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ABSTRACT

On September 28, 2018, a strong earthquake and tsunami occurred on the island of
Sulawesi (Indonesia), which turned out to be the most destructive this year (more than
2,000 people died). The magnitude of the earthquake was 7.5. Its epicenter was located at
the base of the Minahasa Peninsula, about 78 km from the city of Palu, the administrative
center of the province of Central Sulawesi, at a depth of 10 km. A strong earthquake set in
motion several submarine landslides and the departure into the sea of sections of the coast.
As a result, the coastal zone and its ecology have been changed that confirmed by analysis

of satellite imageries before and after the event.
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1. INTRODUCTION

On September 28, 2018, a strong earthquake and tsunami occurred on the island of
Sulawesi (Indonesia), which turned out to be the most destructive in the world in 2018
(more than 2,000 people died). The magnitude of the earthquake was 7.5 and tremors were
felt almost throughout the island of Sulawesi, as well as in the Indonesian province of East
Kalimantan and in the East Malaysian state of Sabah [Heidarzadeh et al, 2019; Goda et al,
2019]. The US Geophysical Agency (https://earthquake.usgs.gov) defined the type of
earthquake as "slip-strike" when the fault axis is along the meridians and the fault
movement occurs along it. Usually, in such an earthquake, less energy is transferred to the
water surface, so the tsunami warning, originally issued by the Indonesian Center, was
canceled. Nevertheless, the height of the tsunami waves on the shore in the area of the
administrative center of Palu reached 11 m and the tsunami led to significant destruction
and casualties along the coast of Palu Bay [Omira et al, 2020].

Several field missions were conducted on the island of Sulawesi, which made it possible
to measure wave heights along the coast and assess the nature of destruction and
environmental changes [Omira et al, 2020; Zaytsev et al, 2019a ; Zaytsev et al, 2019b]. The
authors of this work as part of an international group of scientists took part in these
expeditions. The research was carried out on the island of Sulawesi in the Gulf region of
Palu from November 7 to 11, 2018 together with scientists from Indonesia, Turkey,
Austria, Italy, Morocco, Portugal under the auspices of the Government of Indonesia and
UNESCO-IOC.

It should be noted that surveys of tsunami traces are always laborious and costly, so it is
important to use modern means of observing our planet from spacecraft. The purpose of
this article is to analyse satellite images of the island of Sulawesi and compare them with
direct coastal zone survey methods.

2. SATELLITE IMAGES OF SULAWESI ISLAND atellite images of Sulawesi Island

First of all, we note that a satellite image of the earth's surface of the northwestern
island of Sulawesi, presented in Figure 1 from the NASA website
(https://disasters.nasa.gov/sulawesi-island-indonesia-earthquake-and-tsunami-2018/aria-
along-track-deformation-map-m75-september), shows that the eastern part of Palu Bay
dropped to a height of 3 m., the western part rose. Such residual displacements over the
epicenter of the earthquake, which are difficult to measure by direct methods, are well
traced in satellite images and give an idea of the scale of vertical displacements in the
tsunami focus. Even if land areas were not covered by water during the tsunami, their
displacement changes the landscape of the coastal zone and affects the ecological state of
the area. Flooding the coast with tsunami waves only exacerbates the situation.
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Tremors during the earthquake caused several large landslides in the bay, which caused
a strong tsunami [Zaytsev et al, 2019b; Sassa S. and Takagawa, 2019; Nakata et al, 2020].
The descent of two such landslides in the areas of Benteng (Buenteng) and Tamunggu
(Tamungu) was  captured (Figure 2) by the pilot Icoze Mafella
(https://www.youtube.com/watch?v=WkrBP9bnTcw) of Batik Air, who by a fluke took off
a minute before the earthquake. Note that the airport was partially destroyed by an
earthquake and this affected the speed of restoration work.
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Fig. 1 Displacement of the earth's surface after the earthquake on 28 September,
2018. The position of the epicenter of the earthquake was marked with a star.
(https://disasters.nasa.gov/sulawesi-island-indonesia-earthquake-and-tsunami-2018/aria-
along-track-deformation-map-m75-september)
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Fig. 2 Photo of landslide in Benteng - left and Tamunggu - right

Below, we will discuss in more detail the comparison of satellite imagery with field
surveys in some coastal locations following the earthquake and tsunami on Sulawesi Island.
Figure 3 shows a map of the island of Sulawesi with marked coastal points, where direct
measurements of tsunami wave heights were made [Omira et al, 2020]. Given the possible
problems with the correct translation of Indonesian names into Russian, we will mainly use
the English coastal names shown in figure 3. Space images made it possible to obtain
panoramic images of sections of the coast, which is almost impossible to do during surveys.

11946 119

0.4%

Fig. 3. Map of Palu Bay with marked points of the tsunami wave heights
measurements
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2.1 BENTENG (0.8464S 119.8226E)

Satellite images and of the tsunami wave heights measurements in the area of the
Benteng village showed that a large part of the coast, more than 500 m length and a
maximum width of about 120 m, move to sea (Figure 4). Note that a significant part of the
landslide was probably under water and therefore the volume of the landslide can be
estimated after additional sonar hydroacoustic studies. The height of the tsunami waves at
this point reached of 9 m. Tsunamis of landslide origin are usually local in nature and lead
to maximum heights in the area of the landslide. Note that this landslide was located in the
area of the river bed, like almost all the others that were discovered during the expedition.
The layer of bottom precipitation in the river accumulates for a long time and then is driven
by external influence.

Fig 4. Benteng region

2.2 LOLI-PESUA (0.70137S 119.84438E)

Satellite images of the Lolli Pesua village area, taken before and after the tsunami,
showed that a large part of the coast more than 500 m length and with a maximum width of

about 200 move to sea (Figure 5). The height of the tsunami waves at this point reached a
height of 4.9 m.
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Fig 5. Loli-Pesua area, left satellite picture before earthquake, right after earthquake
and tsunami

2.3 TONGGE (0.70137S 119.84438E)

At this point, according to satellite images, a strong displacement of the coastline by
100 meters on land is observed (Figure 6). The black line shows the GPS track along the
modified coastline. A photograph of this coast is shown in the same figure, and the
measured height of the tsunami wave run up in this area is 4 m.
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Google Earth

Fig. 5. Tongge area
2.4 BAMBA (0.7408S 119.8548E)

Witnesses reported that the first wave arrived 2-3 minutes after the earthquake. The
height of the splashes reached a height of 4.5 m, and the height of the tsunami wave run-up
was 2.9 m. The height of the water flow near the structure was 1 m. In this area, part of the
coast was submerged by 2 m, which can be seen in the satellite image (Figure 7), and this is
practically observed on the entire eastern coast of Palu Bay.
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Fig. 7. Bamba region

2.5 PALU (0.8860S 119.8612E)

A survey of tsunami traces was carried out in the affected part of the city of Palu.
Located in the center of Palu Bay, with a population of about 350,000, this town has an
airport that has been damaged. The city was badly damaged after the earthquake and
tsunami (Figure 8). A large bridge was destroyed and a park with buildings along the
coastline was destroyed, which is especially clearly visible on satellite images (Figure 9).
The height of the tsunami waves here reached a height of 11 m. After the earthquake, part
of the coastal zone plunged into the sea to a depth of 2 m. Satellite images of the affected
part of the city of Palu before and after this catastrophic event (Figure 9) show that most of
the coastal zone is destroyed and soil erosion after the tsunami is observed in a significant
area.
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Fig. 8. Palu region

Fig. 9. Satellite image of Palu in the bridge area (left 2017, before the earthquake;
October 2018, right, after the earthquake)

3. CONCLUSIONS

The paper presents data from satellite images of Sulawesi before and after the
catastrophic earthquake and tsunami in 2018. These images allowed for better planning of
the field survey of tsunami trails, in which the authors of the article participated. The
importance of satellite images in their panoramic view, allowing you to see the
characteristic changes in the landscape and understand their impact on the ecology of the
coastal zone. The images show the rise and fall of the level to a height of up to 3 meters,
depending on the position of the site from the fault. Detailed characteristics of the tsunami
wave heights were obtained in the course of field studies. The earthquake and tsunami have
been confirmed to have caused significant environmental changes in the region.
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ABSTRACT

On 30 October 2020, an earthquake with a moment magnitude Mw=7.0 occurred in the
Aegean Sea close to the coasts of Turkey and of the Greek Island of Samos. The
earthquake generated a local tsunami in the area, which had maximum amplitude of 2
meters, and inundation in certain coastal region of up to 155 times the run-up height. The
present study provides a measure of the rupture dynamics of this tsunamigenic earthquake
and provides the parameters of its rupture velocity, as well as the direction and length of the
rupture by using beam forming and Multiple Signal Classification Back Projection
(MUSICBP) techniques. In this present study we used 189 AK array stations and 153
European (EU) networks stations. The area of high frequency (HF) radiators extends
almost bilaterally for more than 64 km along the rupture dynamics, with almost all ruptures
having westward directivity. However, there was also an eastward rupture with high energy
and low velocity. The timing of the HF radiators seen by both arrays were plotted against
their epicenter distance slope 1 of the blue lines, which indicated rupture speeds of 1.9 km/s
(slow), and the slope 2 of the yellow lines indicated very fast rupture speeds of 5 km/s,
while the slope 3 of the purple lines indicated average rupture speeds of 3.3 km/s (regular).

Keywords: Rupture imaging, back projection, rupture velocity, tsunami run-up
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1. INTRODUCTION

Seismologists have identified different types of earthquakes, which are mainly
classified according to their duration and frequency during the process of releasing their
energy. Several types of large slow earthquakes or non-regular, slow slip events (SSE),
episodic and tremor slip earthquakes (ETS), silent earthquakes, and tsunamigeni
earthquakes have been detected and observed in certain zones around the world. On
October 30", 2020, there was a magnitude 7.0 earthquake in the Aegean Sea, was followed
by a tsunami with a maximum amplitude of 2 meters and 155 times run-up (National
Geophysical Data Center / World Data Service: NCEI/WDS Global Historical Tsunami
Database. @~ NOAA  National  Centers for  Environmental Information.doi:
10.7289/V5PN93H7).

The tsunami was generated in the Eastern Aegean Sea is interesting to study
because such high tsunami wave run-up rarely occurs with earthquakes with a moment
magnitude Mw = 7.0, particularly when the earthquake occurs on a normal fault, as this
type of of this particular earthquake (Dogan, GG, et al., 2021). Riquelme, S. et al., (2018)
have found a relationship between the number of tsunami run-up and the earthquake
rupture velocity. They have measured the amplification due to very slow release moment.
They found that this rupture velocity parameter plays a key role in run-up amplification.
The smaller the earthquake rupture velocity, the greater the number of tsunami run-up. The
rupture velocity (Vr) is related to the rupture duration (T) and the rupture length (L) of the
earthquake as stated in the equation Vr=(L)/T. This means that the smaller the rupture
velocity, the greater the duration of the rupture. Earthquakes that have a rupture duration
greater than 50 seconds have the potential to cause a tsunami (Lomax and Micellini, 2011);
Madlazim et al., 2021, 2020, 2017, 2013). Ma (2012) explains the possibility of a tsunami
from a slow earthquake that changes the pore pressure when an earthquake occurs. In his
work, simulations of dynamic pore pressure changes show that as dynamic pore pressures
increase, due to upward propagation of rupture causes extensive yielding within the wedge,
increase seafloor displacement. Ma and Hirakawa (2013) also suggested that due to
dynamic wedge failure, it is possible to generate scenarios with more deformation in the
trench, slower rupture rates and less seismic moments in the fault plane. Based on this
relationship, it can be assumed that an earthquake that has a small rupture velocity or a
slow earthquake has the potential to generate a tsunami. Riquelmel and Fuentes (2021)
have calculated the relationship between tsunami magnitude, rupture velocity and
amplitude and the efficiency of very slow tsunamigenic earthquakes. The slow earthquake
rupture velocity (< 2 km/s) is most likely to generate a tsunami.

