located under
the numbers 1 and 4 presented in Fig. 2 [3]. The landslide movement is modeled as the movement
of a rigid body, divided into a number of blocks-segments, and the landslide process was modeled
by the dynamic vertical displacement of segment blocks along the landslide slope, simulating the
sliding of the landslide mass. The kinematics of the movement of blocks is determined by the
schematic behavior of the landslide movement, corresponding to a typical implementation of the
calculation within the framework of the elastic-plastic model — sliding of the upper part of the
landslide layer with a simultaneous increase in the thickness of the lower part of the slope (see,
e.g., [28]). To implement this simulation, the landslide body is represented by 4 segmental blocks
located along the slope. This process, can be roughly approximated by the displacement of the
upper segment blocks first downwards, with the simultaneous displacement of the lower blocks
upwards. To model various landslide processes for each scenario, their own options for shifting
the blocks into which the landslide is divided are proposed. Data are presented for each option in
Tables 1 and 2 (see below). In this case, the two upper blocks sequentially move down, with the
simultaneous sequential movement of the two lower blocks upwards (see Tables below). Figure 3
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shows the computational domain used for numerical simulation: 44.5° — 55°N (N), 141.7°-
149°E (E). Since the computation of the tsunami hazard of the eastern part of Sakhalin is of
particular importance, due to its population and the presence of dense infrastructure along the
coasts, in the area of populated areas such as the cities of Poronaysk, Makarov, Dolinsk, Korsakov
and Nogliki, virtual tide gauges were set up to record possible maximum wave heights on the

calculated 5-meter isobath.
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Fig. 2. a) Bathymetric map of the study area. Circles with numbers indicate the areas of landslide
localization; b) Bathymetric profiles illustrating landslide slopes in the study area [3].

Vol. 41 No 4, page 355 (2022)



54
531
521
511
50-
49-
48-
474

46-

454 ipe

142 143 144 145 146 147 148 E

Fig. 3. Computed water area for modeling the landslide process in the Kuril basin

For a more detailed analysis of the generation of the tsunami source obtained during the
movement of an underwater landslide, larger-scale areas of the water area shown in Fig.4 were
considered. Fig. 4 shows the possible localization of landslide sources modeled by segment blocks
for cases (1) and (4) depicted in Fig. 2b.

Thus, two landslide centers were considered in the Kuril depression: near the eastern part
(Cape Patience) and near the southeastern part of Sakhalin Island (Cape Aniva). To simulate
possible landslide processes, we will assume that the landslide precedes a virtual earthquake with
a magnitude of M ~ 7.
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Fig.4.a) Design water area for the first landslide (Scenario 1);
b) Estimated water area for the second landslide (Scenario 2).
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3. MATHEMATICAL STATEMENT OF THE PROBLEM

To calculate the generation and propagation of long waves on the water surface caused by the
movement of an underwater landslide, a system of nonlinear shallow water equations (1) is used.
Numerical simulation was carried out using an upgraded software package based on a scheme
with high algorithmic versatility proposed in [29]. To describe the generation and propagation of a
wave caused by the movements of segmental solid blocks in the landslide source, a nonlinear
system of shallow water equations in a two-dimensional formulation [27, 28, 30] was used
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where n is the displacement of the water surface, H is the depth of the basin, U and v are the
components of the horizontal wave velocity. The evolution of the function B (X, y, t) in these
equations was determined by the kinematic motion of the block segments. The beginning of the
landslide movement, modeled by the movement of segmental blocks along the underwater slope.
At the same time, it was assumed that there is a clear boundary between the liquid and the landslide
body — the density of water is considered constant, the density of the landslide is also constant. At
the last sea point at a depth of 5 m, the condition of total reflection is set (vertical a wall that makes
it possible to fix the maximum and minimum values of the wave level shift at this depth.

3. Numerical modeling of a tsunami in the Sea of Okhotsk from a landslide
source on the southwestern slope of the Kuril Basin.

3.1. Scenario 1.

Numerical simulation of a tsunami in the Sea of Okhotsk from a landslide source on the
western slope of the Kuril Basin (Scenario 1). When considering Scenario 1, a hypothetical block-
segment landslide source was modeled with a center at the point 48.27°N, 146.04°E [3]. The
coordinates of the block segments, the displacement values of the blocks and their movement
dynamics are given in Table 1.
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Table 1. Kinematics of movement of segmental blocks in a landslide source (Scenario 1)

Block 1 Block 2 Block 3 Block 4
x1 145.8212 145.5943 145.4266 145.4938
yl 48.2992 48.0435 A7.8527 47.7859
x2 146.0229 145.8212 145.5943 145.9307
y2 48.5290 48.2992 48.0435 47.9098
X3 146.1558 146.1589 146.1793 145.6637
v3 48.4133 48.3805 48.1785 47.6203
x4 146.1589 146.1793 145.9307 145.6557
y4 48.3805 48.1785 47.9098 47.6203
Start time of
movement (s) 0 20 30 40
Total time of
movement (s) 30 20 30 30
Final time of
movement (s) 30 40 60 70
Height (m) -3 -2 2 3

The complete computational area with the localization of the landslide source for the
implementation of Scenario 1 is shown in Fig. 5.
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Fig. 5. Computed water area with the localization of the landslide source for Scenario 1
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Figure 6 shows the results of numerical simulation of the generation of a tsunami source by
a four-segment landslide source. It is clearly seen that when the first two segments move down the
slope, the wave surface moves down (Fig. 6a, b), but simultaneously with this process, segments 3
and 4 rise, which corresponds to the upward displacement of the wave surface above these
segments (Fig. 6b,c,d). Figure 6e,f shows the first moments of wave propagation from the tsunami
source.
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Fig. 6. Generation of a tsunami source in numerical simulation of a landslide
process under Scenario 1

Figure 7 shows the further propagation of tsunami waves in a part of the Sea of Okhotsk
(Fig. 7a-c) towards the Kuril Islands and Sakhalin Island. Displacement wave fields were obtained
along Terpenya Bay and the eastern coast of Sakhalin Island. So, at t = 40 minutes (Fig. 8d), one
can see how the wave front reached Cape Patience, Cape Aniva and began to spread in the Gulf of
Patience. Figure f 7 shows how the wave moves towards the coast of the Gulf of Patience with a
height ranging from 0.5 to 1.5 meters. Figure f 7 clearly shows how the wave front propagates
along the east coast, towards the city of Okha. East
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Fig. 7. Propagation of wave fronts in the Sea of Okhotsk (Scenario 1)
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Fig. 8. Distribution of wave heights over the estimated water area during
implementation Scenario 1

Figure 8 shows the distribution of heights over the computed water area under the
implementation of Scenario 1 (Fig. 5). Almost along the entire coast, wave heights are observed in
the range from 1-1.5 m. However, there are local areas with high heights, which is well observed
in Fig. 9, which shows a 2D histogram of the distribution of maximum wave heights along the
southeastern part of the coast of Sakhalin Island . It is clearly seen that the peak of heights falls on
Cape Patience (144.8 E) and reaches 14 meters
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Fig. 9. Height Distribution Histogram (Scenario 1)

Figure 10 shows 3D histograms of the distribution of maximum wave heights along the
eastern coast of Sakhalin Island on a 5-meter isobath. It can be seen that for this problem

statement, the maximum wave heights reach 14 meters, while the average values do not exceed
1.5-3 meters.

e J (a)

i

Fig. 10. 3D histograms of wave heights in some parts of the coast of about. Sakhalin under
Scenario 1: a) coastal area near Cape Aniva and the cities of Dolinsk and Makarov; b) a section of
the coast near the points of Kotikovo and Vladimirovo, as well as Cape Terpenya; c-d) sections of

the northeastern coast of Sakhalin Island.
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Fig. 11. The records from virtual tide gauges off the coast of Terpenya Bay (Sakhalin Island)

Figure 11 shows the data of records of virtual tide gauges set up in five points (Fig. 11,
points 1-5). It is clearly seen on the tide-gauge records that the phase of the wave approach to the
shore remains the same as in the first calculation at three points: Kotikovo, Vladimirovo and
Poronaysk, the arrival of the first wave was accompanied by a slight rundown, where the vertical
displacement was up to 0.2 m. At such points as Dolinsk and Makarov, the first wave was an
elevation wave in the region from 0.25 to 0.5 m. You can also see that a train of waves approaches
each point where virtual tide gauges are located, and the first positive wave nowhere was the
maximum. The maximum wave height was recorded in the area of Makarov, when the fourth
wave approached, with a height of more than 1 m. According to the tide-gauge records, the scatter
of the maximum and minimum sea level heights is clearly visible, which is 2.96: from +1.45 to-
1.51m.

3.2. Scenario 2.

To implement the Scenario 2, a hypothetical variant of a block-segment landslide source
was modeled in the Kuril basin, near the Aniva cape, consisting of 4 segments (Fig. 12, see also
Fig. 4 (b))]. The coordinates of the block segments, the displacement values of the blocks, and
their dynamics of movement are given in Table 2. Figure 13 shows 6 times of generation of the
tsunami source by the landslide source.

Thus, the formation of a tsunami source is clearly visible: at a) t = 10 sec, the downward
movement of the first segment gives a decrease in the still water level by 3 m; b) t = 30 sec the
second segment moves down by 2 m, and the third segment starts moving up by 2 m; c) t =40 sec
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the fourth segment begins to move, which gives a vertical displacement of the wave surface
by 3 m. The time of formation of the tsunami source is 1 minute 10 seconds. Figure 13e shows the
formed wave front at time t = 2 minutes.
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Fig. 12. Computation water area with the localization of the landslide source for Scenario 2

Table 2. Kinematics of movement of segmental blocks in a landslide Source (Scenario 2)

Block 1 Block 2 Block 3 Block 4
x1 144.0324 144.0312 144.0111 144.0105
vyl 45.7919 45.9696 46.1607 46.3472
x2 144.0312 144.0111 144.0105 144.0111
y2 45.9696 46.1607 46.3472 46.4092
%3 144 2567 144.2379 144.2377 144.2375
y3 45,7908 45.9398 46.1417 46.4079
xdl 144.2157 144.2567 144.2379 144.2377
vd 457771 45,7908 45.9398 A46.1417
Start time of
movement (s) 0 20 30 40
Total time of
movement (s) 30 20 30 30
Final time of
movement (s) 30 A0 60 70
Height (m) -3 -2 2 3
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Figure 14 shows the results of numerical simulation of tsunami wave propagation in a part
of the Sea of Okhotsk. The wave from the source begins to propagate towards the Kuril Islands,
Hokkaido Island and Sakhalin Island. Figure 14,b shows that when t = 10 min the wave reached
Cape Aniva. Further, the wave front continued to propagate towards Aniva Bay and Cape
Kostroma with wave heights in the range of 0.5 to 1.5 meters (Fig. 14c,d). At t = 1 hour 20
minutes (Fig. 14,f), the tsunami wave reached the entire coast of Aniva Bay. In Fig. 14,e, the wave
propagates along the eastern coast of Sakhalin Island. As can be seen in Figure 15 and Figure 16,
the average wave height is 1-2 meters, while Cape Aniva has a maximum wave height of 11.5
meters. It is clearly seen that some of the large waves reached Cape Kostroma. Figure 17 shows
3D histograms that confirm the conclusion about the average wave range of 1-2 meters, excluding
Cape Aniva. Figures 17a and 17c show histograms of wave heights along Cape Aniva, where a
wave peak is visible in the interval (46.2-46.4 N), the value of which reaches 12 meters. In Fig.
17d, in the range (142.4-142.8 E), the Korsakov and Novikovo points are located, where the
average wave value does not exceed 1 meter. Also, in the range from (142 - 142.2 E) a tsunami
wave comes to Cape Kostroma with a height of about 4-6 meters. The histogram in Fig. 17b
shows the Gulf of Patience, where the average range of tsunami waves is 0.2 — 0.6 meters.
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Fig.13. Generation of a tsunami source in numerical simulation of a landslide
process under Scenario 2
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Fig. 15. Distribution of wave heights over the estimated water area during
implementation Scenario 2

For a more detailed analysis of the computation, virtual tide gauges were set in points (1-7),
the tide gauges from which are shown in Fig.18.
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Fig. 17. 3D histograms of maximum wave heights along the coast of Sakhalin during the
implementation of the landslide process (Scenario 2): a) a section of the coast near the cities of
Dolinsk and Makarov; b) a strip of the coast of the Gulf of Patience; (c) a stretch of coast near

Cape Aniva; d) Aniva Bay coast zone, near the town of Korsakov.
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Fig.18. Tide-gauge records of the coast of Aniva Bay (Sakhalin Island, Scenario 2)

According to the data of tide-gauge records, it can be seen that at such points as Kotikovo,
Vladimirovo, Poronaysk and Dolinsk, the wave arrived with a positive phase, i.e., the tsunami
began with a wave runup onto the shore, in the range from 0.1 to 0.2 meters. In the points of
Korsakovo and Novikovo, adjacent to the source, a low tide of up to 0.3 meters is observed,
followed by the arrival of a wave up to 0.5 meters high, and this first wave is not the highest at
these points. Also, according to the data from tide-gauge records, one can see the spread of wave
heights, which is 1.9 m: from + 0.88 to-1.025 meters.

4. CONCLUSIONS

The work considered landslide processes in the Kuril Basin on the western slope in the Sea
of Okhotsk. In the computation, data from the work of Baranov V.V. et al. [3] on the western slope
of the Kuril Basin in the Sea of Okhotsk were used. The considered landslide processes were
modeled on the basis of studies of international marine expeditions of the Russian Academy of
Sciences. Four scenarios were considered, two landslide processes, two of which are presented in
this article. Two scenarios for localizing a landslide opposite Cape Patience and two scenarios for
localizing a landslide opposite Cape Aniva were considered. Landslide processes were modeled
within the framework of a solid-block segmental model of a landslide source. During the
movement of the landslide, a tsunami source and tsunami wave fronts were generated, the
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propagation of which was considered in part of the Sea of Okhotsk, along the. Sakhalin Island. It
should be noted that at the points of Cape Aniva and Cape Patience, peaks in wave height are
observed, which is possibly associated with resonance phenomena. Compared to the computations
in [6], where the landslide process was considered, with the center at the point 51.5°N; 145.4°E,
the data differ. For example, in the study [6], the waves that reached the coast of Sakhalin Island in
the area of the village of Nogliki had an average height of 3 to 6 meters, moreover. The height
peak was reached at the Molikpak platform and was equal to 16 m. In our computations, the
average wave heights in this section are from 1 to 3 m, and the peak falls on Cape Patience and
reaches 14 m. However, it should be noted that the localization of landslide masses in both cases
is significantly different. The landslide in [6] is located to the north of the landslide localized in
the Kuril Basin (Scenario 1), which well explains the lower average heights in our computation.
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ABSTRACT

The 16 June 2021 Seram earthquake occurred at a moderate magnitude of Mw 5.9 along the
Banda Arc close to Seram Island, followed by a tsunami with a runup height of 0.51 m. A
detailed kinematic study of the earthquake helps us better understand the tectonic
environment of the secondary faults and the causes of an unexpected tsunamis after
earthquakes, particularly on the island. In this study, we image the rupture processes of this
earthquake using a Multiple Signal Classification Back-Projection (MUSIC-BP) method.
This method used P-seismic waveforms from teleseismic data recorded by seismic stations
across the Australian continent (AU arrays). These waveforms were filtered in the range of
0.5-1.0 Hz to remove unwanted phases. Our results show that the rupture moves bilaterally
to southwest and northeast at a relatively slow speed of 1.47 km/s. In this earthquake, the
rupture propagated ~35 km away from the epicenter and had a total duration of ~30 s. The
maximum peak of the energy released is estimated to be ~15 km from the epicenter. The
rupture directivity agrees well with the spatial distribution of aftershock events and the
reported focal mechanism solution. According to the result of the rupture kinematics
parameter, the tsunami was not caused directly by the earthquake. However, the direction
of tsunami propagation is the same as that of earthquake rupture propagation. Furthermore,
the results of this study reveal that the seismogenic fault under Seram Island has an SSW-
NNE fault orientation.

Keywords: Seram earthquake, Rupture processes, MUSIC-BP, AU arrays, tsunami

Vol. 41 No 4, page 370 (2022)



1. INTRODUCTION

Eastern Indonesia is a region with a high level of seismicity because this region has
complex tectonic environments caused by the interaction of the Pacific, Sunda, and
Australian plates. The Banda Arc is where earthquakes occur most frequently, consisting of
an inner volcanic arc, outer arc island, and trough (Hamilton, 1979; Spakman and Hall,
2010). In the outer Banda arc, there are several islands where earthquakes frequently occur:
Seram, Haruku, Saparua, and Ambon islands. All islands adjacent to the Seram Trench's
northern part always experience moderate to large earthquakes (Irsyam etal., 2020). Most
recently, an earthquake occurred on 16 June 2019, located at the top of the Banda Arc on
Seram Island, which resulted in a tsunami, and it is still unclear what caused it.

2°s 4

3°S

4°S

5°S & "’ .- ol ,' y '
126°E 127°E 128°E 129°E 130°E 131°E
Figure 1. Location of the 16 June 2021 M,, 5.9 Seram Earthquake.

On 16 June 2021 at 04:43:07 UTC, a moderate shallow earthquake occurred near Seram
Island, triggering an unexpected tsunami(Figure 1). This was confirmed by the National
Center for Environment Information (NOAA)
(https://www.ngdc.noaa.gov/hazard/tsu_db.shtml) which reported that this earthquake
caused a small tsunami with a runup height of 0.5 m. In general, moderate earthquakes
infrequently generate large tsunami waves. Even if it could generate a tsunami, the runup
would be unnoticeable and the amplitude would be only a few centimeters. Mainly this
earthquake is located at the top of Banda Arc and the epicenter of this earthquake at 3.56°
S, 129.51° E, with a depth of 9.95 km. The moment tensor of Global-Centroid-Moment-
Tensor (Global CMT, 2022; Ekstrom et al., 2012) provides a focal mechanism indicating a
normal fault mechanism, where the nodal plane 1 (NP1) with strikel = 245°, dipl = 46°,
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rakel = -50°; and nodal plane 2 (NP2) with strikel = 14°, dipl = 57°, rakel = -124°. In
addition, Global CMT positioned the centroid of the mainshock at a depth of 14.3 km. This
moderate earthquake occurs in an area with complex geological conditions and can cause
unexpectedly large tsunamis. Thus, rupture imaging is a solution to determine the
kinematics of earthquake rupture and causes of unexpected tsunamis.

The kinematics rupture process of the earthquake can be known based on recording
high-frequency (HF) seismic waveforms from the analysis using the Back-Projection (BP)
method. This method uses an array signal processing technique to analyze the seismic
waves recorded on dense seismic networks (Ishii et al., 2005; Kriiger and Ohrnberger.
2015; Ishii et al., 2007). Thus, it can image the position of the rupture propagation and
obtain a spatiotemporal distribution image of the earthquake source. The BP method
produces robust resolution at each time frame since it only utilizes array processing and
ignores fault geometry or Greens function assumptions. The BP method has been
successfully applied to recent studies of large earthquakes worldwide (Kiser et al., 2011;
Meng et al., 2011; Meng et al., 2012; Yao et al., 2012; Fan and Shearer, 2015; Liu et al.,
2017; Wong et al., 2018; Bao et al., 2019; Xie and Meng, 2020; Kehoe and Kiser. 2020;
Kiser and Kehoe, 2021; Madlazim et al., 2021; Sultan et al., 2022). Thus, this method is
excellent and accurate for revealing earthquake rupture kinematics.

One of the accurate and high-resolution back-projection methods is the Multiple Signal
Classification Back-Projection (MUSIC-BP) method developed by (Meng et al., 2011,
Meng et al., 2016). The first thing to use the MUSIC-BP method is to evaluate the
covariance matrix of the waveform in each sliding time window and sampling frequency.
The steering vector which consists of travel time shift at each station is calculated for each
candidate source node. The direction of arrival corresponding to the most probable source
location is then determined by the maximum amplitude of the MUSIC pseudospectrum,
which is defined as the inversion of the steering vector projection to the subspace noise
(Schmidt, 1986). In a previous study, Bao et al. (2019) revealed the direction of rupture
propagation and persistent supershear rupture speed from the 2018 Palu earthquake using
the MUSIC-BP method. In addition, Madlazim et al. (2021) used the same method to
determine the direction of propagation and low-velocity rupture that caused the tsunami in
the Aegean Sea.

In this study, we adopted the multitaper back-projection (MUSIC BP) method (Meng et
al., 2011, Meng et al., 2016) to investigate the rupture kinematics for the Seram earthquake.
The position of the seismic source of an earthquake is determined by time shifts and a
collection of waveforms (stacked waveforms) recorded at the teleseismic distance to the
grid from the potential source location as a function of time (Ishii et al., 2005; Kriiger and
Ohrnberger, 2005). Based on this information, parameters of rupture kinematics (rupture
direction, speed, and length) dan direction of tsunami propagation can be estimated. We
also compared our result with a relevant previous study.

2. METHOD

The back-projection method can be utilized with any seismic station network and
any seismic phase, while P waves recorded at teleseismic distances are most commonly
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used for most earthquakes due to little interference with other seismic phases. The method
is most commonly applied to seismic arrays with dense station spacing and a small overall
aperture. Because the wave pathways from the source to the receivers are comparable in
these circumstances, the recorded waveforms are coherent across the array. The waveform
coherence improves the stacking process and quickly removes artefacts from the source
image. While using a single array yields reliable results, the small aperture limits spatial
and temporal resolution. Increased distribution of seismic stations can result in better
resolution, although care must be given to minimize source image artefacts caused by
incoherent data. Visual assessment of the data or a measure of similarity between waveform
segments is frequently used (for example, correlation values). While picking data based on
waveform features can be beneficial, this method ignores the sources of artefacts in back-
projection results.
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Figure 2. AU array location that recorded P-seismic waveforms from Seram earthquake.

In this study, Multiple Signal Classification Back-Projection (Meng et al., 2011; Bao et
al., 2019), an array processing approach, was used. P-seismic waveform from a wide
distribution of Australian teleseismic stations (AU array) was used to describe the rupture
properties of the Seram earthquake on 16 June 2021 (Figure 2). The epicenter distance from
the AU array is about 50° for better rupture imaging results. The initial step for rupture
process imaging using MUSIC-BP is 60 seconds first time window from the arrival of the
P-seismic waveform as this method's input process. Nevertheless, the amplitude of the P-
seismic waveform is affected by the radiation pattern (noise). Back projection rupture
imaging with MUSIC prioritizes tracking the most coherent phases within the time
window. Furthermore, alignment is performed on the first arrivals of the P-seismic
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waveform so that the lateral velocity variations for each waveform become coherent
(Goldstein and Archuleta 1987). After the alignment, the high-frequency P-seismic
waveforms are filtered at a range of 0.5 to 1 Hz, as this is the highest band where coherent
arrival initials must be closely aligned. This step applies an empirical travel time correction
to the data, ensuring that the P-seismic waveforms arrive at the same time as predicted by
the one-dimensional Earth model (IASP91) (Kennett and Engdahl, 1991). This step
additionally corrects waveform polarities and normalizes P-seismic waveform amplitudes
such that the initial waveforms have the same polarity. This technique is better than
previous methods, such as the beamforming technique (Rost and Thomas, 2002) and this
method not only produces a rupture imaging model for large earthquakes but can also be
used for moderate earthquakes (Jian, 2021; Meng et al., 2020).

3. RESULTS AND DISCUSSION

MUSIC-BP analysis was applied to the Seram earthquake to determine the kinematic
rupture process, where the rupture kinematics consisted of the parameters of rupture,
namely rupture directivity, rupture length, rupture duration, and rupture speed. The back-
projection results are integrated with the AU arrays to reconstruct the imaging rupture
results from this earthquake. The P-seismic waveforms recorded by the AU arrays are
filtered in the frequency range of 0.5-1.0 Hz. The filter range selection is based on the fact
that teleseismic waveforms accommodate much noise and then a higher frequency is
needed to obtain acceptable seismic waveforms [29].
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Figure 3. Seismogram of AU array. a) unfiltered seismogram and b) filetered coherent
seismogram.
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Figure 2a demonstrates an unfiltered seismogram (raw data) and Figure 2b describes a
filtered coherent seismogram. The filtered coherent seismogram is used as the initial
process for imaging rupture processes (Ishii et al., 2007; Meng et al., 2018; Zeng et al.,
2019). The smoother and more coherent the filtered seismogram provides better results for
rupture imaging. It can be seen that the filtered seismogram of each station in the AU array
has the same initial phase and lower noise (compared to unfiltered seismograms), which
can reduce the uncertainty of rupture imaging results. Thus, the initial step of MUSIC-BP
processing obtained good results and can be used to determine the kinematic rupture
process of the Seram earthquake.

The rupture imaging results from the filtered coherent seismogram processed using the
MUSIC-BP method can be seen in Figure 4. Processing using the AU array on the Seram
earthquake can produce better imaging because almost all stations on the Australian
continent work well. AU array distance is relatively closer than other arrays, so it has
acceptable seismograms, so the seismogram data set is used as acceptable input for
MUSIC-BP.
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Figure 4. Rupture propagation of the Mw 5.9 Seram with the red star indicates the
epicenter, the orange circle is the distribution of aftershocks and the gradation
coloured diamond demonstrated rupture propagation.
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It is clear that the rupture imaging results for this earthquake (Figure 4) have a bilateral
distribution of shear rupture, where the direction of rupture propagation is towards the
southwest and northeast (gradation colored diamond). This is confirmed by the presence of
aftershocks (orange circle) along the rupture trajectory. The majority of aftershock has a
magnitude between 4 and 5 with shallow depth. The well-located aftershocks are associated
with the direction of rupture propagation (Yukutake and Iio, 2017) because the presence of
aftershocks is caused by changes in coseismic stress in the fault segmentation around the
earthquake epicenter [33, 34]. In addition, the direction of rupture propagation can be used
to determine active faults in the study area. If the rupture directivity in this study is
correlated with the results of the Global CMT focal mechanism solution, then the actual
fault plane is indicated to have a strike angle of 245°. Thus, the activated fault plane of the
Mw 5.9 Seram earthquake is NP 1 with a fault plane orientation consisting of strikel =
245°, dipl = 46°, and rakel = -50° with a normal fault type. Note that the orientation
parameter of the fault plane at NP 1 shows that the dip parameter has a low angle value.
Based on previous research conducted by (Cummins et al., 2020) stated that the
characteristics of earthquakes that occur in the Banda Sea area (covering the bottom of
Seram Island) have a low dip angle value termed as the Low-Angle Normal Fault (LANF)
which can cause a tsunami due to earthquake-triggered slumping. This finding reveals that
there is an activated fault in the area under the island of Seram, which often causes
earthquakes with shallow depths. This also indicates that this island has a shallow tectonic
structure with potential earthquake and tsunami hazards.

Rupture directivity is the result of the rupturing movement of the earthquake source.
Rupture movement has a certain speed that is correlated with the energy released from the
earthquake source, where the rupture speed and earthquake energy are positively correlated
(Noda et al., 2011; Weng and Ampuero, 2020). The previous paragraph only describes the
orientation of the rupture propagation of the earthquake but does not explain the rupture's
length, duration, speed and energy when it propagates. Here, we plot the relationship
between rupture length (spatial parameter) and rupture propagation duration (temporal
parameter) with respect to the relative amplitude (Figure 5).
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Figure 5. The spatio-temporal variations of rupture kinematic
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The top panel describes the time-varying normalised amplitude of the bilaterally moving
rupture in the southwest and northeast directions. During this time, the peak of seismic
energy is released from the earthquake source in the first 15 seconds (black dashed line).
This correlates with the visualisation with the bottom panel which describes the largest
circle size depicted at 15 seconds with rupture propagating for about 15 km in the northeast
direction (See Figure 4). Thus, it can be mentioned that the northeast area of the earthquake
epicenter has a higher energy release rate because of the high stress changes and local fault
activity (Hutchings and Mooney, 2021). The total rupture length is approximately 70 km
from the southwest to the northeast (35 km from the epicenter) with a total duration of
about 18 s. A moderate earthquake has lower energy than a large earthquake, so the rupture
extent is not too long and has a relatively short duration. Furthermore, the rupture velocity
of this earthquake is 1.5 km/s which is obtained from spatiotemporal variations of rupture
kinematics through a linear regression approach (Meng et al., 2011; Bao et al., 2019). This
result are consistent with previous studies which stated that the rupture velocity for
moderate earthquakes was 0.5-0.9 of the shear wave (Seekins and Boatwright, 2010).

The lower region of the Seram earthquake has a complex tectonic setting and there are
active minor faults in the region that have not been identified. The kinematic rupture
processes in this study indicate that the source mechanism of the earthquake has an SSW-
NNE orientation direction and has a low dip angle of the focal mechanism. Based on
Cummins et al. (2020) stated that if an earthquake has a low dip angle value, then the
earthquake can trigger a tsunami. However, according to Heidarzadeh et al. (2022), using
numerical tsunami modeling, the tsunami in this event was not directly caused by this
earthquake but by a submarine landslide. Referring to the rupture parameters in this study,
the rupture duration and rupture length indicate that this earthquake has no potential to
cause a tsunami (Lomax and Michelini, 2011). Even though this earthquake did not directly
generate a tsunami, the direction of the tsunami propagation towards the SSW-NNE was in
the same direction as the orientation of the earthquake fault. Thus, it can be assumed that
the earthquake that occurred could cause a landslide in the sea, so this submarine landslide
was the primary source of the tsunami. This finding implies that if an earthquake occurs
with a large magnitude, it is possible to cause a massive submarine landslide and also a
devastating tsunami in the bottom area of Seram Island. Further work needs to be carried
out to understand better the modeling of tsunami mechanisms and the direction of tsunami
propagation in the region.

4. CONCLUSIONS

The 2021 Mw 5.9 Seram earthquake occurred along the Banda Arc near Seram
Island. We have used the Multiple Signal Classification Back-Projection (MUSIC-BP)
method to image the kinematic rupture processes of this earthquake. A High-frequency
P-seismic waveform is processed to obtain rupture directivity, rupture duration, rupture
length, and rupture speed. The rupture imaging shows that the rupture moves bilaterally
to the southwest and northeast with a speed of 2.4 km/s. The total rupture length is ~70
km from southwest to northeast (~35 km from epicenter) and has a total duration of
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about 18 s. The maximum amplitude energy of this earthquake released is estimated to
be ~15 km from the epicenter. The observed main path of the rupture propagation is
consistent with the position of the aftershock location distribution data. Based on the
result of the rupture kinematics parameter, the tsunami was not caused directly by the
earthquake. However, the direction of tsunami propagation is the same as that of
earthquake rupture propagation. Thus, it can be assumed that the earthquake could
cause a landslide in the sea, so this submarine landslide was the primary source of the
tsunami. Furthermore, this study has revealed that the tectonic setting at the bottom of
Seram Island has an SSW-NNE fault orientation
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ABSTRACT

The historical earthquake and tsunami occurred almost 300 years ago on July 8, 1730 in the region of
Valparaiso, Chile is studied. The earthquake and tsunami of 1730 were considered to be the largest
occurred in Chile since the beginning of recorded history. The earthquake destroyed buildings along
more than 1000 km coastline and generated a large tsunami. Estimates of the magnitude of the earth-
quake lie in the range of M ~ 9-9.3. The data given in historical documents on the tsunami, caused by
this catastrophic earthquake, supports and documents the strong destruction on the Chilean coast, es-
pecially in the coastal cities of Concepcion and Valparaiso, where waves, according to historical re-
cords on the coasts, reached 9m and 11m, respectively. The parameters of the earthquake source are
poorly understood, but, according to estimates from various sources, the earthquake source was about
600-1000 km long along the Chilean coast. In the work, more than 15 scenarios for numerical simula-
tion of the generation and propagation of tsunami waves up to a 5-meter isobath is carried out, de-
pending on the magnitude of the earthquake and, accordingly, on the size of the earthquake source.
The numerical simulation was performed within the keyboard model of the earthquake source; the
number of blocks in the computations corresponds to the number of faults in the earthquake source
and varied from 2 to 12.

Keywords: tsunamigenic catastrophic earthquakes, tsunami waves, numerical simulation,
Chilean coast.
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1. INTRODUCTION

The earthquake of July 8, 1730 with a magnitude close to M ~ 9 has an ambiguous treatment,
because in various documents describing the event almost 300 years ago, the earthquake and the tsu-
nami that followed it are described in different ways. In this paper, the authors tried to bring a lot of
disparate facts to a logical uniformity and propose a model of a possible seismic source that generates
tsunami waves corresponding to the few data recorded in historical documents.