Low velocity of earthquake rupture can be caused by a medium, which includes
sediment. The North Aegean Sea and its surroundings are areas that have accumulated
Tertiary sediments from the Eocene to the present. During this sedimentation, the general
pattern of the basin appears to have been preserved. Overall, the basin has become more
abundant in the south through time, and the NW trending basin has become more
prominent (Ioannis K. Koukouvelas1 and Atilla Aydin (2002). On the basis of stratigraphy
and structural data, it is suggested that the North Aegean Trench began to form during the
Miocene. The basin analysis in the NW Turkey shows that the North Anatolian Fault
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spreads westward to the Sea. The composition of the terrigenous fraction in the sedimentary
sea reflects the geology of the surrounding landmass, as well as the dominant sedimentary
processes. The terrigenous fraction in the Aegean Sea has its sources in the Aegean islands
and medium-sized river drainage basins flowing into the Aegean Sea (ISLER, EB, et al.,
2016).

This present study focuses on measuring the rupture dynamics of the Mw=7.0
earthquake that generated a tsunami on October 30, 2020 in the Eastern Aegean Sea,
including the parameters of rupture velocity, direction, and length.

2. METHOD

Back projection of high frequency seismic waves (HF) recorded by dense arrays
(Fletcher et al., 2006; Ishii et al., 2005) provides unique insights into earthquake rupture
processes that complement the limited sources of traditional inversion. The back projection
of the array aims to trace the area of the source that produces the highest frequency of the
strongest radiation, only based on the phase and coherence of the seismic array signal. This
provides a strong constraint on the spatiotemporal evolution of earthquake ruptures,
without relying on the assumed Green function or on the restrictive kinematic
parameterization of the rupture. We used the back projection method of P-wave seismic
waveforms recorded by two arrays at teleseismic distances, AK array and the EU network
(Fig. 1). We causally filtered the waveform from 0.5 to 1 Hz, the highest band where the
coherent arrival initials are to be strongly aligned. We then applied two different array
processing techniques: beam forming technique and Multiple Signal Classification Back
Projection (MUSICBP) (Meng, L. et al., 2011; Bao, H., et al., 2019), a resolution technique
designed to complete close-range simultaneous sources; and correlation stacking (Fletcher
et al., 2006), a technique known to increase robustness in the presence of scattering. Our
results based on these two techniques are mutually consistent. To create earthquake rupture
imaging,

A back-projection method that uses teleseismic earthquake seismogram data is
adopted, using a series of linear equations that relate the observed data to the model:

d=Gm (1

Where d is teleseismic seismogram data from earthquakes with a moment magnitude >
6.5, “G” is Green's function, which is a synthetic seismogram calculated using a certain
earth model, and “m” is the model, which is a slip function for each earthquake rupture.
Conventional notation “d” is a data vector, “m” is a model vector, and “G” is a linear
operator that predicts data from the model. The goal in geophysical inverse problems is to
estimate “m” from observations, “d”. Assuming there are more data points than model
points, the standard way to solve this problem is to define the residual vector, r =d - Gm,

and find m that minimizes r  r. This is a least squares solution and it can be shown that:

T -1.T
m=(G G) G d (2)
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However, the G™ G often is single or unconditioned, or maybe too big to flip. What can be
done in these cases? The simplest and most crude way to proceed is to make the following
estimation.

T -1
(G G) =I (3)

in this case we can estimate the model as
m~G-d 4)

The GT transposition matrix is an adjoin or back-projection operator. Each model
point is constructed as a weighted sum of the data points it affects. Could such a crude
approach do any good? It is easy to think of examples where (3) invalid at all. However,
in real geophysical problems, it is surprising how often this method works, especially if
the scaling factor is allowed to bring the data and the model predicted data into better
agreement, that is, assuming (GT G)—1= I, with A being a constant. Indeed, it is
sometimes observed that an adjoint (back-projection) performs better than a formal
inverse because it is more tolerant of imperfections in the data.

In seismology, the available seismogram data is usually a set of seismograms. In
source inversion, we usually assume that the structure of the Earth's velocity is known
and we solve for the location and timing of the seismic wave radiator (e.g. solving the
slip model). In reflection seismology, we usually assume that the location and time of
the source are known and we solve for the location of the reflector that cause the
observed arrival. In each case, model estimation at each model point are obtained by
finding the time in the seismogram at which model changes will affect the seismogram.
Summing or stacking the seismogram values at these points obtains the model
estimation of the back-projection. The main thing to calculate is the travel time between
the model point and each recording station. This provides the time shift needed to find
the time in each seismogram that is sensitive to model disturbance.

The data used in this study are earthquake seismogram data recorded by AK array,
and EU network stations (Fig. 2). The following is a map of the earthquake event on
October 30, 2020 that occurred in the Aegean Sea, Turkey and the stations of the 2
Arrays (Fig. 1).

2A. Back Projection App for the 30 October 2020 Earthquake

We used beam forming and Multiple Signal Classification Back Projection
(MUSICBP) techniques from Meng, L. et al (2011) and Bao, H., et al (2019). In this study,
the focus is on estimating the imaging rupture of the earthquake that occurred in the
Aegean, Turkey on October 30, 2020 using the Back Projection method. We used 189 AK
array stations and 153 EU networks stations (Fig. 1). The data from the two locations are in
the form of earthquake seismograms in SAC format recorded by AK array, and EU
networks (Fig. 2) and downloaded from IRIS DMC via the following link
http://ds.iris.edu/wilber3/find_stations/11331986.
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Figure 1. Epicenter of 30-10-2020 Aegean Sea, Turkey Earthquake (red star) and of EU
network stations (group of purple triangles) and AK array (group of green triangles)
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Figure 2. The élign seisograms (This is the Most important step) for the AK array
stations and EU network. The settings are suitable to align any first P arrival recorded at
teleseismic distance. The top figure is seismograms from 153 stations of EU network and
bottom figure is seismograms from 189 stations of AK array.
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3. RESULTS AND DISCUSSION
3A. High Resolution Array Analysis Using AK Array and European (EU) Network

Figure 3 shows the location of the strongest HF radiation region in a sliding
window that is 25 seconds long. Secondary sources are often seen in our back projection
images, for example between 26 and 50 seconds. However, our focus here is on first-
order features that we can reliably identify by tracking the most coherent phases within
each time window. The area of HF radiation extends almost bilaterally for more than
100 km along the rupture dynamics, almost all ruptures are westward, but there is an
eastward rupture with high energy and low velocity (Fig. 3). It bridges the rupture area
of several historic earthquakes in the Eastern Aegean Sea. The HF rupture is mostly
westward from the hypocenter, and partially landward (Dogan, G.G., Yalciner, A.C.,
Yuksel, Y. et al., 2021). This ground-directed rupture dynamic has the highest energy
(Fig. 4 left panel). It is very likely that this caused the enormous energy amplification
that triggered the tsunami.

39°N

38°N

25°E 26°E 27°E 28°E 29°E

Figure 3. The Aegean Sea, Turkey earthquake imaged by the AK array and EU network.
Location of the strongest high frequency radiators of the earthquake, seen by the AK array
(blue squares) and by the EU network (brown polygons). The size indicate of relative
amplitude of the energy. The red star is the epicenter of the earthquake.
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3B. The Spatiotemporal Evolution of the Turkey Earthquake

In this study we used EU network and AK array stations. We have tried using AU
array as well, but when we used AU array for the earthquake that occurred in the
Aegean Sea on October 30*, 2020 an error occurred, so we decided to only used the AK
array and EU networks. The result of this study is the time vs. relative amplitude of
earthquake power (Fig. 4-left panel), which shows the temporal evolution of normalized
amplitudes estimated at the AK array (blue) and at the European network (red). The
numbers in circles mark the two phases with distinct rupture behavior. The timing of the
high frequency radiators seen by both arrays are plotted against their epicenter distance,
slopel of the blue lines indicate rupture velocity of 1.9 km/s (slow), the slope2 of the
yellow lines indicate very fast rupture velocity of 5 km/s, and the slope3 of the purple
lines indicate average rupture velocity of 3.3 km/s (regular). For reference, the local
crust S wave velocity is 3.42 to 4.5 km/s (Takahashi et al., 2004).

The length of the earthquake rupture can be estimated from Figure 4, which is
about 64 km (Fig. 4-right panel). The spatiotemporal evolution of the strongest high
frequency (HF) radiation is shown in Figure 4 right panel. Continuous HF Radiation
energy was reliably imaged by our array back projection during the first 25 seconds of
rupture (Fig 4 left panel). The overall size of HF rupture during this period of 0 to 10
seconds on average shows a low rupture velocity (1.9 km/s) along the 15 km rupture,
which supports the higher tsunami run-up caused by this earthquake. Riquelme, S. et al.,
(2018) have found a relationship between the number of tsunami run-up and the
earthquake rupture velocity. They have measured the amplification due to very slow
release moment. They found that this rupture velocity parameter plays a key role in run-
up amplification. The smaller the earthquake rupture velocity, the greater the number of
tsunami run-up. Madlazim et al (2021a; 2021b, 2020, 2017, 2013) and Lomax and
Michelini (2011) have also found that a strong indicator of a tsunami is the duration of
an earthquake rupture that is more than 50 seconds. For rupture dynamics 11 seconds to
25 seconds the average shows a very high rupture velocity (5 km/s) along 50 km.

25

@ A
@

%t

20

Time (s)

10
Slope3 = 0.30

R-square = 0.813

Slopel = 0.51
R-square = 0.901

0
1.0 05 0 10 20 30 40 50 60
Relative Amplitude Distance (km)

Figure 4. Rupture time versus epicenter distance. The timing of the high frequency
radiators seen by both arrays is plotted against their epicenter distance. The color
denotes AK array and EU network with respect to the epicenter and their relative
amplitude normalized by the maximum amplitude during the event.
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4. CONCLUSIONS

We have carried out a rupture imaging study for the earthquake that occurred in the
Eastern Aegean Sea on October 30", 2020. We used beam forming and Multiple Signal
Classification Back Projection (MUSICBP) techniques. We found that the area of HF
radiation extends almost bilaterally for more than 64 km along the rupture dynamics,
and almost all of the ruptures are westward, but there is an eastward rupture with high
energy and low velocity. The timing of the high frequency radiators seen by both arrays
are plotted against their epicenter distance, slope 1 of the blue lines indicate rupture
velocity of 1.9 km/s (slow), the slope 2 of the yellow lines indicate very fast rupture
velocity of 5 km/s, and the slope 3 of the purple lines indicate average rupture velocity
of 3.3 km/s (regular).
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ABSTRACT

Wave propagation is a fundamental issue in all over seismic prone areas, including in the Bandung
basin. Bandung basin consists of several geological formations. Based on the tectonic conditions, this
area is surrounded by active seismic sources. Several main faults play a role part in dynamic soil
conditions. Wave propagation from earthquake shaking has a significant impact on the soil surface.
Recent studies in the Bandung basin showed the seismic hazard on the bedrock, but less
understanding of hazard on the soil surface. Building construction failures caused by the soil surface's
ground-shaking correlate linearly with the Peak Ground Acceleration (PGA) value. This paper
discusses the soil surface acceleration on the Bandung basin using the wave propagation method using
a non-linear seismic response analysis. The result shows that the highest soil surface acceleration is
found in the Tanjung Jaya village, while the lowest is in Ciwastra village. The PGA value varies
between 0.42g to 0.70 g. The seismic ground-motion strongly influences these results on bedrock and
soil stratigraphy in the survey area.

Keywords: wave propagation; Bandung basin; soil surface; ground-motion; PGA
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1. INTRODUCTION

The seismic hazard zone is an area that is at risk of experiencing the impact of earthquake events,
such as landslides, liquefaction, building failure and human fatality. The seismic zone location is
generally close to the seismic hazard zone, the seismic source focus. Nevertheless, many attractive
tourism area locations are inside of the earthquake source (Orchiston, 2010). Some of these tourism
places, such as Sianok Valley, located at Semangko fault line in West Sumatera and Lembang tourist
area, settled down at the top of Lembang fault in West Java (Sieh et al., 2000; Novianti et al., 2021).

These areas then transformed entirely into densely populated area that urgently requires
preparedness efforts for disaster risk reduction. The seismic event in Bandung basin occurred more
frequently in thelast two decades. The distribution of earthquake sources that affect seismicity in the
Bandung Basin area is shown in Figure 1. Some of them have a more significant impact due to their
location close to the Bandung Basin, namely Lembang Fault, Cimandiri Fault and Baribis Fault.