In works [1-10] it is shown that the most affected area is located between the cities of La
Serena and Santo Domingo. An earthquake in 1730 with a magnitude close to M = 9 (some estimates
9.1-9.3) affected a large region stretching over 900 km from Copiapo in the north to Concepcion in
the south, causing strong destructions in the capital Santiago. It was followed by a strong tsunami that
particularly affected the two coastal towns of Valparaiso and Concepcion.

However, historical analysis (see, e.g., [1,2]) has suggested the extraordinary idea of two main
seismic events and, as a consequence, three separately generated tsunamis of significantly different
intensity. Historical records demonstrate three strong earthquake shocks with an interval of approxi-
mately 4 and 7 hours. The first shock occurred at 1.30 am, the second main shock between 3 and 5 am,
and the third event between 12 and 1 pm. According to the descriptions, the center of Ilhapel at about
1.30 AM the city was attacked by four or five large tsunami waves, of which the third was the largest.
The city of Concepcidon was also hit by 4 or 5 large tsunami waves, of which the second was the larg-
est. The tsunami took about an hour to fill the city with water before it finally receded. Apparently, the
tsunami began with the rundown of water from the coast, because on the night of the earthquake, the
fishermen noticed that the water was receding from the bay [1-5]. In the city of Valparaiso, a wall of
water has formed 3.5 meters above the usual high tide level.

Figure 1. Daage zones of the 10 erthake [2].
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Available damage reports and eyewitness accounts support that a tsunami on July 8th 1730
caused extensive destructions in the ports of La Serena, Valparaiso and Concepcion. The reports de-
scribe that tsunami waves damaged coastal areas of the cities of Concepcion and Valparaiso at rela-
tively the same time. Also it was also reported that they caused destructions of agricultural land on the
coast of Colchagua. Waves have also been seen in Callao in Peru and along the coast of Japan [2-10].
In works [1,2], some generalization of information from sources [3-10] is given, according to which it
can be assumed that the picture of the earthquake and the subsequent tsunami looked as follows [1,2]:
- The first shock: occurred between 1 and 2 o'clock in the morning on July 8, 1730. It was prolonged,
but not strong throughout the territory.

- The second shock: occurred between 3 and 5 o'clock in the morning on July 8, 1730. I was the most
significant in strength and causing strong destructions of buildings. The main force of the second
earthquake fell on the area of modern San Antonio, south of Valparaiso, in Concepcion and Santiago,
the intensity was much lower, but compared to Concepcion, the intensity in Santiago was higher. This
shock in Santiago caused a tsunami that propagates from Santiago north towards La Serena and Callao
and south to Concepcion.

- The third shock: occurred between 12 and 13 o'clock in the afternoon on July 8, 1730. Some sources
attribute it to aftershocks that lasted a month after the event, 5 or 6 of which were significant. The
third shock likely occurred north of Valparaiso and closer to La Serena, which explains both the dam-
age from the earthquake in the area and the reduced intensity in Concepcion. Figure 1 shows a map of
the intensity of the earthquake with the zones of the greatest damage to coastal structures from the
earthquake.

2. STATEMENT OF THE PROBLEM

The appearance of catastrophic tsunamis can be caused by a complex mechanism of movements
in the earthquake source. Usually, for numerical simulation of a tsunami generation, seismic data are
used to determine the displacement of the bottom in the earthquake source [11]. The keyboard model
of the earthquake source is used in the work, which makes it possible to simulate the complex distribu-
tion of wave heights along the coast, obtained during a particular earthquake [12, 13].

Preliminary estimates in this work were made when considering 6 scenarios of the generation of
the earthquake source in 1730 by analogy with [2]. The earthquake sources were chosen according to
the historical description of the processes in the zones of active faults in the Earth's crust for this
earthquake. These scenarios of possible earthquakes were considered, with different kinematics of key
blocks into which the seismic source was divided. The magnitudes of the considered earthquakes are:
M = 8.7 for the first scenario, M = 8.8 for the second, M = 9.0 for the third, M = 9.1 for the fourth, M =
9.2 for the fifth, and M = 9.3 for the sixth ones. The kinematics of key blocks in the earthquake source
was determined by a few data on the manifestations of tsunami waves on the coast during this earth-
quake, given in [1-10].

To determine the approximate sizes of sources for 6 scenarios, to calculate the length and width
of the rupture of the Earth's crust for a given earthquake, Wells formulas were used [14]. The dis-
placement of the wave surface above the seismic source during the formation of the tsunami source
was estimated using the Iida formula [15]. Table 1 shows data on the length and width of the rupture
of the Earth's crust for the earthquake magnitudes considered in this paper.

Figure 2 shows a map of the computation water area with the points along the coast that were
most affected by the tsunami generated by the earthquake considered.
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Figure 2. Scheme of the computation water area; blue arrow and dark square indicate zones of the
highest intensity of the earthquake and tsunami [1,2]; the dark line marks the contour of the
approximate localization of the seismic source taken as the base one in the computations

Table 1. Approximate dimensions of the source and displacement of the wave surface above the sour-

ce
Ne Scenario Magnitude, Rupture Rupture width, | Shift of wave surface, H,
M length, L, km W, km m
1 8.7 450 60 10-15
2 8.8 500 65 12-16
3 9.0 650 75 12-20
4 9.1 700 85 15-20
5 92 800 90 18-22
6 9.3 850 100 20-25
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Figure 3. Schematic representation of the source of the earthquake of 1730: a) two-block source; b)
four-block source; ¢) six-block source; d) eight-block source; ) ten-block source; f) twelve-block

source

3. NUMERICAL SIMULATION

To describe the modeling of tsunami generation and propagation, a system of nonlinear shal-
low water equations is used [15,16]. Numerical simulation was carried out using a modified software
package built on the basis of a scheme with high algorithmic universality proposed in [12, 13] and
built on the basis of the Sielecki-Wurtele scheme [17]. For numerical modeling, the water area of the
Pacific Ocean along the coast of Chile from 25° to 45° S and 79°-81° W was considered. For numeri-
cal simulations in the Pacific Ocean, a bathymetric map with a half-minute (~ 1.0 km) isobaths section
was used.

To simulate the generation of the tsunami source, various displacements of blocks in the earth-
quake source are considered (see Tables 2-7), which presents the kinematics of the key blocks in the
earthquake sources for Scenarios 1-6.
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Table 2. The key block kinematics in the earthquake source (Scenario 1)

Block number 1 2
Height (m) -6 9 -5 10
Motion start time (sec) 60 90 0 30
Motion end time (sec) 90 120 30 60

Table 3. The key block kinematics in the earthquake source (Scenario 2)

Block number 1 2 3 4
Height (m) -6 16 | -7 15 10 -5
Motion start time (sec) 100 | 130 | 40 70 160 0
Motion end time (sec) 130 | 160 70 100 180 40
Table 4. The key block kinematics in the earthquake source (Scenario 3)
Block number 1 2 3 4 5 6
Height (m) -6 7 -7 5 5 9 3 5
Motion start time (sec) 100 130 | 40 70 160 0 180 | 200
Motion end time (sec) 130 160 | 70 | 100 180 40 200 | 220

Table 5. The key block kinematics in the earthquake source (Scenario 4)

Block number 1 2 3 4 ) 6 7 8

Height (m) -6 7 -7 5 5 9 3 7 4 5
M"“"‘zsitz‘)” tme | 100 | 130 | 40 | 70 | 160 | 0 | 180 | 200 | 220 | 240
Motion (i‘;‘;h tme 130 | 160 | 70 | 100 | 180 | 40 | 200 | 220 | 240 | 260

Table 6. The key block kinematics in the earthquake source (Scenario 5)

Block number 1 2 3 4 5 6 7 8 9 10
Height (m) 6| 77|15 5 | 9| 3|74 /|5s5 | 3] 2
Motion start ti
OHOsee) T 100 [130| 40 | 70 | 160 | 0 | 180 | 200 | 220 | 240 | 260 | 280
Motion end time
(sec) 130 | 160 | 70 | 100 | 180 | 40 | 200 | 220 | 240 | 260 | 280 | 300

Table 7. The key blocks kinematics in the earthquake source (Scenario 6)

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

Height (m) -6 5 -7 1 10 5 10 ] 3 7 4 5 -3 -2 7 3

Motion start |\ | 130 | 40 | 70 | 160 | 0 | 180 | 200 | 220 | 240 | 260 | 280 | 300 | 320
time (sec)

Motion end time

(sec) 130 | 160 | 70 | 100 | 180 | 40 | 200 | 220 | 240 | 260 | 280 | 300 | 320 | 340

When blocks move in the earthquake source, a tsunami source begins to form on the water
surface above the seismic source. There is a displacement of the wave surface and the formation of a
wave front, which begins to propagate both to the Chilean coast and to the open water of the Pacific

Ocean.
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Since the longest block displacement time in the earthquake source, 340 s, falls on the 12-block source
(Scenario 6), the formation of the tsunami source takes the same time. The paper considers the
propagation of the wave front up to a 5-meter isobath, where the condition of total reflection is set.
Figure 4 shows 2D histograms of the distribution of maximum tsunami wave heights on the 5-m iso-
bath along the central part of the Chilean coast.

2-block earthquake source

h(m)
5
2'.
“ o w0

4-block earthquake source

h(m)
6
4.
21
44 42

6-block earthquake source

h(m)
6 4

44

40

42

Concepcion

38

38

38

Concepcion

%

36 34

Bucalemu
Valparaiso

36 34

Bucalemu
Valparaiso

Yal ,
Puchuncavi

Vol. 41 No 4, page 389 (2022)

L
o
32 30 28 26 S
g 5
&
32 30 28 26 S
= SR
A
32 30 28 26 S



8-block earthquake source

h(m) g .
=] =
1 3 3l g 3| 2
: 2 = § g g
¥ - = =
= [ = = ]
o = - = -
- o
= &
47
2

10-block earthquake source

h(m)
6 g 2 g
- - . @

| =l - i} P4
] s g S g e
1 g | = =
1 &) Ll =
. <
- -

4

2]

44 42 40 38 36 34 32 30 28 26 S

12-block earthquake source

h(m)

6] g g s s
2 E| 1B i

| g

4 .

2

44 42 40 38 36 34 32 30 28 26 S

Figure 4. 2D histograms of the maximum wave height distribution along the coast of Chile.

The figures clearly show that the largest wave heights occur in the region of the city of
Valparaiso and reach 5 meters. However, according to historical descriptions, there were also large
wave heights in the cities of Concepcion and Coquimbo. Based on the estimated results of
computations, the following Table of maximum wave heights distribution for a given event can be
compile
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Table 8. The results of numerical simulation

Wave heights in points on the Chilean coast (m)
Scenario | La-Serena | Illiapel Valparaiso Puchuncavi | Bucalemu Concepcion
1 1 1,5 5 3 1,7 1,5
2 1,8 2,4 6,2 6 2,2 2
3 1,8 2,4 6 5,8 2 1,8
4 2 3,2 6 6 2 1,8
5 1,8 2,4 6,4 6 2 1,6
6 2 2,4 6,4 5,6 2,4 2

Analyzing the obtained results, it can be noted that the maximum wave height distribution in
this setting does not reflect well enough the few historical evidence given in [1-10]. However, the
computation details show that the eight-block variant is the most adequate. Based on this scenario, the
seismic source was modified by increasing the number of partitions and changing the shape of the
source. Figure 5 shows a modified seismic source, for which further studies will be carried out.
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Figure 5. Schematic representation of the seismic source for the 1730 earthquake.

In further scenarios, the kinematics of blocks in the earthquake source is also significantly
more complicated. The paper presents a scenario that most closely describes the nature of the
manifestation of tsunami waves on the Chilean coast. The Table 9 gives the kinematics of the blocks
in the source. The movement starts from block 7 (located close to the earthquake epicenter) for 3
minutes, then, simultaneously with the movements of these blocks, blocks 3-4-5 begin to move south
from the epicenter. Blocks 2,5,7,9 and 10 move twice, moving up or down, according to Table 9.
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Table 9. Key block kinematics in the earthquake source for Scenario 7

Block number 1 2 3 4 S 6 7 8 ? 10
Distance (m) 4 -4 6 -5 -6 7 -4 5 -3 >
Start time of first | 75| 515 | 455 | 185 | 155 | 60 | o | 185 | 90 | 105
movement (sec)
End time of first | 505 | 575 | 185 | 215 | 185 | 90 | 60 | 215 | 120 | 155
movement (sec)
Distance (m) 6 4 S - 4
Start time of second 305 185 305 335 365
movement (sec)
End time of second 335 215 335 365 400

movement (sec)

Figure 6 shows the generation of the tsunami source when the key blocks move in the
earthquake source during the implementation of given scenario (Scenario 7). It is clearly seen that a
surface source (tsunami source) is formed in 400 s, and the displacement of the wave surface is clearly

visible when moving at the bottom of the corresponding block.

s [wovo | [ o |
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Figure 6. Generation of a tsunami source for 6 time moments during the implementation of a seismic

process in an earthquake source (Scenario 7)

Figure 7 shows 6 time moments of the propagation of tsunami waves over the computed water
area. It is clearly seen those moments when the wave reaches the corresponding tide gauge. Since the
tide gauges are set on a 5-meter isobath, the data shown in Fig. 8 reflect precisely those heights with

which the wave approaches a particular point.
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Figure 7. Propagation of tsunami waves over the computation water area (Scenario 7)

A more detailed analysis can be done by analyzing the records from the virtual tide gauge
shown in Fig.8.
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Figure 8. Records from virtual tide gauges for points Coquimbo, Puchuncavi, Valparaiso, Bugcalemu,
Concepcion (Scenario 7).

Vol. 41 No 4, page 393 (2022)



It is clearly seen that in the points located opposite the epicenter of the earthquake, the heights
of the waves are quite large: 11-15m. And in the points located to the southwest and northwest of the
epicenter, the wave heights are not more than 4m. It should be noted that in almost every point the
first wave was not the largest, and the second wave is the largest. The third wave is again smaller in
height than the second. Given the description in historical documents, in cities affected by the tsunami,
the second wave posed the greatest danger.

According to the 2D histogram of maximum wave heights along the coast in the computation
area, shown in Fig. 9, one can see that the largest wave heights are localized opposite the earthquake
epicenter, decreasing in height to the northwest and southwest to the cities of Coquimbo and Concep-
cion.
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Figure 9. 2D histogram of maximum wave height distribution along the 5 m isobath (Scenario 7). The
numbers 1-5 indicate the numbers of virtual tide gauges (Fig. 5).

CONCLUSION

The paper considers a historical event: an earthquake and tsunami on July 08, 1730 with a
source located off the western coast of Chile near the city of Valparaiso coast and even, essentially
different assumptions about seismic tremors. According to the results of historical data, some authors
put forward various hypotheses about the number of earthquakes that occurred in a day from July 8 to
July 9, 1730. Also, various works provide contradictory data on the localization of the epicenter of the
earthquake. Numerical simulations were carried out for 16 different scenarios with concrete dynamics
of the seismic source, within the framework of the keyboard block model of the earthquake source.
The mechanism of movement of the keyblocks into which the seismic source was virtually divided is
determined by the few data that are given in historical records. The lack of accurate historical data on
the heights of tsunami waves on the coast seriously complicated the analysis of the possible imple-
mentation of the dynamics in the earthquake source. The results obtained in this work most closely
reflect the descriptions of the manifestation of tsunami waves in various parts of the coast. It was
found that the average wave height on the selected isobath is about 6m, while the maximum heights in
the area of the earthquake epicenter reach 16m. It can be concluded that the smallest-scale division
into blocks of a seismic source will allow to specify in more detail the area of wave run-up on the
coast in the area of the earthquake epicenter.
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ABSTRACT

Indonesia is an area with three different volcanic arcs. Almost every year, there are
disasters in Indonesia, particularly tsunamis. On the other side, Indonesia has SDGs 2030
focused on disaster management or risk reduction. Based on Structural Equation Modelling
(SEM) analysis, this study will look at the part that SDGs education plays in disaster
readiness. To attain the research orientation, the researchers developed a tsunami education
program and assessed its validity and reliability to find a suitable model. The research
approach included a cross-sectional survey to gather quantitative data on the students'
replies. The data are valid and expected based on the normal tests. Two of the five
indicators from the model influence analysis have been verified, making the model just
partially acceptable. However, it is known that only a small number of factors have an
impact on other variables based on total effect, direct effect, and indirect effect analyses.
Five variables were identified as not significant in the final analysis. Therefore, not all of
the model's hypothetical variables can be accepted entirely. The scope of research can be
expanded in the future by using more focused variables, a larger sample size, and more
respondents.

Keywords: Disaster, Education, Indonesia, Preparedness, SDGS, Tsunami.
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1. INTRODUCTION

Because of the volcanic paths in Indonesia, which extend from Sumatera to Papua,
Indonesia is ranked as the 35" largest country that is often hit by tsunamis (Prahani et al.,
2021; Rahsetyo et al., 2021). Indonesia is where the Indo-Australian, Pacific, and Eurasian
plates converge (Hariyono et al., 2016; Suryadi et al., 2021; Prasetyo and Sriutami, 2022).
Terrible earthquakes and tsunamis may result from this plate. Almost every year, there is a
higher chance that Indonesia will experience a tsunami disaster (Li et al., 2016; Hariyono
and Liliasari, 2018; Deta et al., 2020; Anggrayni et al., 2020). Tsunami disasters have
negative impacts on humans, disruption of life, damage to housing, and loss (Ophiyandri et
al., 2020; Al-Habsi et al., 2022). Along with earthquakes, less frequent events like the
impacts of falling asteroids, enormous coastal and submarine landslides, and volcanic
activity can all result in tsunami waves with a high amplitude (Aksa, 2020; Toulkeridis et
al., 2022).

Indonesia has experienced numerous tsunamis over the past ten years, including those
in Aceh, Mentawai, and Yogyakarta. Several tsunami disasters have occurred; the biggest
disaster is Tsunami generated by a powerful underwater earthquake off the coast of Aceh
(Kartika and Madlazim, 2022; Suprapto et al., 2022). The worst tsunami disaster even
struck Aceh, a national disaster that led to the collapse of the nation's government,
economy, and public infrastructure (Amri and Giyarsih, 2022). However, the tsunami
disaster can be anticipated rather than prevented, so the effects were minimal. One factor
that causes many disaster victims is knowledge of preparedness for disaster. However, the
tsunami warning system that has Indonesia was still traditional and unable to share
warnings to communities. Not only equipment warning systems but also evacuation times
and community understanding about mitigation was still down (Kim et al., 2022; Suprapto
et al., 2022).
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Figure 1. Risk Management Strands (Civil Protection and Humanitarian Aid, 2021)

There are many important lessons to be learned from the various disasters in Indonesia,
especially for the scientific community and society to improve their disaster preparedness.
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In terms of disaster management, disaster preparedness is a crucial aspect that all spheres of
society must address (Suryadi et al., 2022). Their level of disaster preparedness will directly
impact one's attitude toward responding to disasters. The community, as a stakeholder, is
crucial in lessening the effects of disasters. Their level of preparedness will affect people's
ability to deal with disasters. As a result, the community must be able to raise awareness of
disaster preparedness as a risk factor and a direct influence on community behaviour
(Suryadi et al.,, 2021). The goal of disaster preparedness is to increase resilience to
unforeseen disasters. Moreover, Indonesia has SDGs 2030 objectives related to four notions
of disaster management. First, education for Sustainable Development (ESD) believes in
ensuring all people obtain knowledge for a better life to build community resilience in the
face of disaster (Hariyono et al., 2018; Jauhariyah et al., 2019; Pradipta et al., 2021). As a
crucial national policy framework, disaster management must encompass all facets of
prevention, mitigation, emergency preparedness, and reconstruction.

2. RESEARCH OBJECTIVE

This research will examine SDG education's role in disaster preparedness based on
SEM analysis. The researchers created a tsunami education program and evaluated its
validity and reliability to identify a fit model to achieve the research orientation. According
to the justification given above, the hypothetical model proposed by researchers is shown in
figure 1. This model will be investigated.
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Figure 1. Hypothetical model

Note variable:
- PU  :Perceived Usefulness
- KL  :Knowledge
- AW : Awareness
- CI : Community Interest
- PI : Program Importance
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Note model:

- All PU indicators can explain PU

- There are two KL indicators that can explain KL: X4 and X7

- There are two AW indicators that can explain AW: X9 and X10
All CI indicators can explain CI

- There is one PI indicator that can explain PI: Y4
(Indicator is said to be able to explain the constructed variable if it has a loading factor
value of more than 0.5)

Researchers then conducted empirical research with the following research questions

in order to determine the fit model in relation to tsunami disaster preparedness:

a. What is the validity and reliability of tsunami disaster preparedness?

b. How does the fit model for tsunami disaster preparedness?

3. METHODS

A cross-sectional survey was used in the research design to collect quantitative data
on the student's responses. The popularity of survey design stems from the strength of the
Indonesian demographic (Suprapto, 2018). Then, a survey or questionnaire is a research
tool that is adaptable and simple to use. The survey contains a number of concise and well-
structured statements that prevent participants from providing another response. The initial
data was gathered in August 2022.

The research subjects were chosen at random from a group of participants. The study
concentrated on students in Indonesia because the country has many population centres
there and is seismically active. The respondents' criteria included active students and
alumni from Indonesian universities with a focus on the social and natural sciences. Then,
Indonesia is located directly across from the Indian Ocean, where the Eurasian and Indo-
Australian plates converge (Fauzi et al., 2022).

The research tool used to gather the quantitative data on educational readiness for
tsunami disasters was called a questionnaire. The data was gathered by the researchers. Ten
statements about disaster education, society knowledge, curricula, tsunami disasters,
disaster awareness, and disaster preparedness were presented to the respondents with the
option of agreeing or disagreeing. The statements offered four levels of disagreement:
strongly disagree, disagree, agree, and strongly agree. They were written in straightforward
language. Following the gathering of data, the student's responses were graded. The
student's response was evaluated using a Likert scale with four levels. It provides their
responses to queries.

Questionnaire items explored participants' views regarding general preparedness
(e.g., how important disaster education is, especially Tsunami) and their perspective and
knowledge relating to the tsunami disaster and its effects, regarding how useful the
strategies were in preparing them for tsunami disaster and implementing disaster education
curriculum. Then a questionnaire was a form of Google Forms and distributed via
WhatsApp.

Participants' answers to closed questions were exported to SPSS and AMOS for data
cleaning and analysis. Participant's answered multiple questions and indicated their level of
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agreement with a range of statements on a scale of 1 (strongly disagree) to 4 (strongly
agree). "Agree" and "strongly agree" responses were combined for each item and
considered agreement when reporting the findings.
The author conducted a quantitative treatment of items selected through CFA
(Confirmatory Factor Analysis). CFA was used to check the validity and reliability of the
questionnaire. CFA can show the trend in participants' responses and check the relationship
between two variables using AMOS program (Abraham and Barker, 2015; Brown, 2015;
Eaton and Willoughby, 2018). There are several indicators such as CMIN/DF (Chi-Square
Fit Statistics/Degree of Freedom), RMR (Root Mean Square Residual), GFI (Goodness of
Fit Index), AGFI (Adjusted Goodness of Fit Index), NFI (Normed Fit Index), RFI (Relative
Fit Index), IFI (Incremental Fit Index), TLI (Tucker-Lewis Index), CFI (Comparative Fix
Index), RMSEA (Root Mean Square Error of Approximation), PGFI (Parsimonious
Goodness Fit Index), and PNFI (Parsimonious Normed Fit Index) (Joreskog and Sérbom,
1996; Hair et al., 2010; Ogbeibu et al., 2021; Oktasari et al., 2019). The author followed
moderate criteria shown in Table 1.

Table 1. Criteria of goodness fit indices

Parameter | Acceptable Fit Indices | Goodness Fit Indices
CMIN/DF 2-3 2
RMR .05

GFI .85

AGFI .80

NFI .80

RFI .80

IFI .90

TLI .90

CFI .90

RMSEA .05

PGFI

PNFI

(Byrne, 2016; Hu and Bentler, 1999; Hooperet al., 2008; Lee et al., 2021)

4. RESULTS AND DISCUSSION
4A. Validity and Reliability
Table 2. Residual Statistics

Minimum | Maximum | Mean Std. N
Deviation

Predicted Value 42.00 60.00 51,29 5.329 180
Std. Predicted Value -1.773 1.663 .000 1.000 180
Standard Error of Predicted .000 .000 .000 .000 180
Value

Adjusted Predicted Value 42.00 60.00 51.29 5.239 180
Residual .000 .000 .000 .000 180
Std. Residual .000 .000 .000 .000 180
Stud. Residual .000 .000 .000 .000 180
Deleted Residual .000 .000 .000 .000 180




Stud. Deleted Residual .000 .000 .000 .000 180
Mabhal. Distance 3.479 37.378 14.917 8.851 180
Cook's Distance .000 .000 .000 .000 180
Centered Leverage Value .019 209 .083 .049 180

In order to answer the research questions. There are outlier tests to check the
validity of students' responses. Outlier test showed in AMOS output. Parametric analysis
shows that the data is valid and not an outlier. It's shown from Mahalanobis distance. We
know that y(0,001;15) = 37,6973, then minimum and maximum scores smaller than
x(0,001;15) score. That means the data is valid without an outlier. The next step is the
multivariate normality test shown in figure 2. More than 50% of the points form a straight
line, meaning it has a multivariate normal distribution. The normality test results in this
study show that the points are scattered around the diagonal line on the normal probability

plot graph.
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Figure 2. Multivariat normality data
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Table 3. Correlations data

Mahalanob
is Distance Q1
Mahalanobis Pearson Correlation 1 981**
Distance Sig. (2-tailed) .000
N 180 180
QI Pearson Correlation 981%* 1
Sig. (2-tailed) .000
N 180 180
**_ Correlation is significant at the 0.01 level (2-tailed)

Table 3 shows the correlations test using a two-tailed test. Pearson correlation is
0,981 more than r table = 0,1463 (Johnson and Wichern, 2007). The results of the
correlation coefficient obtained 0,981, which indicated a high correlation coefficient. The
scatterplot and table 3 show that the data comes from a multivariate, normally distributed
sample. After the normality test, CFA with SEM was processed, assisted by AMOS
software.

The model chi-square, CMIN/DF, RMSEA, and CFI must report in SEM analysis
(Kline, 2015). The chi-square represents a fundamental measure of overall fit. CMIN/DF
shows a difference between the covariance matrix studied and the estimated one. RMSEA
corrects if there is a chi-square tendency to reject models with large samples or measures
the deviation of the parameter values of a model with its population covariance matrix.

Meanwhile, GFI shows a non-statistical measure by calculating a weighted
comparison of the variances in the covariance matrix of the sample data and explained by
the population covariance matrix. TLI (Tucker Lewis Index) is a measure that combines the
size of parsimony into the index of comparison between the tested model and the baseline
model. Accordingly, five out of all parameters indicated a non-goodness fit index. The five
parameters are Chi-square, probability, AGFI, TLI, and CFL

4B. Model Influence Analysis
Table 4. Model Fit Test

Criteria Cut-Off Result Conclusion

Chi-square Small (< =37,6973) 148,820 Not Good
RMSEA <0,08 0,069 Good
CMIN/DF <2,00 1,860 Good

Probability >0,05 0,000 Not Good
GFI >0,90 0,903 Good

AGFI >0,90 0,854 Not Good

TLI >0,95 0,919 Not Good

CFI >0,95 0,938 Not Good
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Table 4 explains that 62,5% indicated not good, which means the suitability
between the covariance matrix and the resulting population covariance matrix estimate.
This is because the diversity in the sample is appropriate or representative of the diversity
in the population.

The chi-square obtained is 148,820 or not good, so the model is not a good model.
A high GFI value in this index indicates a better fit. RMSEA shows the model is
acceptable. AGFI shows the hypothetical model can be accepted. TLI and CFI have values
that are close to one. This shows that the model is an almost good fit with a value of less
than 0,02.

According to Hooper et al. (2008), the model is good if at least one of the feasibility
test methods is met, including Chi-Square, GFI, AGFI, RMSEA, and CFI. Some of these
criteria were chosen because they are least sensitive to sample size, model specification
errors, and parameter estimates (Boomsma, 2000). However, based on table 4, two of the
five indicators have been met so the model is not fully acceptable.

Table 5. Total Effect Analysis

AW KL PU CI PI
CI | .,o10 ,121 ,119 ,000 ,000
PI | ,109 ,803 -,069 -,028 ,000

SEM analysis is used to describe the total effects among variables. The total effects
between the two latent variables are the sum of the direct and indirect effects contained in
the research model. The variables CI to CI, CI to PI, and PI to PI show a significant total
effect. The Community Interest (CI) variable has relationship with PI (Program
Importance) variable. While other variables do not show the total effect on the variables in
the model. Further details are presented in Tables 6 and 7.

Table 6. Direct Effect Analysis
AW KL PU CI PI

CI | .,o10 ,121 ,119 ,000 ,000

PI | ,127 ,806 -,066 -,028 ,000

Direct effects between two variables occur when an arrow connects the two
variables. The estimated value measures this effect among variables. For example, table 6
shows that only the CI to CI, CI to PI, and PI to PI show a significant direct effect. Other
variables do not directly impact the variables in the model.

Table 7. Indirect Effect Analysis
AW KL PU CI PI

Cr| ,000 ,000 ,000 ,000 ,000

PI | -,017 -,003 -,003 ,000 ,000

Indirect effects among variables can occur when a variable affects another variable
by going through one or more latent variables according to the trajectory contained in the
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research model. For example, table 7 shows that CI (Community Interest) has a significant

indirect effect on AW (Awareness) variable. This also occurs between CI-KL, CI-PU, CI-
CI, PI-CI, CI-PI, and PI-PI. So, Community Interest (CI) variable has a role important in
Awareness (AW), Knowledge (KL), Perceived Usefulness (PU), and Program Important
(PD).

Protection and respect from the community are integral to all education
preparedness. Humanitarian Aid (BNPB) aims to support people in addressing their needs
and managing the risks they face. The knowledge of society about Tsunamis can improve
from their beliefs, social interaction, and local knowledge of disasters and the environment
(Hariyono et al., 2020). So, knowledge (KL) is essential to understanding the occurrence of
tsunami disasters (Hariyono et al., 2016; Suryani & Hariyono, 2021; Madlazim et al.,
2022). The increase in the population of coastal communities around the coastal area (CI)
and the lack of awareness (AW) create some problems in dealing with the Tsunami
(Hariyono & Liliasari, 2017). One of the programs important to dealing with the tsunami
disaster is preventing fatalities, protecting the community, and accelerating the resumption
of normal operations. There is an indicator of perceived usefulness (PU).

Table 8. Hypothetical Analysis

Estimate S.E. C.R. P Meaning
Cl <- PU ,125° 205  ,610 ,542  Not Significant
ClI <-- KL ,180 ,455 395 ,693  Not Significant
Cl <-- AW ,847 360 2,356 ,018 Significant
PI <--- PU -,073 221 -331 ,740  Not Significant
PI <--- KL 1,267 ,549 2,305 ,021 Significant
,186 ,492 379 705  Not Significant

PI <-- AW
PI <--- CI

-,030 ,226 -,132 ,895 Not Significant

Further analysis showed that there were five variables indicated as not significant.
There are CI-PU, CI-KL, PI-PU, PI-AW, and PI-CI. Therefore, variables AW (Awareness)
to CI (Community Interest) and KL (Knowledge) to PI (Program Importance) got
significant. So not all variables in the hypothetical model can not be accepted completely.