The Lembang Fault has a length of 29 km, stretches from Cipogor to Batu Lonceng area (Daryono,
2019). Moreover, the slip rate moves continuously by 1.95-3.45 mm/year. It also has magnitudes
around Mw 6.5 — 7.0 with a recurrence time between 170-670 years. As for Cimandiri Fault is
materialized in the form of a straight valley and hills that stretches from the west of Pelabuhan Ratu to
the east of Mount Tangkuban Parahu (Haryanto et al., 2017). Meanwhile, The Baribis Fault is located
in the eastern part of West Java, which stretches from the Subang area to Majalengka and Kuningan
(Bemmelen, 1949).
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Figure 1. A series of earthquake events in the last 20 years in the surrounding Bandung basin (USGS.,
2021).
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Several major earthquakes have caused heavy losses of both property and life in the Bandung
basin. One of the major earthquakes that involved significant damage was the Tasikmalaya earthquake
on September 2, 2009, with an earthquake magnitude of 7.0 Mw in a depth of 46.2 km(Meilano
et al.,, 2010). It caused 771 people to be injured, 23 people have died, and 75805 residents were
evacuated (Badan Penanggulangan Bencana Nasional, 2009). Furthermore, it also caused heavy
damage to physical infrastructure, around 15,538 residential houses were severely damaged, and
30,591 houses were slightly damaged (Pusat Data Informasi dan Komunikasi Kebencanaan, 2021).

In this study, we hypothesized that the earthquake wave on the soil surface has a significant
correlation with the number of building failures and lives losses based on the existing dataset. Hence,
we analyzed the seismic wave propagation from bedrock to soil surface using non-linear earthquake
response analysis. Several vital factors in the study are ground-motion characterization at bedrock and
geological interpretation on specific survey locations. The dynamic soil response on the surface
quantity is shown from the PGA value.

2. GEOLOGICAL SETTING

Bandung city and its surroundings consist of a large intermountain basin surrounded by volcanic
highlands. The central Bandung plain is situated at 665 m above sea level and is surrounded by up to
2400 m high Late Tertiary and Quaternary volcanic terrain (Dam et al., 1996). The Bandung basin is
bounded by the Tangkuban Perahu volcanic complex, Mandalawangi Mount in the North to the East,
and Patuha-Patuha-MalabarMalabar volcanic complex in the South. The Bandung basin is considered
a graben-like depression controlled by geological structure and lithology, as shown in Table 1
(Delinom, 2009).

Table 1. The lithology of the Bandung basin (Hutasoit, 2009; Silitonga, 1973).
Formation Remarks

Tertiary sedimentary | The Tertiary sedimentary and volcanic rocks are the oldest units
and volcanic rocks of Late Miocene to Early Pliocene, widely exposed in the West
Bandung.

Cikapundun g Cikapundung Formation comprises the intercalation of volcanic
Formation breccia and conglomerates, lahar, and lava of Pleistocene age.
This Formation lies unconformably on top of the Tertiary rocks.
The Cikapundung Formation occupies the northern part the of
Bandung basin.

Cibereum Formation Cibereum Formation consists of a sequence of volcanic breccia
and tuff deposits with some lava intrusion, is of Late Pleistocene
to Holocene age. The Cibereum Formation and other Quartenary
volcanic products from volcanic fans spreading from the northern
and southern volcanic complexes to the centre of the basin




Kosambi Formation Kosambi Formation is of the Holocene age, widely distributed in
the centre of the Bandung Basin. Kosambi Formation consists of
unconsolidated clay, organics, silt, and sandstone, also known as
the lake deposit. This Formation is inter-fingering with the
Cibereum Formation.

Major geological faults and lineaments in the study area are generally E-W, SW-NE, SE-NW
oriented, and a few are oriented almost N-S (Figure 2) (Marjiyono et al., 2008). The E-W faults are
the Lembang fault at the North and Gunung Geulis and Citarum faults at the South. SW-NE faults are
the Cicalengka and Cileunyi-Tanjungsari faults, and the almost N-S fault is Bandasari fault; all these
faults are left strike-slip faults. A conspicuous geomorphic ridge trending east-west of 29 km is
observed in the North part of the Bandung basin, the Lembang active fault. Dam (1996) divided the
Lembang fault segments into a normal fault in the western part and strike-slip in the East part.
According to Daryono et al. (2018), the Lembang fault has predominantly sinistral movement capable
of generating 6.5-7.0 Mw earthquake with a recurrence time of 170-670 years.
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Figure 2. Geological Condition and Tectonic Setting of Bandung basin (compiled and modified from
Silitonga (1973), Marjiyono (2008), Hutasoit (2009), Daryono (2018)).

The study locations spread on 35 soil investigation test locations in Bandung basin. The soil
investigation test consists of the Cone Penetration Test unit (CPTu) and Bore Hole test (BH). These
locations are distributed on several regencies in Bandung basin: Bandung City, Bandung regency, and
West Bandung Regency. The distribution of survey point locations can be seen in Figure 3.
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Figure 3. Study locations of wave propagation analysis in Bandung basin

3. METHODS
A. Ground Motion Synthetic (GMS) Modelling

The GMS. Modelling is a technique for generating the series event of acceleration, velocity or
displacement concerning the function of time that correspond to ground motion modification in other
locations (Gavin & Dickinson, 2011; Vlachos et al., 2018). There are several steps in the input data
preparation before the GMS modelling. Firstly, the Probabilistic Seismic Hazard Analysis (PSHA)
was used for the ground motion quantification at a particular location in a period of time. The PSHA
computation also considers various earthquake mechanisms sources, which are faults, shallow to deep
backgrounds, and megathrust. The earthquake source was determined using the logic tree of the
Ground Motion Prediction Equation (GMPE). The 2017 Indonesia earthquake source mechanism
compilation can be seen in Table 2 (Azwar et al., 2021; Irsyam et al., 2020; Sari et al., 2019; AJ

Syahbana et al., 2021; Yuliastuti et al., 2021).
Table 2. The logic tree of GMPE.

No

Seismic Source

GMPE and Weighting

1

Active shallow crust (Fault
and Shallow Background)

Boore Atkinson 2008 0.2
Campbell Bozorgnia 2008 0.2
Chiou Youngs 2008 0.2

Boore et al. 2014 0.133
Campbell Bozorgnia 2014 0.133
Chiou Youngs 2014 0.134




2 | Subduction/Megathrust Youngs et al. 1997 Sinter 0.15
Atkinson Boore 1995 GSC Best 0.15
Zhao et al. 2006 Sinter 0.30
Abrahamson et al 2015 Sinter 0.40

3 | Inslab Subduction Youngs et al 1997 SSlab 0.333
(Deep Background) Atkinson Boore 2003 SSlab NSHMP 2008 0.333
Atkinson Boore 2003 SSlab Cascadia NSHMP 2008 0.334

Secondly, the de-aggregation or disaggregation technique was used to obtain the most dominant
earthquake source in sequential time. Thirdly, earthquake records selection has parameters that are
close to the result of the deaggregation. The equations are given by

Y I Mix (contribution of events/year) (1)
dominant 2. (contribution of events/year)
>, Ri x (contribution of events/year) ()
Rdominant =

2. (contribution of events/year)

With M is magnitude (Mw) and R is the distance (km). In this study, a synthetic ground motion was
made using the EzFrisk software since no actual earthquake data recordings were available (Risk
Engineering, 2011; A. Syahbana et al., 2019). The output of GMS will later be used in conducting
further analysis, for example, wave propagation on the surface or as input for dynamic modelling of
building structures.

B. Wave Propagation methods

Previous studies related to wave propagation of seismic motion on the surface have been
accomplished using a similar algorithm (Scanlan, R. H. , 1976; Semblat et al., 2005; Semblat, J.F.,
2011; Cheng et al., 2020). In contrast, Bardet and Tobita (2001) successfully developed a new
algorithm for seismic wave propagation on the surface. It consists of non-linear elements to model
soil behavior as the repercussions of earthquake waves. This algorithm is manifested into an
application known as Nonlinear Earthquake Response Analysis (NERA). The main parameters of
NERA are stress-strain, velocity, amplification by considering material models such as linear
equivalent models, viscoelastic models and material models.

The first stage in the NERA modelling is an initialization, followed by the strain increment, strain
andstress computation that is given by:

_ Gt~ Gin 3)
A zi
Tin = IM(Ti,n—]’ A Yin (4)

i,n
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Where yin, Tin, din, and z; are the strain, the stress, displacement and thickness at node i (1, ..., n)

respectively. NERA modelling use IM model to simulate non-linear stress-strain curves. The second
stage of NERA modelling is to compute the velocity that is given by:

1
Vin = Vip-1 + ;( ajnt an-1)At (5)

Where Vin, ain are the velocity and the acceleration at node i (1, ..., n) and time respectively. The

predicted velocity at time t, and tn+1 can be obtained using Vi, and the Newmark algorithm is given

by:
At

VN’n(AZN_] _VSAt) + 4VS V|YnAt - ZTN_],HTN (6)
vN,n+l =
Az + v At
Where Vn,n+1 is predicted velocity at N grid and n (n, ...., n+1) sequence, is depth, and is unit

mass. The final step in NERA modelling is to compute displacement (d), velocity () and acceleration
() using equations on each parameter, given by:

Oipy = dig + 7, At (7)
[ ~

Vin = ;(Vi,nﬂ * Vin) ®)
[ ~

Qin = E(Vi,nﬂ + Vin) ©)

The result of wave propagation from bedrock to the ground surface computation can be acquired
from the highest acceleration value, as shown in Figure 4. The main parameters as input data in the
NERA modelling that need attention are ground motion data in the bedrock and soil layer data. The
ground motion data is the earthquake input motion data that was acquired from the ground-motion
synthetic modelling. While the soil layer data were obtained from the soil field investigation test data,
namely the cone penetration test and the borehole test.

C. Amplification factors

The amplification factor is a ratio of peak ground acceleration on bedrock to peak ground
accelerationon the soil surface (Horri et al., 2019). The equation for calculation amplification factor is
given by:

Foon = PGAsurface
I:)GAbedrock

Where PGAsurface IS peak ground acceleration based on wave propagation calculation (g), and
PGAubedrock IS peak ground acceleration based on ground motion at bedrock (g).

The amplification factor was applied to validate the amplification factor from the previous
calculation using site class coefficients. The amplification factor was determined using site coefficient
FPGA from ASCE 7-10, as shown in Table 3.
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Table 3. Feca Site Class Coefficient.

Site Peak ground acceleration adjusted from site class
Class | pga<0.1 PGA=0.2 PGA=0.3 PGA=0.4 PGA>0.5
A 0.8 0.8 0.8 0.8 0.8
B 1.0 1.0 1.0 1.0 1.0
C 1.2 1.2 11 1.0 1.0
D 1.6 1.4 1.2 11 1.0
E 25 1.7 1.2 0.9 0.9
F See section 11.4.7

The site class of study locations were determined using ASCE 7-05 Site Class Definitions. The
CPTu and borehole data are collected to analyze the average standard penetration resistance (N ).

After calculating N value, the site class of certain point locations can be defined using Table 4.

Table 4. Site Class Definitions from ASCE 7-05.

Site . . Soil Shear Wave Standard Penetration Undrained Shear
Site Profile Name s . - -
Class I I Velocity, V; (ft/sec) Resistance, NV Strength, S,, (psf)
A Hard rock V, > 5,000 NA NA
B Rock 2,500 < ¥, < 5,000 NA NA
C Very dense soil -
and soft rock 1,200 < ¥, < 2,500 >50 > 2,000 psf
D Stiff soil 600 < V, < 1,200 15 to 20 1,000 to 2,000 psf
E Soft clay soil V, <600 <15 < 1,000 psf
Any profile with more than 10 ft of soil having the following characteristics:
® Plasticity index PI> 20
e Moisture content » > 40%, and
e Undrained shear strength Sy < 500 psf
F Soil requires site Liquefiable soils, peat, high plasticity clay
response analysis

4.RESULTS AND DISCUSSION

A. GMS on Bedrock

The dominant seismic sources resulting from the GMS modelling on bedrock are earthquakes
originating from Lembang Fault and West Central Java Megathrust. The maximum acceleration
values were obtained by performing spectral matching on dominant M and R. The results of GMS
modelling as shown in Table 5.
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Table 5. Ground motion acceleration on bedrock (PGAbedrock)

Point
Location

Point
Location

Point
Location

Point

Location | (g) (2) (g) | Location |(g) (8

BH-01 050 BH-08 052 CPTu-06 053 CPTu-13 046 CPTu-D 0.48
BH-02 0.1 BH-10 050 CPTu-07 051 CPTu-14 050 CPTu-E 0.48
BH-03 049 CPTu-01 0.58 CPTu-08 0.53 BH-A 049 CPTu-F 0.49
BH-04 055 CPTu-02 0.60 CPTu-09 0.51 BH-B 049 CPTu-G 0.50
BH-05 0.49 CPTu-03 052 CPTu-10 0.54 BH-C 049 CPTu-H 0.53
BH-06 051 CPTu-04 0.69 CPTu-11 0.69 CPTu-A 0.62 CPTu-l 0.50

BH-07 054 CPTu-05 0.52 CPTu-12 0.67 CPTu-C 051 CPTu-J 0.1

Amax Amax Amax [P oint| amax Amax

The peak ground acceleration on bedrock (PGAbedrock) value varies from 0.46g to 0.69g. The
maximum acceleration found on CPTu-04, which is located at Tanjung Jaya village, West Bandung
Regency. The PGAbedrock value is around 0.69g, heavily influenced by Lembang fault mechanism,
based on deaggregation analysis. The point location is closed to Lembang fault. Meanwhile, the
minimum acceleration value on bedrock found on CPTu-13, around 0.46g. This point location is
located at Buah Batu district, Bandung City. From the deaggregation analysis result, the ground-
motion acceleration is affected by the West-Central Java Megathrust mechanism.