S. CONCLUSIONS

The data from the outlier test are reliable. The normality test results reveal that the
points on the normal probability plot graph are dispersed all around the diagonal line. Two
of the five indicators from the model influence analysis have been satisfied, making the
model just partially acceptable. It is known that only a small number of factors have an
impact on other variables based on total effect, direct effect, and indirect effect analyses.
Five variables were identified as not significant in the final analysis. There are PI-PU, PI-
AW, CI-PU, CI-KL, CI-CI, and PI-PU. Variables AW to CI and KL to PI become
prominent as a result. Therefore, not all of the model's hypothetical variables can be
accepted entirely.
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There are still a lot of factors that have an impact on disaster education, but this
research is still generic in nature. The authors advise future researchers to employ more
focused variables in order to expand the depth of their research future. Additionally,
researchers can expand their audience and recruit more participants. The study must include
extensive, random surveys of multiethnic people throughout Indonesia.
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ABSTRACT

Ancient Greek and Indian texts support that destructive sea waves along the Makran coast in
the northern Arabian Sea were responsible for the partial destruction of Alexander the
Great’s fleet in 326 BC. At that time, and after the conclusion of all its operations along the
Indus River and its tributaries, the Greek fleet had reached the Indian Ocean and was waiting
in an estuary of River Hab, north of the Indus River delta, for calmer seas and for the
seasonal monsoon winds to subside, before beginning the long journey from India to
Babylon, in what is presently known as the Persian Gulf. Since the Greek fleet had spent
considerable time in the fall of that year in protective bays of the Indus delta/Kutch and the
Makran regions (India in ancient times), it is very possible that the reported sustained
damage to the fleet was caused from a tsunami rather than storm waves. After repairs were
completed, the fleet under the command of admiral Nearchus of Crete began its long and
arduous journey west in the North Indian Ocean, towards Babylon in what is now known as
city of Hillah of Iraq in the Persian Gulf. In all probability, the tsunami originated along the
Makran Subduction Zone — the same source area that historically has produced several
earthquakes and tsunamis, the best known in recent times being one in 1945. Based on
reviews of ancient Greek accounts such as those of Plutarch, Nearchus but mainly of Arrian’s
of Nicomedia “Indice” and to a lesser extent on Sri Lanka and Indian records, the present
study reconstructed the chronology of the impact on the fleet based on the ancient Athenian
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lunar calendar. By using current geophysical knowledge of recent events in this region, and
the present study concluded that the 326 BC earthquake occurred in late October or early
November of 326 BC (known as Pyanepsion, “Tlvaveyidv” in Ancient Greek). As
mentioned, at that time the Greek fleet was either at anchor at the estuary near the delta of
River Hab, or had just set out to sea on its way to Babylon. The Hab River estuary is located
in the easternmost end of the Makran Subduction Zone (MSZ) in the Northern segment of the
Arabian Sea - a source region of large earthquakes and tsunamis, recently and in the past.
The delay in the departure of the Greek fleet from this estuary caused by opposing monsoon
winds, limited the possibility of its total destruction if it had begun earlier its long journey to
Babylon.

Earlier in August of that same year, Alexander the Great with about a third of the Greek
land forces had already taken a long and difficult march back to Babylon, via a southern land
route, which included the harsh Gedrosian desert, a journey which resulted in the death from
starvation for most of the soldiers. The present study is an evaluation of these events as
deduced, from the historical records, but also from current geophysical understanding of the
seism-tectonics of the Makran Subduction Zone - a source region of large earthquakes and
tsunamis, recently and in the past. The best-known recent earthquake and tsunami in the
same eastern region of the Makran Subduction Zone was the Moment Magnitude 8.1
earthquake of 19 November 1945.

Keywords: disaster archaeology; seismo-tectonics; Makran Subduction Zone; Alexander the
Great’s India Campaign, Arrian’s “Indice”; Plutarch’s “Alexander”; Plutarch’s “Parallel
Lives™.

1. INTRODUCTION

Major earthquakes and destructive tsunami waves have occurred frequently in the past along
the Makran Subduction Zone (MSZ) in the northern Arabian Sea. Ancient Greek and India
accounts indicate that in late 326 BC a major earthquake on the MSZ generated a tsunami,
which impacted and caused some damage to the fleet of Alexander the Great. At that time the
Greek fleet was near an estuary of River Hab, just north of the Indus River delta, while
waiting for calmer seas and for the seasonal monsoon winds to subside, before beginning the
long journey from India to Babylon, in what is presently known as Persian Gulf.

The MSZ is an extensive and complex tectonic plate margin in South-Central Asia along
the Makran coasts of Iran, of the since 1947 Pakistan, and of India. This is a region that
historically has produced several earthquakes and tsunamis. The best known of such events
in recent times, was the great Makran earthquake and tsunami of 1945, but there were many
other destructive events before it, particularly along the eastern segment of the MSZ
(Pararas-Carayannis. 2001b; 2005b, 2006a).

Most of the earthquakes in this region of Southeast Asia occur mainly on land along the
boundaries of the Indian tectonic plate and of the Iranian and Afghan micro-plates. At least
28 earthquakes with magnitudes close to 7 or more have occurred since 1668 to the present
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time (Ambrasseys and Bilham, 2003). According to historical records, an earthquake in 893-
894 AD with an estimated moment magnitude of 7.5, occurred in the Debal (lower Sindh)
region of what is now Pakistan, killing 150,000 people and destroying several towns.
However, there is no data on whether this earthquake or subsequent similar events in the
distant past generated tsunamis, since no one was aware back then of the association of
earthquake-induced sea floor displacements and the resulting tsunami wave generative
mechanisms. However, based on reviews of ancient Greek accounts of Plutarch, Nearchus
but mainly of Arrian’s of Nicomedia “Indice” historical account — and to a lesser extent on
Indian historical records — the present study reconstructed the chronology of events based
on the ancient Athenian lunar calendar and, by using current geophysical knowledge of
recent events in this same region, concluded that a major tsunamigenic earthquake occurred
in late October or early November of 326 BC (a period known as Pyanepsion - “TIvaveyidv”
in the ancient Athenian lunar calendar), when the Greek fleet was in the easternmost region
of the MSZ.

The historical ancient accounts by Nearchus of Crete, Plutarch and Arrian are not clear as
to whether an earthquake occurred which generated a tsunami, as such events were not well
understood and were simply attributed to acts of Olympian gods — mainly Poseidon
(“TToced®v” - Neptune). Probably many other hardships and losses which occurred during
the arduous journey of the fleet down the Indus River and the battles fought on both river
sides, overshadowed the damages caused by waves which were experienced later, after the
fleet reached the delta of the Indus River in the North Arabian Sea. Furthermore, the
accounts by Nearchus and Plutarch are not clear as to the occurrence of earthquakes and
resulting sea waves. However based on the historical narrative in Arrian’s “Indice”, it can be
reasonably concluded that the degree of reported damage which occurred to Alexander the
Great’s fleet — which was located in the vicinity of the River Cab estuary at the time — was
not caused by storm waves of monsoon winds, but from tsunami waves similar to those
generated by the 1945 earthquake or by other previous earthquakes in the eastern MSZ
region of the North Arabian Sea. The present study is based on the chronology of reported
events, which indicates that there were no monsoon winds in late October or early November
of 326 BC. Based on the well-known high frequency of major earthquakes in this region and
elsewhere in the Indian Ocean, as well as on Arrian’s account, it can be reasonably
concluded that a tsunami was responsible for the partial damage to the Greek ships.
Fortunately the fleet was in the estuary of River Hab, in the relatively safe eastern region of
MSZ, which limited the size of the tsunami waves and their destructive impact.

2. HISTORIC RECORDS

Prior to discussing in some detail the impact of the 326 BC earthquake and tsunami on the
fleet of Alexander the Great and the geotectonic nature of the MSZ and the past disaster
events in this region of the North Arabian Sea, it seems appropriate to present first a brief
summary of historical events and accounts relating to ancient disasters and of perceptions
about them, as well as of Alexander’s early life, of his Asian and India campaign, and of the
return journeys of his armies by land and by sea to Babylon.
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The following is a brief review of his early life, based primarily on the accounts by
Nearchus, Plutarch and Arrian. Unfortunately, Nearchus’ book “Indike” — which described
the journey back to Babylonia - was lost. However, some of its contents are known from
another book — also named “Indice” — written by Arrian of Nicomedia. The account of
Alexander’s voyage of the fleet is based primarily on Arrian’s writings. These early historical
accounts are not clear as to the occurrence of earthquakes or of resulting sea waves because
such phenomena were not understood and were simply attributed to acts of gods. However,
Arrian’s narrative in “Indice," can be regarded as a book of naval expedition and discovery
of the unknown until then North Arabian Sea and Persian Gulf. Following, in the form of an
introduction is a brief summary of Alexander’s early life, and of Plutarch’s account entitled
“Alexander”. A brief description is also included of Indian records for historical disasters in
the North Arabian Sea, as well as of Sri Lanka (Ceylon) accounts and legends pertaining to
sea wave disasters along the Southeast coasts of India.

2.1 Tsunami Occurrence Elsewhere in Alexander’s Empire

There is also additional mention of a tsunami elsewhere in Alexander’s Empire. However, an
allegorical account below by the ancient historian, Diodorus Siculus (Diodorus of Sicily)
includes a description of a sea-monster creating a huge wave flooding the harbor of
Alexandria in Egypt. Of course, the event was attributed to god Poseidon who was believed
to be the originator of earthquakes and tsunamis.

Although there is no specific accounting in ancient texts of tsunami along the Makran
region, it is interesting to note that besides Alexander the Great’s fleet, Julius Caesar’s
Roman fleet also sustained damage from unusual wave conditions (not a tsunami) and tidal
phenomena in 55 AD. Caesar was forced to retreat from the shores of England after suffering
damage to his fleet while anchoring in areas that had extensive tidal ranges and unusually
large waves. The following account of a tsunami is given by the ancient historian, Diodorus
Siculus (Diodorus of Sicily). Diodorus in his rather allegorical narrative below includes a
sea-monster in his account of the tsunami wave that flooded Egypt’s harbor of Alexandria.

Fig. 1. Depiction of Diodorus Siculus sea-monster creating a tsunami.
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“As the Macedonian construction came within range of their missiles, portents were sent
by the gods to them in their danger. Out of the sea a tidal wave tossed a sea-monster of
incredible size into the midst of the Macedonian operations. It crashed into the mole but did
it no harm, remained resting. A portion of its body against it for a long time and then swam
off into the sea again. This strange event threw both sides into superstition, each imagining
that the portent signified that Poseidon would come to their aid, for they were swayed by
their own interest in the matter”.

2.2 Alexander the Great’s Early Life 349-340 BC

Briefly, Alexander was the son of Macedonia’s king Phillip II and of the 19-year old
Olympias, the daughter of Neoptolemus I king of Epirus - a fiery woman who took part in
secret rites of worship of Dionysus and Orpheus, and had been initiated in the Kaverian
Mysteries held yearly on cape of Chloi, exactly opposite the famous Kabeirion
of Samothrace. Phillip II was the king of the ancient kingdom of Macedonia from 359 BC
until his assassination in 336 BC. He was an accomplished military commander who set the
stage for Alexander's victory over Darius III and the conquest of Persia.

Between the ages of 7-16, Alexander displayed arrogant intelligence and clashes with his
father. However, despite his violent and nervous character, he was characterized by great
self-control and self-discipline. His ambition was always accompanied by magnanimity,
unlike Philip who was somewhat vain.

Philip’s career made Alexander’s conquests possible, by saving Macedonia from the
verge of extinction, beating off powerful neighbors before expanding, until he dominated the
rest of Greece and the Balkans. In the process, he created a uniquely effective army,
combining many different types of troops into one formidable, fast moving team. This was
the army Alexander led against the Persian Empire, composed of Philip’s men, fighting in the
same way they had done for more than 20 years. It was Phillip’s career that made
Alexander’s subsequent conquests possible. However, whenever it was known that Philip
had either taken possession of a glorious city or had been victorious in some important battle,
Alexander the Great did not hear it with much pleasure, but said to his peers, "children, my
father will see to it all, and will not leave no work, great and brilliant, to achieve it with you
(which in Ancient Greek is stated «&" naidec, mévia mpolfyetar 6 mothp, duoi 5 o0vSév
dmoleiper ued vudv épyov dmodeicaoOor uéya kod Jopmpov)y.

Because Alexander desired neither pleasure nor wealth but virtue and glory, he thought
that the more he got from his father, the less he would achieve himself”’. However, his views
were changed and improved when Aristotle - one of history’s greatest philosophers —
became his teacher when Alexander was 13 years old, and taught him about medicine,
philosophy, morals, religion, logic and art. Also, under Aristotle's three-year tutelage,
Alexander developed a passion for the works of Homer, for which Aristotle gave him an
annotated copy, which later he carried in his campaigns.
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Philip’s own assessment of the abilities of his son changed drastically after Alexander
managed to tame “Bucephala”, a wild horse that no one else had managed to do. The taming
of Bucephala made his father recognize that his son would be greater than him. It was then
that Phillip the king of Macedonia wept for joy and exclaimed: "My child, ask for a kingdom
equal to yours, because Macedonia is not enough for you (& mai, {fte1r oeovtd Poocileiov
{onv: Maxedovia yap o ob ywpei)”.

Alexander’s leadership qualities were further recognized by a delegation of Persians,
which Alexander received in the absence of his father. The Persians left impressed, as what
they had heard of Philip was nothing compared to what they heard of his son. Of course
Aristotle’s teachings had turned Alexander much wiser and diplomatic.

In brief, Alexander’s leadership qualities became more evident during his subsequent
campaigns in Asia, where he focused on the unification of conquered regions by taking the
Hellenistic culture to a completely different level by introducing ideas of freedom, equality,
philosophy, drama, and scientific categorization and study - based on Aristotle’s teachings -
and spreading them across Asia Minor and the Middle East all the way to the Indian
subcontinent.

2.3 Plutarch’s Account in “Parallel Lives”

A good historical account of Alexander the Great can be found in the works of Plutarch (79
AD) entitled “Alexander”. This account provides good information on the conquest in Asia
and India, but very little information about the Greek fleet’s journey in the Northern Arabian
Sea and in the Persian Gulf. Furthermore, he does not mention anything about earthquakes or
catastrophic sea waves.

In his historical account "Parallel Lives," Plutarch provides in detail biographies of both
Alexander the Great and of Julius Caesar, but also discusses the life, character and actions of
forty-four other well-known, Greeks and Romans, describing them with parallelisms and an
infinite number of historical and psychological elements. In this account Plutarch paints
Alexander the Great with every historical detail and accuracy, down to his smallest
psychological fibers indicating his determination.

2.4 Sri Lanka and Indian Records

Also, according ancient texts, large earthquakes and destructive waves occurred east of Sri
Lanka (Ceylon), although the dates are somewhat conflicting as to the timing of these events,
which may possibly relate to differences in calendars. According to Sri Lanka historical
records (Fernando, 2005), in Sri Lanka (known as “Mahawamsa” then) in the time of King
Kelanitissaa, a town named “Kalyani Kanika” and several other townships in the Eastern
seaboard of Ceylon were inundated or destroyed by what must have been tsunami waves.
Also provided in these records is an account that “Viharamahadevi”, the daughter of King
Kelanitissa, was set afloat at Kalyani Kanika to appease the Gods, but that she was brought
back to shore by sea currents, which landed her in Kirinda. However, the dates do not match,
since the tsunami in Sri Lanka is purported to have occurred at the time of King Kelanitissa -
in the 2nd Century BC, and apparently had a different source of origin.
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Ancient Indian legends refer that a port city named Poompuhar, located at the confluence
of rivers Kaveri and the Bay of Bengal in the Thanjavur District in the southern Indian State
of Tamil Nadu - once known as “Kaveripattinam” — was washed away by a wave around
AD 500. According to this legend, goddess “Manimekhalai” was angry with the Chola King
and caused the city to be swallowed up by the sea. However, a tsunami in this region of the
Bay of Bengal must have had a source near the Andaman Islands and Sumatra - probably in
the same source region as that of 26 December 2004, and not in the Makran Subduction Zone
of the North Arabian Sea, which would need to refract 180 degrees northward-thus reducing
significantly the height and destructive impact of its waves on the very north-eastern region
of the Arabian Sea.

As mentioned, Sri Lanka (Ceylon) was struck and devastated by the 2004 tsunami
generated by a great earthquake along the coast of the Burma plate, and included the north-
west portion of the island of Sumatra as well as the Andaman and Nicobar Islands, which
separate the Andaman Sea from the Indian Ocean. Sri Lanka’s south and east coasts were
hardest hit by this particular tsunami and more than 50,000 people lost their lives, and about
more than 1,200 in the eastern district of known as Batticaloa (Pararas-Carayannis, 2005,
2006 a & b). This disaster was a very similar recurrence of the events reported in the above-
cited ancient records. Included in a subsequent section of this report are analyses by the
present author based on the documented impacts of the 26 December 2004 and of the 28
November 1945 earthquakes in the Makran region of the North Arabian Sea.

2.5 Brief Summary of Alexander’s Indian Campaign and Return to Babylon

According to Plutarch (79 AD), after defeating the Persians, Alexander continued his
conquest of Asia by turning south into Arachosia (southeast Persia) and then continuing
north into Afghanistan where he founded cities to serve as army garrisons and centers of his
administration. Still inhabiting to the present time in a northern region of Afghanistan is a
group of native people who racially differ from the rest of the country’s population, have
Greek characteristics, and use words of Greek origin in their language. These people appear
to be surviving descendants of s garrison left behind by Alexander’s Macedonian general
Craterus or Krateros (in Greek: Kpatepog; ¢. 370 BC — 321 BC), on his northern land route
of return to Babylon with more than a third of the Greek forces. Craterus, who claimed
succession of Alexander, was killed subsequently in 321 BC at the Battle of the Hellespont

(Fig. 2).
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2.6 Construction of Fleet — Journey on River Indus

The following is an account of Alexander’s earlier campaign, after entering Bactria and
Sogdiana, and marching of his armies as far as the Jaxartes River. After two years in this
region, during 327-326 BC, Alexander’s army crossed the Hindu Kush mountain region
(present Pakistan) and begun the conquest of India. There were several battles fought during
the India campaign. Although victorious, after the May 326 BC battle of Hydaspes - near the
northernmost of the five great tributaries of the Indus River, and as already stated, Alexander
was pressured by his generals to end his Asian conquest and for the troops to return to
Babylonia. Reluctantly he agreed and in June of that year, he sent a third of his army under
the command of general Craterus, back to Carmania over a northern land route. The size of
this army is estimated at 75,000 men. Subsequently, Alexander ordered that 30 oared galleys
(Athenian type of triremes as shown in Fig. 3 below)) and other tow boats and rafts to be
built, and sail down the Indus River in support of the ongoing Indian campaign and,
subsequently, to transport part of the army with these back to Babylonia (Mesopotamia).

Fig. 3. The Athenian type of trireme that served as Alexander’s flagship, “Olympias," named
after his mother.

In command of the newly constructed fleet and other support vessels, Alexander appointed
Nearchus of Crete, who previously had been the satrap of Lycia and Pamphylia (in Asia
Minor), after the Sogdian campaign, and one of his two commanders of the Shield bearers, a
heavy infantry unit, before the battle of Hydaspes.

Apparently the 30 triremes could not have been sufficient to carry Alexander’s army,
even with a third of the army already gone back to Carmania by a land route. Based on
Plutarch’s account, Alexander's army in India at that time amounted to about 140,000 foot
soldiers and 15,000 cavalrymen. In all probability, many more barges and tow ships were
used to transport some of the soldiers, while the bulk of the army marched along both banks
of the Indus. Overall, the India Campaign and the fleet’s journey down the Indus River took
approximately seven months, during which Alexander conquered of what is now the Punjab
State in northwestern India.
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The map below (Fig. 4) shows the Indus River and its tributaries leading to the delta of the
North Arabian Sea, which was named as the Port of Alexander, which no longer exists since
subsequent extensive sedimentation changed the shoreline.
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Fig. 4. Alexander’s India Campaign along the Indus River Valley (map of livius.org), and of
Port of Alexander at the delta of Indus River

2.7 Sea and Land Routes of Alexander’s Army and Fleet

Finally, the fleet and the bulk of the army reached Patala, the present city of Bahmanabad,
about 75 km northeast of Hyderabad (Fig. 5). A portion of the army continued on land
southeast of the Indus River and fought several squirmishes before regrouping in August of
326 BC at Patala for the journey back to Carmania. According to Plutarch’s account below,
Alexander must have traveled further down the Indus River on a single ship to the ocean,

because he describes such a voyage and the appointment of Nearchus as commander of
Alexander’s fleet, as follows:
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“His (Alexander’s) voyage down the rivers took up seven months' time, and when he came
to the sea, he sailed to an island which he himself called Scillustis, others Psiltucis, where
going ashore, he sacrificed, and made what observations he could as to the nature of the sea
and the sea-coast. Then having besought the gods that no other man might ever go beyond
the bounds of this expedition, he ordered his fleet, of which he made Nearchus admiral and
Onesicritus pilot, to sail round about, keeping the Indian shore on the right hand, ..._”

The island of Scillustis or Psiltucis mentioned by Plutarch must have been a sand island near
the mouth of the Indus River, which no longer exists.
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Fig. 5. Alexander’s Sea and Land Routes
2.8 The Greek Fleet’s Journey to the Indus River Delta/Kutch Region

Overall, the India Campaign and the fleet’s journey down the Indus River took
approximately seven months, during which Alexander conquered of what is now the Punjab
State in northwestern India.

On 15 September 326 BC, following the departure of the bulk of army via the southern
land route, the Greek fleet, under Nearchus’ command, set out to sea for Carmania and
Babylonia with the remaining army which had dwindled to about 17,000 - 20,000 men. There
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is no information on the size of the fleet at his time in the ancient texts. It is possible that
many more local ships were added since 30 triremes would not have been sufficient to carry
so many men and their supplies for the long sea voyage.

September was too early in the season for the journey west as the monsoon winds blow in
this region from a southwest direction from May through October. It is possible that
Nearchus received false information from the natives who were anxious to see Alexander’s
ships leave. Almost immediately after leaving Patala, the ships encountered adverse winds. It
took almost a week to reach the Erythraean Sea (the Indian Ocean). Subsequently, the fleet
headed north, through the lagoon between the mouths of the rivers Indus and Hab (south of
present Karachi which was then part of India).

2.9 Alexander’s Army Return Via the Southern Land Route

In August 326 BC, Alexander with about 135,000 foot soldiers and cavalry men left Patala
towards Carmania, for the long and difficult march back homeward, through the harsh
Gedrosian desert (Arrian, 135-37 AD) — which was part of the ancient Achaemenid empire
(present region of Baluchistan region in Iran). Fig. 6 below is another map showing
Alexander’s armies return to Babylon by sea and land routes and the extent of the empire
between 334 to 323 BC. Apparently, only one-fourth of the army survived the march back on
the southern land route through the harsh Gedrosian desert (Fig. 7). Plutarch describes
Alexander’s difficult journey via the southern land route and the hardships the army endured
as follows:

C o and (Alexander) returned himself by land through the country of the Orites, where he
was reduced to great straits for want of provisions, and lost a vast number of his men, so that
of an army of one hundred and twenty thousand foot and fifteen thousand horse, he scarcely
brought back above a fourth part out of India, they were so diminished by disease, ill diet,
and the scorching heats, but most by famine. For their march was through an uncultivated
country whose inhabitants fared hardly, possessing only a few sheep, and those of a wretched
kind, whose flesh was rank and unsavory, ....”

Fig. 6. The empire established by Alexander the Great between 334 to 323 BC - Routes of
the land Armies and of the Greek fleet down the Indus River, its tributaries and the open sea

return to Babylon
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Fig. 7. NASA Satellite photo of a section of the Makran rugged and tectonic coastline
showing uplifted terraces, headlands, sandy beaches, mud flats, rocky cliffs, bays and deltas.
Numerous mud volcanoes along the shores. Alexander with about 135,000 foot soldiers and

cavalry men marched through this harsh Gedrosian desert and only one-fourth of the army
survived.

3. EVALUATION OF THE TSUNAMI OF 326 BC THAT IMPACTED THE GREEK
FLEET IN 326 BC

There is no specific information in the afore-mentioned historical records about the
occurrence of an earthquake or tsunami in 326 BC in the North Arabian Sea. The intensity of
such event could not have been felt or estimated in the vicinity of the estuary of River Hab
where the Greek fleet was at that time. However for an earthquake along the Makran
subduction zone (MSZ) to generate a significant tsunami, its epicenter must have been near
the coast further west, its focal depth must have been relatively shallow, its Richter
magnitude greater than 7.0, and must have included some sizable degree of vertical crustal
displacements of the sea floor.
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In all probability, and again based on the historic accounts about the damage to the Greek
fleet which was south of present Karachi near the estuary of River Hab at that time at the
easternmost and relatively safer eastern region of MSZ, which limited the size of the tsunami
waves and their impact. However, based on these considerations and the relative historic
recurrence frequency of such earthquakes along the East-West trending seismogenic MSZ
coast (of present southern Pakistan and Iran) in terms of geologic time, the present study can
reasonably conclude that a significant tsunamigenic earthquake indeed occurred in 326 BC.
Such an earthquake on the MSZ could have generated a significant tsunami with greater
wave heights to the North and the South, and to a lesser heights along the Western and
Eastern ends of the great fault. Such earthquake could have been very similar to the Makran
earthquake of 1945, which generated a very destructive tsunami along coastal areas of India,
Pakistan, Iran and Oman. Although infrequently, both the East and West segments of the
Makran Subduction Zone in the Northern Arabian Sea, are capable of generating
tsunamigenic earthquakes that can have an upper limit of moment magnitude of as much as
8, and such events have occurred with relatively high degree of frequency in terms of
geologic time. (Pararas-Carayannis, 2005 b, 2006 a; b; Shah-hosseini EtAl 2011)

Although not as frequent, there is also evidence that major earthquakes along the West
segment of the MSZ coast have also generated tsunami waves on the south coast of Iran
Shah-hosseini EtAl., 2011). Coastal boulder deposits found along the rocky coasts from
Chabahar to Lipar, indicate the formation of Quaternary marine terraces, tectonic uplift, and
coastal boulder deposits. Some of the boulders weighing up to 18 tons were found up to 6 m
above the present mean sea level and up to 40 meters inland from the present shoreline.
(Reyss EtAl, 1998). Based on such determinations of paleo-tsunami events, it may be
possible that an earthquake along this Eastern MSZ zone in 326 BC could have generated a
tsunami that partially damaged the Greek fleet when it was still in the estuary of River Hab.

Additionally there are other historical accounts of tsunami generation along the eastern
and western coasts of India, purportedly causing destruction as far away as Sri Lanka and
elsewhere. The best known of the most recent historical events was that of 1945. Other major
or great recent and past earthquakes have generated significant tsunamis that impacted
different coastlines of the northern Arabian Sea and of the Indian Ocean.

Another possibility is that the 326 BC earthquake occurred in the Gujarat region, where
large events are also known to occur — particularly along the Kutch Graben region or even
near the Bombay Graben. However, none of the recent earthquakes that have occurred along
the Kutch Graben region have generated destructive tsunamis (Pararas-Carayannis, 2001). It
is possible that an earthquake in the Guajarat region could have triggered an underwater
landslide and a local tsunami, but such an event would not have the azimuthal concentration
of energy to cause destruction on the East coast of Sri Lanka. More than likely, the large
earthquake reported in the ancient texts originated along the Makran subduction zone — a
region capable of generating destructive tsunamis (Pararas-Carayannis, 2005a,b 2006).
However other possible tsunamigenic seismic sources in the Indian Ocean are examined to
evaluate if a previous earthquake in the 326 BC could have generated waves which damaged
the Greek fleet.
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3.1 Partial Destruction of the Greek Fleet by a 326 BC Tsunami

Renewed southwest monsoons and dwindling food and water supplies slowed the fleet’s
progress, forced Admiral Nearchus to seek safe anchorage for the Greek fleet and to establish
a fortified shore camp for about 24 days, while waiting for better weather conditions and for
the seasonal monsoon winds to subside. From Plutarch’s description and timing it can be
concluded that the fleet had sailed north of the Indus River delta, and a new camp was
established just south of the Hab River (south of present Karachi). Upon establishing this
camp, the soldiers were forced to hunt and fish for food and to drink briny water. Fig. 8
below is a map indicating the location of the Greek fleet. It was probably at this time and at
this location — in early November 326 BC - that the large earthquake and tsunami occurred
probably near the region where the fleet had taken refuge. Fig. -- shows a probable tsunami
generation area along the Eastern Makran subduction zone and the location of the Greek
fleet at the time of November 326 BC where tsunami waves caused damage. As stated, this
date was estimated based on a period known as Pyanepsion - “TIvaveyidv” of the ancient
Athenian lunar calendar).
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Fig. 8. Most likely location of the Greek fleet at the time of the November 326 BC tsunami.

According to Lietzin (1974), this earthquake had large magnitude and massive tsunami
waves which destroyed a good part of Alexander’s fleet. Also, according to Sri Lankan texts,
a destructive tsunami struck the East side of the island of Ceylon, but the location and the
given date of this tsunami’s occurrence does not agree with the 326 BC event near the Hab
river estuary in the Northwest Arabian Sea.
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3.2 More Probable Location and Magnitude of the 326 BC Tsunamigenic Earthquake

In all probability and as stated, the earthquake of 326 BC occurred along the Makran coast
(present southern Pakistan and Iran) and generated destructive tsunami waves. This
earthquake could have been very similar to the Makran earthquake of 1945, which also
generated a destructive tsunami along the coastal areas of India, Pakistan, Iran and Oman.
Although infrequently, and as already stated, the Eastern Makran subduction zone in the
Northern Arabian Sea is capable of generating tsunamigenic earthquakes that can have an
upper limit of moment magnitude (Mw) of as much as 8 (Pararas-Carayannis, 2005; 2006).

There is no information in the historical records about the intensity of such an
earthquake in 326 BC earthquake from which a magnitude can be estimated, or to determine
that unusual sea waves from such event could have an impact as far away as eastern Sri
Lanka (Ceylon) along the East side of India. Thus, it cannot be affirmed with any certainty
whether the destructive sea waves in Sri Lanka which were reported in ancient texts, were
generated by the same earthquake source in the Northern Arabian Sea as those of the 1945
event, or by any underwater landslide parallel to the NW trending Kutch graben, or even near
the Bombay graben (See Fig. 9 below) in the Guajarat region of India - similar to one
perhaps caused by a 25 January 2001 event. However, it should be also mentioned that none
of the recent earthquakes that have occurred along the Kutch Graben region are known to
have generated destructive tsunamis (Pararas-Carayannis, 2001a — see: "The Earthquake of
25 January 2001 in India” http://drgeorgepc.com/Earthquake2001India.html).
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Fig. 9. The Indus delta/Kutch region in the Guajarat region of India — east of the Makran
Subduction Zone - is a region that has produced numerous destructive earthquakes in recent
times, including a devastating earthquake in 2001 (after Pararas-Carayannis, 2001a).

Vol. 41, No. 4, page 423 (2022)



However, it is possible that an earthquake further South in the Guajarat region could have
triggered an underwater landslide and a local tsunami, which perhaps could have affected the
Greek fleet in 326 BC, although such an event would not have the azimuthal concentration of
energy to cause destruction on the East coast of Sri Lanka (Pararas-Carayannis, 2005c,
2006).

3.3 Probable Scenario of the 326 BC Tsunami

It is not known with any certainty if the tsunami of 326 BC struck the Greek fleet while at
anchor, or while out at sea. None of the examined ancient texts provide information about
losses or extent of the damage. However, based on Plutarch’s and other historical accounts,
and from current knowledge of the seismo-tectonics of the region, the chronology of the
journey of Alexander’s fleet and the possible impact of the 326 BC tsunami can be evaluated.

The timing of the large earthquake was critical to the fate of the fleet. What saved the
Greek fleet from more extensive destruction was its location at that time when the
tsunamigenic earthquake occurred. Such an earthquake probably occurred along the Makran
Subduction Zone in late October or early November of 326 BC, when the ships were still in
the Indus delta/Kutch region — near the delta of River Hab (just south of present Karachi).
According to Plutarch, and the aforementioned Athenian lunar calendar, the Greek ships did
not set sail from the estuary between the mouths of rivers Indus and Hab until early
November, when the Southwest monsoons subsided (see Fig. 10 below).
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Fig. 10. Location of Alexander’s Fleet in late October 326 BC before heading for the River
Hab estuary
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The delay in the fleet’s departure due to the adverse winds was a blessing in disguise and
probably saved most of the ships from destruction. If the earthquake had occurred later in
November after the fleet had left the River Hab estuary and was closer to Morontobara
(present day Karachi), or when the fleet was sailing further west along the Makran coast (of
southern Pakistan) near Bagisara (of present Ormara), there could have been total destruction
of the Greek ships if sailing in shallower waters near the shore.