B. Peak Ground Acceleration on Surface

After calculating the GMS on bedrock, the next step to estimating PGA on the ground surface. It is
to interpret the soil layer profile. The soil layer profile was obtained from the CPTu test and BH test.
The cross-section from the Northwest (NW) to the Southeast (SE) of Bandung basin, as shown in
Figure 4. Clay deposits dominate the soil properties, while some organic soils are found in the middle
of soil depth. The sand soils are distributed at the thin layer over the section and become thicker at the
bottom of the soil depth. Difference to NW-SE section, the Northeast (NE) to southwest (SW) cross-
section has the heterogeneity of soil deposit, as shown in Figure 5. The organic soil and clay to silty
clay soil are found at 35 meters of soil thickness. The volcanic breccia was also found at CPTu-G to
CPTu-H cross-section. The hard soil settles down from 601 to 641 meters above sea level, consisting
of silt soil and granular sand soil. The altered volcanic breccia lay down at 601 meters above sea level,
located under the granular soil layer.

The soil profile and GMS data were used as input in surface soil acceleration modelling. The soil
profile uses geological interpretation data from soil investigation tests. The results of the PGA on the
surface analysis in Bandung basin area can be seen in Figure 6.
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Based on wave propagation analysis from bedrock ground-motion to the soil surface, the maximum
PGA on the ground surface (amax,surface) is found at CPTu-04, which is located at Tanjung Jaya
village, West Bandung regency. The result shows a value of 0.70g. The surface acceleration value is
strongly influenced by stiff soil deposits that consist of silt soil and sand soil in 20 meters depth based
on Cone Penetration Test data. This result is also affected by the ground- motion analysis at bedrock,
where the bedrock acceleration value is relatively high, which is about 0.69g. The geological lithology
on this location consists of tertiary sedimentary rocks. Besides, the tectonic condition plays a vital role
in the bedrock acceleration since Lembang Fault is closed to this location.

Unlike Tanjung Jaya village, the minimum PGA value on the soil surface is found at Ciwastra
village, Bandung City. The CPTu-E is located in this area. The surface acceleration value is around
0.42g. This value is affected by the soft soil deposit obtained 25 meters deep using the Cone
Penetration Test. The soft soil deposit is dominated by clay soil and silt soil.

In contrast to the CPTu-04 case, the bedrock acceleration on CPTu-E is higher than the soil surface
acceleration. The bedrock acceleration showed a value of 0.48g, while the soil surface acceleration
presented a 0.42g value. The de-amplification phenomenon is happened in this location due to the
thick, soft soil conditions (Villalobos et al., 2019; Midorikawa et al., 2014).
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C. Amplification Factors

The ratio of amplification factor using PGA bedrock to PGA surface values can be seen in Table 6.
The table presents the amplification factors (FPGA) value that varies from 0.9 to 1.0. Most of the area
on Bandung regency and a few parts of Bandung City has an FPGA value is 0.9. From the cross-
section of NW-SE and NE-SW, these locations are formed by soft soil deposits. These areas also lay
down on the top of Kosambi formation, which is consists of clay, organics, silt, and sandstone.

In contrast to these locations, the West Bandung regency is dominated by stiff soil consisting of
sand, silt, and rock formation. The FPGA value is 1.0. These locations settle down at the Cibereum
Formation, tertiary sedimentary and volcanic rocks formation consisting of volcanic breccia and tuff
deposits.

Validation of the amplification factor using dataset resulting from calculation to the amplification
factor using site class coefficient, as shown in Table 7. The site class of 35 study locations in Bandung
basin is also presented in this table. From this table, the site class E provides in Bandung regency and
a few areas of Bandung City. Meanwhile, site class D shows some parts of West Bandung regency,
which is CPTu-02, 03, 04, 07, 09 and CPTu-13 at Bandung City. Site class C remarkably is found at
CPTu-06, which is located at West Bandung regency. The soil profile data shows that this point
location consists of silt, sand and gravelly sand. Moreover, the data shows hard soil from 8 meters
below.

After determining the site classification, the FPGA was estimated using the site class coefficient as
depicted in Table 3. The PGA value is obtained from PGAbedrock value as depicted in Table 5 and
interpolated to the FPGA value based on each site class determination. The FPGA from the site class
coefficient can be seen in Table 6. It also presents the amplification and de-amplification phenomenon
of each point location.
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Point
Location

BH-01
BH-02
BH-03
BH-04
BH-05
BH-06
BH-07
BH-08
BH-10
CPTUO1
CPTUO2
CPTUO3
CPTU04
CPTUOS
CPTUO6
CPTUO7
CPTUO8
CPTUO09
CPTU10
CPTU11
CPTU12
CPTU13
CPTU14
CPTUA
CPTUC
CPTUD
CPTUE

PGAbedrock
amax, (9)

0.502
0.505
0.489
0.545
0.490
0.510
0.538
0.520
0.500
0.578
0.596
0.518
0.695
0.517
0.526
0.509
0.525
0.509
0.543
0.677
0.668
0.457
0.499
0.621
0.506
0.481
0.483

Table 6. Feea versus Feea using Site Class Coeff.

PGAsurface
amax, (9)

0.446
0.448
0.445
0.479
0.418
0.475
0.469
0.478
0.451
0.544
0.616
0.538
0.698
0.448
0.537
0.520
0.467
0.509
0.511
0.607
0.603
0.456
0.449
0.535
0.447
0.428
0.417

Frca

0.9
0.9
0.9
0.9
0.9
0.9
0.9
0.9
0.9
0.9
1.0
1.0
1.0
0.9
1.0
1.0
0.9
1.0
0.9
0.9
0.9
1.0
0.9
0.9
0.9
0.9
0.9

Site Class

m m m mMm m © mMm mM M © M g O M O O T mMmm mmmm m m m Mm

Frca

(Site Class)
0.9
0.9
0.9
0.9
0.9
0.9
0.9
0.9
0.9
0.9
1.0
1.0
1.0
0.9
1.0
1.0
0.9
1.0
0.9
0.9
0.9
1.0
0.9
0.9
0.9
0.9
0.9

Amplification

deamplification
deamplification
deamplification
deamplification
deamplification
deamplification
deamplification
deamplification
deamplification
deamplification
amplification
amplification
amplification
deamplification
amplification
amplification
deamplification
amplification
deamplification
deamplification
deamplification
amplification
deamplification
deamplification
deamplification
deamplification

deamplification
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CPTUF 0.486 0.435 0.9 E 0.9 deamplification
CPTU G 0.500 0.451 0.9 E 0.9 deamplification
CPTUH 0.532 0.480 0.9 E 0.9 deamplification
CPTUI 0.497 0.458 0.9 E 0.9 deamplification
CPTUJ 0.512 0.459 0.9 E 0.9 deamplification
BH A 0.488 0.440 0.9 E 0.9 deamplification
BHB 0.492 0.420 0.9 E 0.9 deamplification
BH C 0.488 0.426 0.9 E 0.9 deamplification

As seen in Table 5, the FPGA values are almost similar to the FPGA value using the site class
coefficient. These values have a strong correlation to the properties of the soil layer. The stiff soil
tends to have a high amplification factor, while the soft soil has a lower value. Moreover, the
amplification and deamplification characteristics are influenced by the soil deposit. The amplification
occurs in the hard soil layer in Site Class C and D, while deamplification occurs in the soft soil layer
in Site Class E.

5. CONCLUSIONS

The wave propagation method is one of the procedures to estimate the seismic hazard on the
ground surface. The PGA on the soil surface was obtained through several steps, including modelling
ground-motion at the bedrock and characterizing the soil layer properties. The results show that the
low potential seismic hazard occurs predominantly in Bandung regency and the eastern part of
Bandung City. The site class calculation shows that these locations are strongly influenced by soft soil
deposit, which is dominated by Site Class E. Meanwhile, the West Bandung regency has a high
potential of ground shaking hazard, shown by the high PGA on the surface values. These conditions
are affected by stiff soil deposits, presented from Site Class C and D determination.

The distance and magnitude of seismic sources to the point locations also significantly contribute to
the acceleration calculation. From the deaggregation analysis, the western part and northern part of
Bandung basin is influenced by Lembang fault. In contrast, the southern part and eastern part is
affected by West-Central Java Megathrust mechanism. These whole analyses, from modelling the
synthetic ground motion, interpreting the soil layer profile, and calculating the site classification,
provide a systematic analysis of seismic hazard prediction. Future research direction needs to develop
a complete stages computation and also consider the other parameters such as the effect of basin form
on the surface acceleration and determining many soil properties uncertainties. Nonetheless, this
research can provide basic earthquake mitigation information to deliver preliminary studies to
estimate earthquake-resistant buildings through numerical and computational procedures.
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ABSTRACT
A spectacular earthquake struck the southern margin of the Iberian Peninsula and part of the
western fringe of North Africa in 881 AD. Historical sources suggest it was followed by a
tsunami. However, the origin and characteristics of this event are yet to be determined. We
present evidence, both historical and geo-archaeological, of a tsunami and outline the
characteristics for the catastrophe. The presence of a sedimentary layer rich in marine and
continental materials, appears to be of a tsunami backwash artifact, and in addition to
archaeological remains, provides compelling data supporting our present study.
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1. INTRODUCTION

Studies related to tsunamis in the Mediterranean Sea and of their historic impact are very
extensive (Papadopoulos et al., 2005; Pararas-Carayannis & Mader, 2010; Pararas-Carayannis,
2011; Papadopoulos et al., 2014; Pararas-Carayannis, 2021). Without a doubt, one of the most
prominent and oldest is the catastrophic event caused by the Santorini volcano around the 16"
17 century BC. (Pararas-Carayannis, 1992; Goodman-Tchernov et al., 2009), with important
implications for the Minoan culture and civilization. Obviously, most of these Mediterranean
catastrophes have a greater incidence due to their location between tectonic plates, particularly
those located in the easternmost sector of the Mediterranean, which account being more than
75% of 400 catalogued tsunamis (Maramai et al., 2014). However, the westernmost sector of
the Mediterranean coast that surrounds a good part of the Iberian Peninsula, is not exempt
from specific tsunamis, as is the case presented in this present study. Indeed, a spectacular
earthquake struck the southern margin of the Iberian Peninsula and part of the western fringe
of North Africa in 881 AD. Historical sources suggest that it generated a significant tsunami;
however, the characteristics of this event are yet to be better determined. The objective of the
present study is to present an analysis of the evidence of this particular tsunami event, as it
was registered in a sedimentary deposit of Estepona City (Malaga, Western Mediterranean), as
well as an analysis and an outline of the origin and characteristics for this catastrophic event.

2. METHODOLOGY
2.1 Study Area
2.14 Geological Context

Estepona City is located on the southern coast of Andalusia (Spain, Western
Mediterranean), halfway between the Strait of Gibraltar and Malaga City (Fig. 1). The historic
centre of the city is located about 40 m. above the Mediterranean Sea, on a Pleistocene glacis
deposit consisting of marls, sands and clays. At the base of this deposit are friable materials
such as calcarenites, with varied sandy-clay materials from the Pliocene and Miocene and
with traces of Quaternary alluvial sediments (IGME, 1978).

The most outstanding nearby relief close Estepona City is Sierra Bermeja (1,443 m. in
height), which is part of the Baetic Mountain Ranges. It consists of an amalgamation of
materials of Palaeozoic origin that had elevated in the last Alpine Orogeny. The rocks that
make up this sector are predominantly metamorphic peridotites (IGME, 1978) (Fig. 1).

The thickest materials of Estepona City of Sierra Bermeja are a set of peridotites but also
Precambrian-Palaeozoic rocks belonging to the "Alpujarride Unit", such as gneiss, marbles
and micaschists. However, the extreme complexity of the unit between the "Alpujarride Unit"
and the "Malaguide Unit" located in turn in the Betic Cordilleras and in transition to the
Tertiary deposits, define the "Campo de Gibraltar” (IGME, 1978; Guerra-Merchan et al.,
1996).
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2.1B Background

Archaeological prospecting was carried out by the Arqueotectura S.L. Company between
April and May 2017 in 98 Real Street, which is located at the southern base of a hill,
dominating a stretch of the Rada anchorage between the Calancha stream to the east, and the
Monterroso River to the west. Two other streams drain further north, supplying sediments to
the beaches of Estepona: the creek of La Cala and the Padron river (Fig. 1).

— La Cala Stream
— Padrén River

— Other rivers <
[0 Estepona Population =5

Estepona

tsunami deposit
Estep
Beach

Fig. 1. Location of Estepona City (A) and the prospecting site in the historic centre of the city (B), in
the base of a small hill (C).

Archaeological interventions carried out in the environment indicate that in late Roman
times it was a dune area but without any instance of its anthropic use until our evidence from
the 9th century. Between the 10th and 15th centuries the area was part of the periphery of the
Andalusian population, occupied by commercial and artisan facilities. After the Castilian
conquest, and until the end of the 18th century, it was prohibited to populate the area for
military reasons, in order to create a clear space in front of the artillery fortification of the
Castillo de San Luis. Finally, from the middle of the 18th century, the area between the castle
and the beach has been urbanized through the layout of a series of streets (Real, Santa Ana,
Castillo and Viento) that constitute the basis of current urban planning (Suarez et al., 2017).

2.1C Sedimentological Analyses

The upper strata of the trench were discarded as they contained deep anthropic alterations.
In this context, samples of the trench from levels A36, A37, A39 and A42 were taken. Level
A-36 occurs in the middle of the profile, more than 1.5 m below the current surface and over
2.5 meters above mean sea level.
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Sands from the different beaches that border the municipality of Estepona were also
sampled: Estepona Beach, Padron Beach, Casasola Beach and Saladillo Beach. At the same
time, sediments samples were taken from the Monterroso stream, La Cala stream and El
Padron and Guadalmina rivers, to rule out not only storm surge deposits, but also fluvial flood
levels. Lastly, sediment samples from relict dunes close to Saladillo and Mateas Verdes
beaches were analyzed. In total, 22 samples were taken to compare the site’s current and past
dynamics.

The 22 samples were subjected to textural and morphoscopic analysis. Once the samples
were sifted and treated, statistical grain size parameters were obtained in order to determine
the nature and classification of the sediments. These analyses were carried out following
classic sedimentology criteria set out by Trask and Wu (1932), Cailleux and Tricart (1963),
Folk and Ward (1957) and Soil Survey Division Staff (1993). When the presence of silt and
clay was noted, Bouyoucos’ criteria were applied (Bouyoucos, 1936; Day, 1965). The studies
were carried out in the Physical Geography Laboratory of the Autonomous University of
Madrid.

The Trask index (SO) is a statistical variable obtained from the particle accumulation
curves designed by Tricart and Cailleux (Trask and Wu, 1932) using the 25% (Q25) and 75%
(Q75) quartiles: Sp= \ (Q75/Q25). This statistical index (S0), despite its antiquity and
simplicity, was the choice due to its effectiveness in recognizing the sediments worked by the
different geodynamic agents. In most cases, it is important to consider that this variable
usually ranges between SO=1, and 3 when natural modelling agents (rivers, dunes, beaches,
etc.) are present. On the other hand, slopes and colluvium material often produce higher Trask
values (> 4) (Trask and Wu, 1932). Therefore, it is very useful showing in palaco-tsunami
deposits that the sediment is selected, but within the stratigraphy it is usually the least
selective of the different overlapping strata, as we have seen in other deposits on the coast of
Andalusia (Arteaga, 2004; Arteaga et al., 2015).

In addition, thin-section micro morphology analyses were applied to obtain a more detailed
understanding of the characteristics for the soil block of level A-36. The sample was prepared
for thin section analysis at the McBurney Laboratory of the Department of Archaeology,
University of Cambridge (UK), according to Murphy (1986) and Courty et al. (1989). Soil
micro-morphology is a well-established geoarchaeological method and a very powerful tool
for understanding landscape changes and other geo-morphological phenomena (French, 2015),
particularly because of its ability to investigate and interpret environmental and cultural
signatures that are typically concealed within the landscape itself (French, 2003).
Geoarchaeological field research, therefore, is aimed primarily at understanding human-
landscape relations (Goldberg and Macphail, 2006).

Finally, a large number of spines, ichthyofauna tissues, and plant remain and bio-clasts
with clear marine morphometry were identified and separated for the subsequent identification
in the Physical Geography Laboratory of the Autonomous University of Madrid. Mollusc
fragments were classified according to Lindner (2008).
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2.1D Archaeological Analyses

The archaeological excavation was developed according to a stratigraphic process (Harris,
1991; Roskam, 2002; Carandini, 2007; Ruiz, 2013), manually excavating to clear the
stratigraphic units that, once identified and described, were raised in the opposite direction to
that of their deposition. The information obtained goes with graphic documentation, such as
profile drawings, photographic and topographic documentation. For the dating of the
sequence, a techno-typological classification of the artifacts, mostly composed of ceramic
fragments within their contextual levels, were taken into consideration.

2.1E Analysis of Historical Documents

For a critical review of historical documents citing the AD 881 earthquake, two Islamic
historical texts were considered: 1) Kitab al-bayan al-mugrib fi djbar mulik al-andalus wa-I-
magrib — better known as A/-bayan al-mugrib, attributed to Ibn Idari — and i) Kitab al-anis al-
mutrib bi-rawd al-qirtas fi ajbar mulik al-magrab wa tarij madinah Fas — better known as
Rawd al-Qirtas, attributed to Ibn Abi Zar. Among all the transcripts of these documents that
have been consulted for this study, we have chosen several to be reproduced in Spanish, due
to some ones being longer, and therefore, greatly enriching the case study.

3. RESULTS

3.1 Sedimentological Features

3.14 Stratigraphic Units and Textural Description

The investigated trench presents an alternation of strata of different thickness and origin,

alternating mostly anthropic levels with others that still have natural connotations. The trench
was divided in a total of 44 stratigraphic units (Fig. 2).

(A-39) s. V A.D. Sediment

Tomassetti et al., 2017

Fig. 2 North section of the trench. Numbers indicate stratigraphic units.
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Phase II of the trench presents a clear stratigraphic unconformity with Phase I, i.e., an
erosive contact. It includes levels A37, which corresponds to a narrow sandy deposit, and A-
36, which is composed by a mixture of sands, gravels, marine fauna and archaeological
settlement debris.

Just over a meter from the current surface, the A-36 level is located with a thickness of 25-
30 cm. This horizon is greyish-brown (10YRS5/2) and is composed of edges and tapes of
centimetric to decimetric size (45% to 68%), broken by a high percentage and separated by a
matrix of sand and silt that increases towards the lower zone (32% to 55%). The sedimentary
deposition (A-36) has a clast-supported structure at the top and matrix supported at the
bottom (Miall, 2016) (Fig. 2). Strata are arranged with some overlap towards the sea and in
turn rest on a sandy layer with morphologies of ripples of centimetric thickness that culminate
in erosive contact with the underlying level. The level has lateral continuity until it is
interrupted by ashlars of later chronology. Throughout the stratum, broken molluscs are
visible. The coarse sediments of the deposit (A-36) (Fig. 3) are mainly composed of peridotite
gravels and, secondarily, gneiss and phyllites. These rocks are imbricated towards the sea,
flattened (71 %) and broken in a relatively high percentage (34,6 %), example, of high-energy
transport and deposition. The matrix of A-36 also contained fragments of mudstones, whose
origin can be diverse: vestiges of a riverbed or marsh plucked by high energy (Table 1).

Fig. 3. Photograph of level A-36.

On other hand, the sand is moderately well sorted and is upwardly fining. The average
grain size of the A-36 sediment is 330 microns (0,33 mm). Then, it is finer sand than the other
of samples taken from the nearby beach and the nearest streams. The coarser sediments are
from the river systems; on the beaches of Estepona, medium to coarse sands make up the
majority, but grain size increases towards the mouth of the main rivers, where the materials
are mixed (i.e., 0.6 mm in Guadalmansa River and 0.71 mm in Guadalmina River). The dune
sediments are the finest and the best classified (Table 1).
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Table 1 Granulometric and morphoscopic indexes obtained according to their nature of samples from
the trench (levels A-36, A-39) and the present surrounding environments.

Trask Morphoscopy -

Samples Mean size (mm)  Sorting Textl'lral . rounded Morphoscopy
classification matte rounded
Index (S0) quartz-
Streams- 5.1 7 142184 SandSandy 5 500, <3%
Rivers loam /grabel
Beaches  0,27-0,7 120-133  Sand(eoarse =, 550, 11-16%
fine sands)
1 0,
Dunes 0,24-0,32 Lig-120 ~Mmedmtofine o gn,, > 30%
sands
A-39
(ancient 0,35 1,26 Medium sand 36% 8%
dune)
A-36 (high
energy
event- 0,33 1,64 Medium sand ~ 16% 8,6%
possible
“tsunami
“deposit?)

The Trask sorting index (S0) ranges between 1.4 and 1.85 for rivers and streams, and from
1.18 to 1.33 for beaches and dunes, in the study area. However, in the trench, level A-36 has a
SO value of 1.64, and mean grain size corresponds to medium sand (0.3 mm); it is also
standing out as being the sample with the highest percentage of silt-clay (> 11%).

The lower levels present an alternation of different sedimentary environments. A-37 is a
level of medium-fine sands around 0.25 mm, and A-39 represents a build-up of deposits of
marine origin, with the presence of bioclasts and a Trask index of 1.26 (possible beach) and
more than 54% of sub-rounded-rounded grains. The base of the profile culminates with
stratum A-42, with an average grain size of coarse sand (0.5 mm) and SO close to 1.4, also
typical of a marine nature. Morphoscopic analysis shows that fluvial systems of the Estepona
environment rarely reach the roundness of the quartz in their flow beyond 15%. It must be
taken into account that they are rivers and streams with a very short route. Once on the
beaches, the action of the waves works and well-rounded grains up to 32% and, as a result of
the dune dismantling due to coastal erosion, you can see rounded quartz matt up to 16%. In
contrast, A-36 has 16% rounded quartz, very similar to that of river systems, but contains
rounded quartz by wind action (above 8%).

3.1B Micro-morphological Description of the A-36 Thin Section
Thin section of level A-36 is porous (30-40%) and apedal, but it has a complex
microstructure, a dominant single grain and vughy microstructure superimposed onto a

bridged grain microstructure. Voids are dominantly compound packing voids, vughs and a
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few chambers. The groundmass shows a dominant concave gefuric and a coarse monic related
distribution pattern. It has a ¢/f'50um ratio of 2/1. The coarse fraction has a strongly expressed
banded basic distribution pattern. The coarse material is dominantly (>90%) moderately
sorted, rounded and sub-rounded fine and medium sand (150-275pm). There are also larger
rounded limestone (<5%) gravels (5-50mm). The remainder consists of fine and medium sand
sized (500-2500um).

There are places where the groundmass becomes predominantly extremely thin, with
dominant large gravels (<10cm) forming 5% of the horizon and these are sub-rounded and sub
angular. The organic components are marine shell (500-1250pm) and other marine fauna (10-
30um) and tissue and cell fragments within the groundmass located in compound packing
voids. There are a relatively large amount of tile, brick, plaster and charcoal fragments derived
from an archaeological context. The micro mass is humic brown speckled clay exhibiting a
weakly calcitic crystallitic b-fabric. The dominant pedofeatures are typical clay and silt
coatings on sand grains. Pedofeatures are characterised by those that show the movement and
accumulation of calcium carbonate. Many rock fragments have compound juxtaposed calcite
and clay pendants (<750pm). Most of the sands and coarser clasts have been bridged and
coated by calcite. In addition, there are coatings of needle-fibre calcite on the walls of voids
(25-100pm). Throughout the groundmass moderately impregnated Fe-hydroxide typical orthic
nodules are observed (25-75um).