Not only the timing of the earthquake but the orientation of the tsunami generating area
was critical to the fate of the Greek fleet. The tsunami generating area along the Makran
Subduction Zone (NSZ) has an east-west orientation. Therefore, the azimuthal propagation of
the tsunami energy would have been greater to the North and to the South and much less to
the East or West. Thus the tsunami waves would have been very large along the entire
Makran region, as well as along the southwestern coasts of India, as the tsunami wave energy
refracted in deeper water. Immediately to the East of the MSZ, where the Greek fleet was
located, the waves were not as high or as destructive. It is estimated that the tsunami waves at
the River Hab estuary did not exceed 2 meters. Apparently, the destruction must have been
partial and most of the ships were able to make repairs and continue the journey west.

3.4 The Fleet’s Journey after the 326 BC Tsunami

With no opposing winds during the monsoon transitional period in November of 326 BC, the
ships made significant progress westward (Fig. 11).

Fig. 11. Greek triremes under sail with favorable westerly winds
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According to Arrian (based on Nearchus’ account), after leaving the Indus delta/Kutch
region, the Greek fleet continued the difficult journey, first to Morontobara or Woman's
Harbor (present Karachi) near the mouth of the Hab River, then through the Sonmiani Bay,
along the Makran coast. One night, they anchored and camped on the battlefield where
Leonatus, one of Alexander's generals, had defeated the native population, the Oreitans
('‘Mountain people'). Leonatus had left a large food deposit for Nearchus' men — enough for
ten days. Thus, with renewed supplies and favorable winds the ships reached the Hingol
River and then continued westward to Bagisara (present Ormara), where the 326 BC tsunami
probably must have had its maximum impact earlier in November 326 BC.

The fleet made significant progress westward when the Northeast (winter) monsoons
picked up in early December, thus reaching rapidly Colta (Ras Sakani), Calima (Kalat) and
an island called Carnine (Astola). After provisioning there, the fleet continued and passed
Cysa (near Pasni) and Mosarna (near Ras Shahid). Here, a Gedrosian pilot joined them, who
led them in two days to modern Gwadar, where they were delighted to see date palms and
gardens. Three days later, Nearchus' men surprised Cyisa, a town near modern Chah Bahar
and took away supplies. Next, they anchored near a promontory dedicated to the Sun, called
Bageia (“dwelling of the gods™) by the natives and probably identical to Ra's Kith Lab. The
places that Nearchus mentions in his account of the voyage — as conveyed by Arrian of
Nicomedia (Talmena, Canasis, Canate, Taa, Dagaseira) cannot be identified, although it is
plausible that the last mentioned town is modern Jask.

3.5 Alexander’s Army Return Via the Southern Land Route

Apparently 30 triremes could not have been sufficient to carry Alexander’s army, even with a
third of the army already gone back to Carmania by a land route. In August 326 BC,
Alexander with about 135,000 foot soldiers and cavalry men left Patala towards Carmania,
for the long and difficult march back homeward, through the harsh Gedrosian desert (Arrian,
135-37 AD) — which was part of the ancient Achaemenid empire (present region of
Baluchistan region in Iran). Apparently, only one-fourth of the army survived the march
back. Plutarch describes Alexander’s difficult journey via the southern land route and the
hardships the army endured as follows:

“ and (Alexander) returned himself by land through the country of the Orites, where he
was reduced to great straits for want of provisions, and lost a vast number of his men, so that
of an army of one hundred and twenty thousand foot and fifteen thousand horse, he scarcely
brought back above a fourth part out of India, they were so diminished by disease, ill diet,
and the scorching heats, but most by famine. For their march was through an uncultivated
country whose inhabitants fared hardly, possessing only a few sheep, and those of a wretched
kind, whose flesh was rank and unsavory, ....”

Fig.7 shown previously is a NASA satellite photo of a section of the Makran rugged and tectonic
coastline showing uplifted terraces, headlands, sandy beaches, mud flats, rocky cliffs, bays

and deltas, as well as numerous mud volcanoes along the shores.
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4. EXAMINATION OF RECENT AND PREVIOUS MAJOR EARTHQUAKE AND
TSUNAMI GENERATING SOURCES IN THE EASTERN AND WESTERN
MAKRAN SUBDUCTION ZONE (MSZ) AND ELSEWHERE IN THE INDIAN
OCEAN FOR POSSIBLE IMPACT ON THE GREEK FLEET IN THE YEAR 326 BC

In view of the lack of early historical documentation and understanding of earthquakes,
tsunamis or other geophysical phenomena, and in order to narrow down the source of the
waves that impacted the Greek fleet in 326 BC while in the Eastern Makran region of the
North Arabian Sea, this section of the report reviews briefly the recent development of
seismology and of the science of tsunami hazards in the 19th Century, as well as recent and
old documented and recurring major earthquakes and tsunamis along the Eastern (Reyss
EtAl 1998), and Western segments of the Makran subduction zone in the North Arabian Sea,
as well as elsewhere in the Indian Ocean (Pararas-Carayannis, 1978, 2001, 2005a,b,c.d,
2006a,b.,2007; Mokhtari and Farahbod, 2005; Murty and Bapat, 1999). The Makran
accretionary wedge is one of the largest on Earth (Dorostian & Gheitanchi, 2003. A 7-km-
thick column of sands and quartzolithic turbidites are incorporated into this wedge in a series
of deformed thrust sheets, and has over pressured landward of the deformation front (Fruehn
EtAl, 2003).

With the advent of seismology in the 19th century, major destructive tsunamigenic
earthquakes begun to be monitored and documented in the Indian, Pacific, Atlantic Oceans
and elsewhere around the world. The scientific studies and understanding about tsunamis
begun much later, after the moment magnitude 8.6 earthquake of 1 April 1946 struck off the
coast of Unimak Island in Alaska's Aleutian Islands. This particular tsunami caused the
greatest damage and number of deaths in the Hawaiian Islands. It was an unprecedented
disaster which led to the 1960 creation of the United States' first tsunami warning system,
and subsequently to the development of extensive international research programs about past
tsunami hazards.

These studies were further expanded in the following years to include other previous and
subsequent tsunami disasters. Besides the 28 November 1945 earthquake and tsunami in the
Northern Arabian Sea, there were more tsunamigenic earthquakes near Karachi in the present
Southern Pakistan, near the estuary of River Hab. This is the location where the Greek fleet
sustained partial damage from an apparent tsunami in 326 BC. In terms of geologic time such
events recur in the same areas, therefore the following is only a cursory review of the impact
of the better known recent major tsunamigenic earthquake events, particularly of the 28
November 1945, in the North Arabian Sea. Also reviewed are other historical earthquakes in
Northwest India, as well as more recent tsunamigenic earthquakes elsewhere in the Indian
Ocean. The following brief review was undertaken in order to evaluate which were the
earthquakes elsewhere which may have generated the waves that impacted the Greek fleet in
the year 326 BC.

There are several regions where large earthquakes have occurred in the past and
destructive tsunamis were generated. Besides the Makran Subduction Zone, the Karachi and
deltaic Indus region, the Owens Fault Zone, and the Kutch Grabben region, tectonic
subduction and thrust faulting occur also in the Andaman Sea, along a short segment of Sri-
Lanka, but also along the great Sunda Arc. Large earthquakes in recent times and in the

Vol. 41, No. 4, page 427 (2022)



distant past generated extremely destructive tsunamis along other coastlines of the Indian
Ocean. One of the most recent was the one generated by the great earthquake of 26
December 2004 (Pararas-Carayannis 2005 a,b,c) .

As documented by the above referenced study, the on-going and recurring seismo-
tectonic processes in the Indian Ocean are mainly the direct result of the Indian and
Australian blocks moving northward at a rate of about 40 mm/yr (1.6 inches/yr) and colliding
with the Eurasian continent (Fig. 12) (Tapponnier EtAl. 1986).

The main regions that were identified as more critical for past and future tsunami
generation are the Andaman Sea Basin, the Northern and Eastern segments of the Great
Sunda Tectonic Arc, and the Chagos Archipelago. Therefore the seismicity and potential of
tsunami generation of the above-cited tsunamigenic regions are briefly reviewed, for the
purpose of evaluating the source of the waves that could have impacted the Greek fleet in the
year 326 BC.
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Fig. 12. Migration of the India tectonic plate northward in the last 71 nillion tears and its
collision with the Eurasian plate and formation of the Himalayan mountain range.
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4.1 Evaluation of Possible Impact on the Greek Fleet in 326 BC from an Earthquake
and Tsunami Generated along the Makran Subduction Zone (MSZ) in the Northern
Arabian Sea, Similar to the 28 November 1945

While in the vicinity of the Hab river estuary on the Northwest coast of India, the Greek fleet
could have been partially damaged by a tsunami in 326 BC similar to the one generated by
the 28 November 1945 earthquake in the Eastern Makran Subduction Zone (MSZ) in the
Northern Arabian Sea. Shown below in figure 13 is the epicenter of the 1945 earthquake, the
Makran Accretionary Front, and the tectonic subduction zone in the Northern Arabian Sea,
where the Greek fleet sailed later in early November 325 BC on its way to Babylon in the
Persian Gulf. In order to evaluate the possibility of impact from a similar tsunami generated
in 326 BC, the 1945 earthquake and tsunami were re-examined. Also examined were other
major geotectonic features in the Northern Arabian Sea, close to the present day Karachi of
Pakistan, the epicenters of historical earthquakes near the Ornach Nal Fault the Makran
Accretionary Front, the two major zones of subduction, the Murray Ridge, and the Owen
Fracture Zone (Fig. 14), as reported in the literature (Huhn EtAl ,1998; Regard EtAl, 2003;
Pararas-Carayannis 2005a,b; 2006). The following is a brief overview of this event.

" 3 Ev_"‘“‘" Accnn "‘w

Fig. 13. The generating area of the 28 November 1945 tsunami off the Makran coast of
Pakistan (After Pararas-Carayannis 2006b).

A thorough analysis of historical records reveals that many earthquakes and tsunamis
have occurred in the past along the Makran Subduction Zone (MSZ) in the North Arabian
Sea throughout geologic history and in recent times (Jacob and Quittmeyer, 1979). An
earthquake on the MSZ could have been a most probable source of a tsunami which impacted
the Greek fleet in 326 BC when it was in the River Hab estuary. Since earthquakes on the
MSZ have occurred frequently in terms of geologic time, such an event could have be very
similar to the great earthquake of 28 November 28, 1945 on the MSZ which generated a very
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destructive tsunami (Pararas-Carayannis, 2006d). According to the literature, the 1945
earthquake was a thrust event that ruptured approximately one-fifth of the entire length of the
MSZ, and was estimated to have been 200 — 250 km. (Byrne et al. 1992). However, a
revised moment magnitude of Mw 8.1 for this event would suggest a longer rupture - in the
order of 300-350 Km. Although infrequent, such large earthquakes occur from time to time
mainly on the eastern segment of the MSZ. Nine other smaller earthquakes are known to
have occurred also in the eastern Makran with similar thrust tsunamigenic mechanism
characteristics (Pararas-Carayannis, 2006b).

Fig. 14. Map of the Northern Arabian Sea showing the Makran Accretionary Front, two
major zones of subduction, the Murray Ridge, the Owen Fracture Zone and the epicenters of
historical earthquakes near the Ornach Nal Fault close to the present day Karachi of Pakistan

The great earthquake of 28 November 1945 is an example of the size of earthquakes that
subduction along MSZ can produce (Mokhtari and Farahbod, 2005; Pararas-Carayannis
2005a,b.c, 2006). The tsunami was very destructive not only in the Northern Arabian Sea,
but caused serious destruction along India’s west coast, and great loss of life along the coasts
of Pakistan, Iran, India and Oman, where run-up heights varied from 1 to 13 m. Specifically
along the Makran coast of Pakistan, the tsunami’s maximum run up height of 13 m (40 feet),
destroyed fishing villages, caused great damage to port facilities, and resulted in deaths of
more than 4,000 people. Waves of about 6.5 feet in height killed all the people of Khudi, a
fishing village about 30 miles west of the present city of Karachi. Also Karachi was struck by
the 1945 tsunami (Pakistan Meteorological Department, 2005).
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Waves as high as 11.0 to 11.5 meters struck the Kutch region of Gujarat causing
extensive destruction and loss of life. Eyewitnesses reported that the tsunami came in like a
fast rising tide. The tsunami reached as far south as Mumbai, Bombay Harbor, Versova
(Andheri), Haji Ali (Mahalaxmi), Juhu (Ville Parle) and Danda (Khar). In Mumbai, the
height of the maximum wave was 2 meters, washing away fifteen persons. Five people died
at Versova (Andheri, Mumbai), and six more at Haji Ali (Mahalaxmi, Mumbai). Several
fishing boats were torn off their moorings at Danda and Juhu (Pararas- Carayannis, 2006b).
However to the East of this MSZ zone, the waves were significantly lower. Karachi in
present day Pakistan was struck by waves of only about 2 meters (6.5 feet) in height.
Therefore, Alexander’s fleet - which in 326 BC was located east of the delta of River Hab
South of present-day Karachi - when such a similar event may have occurred, must have
been inpacted by similar waves of about 2 meters, thus limiting the extent of damage
(Pararas-Carayannis, 2006; http://drgeorgepc.com/TsunamiPotentialMakranSZ.html).

In brief, the Makran Subduction Zone always had the potential for very large
earthquakes. Fortunately, they are infrequent and are usually preceded by smaller events that
signal the occurrence of a larger earthquake. For example, for ten years prior to the 1945
event, there was a concentration of seismic activity in the vicinity of its epicenter. Recent
seismic activity indicates a similar pattern and a large earthquake is possible in the region
west of the 1945 event (Quittmeyer and Jacob, 1979). Although there are no historical
records, it is believed that large earthquakes generated very destructive tsunamis in the
distant geologic past.

Finally, a factor that could contribute to the destructiveness of a tsunami generated from
this region would be the relatively large astronomical tide, which for the Makran coast is
about 10-11 feet. A tsunami arriving during high tide would be significantly more
destructive. In addition, the compacted sediments in this zone of subduction could contribute
to a greater tsunami by causing a bookshelf type of failure — as that associated with the 1992
Nicaragua earthquake (Pararas-Carayannis, 1992).

The above stated documentation supports a reasonable conclusion that a significant
earthquake and tsunami generated along the Makran Subduction Zone (MSZ) in the Northern
Arabian Sea in 326 BC may been the event that caused damage to ships of the Greek fleet in
the vicinity of the Hab River estuary at that time, in the easternmost end of the Makran
Subduction Zone.

4.2 Possible Tsunami Impact on the Greek Fleet from an Earthquake on the Eastern
Makran Subduction Zone similar to the 26 January 2001 Guajarat Earthquake

Discussed in section 4.1 of the present report is a brief evaluation of possible tsunami impact
on the Greek fleet in 326 BC from similarly repeating earlier historical earthquakes in the
Kutch, Bombay, and Cambay and Namacia grabens of Northwestern India. Provided in this
section is a brief evaluation of the possible tsunami and earthquake impact on the fleet, from
another similar to the more recent earthquake of 26 January 2001, magnitude R7.7, Guajarat
earthquake. This recent earthquake also occurred along this same seismically active region
of the Northeast trending Kutch and Bombay grabens of Northwest India as shown in Figure,
and a previous occurrence in 326 BC could have been responsible in causing some damage to
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the Greek fleet, when it was still in the vicinity of the Haab river estuary - as reported in
Arrian’s of Nicomedia “Indice” account. The possibility that an earthquake occurred in the
Gujarat region in 326 BC along the Kutch Graben region or even near the Bombay graben
was discussed earlier in this report. Although none of the recent earthquakes that have
occurred along the Kutch Graben region have generated destructive tsunamis (Pararas-
Carayannis, 2001), it is possible that an earthquake could have triggered an underwater
landslide and a local tsunami that could have reached the Haab river estuary. Another
possibility of tsunami generation could be in the area of present day seismic region of
Karachi in Pakistan - the ancient city of Morontobara of India.