This thin section clearly shows the sedimentation of well sorted medium and fine sand,
horizontally bedded between finer clays, silts, comminute organic matter and marine diatoms,
some of them broken, and the sand generally tend to fine upwards. The sand has been
deposited unconformably in thin, horizontally orientated lenses as a result of tsunami
processes. Thicker bands containing larger limestone gravels, stones and bioclasts among
other materials; brick and plaster fragments have been deposited generally separating the
larger clasts first. The coarser material and archaeological is clearly evident from the close
vicinity of the deposit. Within the matrix is well-sorted sand, almost certainly from a coastal
context (Govorushko, 2012).

Within this aggrading sedimentary system, vegetation evidence of organic material comes
from charcoal fragments within the groundmass. These fragments clearly have a cultural
origin and are almost certainly derived from one of the many medieval buildings that are
thought to occupy the surrounding landscape. Humified and Fe-replaced root tissue can be
observed in various states of preservation. Abundant comminuted plant tissue and cell
fragments are evidence for the breakdown and cycling of organic matter. The humic brown
speckled clay is primarily the end member of these processes.

3.1C Results from Faunal Remains
Throughout the stratum A-36, contained within the sandy matrix is a mixed assemblage of
fragments of seashells, coal, vertebrate and fish bones that will be the subject of subsequent

analysis.
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In the 600 grams of sample A-36, around 2.5% suppose remains of molluscs, ichthyofauna
and remains of plant tissues. Centimeter-sized mollusc fragments correspond to
Acanthocardia tuberculata (32%) and Venus verrucosa (68%).

The habitat of both species is below 5 m deep, although it should not be ruled out that it
was a material taken from the beach. More specifically, the first usually lives between 5 and
100 m deep, while the second barely reaches 20 m (ICTIO.TERM, 2018).

One of the main factors that reveal the violence of the event, is the presence of the
ichthyofauna trapped in the sediment included crushed fish scales, spines and vertebrae,
among the matrix of gravel and sand (Fig. 4). It has been possible to identify the tuna
(Thunnus thynnus) as the majority species by the spines, which correspond to young
specimens.

Fig. 4 Fish scale (upper left image) and tuna spines found in the sedimentary deposit. The wave had to
have high energy to be able to catch and crush several fish between the gravel and sand.

It is truly anomalous to find ichthyofauna remains in storm surge or river flood deposits,
and less in the volume of the sediment analyzed. Although the spines do not correspond with
adult specimens, more heavier, it is difficult for a wave to carry them in its bosom if it does
not carry with it a great transport capacity. The presence of this species also perfectly
corroborates the proposed date of the tsunami, since in historical times the passage of tuna
between spring and June is recognized (Florido y Menanteau, 2006).

Together with molluscs and ichthyofauna of a clearly marine character, continental plant
remains typical of wetlands, marsh environments or riverbanks were also found. This is the
case of the presence of Carex sp. pertaining to the family of the sedges. In fact, in Estepona
there are up to three taxa of this genus: Carex halleriana, Carex hispidia y Carex pendula.
Although several fragments were found, their state of preservation prevents further
identification.
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3.1D Ceramic Debris

The ceramic acquires a great value, since it helps the dating of the strata. For the Phase II it
can be classified as a horizon corresponding to a room with the following elements: in level
A37 the space is conditioned for use in the open air by inserting several post holes (A40 and
A41) and the installation of a fireplace (A38).

The ceramic materials found in levels A36, A37 and A38 form a set of 224 fragments and
an almost complete piece. For their analysis we divided them into two large series: glazed
ceramics and unglazed ceramics. Only six fragments represent the glazes: three of ataifores
(deep plate representative of Andalusian tableware), one of cup and two closed forms. The
glazes are represented by only six fragments (three of ataifores, one of cup and two closed
forms). As will be seen later, this type of glazed pottery is representative of the 9th Century
Acién et al., 2003; Acién et al., 2009; Martinez Enamorado, 2003; Melero et al., 2015).

The set of unglazed ceramics constitutes the largest (Fig. 5), with an almost complete piece
and 217 fragments. The most represented type is the little jug, with highly flown handles on
the edge. Some specimens are slipped in black, sometimes with strokes of white paint. In a
more minority, there are black or red brush decorations. Another type that is highly
represented in the sample is the slow lathe alcadafe, with three different models: the small
one, with vertical walls and projecting edge, the one with sloping walls and, finally, the large
one with vertical walls and fingered cords in the body.

Fig. 5 Selection of unglazed ceramics from phase II. 1. Slow lathe edge of alcadafe (UE-36). 2. Rim of
the jar on a slow lathe with finger cord (UE-36). 3. Jar handle with white paint stroke (UE-36). 4. Edge
of alcadafe with slow lathe (UE-36). 5. Slow lathe chuck edge (UE-36). 6. Arranged fragments of
glass cup (UE-38). 7. Background fragment of glazed ataifor (UE-36). Photo by J. .M Tomassetti
(Arqueotectura S. L.).

Other minority slow-lathe types have also been studied, such as jugs, jars, pots and pans.
The only almost complete piece is a kettle made on a lathe, with a slightly convex bottom, a
spherical body and a recessed frustoconical neck, with vertical mamelons on the shoulder. It
appeared overturned on the ground near the hearth and contained an ocher-colored matter.
Although the dating of unglazed ceramics is, as a general rule, more imprecise than that of
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glazed ceramics given the durability of some types, the set fits perfectly with those dated to
the second half of the 9th century (Acien et al. 2003).

The ceramics of phase III (units A32 /33, A34 and A35) are, on the whole, similar to those
of the previous phase, also with the presence of glazed and unglazed fragments. Among the
former, a roasted ataifor on both sides and interior decoration with manganese lines, as well as
some roosters and a flask handle with “green and manganese” decoration, can be dated as
corresponding to the second quarter of the 10th century (Acién et al., 2003; Acién et al., 2009;
Martinez Enamorado, 2003; Melero et al., 2015). Unglazed productions confirm the survival
of those made on a slow lathe (jars with finger cord, pots, casseroles) and some simple-
rimmed jugs. Therefore, it is a material set similar to that of the previous phase, but it includes
clear guide examples, such as green and manganese ceramics, which determine its
chronologies as directly related to the Caliphate of Cordoba. If the beginning of the
production of these glazed ceramics must be dated towards the middle of the 9th century, level
A37 corresponds to the 9th century too, dated from the ceramic evidences and coinciding with
the high-energy episode documented by Galbis (1932). The stratigraphic sequence of the
trench continues until the 20th century, with alternating periods of occupation and
abandonment that do not affect the subject of this study.

3.1C Identification of the AD 881 Earthquake and Tsunami in Historical Documents.

The first text that we are going to take into consideration is the most well known. It appears
in the quoted work of Ibn Abi Zar, which was translated by Ambrosio Huici Miranda (1964)
and Jos¢ Antonio Conde (1820). While Conde has transmitted this text to us through his
studies, it must be said that, in his work, he mixes and transcribes various Islamic sources to
create a complete history of Muslims in the Iberian Peninsula, often making it difficult to
recognize his original sources.

When comparing Conde's translation with other translations of the same text, it can be seen
that Conde's is broader. This leads us to think that he is translating texts that we don’t know or
that have been lost over time. Conde's work was highly reviled in the mid-nineteenth century,
but for a few years it has been recovering and re-giving the importance it deserves, proving its
historical and linguistic value in various studies (among them Calvo Capilla, 2016, Calvo
Pérez, 2003, Dominguez Prats, 2006, Haro Cortés, 2012, Hitchcock, 1986, Manzanares de
Cirre, 1968 can be cited).

Both texts describe the same seismic phenomenon according to Souto (1995, p. 230 and
citation 131), who has demonstrated this by comparing the two texts. Having established this,
the facts can be laid out, providing us a wealth of information regarding the seismic episode
that occurred in Al-Andalus and other neighbouring areas in 881. From the texts we can
ascertain the following (view appendices):

The Date: The various catalogues ascribe a differing date to the AD 881 earthquake. The
Catalogo de Tsunamis en las Costas Esparniolas compiled by the Instituto Geografico
National, records that the tsunami of the 881 earthquake occurred on the 10™ of June.
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The IGN extracts this information from one of Galbis's catalogues, which derives its
information from Juan Garcia Lomas, without giving further references (1940, p. 12). In that
same work, Galbis quotes Roux (1934) and reproduces a fragment of one of the texts
discussed here, but he transcribes it incorrectly and with erratum, changing the date. Another
possible option is May 26", 881, according to the catalogue of Martinez Solares and Mezcua
Rodriguez (2002). No one has questioned why several dates are not given, nor has any effort
been made to correct it — researchers adopt one or the other depending on their choice.

After verifying the documentary sources and resorting to the most reliable translations of
the Rawd al-Qirtas, the earthquake can be date to the 22" day of the moon of Xarwal
(Shawwal) in the year 267 of the Hegira, according to the established formulas for converting
AH to AD, a date of May 26th, AD 881 is derived.

The Hour: The text by Ibn Idari provides the most relevant information as to the
approximate time of the earthquake. According to the two translations that have been provided
from Al-bayan al-mugrib, the earthquake occurred at the hour of the azallah of sunset or,
when the prayer of al-Magrib. In both translations they refer to the same moment: the Magrib
prayer. Azallah or salat is the sunset prayer, the fourth daily salat of Islam. It takes place just a
few minutes after sunset. For May 26™ this would correspond to a time close to 21:30.

3.1D Historical and Geographical Context.

At this time this part of the Iberian Peninsula was part of the Emirate of Cordoba, under
Emir Muhammad 1 (852-886). The Christians had not yet crossed the Duero River in their
conquest; their king was Alfonso III of Asturias.

Geographically two different realities are embodied in the texts, two testimonies from two
different places where the earthquake was felt. The first place is Cordoba, the then capital of
the emirate, where the court resides. In a place of such political importance like Cérdoba, they
collected all the relevant events that occurred, and for this reason the text of Ibn Idari has been
preserved. The second place comes from the text of Ibn Abi Zar. In the year 267 of the Hegira
a population uprising took place from the towers (husiin) of the territorial divisions (kitrah or
coras) of Rayya, Takurunnd and in the Algeciras area, which had to go to solve Muhammad I
or his son Al-Mundir. This event was the one that made the earthquake witness from another
geographical perspective that is the one that Rawd al-Qirtas provides us and that we present in
the following map.

Places Affected by the Earthquake: According to the different copies of Ibn Abi Zar and
Ibn Idari that have been consulted (Huici Miranda, 1964; Fernandez Gonzalez, 1860; Roux,
1934, Souto, 1995), the earthquake was felt particularly strongly in El Adoua or Al-Magrib
(possibly in the vicinity of Fez, Morocco), Tlemcen (Algeria), Tangier (Morocco) and
throughout Al-Andalus. Likewise, they say that the earthquake had its affected from the
Mediterranean Sea or A/-Sham Sea — the Syrian Sea, one of the names that Muslims used for
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the Mediterranean in the Middle Ages — to the northernmost part or a/-Magrib al -Agsa — a
term for the westernmost region of Morocco. They also report that the earthquake was felt
even “in the last part of the land of Christendom” or, as Muslims sometimes prefer to call
Christians, “even the most remote polytheistic land” (Lapida Gutiérrez, 1997). The earthquake
was felt in Christian lands and could be recorded, because the Muslims were fighting against
them at this time, as reflected in Conde's text (1860). In other words, it was felt across the
entire Iberian Peninsula (Fig. 6). For his part, Ibn Idari mentions that the earthquake was felt
with great force in Cordoba and, for his own, Ibn Abi Zar affirms that there was a tsunami,
confirmed in this study for Estepona.

.o
e
---------

,@ Tsunami FAULTS

AW~ Earthquake — Alboran South fault
= Al-Idrisi fault
————— Djibooti fault
@ The earthquake was felt , = Carboneras-Serrato fault
—— Jebiza fault
-- Earthquake incidence zone . — West Alboran Basin fault
-~ Malaga fault

I Territory of the Christian = West Alboran High fault

kingdoms around 900 BC = Yussuf fault

Fig. 6 Map showing the places where there was an earthquake in 881 and the places where it was felt.

Singular Phenomena: Earthquake Lights: Among the information that can be extracted
from these texts, a singular fact stands out. They refer a singular phenomenon reported in the
city of Cordoba, related to so-called "earthquake lights" (Derr et al., 2011). The text narrates
how several people were in the mosque preparing for the Magrib prayer and how electricity
produced by the earthquake affected them. The first thing they relate is the appearance of a
lightning-bearing cloud, which killed two people by electrocution. Although death associated
with these phenomena is not common, the description is very similar to so-called "earthquake
lights". Several studies report the appearance of this type of cloud in the moments leading up
to an earthquake or at the exact moment of its occurrence (Derr et al., 2011; Thériault et al.,
2014).
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Could this not just have been a thunderbolt? This is unlikely because firstly the
phenomenon occurred alongside the earthquake, and second because the text reports that no
damage was done to the fabric of the building. Considering that the text says that these six
people were knocked down on their backs, it is very likely that there was an explosion
resulting from the thunder (St-Laurent, 2000). Two people died and showed burns on their
faces. Four others felt "a fire like a heavy wave". It has been mentioned that after this
incidence the environment had a burning smell resulting from the burnt human flesh.

According to the studies already mentioned, these luminaires can occur up to 150
kilometres from the epicenter, with even greater distances being reported in some cases. This
phenomenon provides us with a better idea of the magnitude of the earthquake since, among
the earthquakes studied by Derr (2011) or Thériault (2014), all exceeded M5 on the Richter
scale. The number of earthquake lights and their power increase proportionally with the
strength of the earthquake. This released energy can take various forms: tongues of light,
bright flashes from the ground, spheres and lightning. This electricity moves through an
environment and is only a problem if it meets someone, just as reported in Cérdoba.

4. DISCUSION
4.1 Sedimentary identification of a Tsunami deposits

Identification of "tsunamites" from sedimentology should be as accurate as possible. For
this reason, it is sometimes convenient not only to take samples from the deposit creditor of
said event, but also to compare all the sedimentary material deposited by the different natural
agents of the geographical framework in which it is circumscribed, including beaches, dunes,
rivers and streams. Especially if there is a risk of incorrect identification with storm deposits,
it will have different implications altogether. Extreme tsunami events imply the presence of
continental and marine material (especially of different depths), erosive scars, gravels
imbricated towards the sea, anthropic and natural materials mixed in a chaotic and fragmented
manner, and decimetric thickness of the stratum (Nott, 2004; Morton et al., 2007; Kench et al.,
2008; Komatsubara et al., 2008; Goto et al., 2010; Lario et al., 2010a; Papadopoulos et al.,
2014; Shinozaki et al., 2015; Mottershead et al., 2015; Usani et al., 2017).

The excavation of Trench A offered a complex sequence. It begins in late Roman times
(phase I, centuries IV and V), with alternation of continental and marine events in a dune
environment. In the nearby-inhabited area there are levels of abandonment during the 5th
century, both in residential areas and in artisanal facilities (sinks for fish processing, amphora
furnaces for marketing, etc). This confirmed abandonment was perhaps due to the passing of
the vandals in 429, which left its reflection in the stratigraphy (Bernal, 2018, p. 107). In line
with this, the intervention of C / Real, 98 shows a first occupational hiatus between phases |
(5th century) and II (9th century), which must be interpreted as an absence of population for
more than 450 years in the excavated area.

The analysed trench has made it possible to establish a historical sequence between the 4th
and 20th centuries.
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Within the stratigraphic unit A36, anomalous sediments appeared along with
archaeological remains dated to the 9th century. The presence of some elements of apparent
marine origin at about 2.6 m above sea level and 150 m from the seashore, suggested the
possibility of a past high-energy event. SO values (Trask index) close to 1 are generally related
to sediment well selected by a dynamic agent (i.e. dunes and beaches; Trask an Wu, 1932),
coinciding with a grain size of medium to fine sand. However, level A-36 has a SO value of
1.64, relatively high if we consider its mean sizes corresponds to medium sand (0.3 mm), and
it also standing out as being the sample with the highest percentage of silt-clay (> 11%).

The presence of eolian rounded quartz in level A-36, together with the high Trask index, its
composition of medium sands, the presence of silts and clays, peridotites with fluvial
morphologies, tuna bones, numerous fragments of fish scales, various mollusk bioclast and the
existence of mudstones positioned chaotically in the level, leads us to think that the sandy
matrix presents both continental and marine sediments.

In fact, in micro morphological analysis we can observe containment of abundant small red
tile or ceramic, which appear to be of the medieval period date. These are generally sub-
rounded due to various weathering processes, not least those associated with the mass
movement of sediment within a high energy wave environment associated with a possible
tsunami.

The diatoms observed, have been embedded within the sandy matrix containing geological
and anthropogenic material because the tsunami has inundated the coastal margin and inland
areas, eroding, mixing, transporting, and redepositing a variety of components. Some of the
diatoms have been observed broken due to their relatively fragile valve constructions; perhaps
suggesting that the preservation is related to the speed and violence of transportation and
burial (Smol 2010). Consequently, from the micro morphological analysis it can be deduced
that the horizon became emplaced very quickly because of a catastrophic sequence of high-
energy related waves. Therefore, A-37, with medium-fine sands, representing the soil of the
Oth century (dated after the chronological identification of the ceramic remains) that would
have been eroded by the tsunami. On the other hand, A-39 represents a build-up of deposits of
marine origin, with the presence of bioclasts and a Trask index of 1.26 (possible beach) and
whose morphoscopy also indicates this origin with more than 54% of the sub-rounded-
rounded grains. The base of the profile culminates with stratum A-42, with an average grain
size of coarse sand (0.5 mm) and with an SO close to 1.4, also typical of a marine nature.

During the archaeological excavation, it was possible to verify how the stratigraphic
elements of phase II were destroyed by a high-energy event that the joint relative chronology
of the sequencing and the ceramic typology places in the second half of the 9th century. The
contrast of this data with the records of historical earthquakes yielded from the beginning a
single coincidence (Sudrez et al., 2017): that of the earthquake of the year 881 that the late
medieval Islamic sources have transmitted to us. This catastrophe caused the abandonment of,
at least, this sector of the settlement, giving rise to a phase III that dates back to the first third
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of the 10th century, some 50 years later. This discontinuity can be explained by referring to
the repercussion in the entire Malaga region of the rebellion of Ibn Hafsun, which began a
little before the tsunami of 881 (Manzano, 2006, p. 276-287; Martinez, 2003, p. 534).

In principle, the sedimentological characteristics of A36 fit with a sedimentary deposit of
extreme wave events (EWE) (Lario et al., 2010a). If we add to this the absence of multiple
interior lamination, its clear contact with the underlying layers and its thickness of no more
than 25 cm, it seems to fit a tsunami deposit, according to Lario et al. (2010b). In short, the
alternation of both marine and inland materials seems to correspond at first with a backwash
phenomenon.

4.2 Archaeological dating of the Phase 11

In relation to the fragments of glazed pottery, similar assemblages have been published in
Malaga sites, both coastal (Cortijo Félix, Cerro Luis, Marbella, Malaga or Bezmiliana), and
inland (Vélez-Malaga, Valsequillo, Belda), as well as in numerous other Andalusian locations
in the provinces of Granada (El Castillon), Almeria (Pechina), Cérdoba (the same capital,
Priego), Jaén, Murcia, etc. In general terms, in most of these sites the dating of these first
glazed ceramics is very extensive and they are classified as “emiral pottery”, “emiral-caliphal
pottery”, “andalusian pottery”, etc., proposing as terminus ante quem for its dating the
appearance of green and manganese ceramics in the 10th century, and on the other hand, the
beginning of the production of these glazed ceramics must be dated towards the middle of the
Oth century. (Acién et al., 2003; Acién et al., 2009; Martinez Enamorado, 2003; Melero et al.,

2015).

In summary, the set of glazed materials from the levels of our phase II is consistent with
those that, roughly, are considered to belong to the second half of the 9th century. These
glasses most likely come from pottery located in the city of Malaga, if we stick, for example,
to the similarity of the cup specimen (honey on all its surfaces, decorated with manganese
lines) with the Malacite parallels (Acien et al. 2003, p. 420). In general, dating of unglazed
ceramics is more imprecise than that of glazed ceramics. Nevertheless, given the durability of
some types, the set fits perfectly with those dated to the second half of the 9th century (Acien
et al., 2003).

Therefore, the historical context to which we can refer to phase II as a whole places us
around the reign of Emir Muhammad I (852-886). In the middle of the 9th century, we found a
varied population, where it is not possible to know the percentage of Mozarabs, Muladis and
Berbers that were in the area. This led to the existence of different types of settlements, such
as inland villages and/or in height, as well as towns along the coastline, as is the case of
Estepona, which made it a well-connected anchorage and in which commercial and artisan
activities would be promoted. An indication in favor of this interpretation would be the
appearance in the intervention of C / Real, 98, of glazed ceramics produced in Malaga, a city
that currently knows an authentic re-foundation based on trade and pottery production
(Gutiérrez, 2011; Melero, 2015, p. 272).
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Other examples of this type of population are the settlements on the Malaga coast,
Marbella and Bezmiliana, for which it has been proposed that at the time of their foundation,
the second half of the 9th century, they would not have an urban character, being classified as
farmhouses (Martinez, 2009, p. 100; Acién y Salado, 2009, p. 145).

In summary, the set of glazed materials from the levels of our phase II is consistent with
those that, roughly, are considered to belong to the second half of the 9th century (Fig. 7). On
the other hand, these glasses most likely come from pottery located in the city of Malaga, if
we stick, for example, to the similarity of the cup specimen (honey on all its surfaces,
decorated with manganese lines) with the Malacite parallels (Acien et al., 2003, p. 420).
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Fig. 7 Plan of the habitation horizon of Phase II of ditch A from the West. Numbers indicate
stratigraphic units. The A36 tsunami tank mounts on the units shown. A38 is home. A40 and A41 are
post holes

In the top, Phase III has been dated as corresponding to the Caliphate of Cérdoba by the
ceramic analyses. In our opinion, the revolt caused by Ibn Hafsun and the destructive effects
of the tsunami reflected in the A36 level, led to the abandonment of the place for several
decades. It was not until the rule of Abderraman III (924 A D), in which the Cordovan troops
conquered the nearby castle of Nicio (Navarro et al., 1998; Salado and Navarro, 2001). This
historical event again implied Cordovan dominion over the Strait region. On a local scale, it
presents a very different aspect to the previous scenario, since the first constructions with
stone walls (A28 and A29) are verified, evidence of the reoccupation of a previously
abandoned space.
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4.2 Analysis of Historical Sources

Analysis of historical sources in both the Eastern Atlantic and the Central and Eastern
Mediterranean, indicate that past earthquakes and coastal landslides have generated damaging
or destructive tsunamis along the coasts of Southern Spain. For example, the 1755 Lisbon
earthquake caused considerable damage not only in Portugal but also in southwestern Spain.
The tsunami generated by this event, caused damage to Cadiz and Huelva, and its waves
penetrated the Guadalquivir River, reaching Seville (Pararas-Carayannis, 2021).

Also, destructive earthquakes and tsunamis in the Eastern Mediterranean region have had
significant impacts on the ancient world and even changed the course of history. One of the
most destructive earthquakes which occurred on July 21, 365 AD along the western coast of
the Island of Crete generated a mega-tsunami, which mainly devastated the southern and
eastern coasts of the Mediterranean Sea, but numerical modeling studies indicate that it must
have also impacted to some extent its eastern coastlines as far as Spain (Pararas-Carayannis &
Mader, 2010). According to historic records, this 365 AD earthquake was felt throughout the
Eastern and Western Mediterranean and as far away as the eastern coast of Spain, particularly
in the area where present Malaga is located (Pararas-Carayannis, 2011).