4.3 Probable Impact on the Greek Fleet in 326 BC from an Earthquake and Tsunami in
the Karachi and Deltaic Indus River Region

This is also a region near present Karachi and the deltaic Indus River where many
earthquakes and tsunamis have occurred frequently in the past and could have had an impact
on the Greek fleet in 326 BC. Four major faults exist in and around present day Karachi of
Pakistan, along the southern coast of Makran, and in other parts of deltaic Indus River
(Pararas-Carayannis, 2001, 2005). The first of these is the Allah Bund Fault, which traverses
Shahbundar, Jah, Pakistan Steel Mills, and continues to the eastern parts of Karachi - ending
near Cape Monze. This fault has produced many large earthquakes in the past in the deltaic
river areas along the coast, causing considerable destruction. A major earthquake in the 13th
century destroyed Bhanbhor. Another major earthquake in 1896 was responsible for
extensive damage in Shahbundar (Pararas-Carayannis, 2001, 2005).

The second major fault near present-day Karachi is an extension of the one that begins
near Rann of the Kutch region of India. The third is the Pubb fault which ends into the
Arabian Sea near the Makran coast. Finally, the fourth major fault near Karachi is located in
the lower Dadu district, near Surajani. A major thrust fault which runs along the southern
coast of the Makran coast and parts of deltaic Indus is believed to be of the same character as
the West Coast fault along the coast of Maharashtra, where a tsunami may have been
generated in 1524, near Dabhol (Pararas-Carayannis, 2001b, 2006). Any earthquake along
the Makran subduction zone, but particularly one south of Karachi, in the year 326 BC could
have generated a tsunami affecting the Greek fleet. An earthquake in the same area as that of
26 January 2001, magnitude R 7.7 Guajarat earthquake on the Northeast trending Kutch and
Bombay grabens of Northwest India — as shown in Figure 15 below - could have generated
similar tsunami waves in 326 BC

Also, a recent study of coastal boulder deposition on the Iranian coast of the Makran
subduction zone found 58 large boulders weighing up to 18 tons and up to 6 meters above
mean sea level and up to 40 meters from the present shoreline (Shah-hosseini, EtAl, 2011).
Using hydrological models, this study concluded that only tsunami waves of 4 meters in
height were capable of detaching and transporting inland these boulders, and that such
tsunami waves have also occurred on the Eastern Makran subduction zone near to the coast
of Iran.
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Fig. 15 Epicenter of the 26 January 2001, magnitude R 7.7 Guajarat earthquake on the
Northeast trending Kutch and Bombay grabens of Northwest India

4.4 Evaluation of Possible Impact on the Greek Fleet in 326 BC from an Earthquake
and Tsunami in the Andaman Sea Basin.

The Andaman Sea basin is another seismically active region in the Indian ocean at the
southeastern end of the Alpine-Himalayan belt where many earthquakes have occurred
recently and in the distant past (Sinvhal et al.1978, Verma et al. 1978). Thus, the seismo-
tectonic history of this region was examined for the purpose of evaluating whether a possible
tsunamigenic earthquake from this region could have had an impact to the Greek fleet in 326
BC when it was near the estuary of River Hab, in the Arabian Sea near the Makran coast.

Tectonic subduction and thrust faulting occur in the Andaman Sea, the Northern Arabian
Sea, along a short segment of Sri-Lanka, and along the great Sunda Arc. Large earthquakes
in recent times and in the distant past generated extremely destructive tsunamis along
coastlines of the Indian Ocean. One of the most recent was the one generated by the great
earthquake of 26 December 2004 (Pararas-Carayannis, 2005). As documented by this
referenced study and illustrated earlier in Figure 12 the on-going and recurring seismo-
tectonic processes in the Indian Ocean are mainly the direct result of the Indian and
Australian blocks moving northward and colliding with the Eurasian continent.

The Andaman Sea basin is characterized by an extensional feature, which developed
along a leaky transform segment of the megashear zone - the Andaman fault - between the
Indo-Australian domain and the Sunda-Indochina block (Sinvhal EtAl, 1978; Uyeda and
Kanamori, 1979; Taylor and Karner, 1983; ), Neotectonics and time space seismicity of the
Andaman Nicobar ). This old shear zone has acted as a western strike slip guide for the
extrusion of the Indochina block about 50-20 million years ago, and in response to the
indentation of the Indian tectonic plate into Eurasian block as previously shown in Fig. 12.
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Subsequently, the Andaman fault system, recently prolonged through the Sumatra zone
(the Sumatra fault), reactivated due to the lateral escape of the Sumatra fore-arc sliver plate
and as a result of the oblique convergence and subduction with the Indo-Australian plate
(Tapponnier et al., 1986).

Although active subduction and sinistral crustal movements in the Andaman Sea Basin
have caused many minor and intermediate earthquakes, a few major events and only one
known earthquake with magnitude greater than 8. Review of the historical record indicates
that in April 1762, an earthquake at the Araken Coast off Myanmar generated the earliest
known tsunami in the Bay of Bengal. Also, in October 1847, an earthquake near the Great
Nicobar Island generated another tsunami, but no details are available. On 31 December
1881 a magnitude 7.9 earthquake near Car Nicobar, generated another tsunami in the Bay of
Bengal. The height of the maximum tsunami wave recorded at Chennai was one meter.
During an eighty year period from 1900 to 1980, a total of 348 earthquakes were recorded in
the area bounded by 7.0 N to 22.0 N and 88.0 E to 100 E. These earthquakes ranged in
magnitude from 3.3 to 8.5 (Bapat, 1982), but only five of these had magnitudes equal to or
greater than 7.1 and generated tsunamis (Murty and Bapat, 1999). For the shorter period
from 1916 to 1975, only three of the earthquakes had magnitudes greater than 7.2 and
generated significant tsunamis (Verma EtAl., 1978).

Until the great earthquake of 26 December 2004, only the earthquake of 26 June 1941
had been the strongest ever recorded in the Andaman and Nicobar Islands, in generating a
destructive tsunami. Two other earthquakes on 23 August 1936 and 17 May 1955, with
magnitudes 7.3 and 7.25, respectively, did not generate tsunamis of any significance. Based
on these statistical information, it can be concluded that most of the earthquakes in the
Andaman Sea Basin, even those with magnitudes greater than 7.1, do not usually generate
significant tsunamis. The possible reason for the low number of tsunamis is that most of the
earthquakes in the Andaman Sea are mainly associated with strike-slip type of faulting that
involves lateral crustal movements. The exception was the 26 December 2004 earthquake,
which, not only ruptured the Great Sunda Arc along the northern Sumatra region, but also
ruptured the same segment in the Andaman Sea as that in 1941 (Pararas-Carayannis, 2006).

A possible explanation for the extreme tsunami generated in the Andaman segment in
December 2004 is that this event had a different mechanism and involved both thrust and
bookshelf faulting within the compacted sediments of the Andaman Sea segment of the Great
Sunda Arc (Pararas-Carayannis, 2005). In brief, and based on the historical record and the
tsunami propagation from major and even great tsunamigenic earthquakes as that of 26
December 2004, it can be concluded that no similar event in 326 BC could have caused
damage to the Greek fleet which was at that time Northwest of India in the North Arabian
Sea.

4.5 Evaluation of Possible Impact on the Greek Fleet in 326 BC from an Earthquake
and Tsunami similar to the 19 August 1977 in the Lesser Sunda Islands of Indonesia.

This earthquake occurred in 19 August 1977 just South of the Lesser Sunda Islands
(Nusa Tenggara region), West of Sumba Island in Indonesia. The Lesser Sundas include Bali,

Lombok, Sumbawa, Sumba, Flores, Timor, Alor and adjacent smaller islands (see Fig. 16).
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This was the largest earthquake along the Java Trench in several decades and generated a
major destructive tsunami, which was particularly damaging along the coasts of Sumba,
Sumbawa, Lombok and Bali. Waves of up to 30 meters in height were reported on the
adjacent Indonesian coasts, and as much as 8 meters in Australia. This earthquake’s epicenter
was at 11.09S; 118.46E about 170 kilometers SSW of Pradapare, Sumba Island (West Nusa
Tenggara) and its Moment Magnitude was recalculated (Mw- 8.2, Ms - 8.1, ML - 8.9). The
quake's maximum intensity was estimated to be VIII in the immediate area, and Mo -
24*10*20 Nm. (Pararas-Carayannis, 1978;1989).
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Fig 16. Flores Island in the Lesser Sunda Islands where a major tsunami was generated on 12
December 1992

With support from UNESCO-IOC and the U.S. National Oceanic and Atmospheric
Administration (NOAA), the author participated in a survey of this earthquake and tsunami,
in order to determine the tsunami run-up and extent of inundation. The survey was conducted
by land where accessible, and by air reconnaissance for inaccessible coastal areas of the
islands of Sumba, Sumbawa, Lombok and Bali (Pararas-Carayannis, 1978). Based on these
observations and the directionality of the source and the tsunami’s main energy propagation
towards the Southern Indian Ocean, the present study concludes that no historically previous
large tsunami waves from this region, could have reached the Eastern Makran area south of
present Karachi where the Greek fleet sustained some damage in 326 BC.

4.6 Evaluation of Possible Impact on the Greek Fleet in 326 BC from an Event Similar
to the 12 December 1992 Earthquake and Tsunami near Flores Island in Indonesia.

There was repetition of seismic and tsunami activity in the same region about 25 years later.
The deadliest tsunamigenic earthquake in the Lesser Sunda Islands region of Indonesia
occurred again near Flores Island on 12 December 1992 (Fig. 16 above). It had an Ms 7.8
magnitude, a maximum Mercalli intensity of VIII (Severe) and its generating source was a
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thrust fault dipping 32 degrees to the south and extending about 110 kilometers from Cape
Batumanuk to Cape Bunga. The maximum tsunami waves generated by the earthquake were
almost 26 meters in height, reached shore in five minutes, and ran inland as far as 300
meters. The disaster caused at least 2,080 fatalities, including 1,490 in Maurnere, on Flores,
and 700 on Babi Island (U.S. Geological Survey). More than 500 people were injured and
90,000 were left homeless by this event. Nineteen people were killed and 130 houses were
destroyed on Kalaotoa. Damage was assessed at exceeding US $100 million. Approximately
90% of the buildings were destroyed at Maumere, the hardest hit town, by the earthquake and
tsunami while 50% to 80% of the structures on Flores were damaged or destroyed. Damage
also occurred on Sumba and Alor (USGS, 1992). However, given the southern orientation of
this tsunami’s source region in the Indian Ocean, and its confinement by surrounding islands,
it can be definitely concluded that an earlier occurrence of such an event could not possibly
have reached the Eastern Makran area where the Greek fleet sustained some damage in 326
BC.
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Fig. 17. Map of East Java and of the Lesser Sunda Islands

4.7 Evaluation of Possible Tsunami Impact on the Greek Fleet from other Earthquake
Sources of Indonesia - the 28 March 2005 Earthquake and Tsunami

Provided in the following section is an overview of other major tsunamis in the Indian Ocean
in recent times — such as that of 28 March 2005 East of the Island of Java in Indonesia -
which although very destructive locally and elsewhere, did not impact significantly the
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Northern Arabian Sea in the vicinity of Karachi. Thus a previous recurrence and impact in
the North Arabian Sea of such events causing damage to the Greek fleet in 326 BC would not
have been possible because of the tsunami’s energy southern directionality. None-the-less,
and for the purpose of eliminating this earthquake source as having a significant tsunami
impact on the Greek fleet, the following section provides a cursory review of this event,
emphasizing the different focusing of the tsunami waves that were generated. Fig. 17 above
is a map of Eastern Java and of the Lesser Sunda Islands. The block that was moved by the
28 March 2005 earthquake was relatively small in comparison. Whether this movement will
now stress loads another segment of the great Sunda fault to the South and causes another
earthquake soon, is not known. However, another great earthquake similar to that of 1833
(magnitude 8.7) along the south coast of the western Sumatra will eventually occur. That
particular earthquake generated a great tsunami. The waves may have been as much as 10 to
15 meters on the western coast of Sumatra. Luckily, most of the energy from that tsunami
was directed towards the unpopulated regions of the southwest Indian Ocean. When such an
event will occur again, is not known. The only thing known with certainty is that it will occur
in this region. In conclusion, a tsunami from this region could not have had an impact on the
Greek fleet in 326 BC while it was in the vicinity of the estuary of River Hab, in the
relatively safe eastern region of MSZ,

4.8 Evaluation of Possible Tsunami Impact on the Greek Fleet from the Great 26
December 2004 Earthquakes and Tsunami in Indonesia and the Indian Ocean.

The great tsunamigenic earthquake of 26 December 2004 was also evaluated as a possible
source region of destructive waves which could have affected the Greek fleet in 326 BC
when it was located in the vicinity of the Hab River estuary, at the easternmost end of the
Makran Subduction Zone in the North Arabian Sea.

This 26 December 2004 tsunamigenic earthquake resulted from a sudden episode of the
Indian plate’s subduction and of the Burma tectonic movement plate in a northeast direction
(Paris EtAl 2010). As previously stated, this movement caused dynamic transfer and loading
of stress to both the Australian and Burma plates, immediately to the south, on the other side
of the triple junction point. As a result of this load transfer, the Australian plate moved in
relation to the Burma plate and probably rotated somewhat in a counterclockwise direction,
causing the subsequent great earthquake of 28 March 2005 as explained in section 4.7 above.
Thus, a Coulomb stress transfer analysis, based on rupture parameters and the geometric
distribution of aftershocks for both the 26 December 2004 and the 28 March 2005 events,
would help establish the space-time evolution of stresses and help determine both static and
dynamic modifications that could possibly trigger future events along known faults in the
region. In conclusion there was no tsunami damage to the Greek fleet from this region in 326
BC.
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5. CONCLUSIONS

Although infrequently, large magnitude earthquakes occur along the Makran Subduction
Zone (MSZ) region of Southern Iran and Pakistan, the Indus river delta/Kutch region, the
Andaman Sea and elsewhere in the Indian Ocean. Such earthquakes, involving mainly thrust
motions are known to generate frequent destructive tsunamis. Also, destructive tsunami
waves can be generated by underwater landslides particularly in the North Arabian Sea and
the Northern Andaman Sea because of extensive sediment accumulation along the deltas of
major rivers. Large earthquakes near the Kutch Graben region can trigger also waves from
underwater landslides. Major and great earthquakes elsewhere in the Indian Ocean have also
generated destructive tsunami waves.

Ancient Greek and Indian texts support that destructive sea waves along the Makran
coast in the northern Arabian Sea were responsible for the partial destruction of Alexander
the Great’s fleet in 326 BC. At that time the fleet was at an estuary of River Hab, north of the
Indus River delta/Kutch of India while waiting for calmer seas and for the seasonal monsoon
winds to subside, before beginning the long journey from India to Babylon, in the Persian
Gulf. It is very possible that the reported damage to the fleet was caused from a tsunami
rather than storm waves. Repairs to the ships were made and the journey continued west
towards Babylon in the Persian Gulf. In all probability, the reported waves in the ancient
texts originated along the Makran Subduction Zone — the same source area that produced a
great earthquake and tsunami in 1945 as well as other extreme disasters in the past. Based on
reviews of ancient Greek accounts such as those of Plutarch, Nearchus but mainly of Arrian’s
of Nicomedia “Indice”, the present study reconstructed the chronology of the impact on the
fleet based on the ancient Athenian lunar calendar, as occurring in early November of 326
BC. By using also current geophysical knowledge of recent events in this region, and the
documentation of the 1945 and of other events, the present study concluded that the reported
waves of the 326 BC most probably originated on the MSZ.

The azimuthal propagation of the tsunami energy propagation of the 1945 event was
greater to the North and to the South with waves reaching a maximum run up height of 13 m
(40 feet), causing extensive destruction and numerous deaths. However, the waves that struck
Karachi were only 2 meters (6.5 feet) high. Based on the ancient records and current
geophysical knowledge, it is believed that a 326 BC earthquake occurred in late October or
early November. At that time Greek fleet was either at anchor at the estuary near the delta of
River Hab south of Karachi or had just set out to sea. It is estimated that Greek fleet was
struck by waves that were as much as 2 meters in height. The timing of the 326 BC
tsunamigenic earthquake and the location of Alexander’s fleet were critical. If the earthquake
had occurred later in November of 326 BC, after the fleet had left Morontobara (Karachi), or
when it was near Bagisara (present Ormara), the outcome could have been disastrous. The
delay due to adverse monsoon winds probably saved the Greek fleet from total tsunami
destruction. Additionally reviewed and evaluated by the present study are other possible
tsunamigenic source areas in the Indian Ocean which may have had an impact on the Greek
fleet in 373 BC.
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