The first stage of the present study includes a historiographical review of events. It is clear
from the reviewed documentation that a series of conflicts exist that has the potential to
inhibit efforts to gain a clear understanding of the AD 881 earthquake. Realizing a state of the
question that covers only the AD 881 earthquake, serious deficiencies have been found in the
usual lines of investigation. The main problem is that: in the investigation of historical
earthquakes, the catalogues published from the end of the 18th century to the present day are
often used, and all of these require substantial revision. In these widely known catalogues, for
example the Galbis Catalogue (1932), the information provided is not always evaluated one
by one, but we will say that practically all of them have been collected in more recent works
such as by Martinez Solares, by Mezcua Rodriguez (2002) and by Udias (2015, 2017).

The historical texts compiled in the catalogues have not always been contrasted with the
original documentary sources, and often the authors have been copying the texts among
themselves. In this way information can be mixed, losing its origin, meaning and context. For
this reason, it is necessary to update and critically review the existing documentation
concerning the AD 881 earthquake, so as not to show doubt on a historical event that
undoubtedly occurred and shook the Andalusian world.

With regards to the Islamic historical sources, the first thing to keep in mind is that any
such texts that address the 881 earthquake and that have survived to this day, have been
repeatedly recopied throughout the Middle Ages. Islamic chroniclers, historians, and
geographers copied each other’s texts to create their own. This is why we have different
translations of the same text, and also why we have chosen to resort to the closest translations
to the originals.
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Both Islamic historic texts considered, Kitab al-bayan al-mugrib fi ajbar mulitk al-andalus
wa-l-magrib — better known as Al-bayan al-mugrib, attributed to Ibn Idari — and ii) Kitab al-
anis al-mutrib bi-rawd al-qirtas fi ajbar mulitk al-magrab wa tarij madinah Fas — better
known as Rawd al-Qirtas, attributed to Ibn Abi Zar, date from the beginning fourteenth
century, although ascertaining the original their composition is problematic. Most probably,
both Al-bayan al-mugrib and Rawd al-Qirtds come from other chronicles of an Islamic leader
previous to the 14th century (Fernidndez Fonfria, 2010; Souto, 1992, 1995). This is very
common and has been studied in various works, some as important as the Kitab al-muqtabis fi
ahbar al-Andalus, better known as Al-Mugtabis, one of the great works of Ibn Hayyan Al-
Qurtubi and which also references and intersects our sources (Molina, 2005; Penelas and
Molina, 2011).

4.3 Possible Origin of the Earthquake

The precise origin of the earthquake that caused the tsunami is not yet fully understood,
although there are at least two plausible possibilities. The first is that it originated from a
tectonic event in the Betic Cordillera, which, directly or indirectly, triggered an underwater
landslide leading to a tsunami. The other option is an underwater earthquake caused by one of
the nearby Mediterranean faults, halfway between Africa and the Iberian Peninsula.

The Estepona coast is part of the imposing and long geological framework of the Alpine-
origin Cordilleras de las Béticas that run through southern Spain. It is located in a
convergence zone, from 4 to 6 mm/year (Argus et al., 1986; DeMets et al., 2010), between
Africa and Eurasia, two much larger plates (Argus et al., 1986). The Azores-Gibraltar fracture
zone represents the western boundary between these two plates approximately from the Lower
Miocene, at which point the Iberian Plate became part of Eurasia (Srivastava et al., 1990).
Finally, during the Cenozoic, its paleogeographic and tectonic evolution is linked to the
closure of the Tethys ocean and the Alpine Orogeny (Jabaloy et al., 2002). All this makes this
sector of the Iberian Peninsula the most active in terms of seismicity.

Although earthquakes and tsunamis in the Iberian Peninsula do not match the frequency
and intensity of other coasts, they have occurred approximately every 99 years in the last 2000
years (IGN catalog, 2020). The most intense, depending on the definition, occur between 450
years (Carrefio, 2005) and 1.200-1.500 years over the course of the Holocene (Lario et al.,
2011).

The most devastating tsunamis originate on the Atlantic coast from the Bank of Goringe,
the Gloria Fault and the Arc of Gibraltar (Carrefio, 2005; Lario et al., 2011; Alonso et al.,
2011; Pararas-Carayannis George, 2021.), west of the Gulf of Cadiz, but the Mediterranean
world is also no stranger to this natural phenomenon. Numerous catalogues, updated by
researchers, have reported such catastrophes for centuries, although their effects appear to be
of a lesser degree. The last tsunami that hit the Spanish coast in 2003 affected the Balearic
Islands. In the analysis of the historical texts identified in this work, two important facts have
been confirmed. The first is that the earthquake was sizeable in magnitude and intensity, close
to 8 (Mw). Its incidence radius is significant, since the seismic shock reached a large part of
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North Africa and the Iberian Peninsula. Locating the epicentre is difficult, but it is likely to
have been located between the Betic Cordilleras and the Mediterranean Sea. When its
destructiveness and reach are described in the texts, it is said that it "feels" in North Africa and
even "in the last part of the Land of Christianity" and damage to the same mosque in Cordoba.
But the destruction, and the greater ruin in buildings with the fall of "magnificent buildings
and fortresses" that were "very broken" with the disappearance of towns, is mentioned as a
geographical framework on the coast to the Baeticas. An earthquake in this zone is not bound
to produce a tsunami, but a few cases are documented such as the earthquakes that occurred
between the 15th and 19th centuries on the Andalusian Mediterranean coast. The most
powerful occurred in 1884, with a magnitude of 6.7Mw (Sanchez, 2011), and had disastrous
consequences for local populations, but did not cause tsunamis. Only those that occurred in
1522, associated with the aforementioned Carboneras Fault (Reicherter and Becker-
Heidmann, 2009), and 1680, with a possible epicenter in the vicinity of the city of Malaga,
were associated with tsunamis. According to chronicles, the sea rose to about 5 m in the port
and claimed several dozen victims (EI Mrabet, 1991; Macias et al., 2013).

Both Ibn Abi Zar and Ibn Idari explain the effects of the earthquake, which allows us to get
an idea of its destructive level. The first thing they mention is the loud sound they heard when
they said the earth shook with a dreadful noise and shudder. It had to be a significant
earthquake as Ibn Abi Zar reports that men had never seen or heard such an even, and were
forced to seek truces in their various battlefields — the most educated Muslims understood that
earthquakes were part of nature, but a large part of the population saw it as divine punishment
for their actions.

In Cordoba great destruction is not reported. Fortresses and mountains shuddered or
moved, but the fall of buildings was not described. However, the text of Ibn Abi Zar, closer to
the Malaga coast, reports that many fortress and magnificent buildings fell, others were
ruined, mountains sank, crags opened, and the earth sank and swallowed towns and heights,
just as many towns on the southern and western coast of Spain were ruined. Clearly the
intensity of the earthquake was higher closer to the coast, further exacerbated by a tsunami.
The text says that the sea retreated and separated from the coasts, and islands and reefs in the
sea disappeared. Thanks to the location in which it is known that they were fighting with other
Muslims, and to the archaeological remains found in Estepona, we believe it possible that a
tsunami affected, at least, a sector of the eastern coast of Andalusia.

Returning to the sedimentary record of Estepona from the year 881 AD, few works make
any kind of allusion about its existence beyond documentary sources (Gracia et al., 2010;
Reicherter et al., 2010; Ruiz et al., 2013), and none provides clear evidence in this regard. It is
currently assumed that the epicenter of the earthquake/tsunami was located in the Gulf of
Cadiz (IGN, 2020), but this possibility can be ruled out. Firstly, this location is surprising
because this was never mentioned in documentary sources. Secondly, taking the Lisbon
Earthquake of 1755, the largest comparable European catastrophe (Baptista et al., 1998), as an
example, the tsunami waves resulting from this event were barely able to flank the Strait of
Gibraltar, and caused only very slight disturbances on the Malaga coast (Martinez Solares,
2017; Macias et al., 2013). The same is true of other Atlantic tsunamis.
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Another option is that the epicenter was situated the coasts of North Africa. The waves
generated from this sector after an earthquake, especially from the Algerian margin and
according to recent simulations (Lorito et al., 2008; Alvarez-Gémez et al., 2011), have the
capacity to reach the Spanish coast, but on its easternmost side: the coasts of Almeria,
Alicante, and especially the Balearic Islands, but without incident on the coast of Malaga or
Estepona. In any case, slight alterations are recorded from centimetric to decimetric (Macias et
al., 2013). Historical data confirms this. If we turn to the memory of earthquakes of some
importance that have affected the northwest of the African continent (Hamdache et al., 2010;
Soloviev et al., 2013; Maramai et al., 2014), no tsunamis reached the Estepona coast.

For this reason, we point to a third option, to an origin in the faults closest to the Malaga
coast and in the spine of the Alboran Sea. In this sector, there are several possible failures that
may be related to the paleo-tsunami found in Estepona (Gonzalez et al., 2010; Alvarez Gémez
et al., 2011). One of these is the so-called Al-Idrisi Fault, located just over 100 km from
Estepona (Alvarez Gomez et al., 2016). However, other may be a possibility: the Alboran
Ridge Southern Fault East, Alboran Ridge Southern Fault West, and the Tofifio Bank Fault
(Alvarez Gomez et al., 2011). On the other hand a tsunami caused by an underwater landslide
triggered by the earthquake cannot be ruled out, feasible in the deep incision that occurs in the
Alboran Ridge, also called Al-Borani Canyon (Macias et al., 2013).

The height of the wave from AD 881, according to the geomorphologic position (>2 m)
and its proximity to less than 100 m from the sea implies it must have reached the Estepona
coast with a height between 1-2 m. Although simulations do not usually show waves
exceeding 1.7 m, the 1680 episode seems to suggest this (El-Mrabet, 1991; Santonja, 1998).
Once it reached the continent, and taking into account its geographical and topographic
location, and the nature of the sediments found, the wave must have penetrated the "Arroyo de
la Calancha" and with the retreat to the sea, the hill being an obstacle, eroded its surface and
subsequently deposited the marine-fluvial-continental sediment load.

5. CONCLUSIONS

It has been determined that the deposit named A-36 more than 2 m above sea level found in
a small deposit in the city of Estepona (Malaga), corresponds very likely to the tsunami
documented in historical sources in the year 881 AD. The lack of recognition is presumably
due to its superficial nature and the poor understanding of this type of sediment in coastal of
Spain.

The archaeological foundations that support the identification of our archaeological level
A36 with a tsunami are developed in different aspects. On the one hand, A36 overlaps in a
clear stratification sequence; its analysis reveals that stratigraphic actions occurred as an
effect, first, of its deposition, which implied the devastation of an immediately previous
housing horizon (phase II) and, second (after a hiatus with exclusively interfacial physical
representation), as an effect of the reduction of its volume by the foundation of two buildings
and the formation on its roof of a new level of use (phase III).
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On the other hand, it has been determined that the ceramic materials present in the units
that make up phase II (in their horizons of use and destruction) are techno-typologically
located in the second half of the 9th century, while those corresponding to phase III belong
and to the repertoires of the first half of the 10th century.

The adjustment of the archaeological chronologies relative to the dating of related
historical events (tsunami in 881, caliphal subjugation in 924) suggests that the abandonment
subsequent to the tsunami may be estimated at several decades in duration. It should be taken
into account that our analysis deals with a specific sampling (6 m?) and that until now it
cannot be contrasted with other local or regional stratigraphies, being the excavation in c¢/Real
98 in Estepona the first and, until now, the only one in providing contextualized
archaeological information on these historical events on the western Costa del Sol and its
hinterland. Finally, it has been determined that the archaeological deposit A36, corresponds to
the tsunami of the year 881 documented in the historical sources. Thus, it becomes the first
witness of its existence.

Several strands of evidence confirm the deposits as the result of a tsunami and not of a
storm surge. Two stand out: the presence of sedimentary material with marine elements
(bioclasts, ichthyofauna and other organisms) and continental (soft ridges, fluvial ridges and
sands, riverside vegetation) intermingled, and the presence of tuna remains indicating high-
energy events.

Analysis of the historical texts confirms not only the approximate date of the catastrophe
(May 26), but also its possible location in one of the faults or canyons in the Alboran Sea.

The micro morphological study confirms that A-36 samples share characteristics consistent
with emplacement through the action of an historic tsunami during the medieval period. The
section exhibited distinct facies, mainly distinguished by the degree of sorting and the range in
particle size. Medium and coarse sands dominated the sediments; however, there were facies
with a greater abundance of heterogeneity in the form of gravels and boulders. This can be
interpreted as a consequence of each wave associated with the tsunami event forming a
distinct sedimentary unit. Distinct upper and lower sub-units representing run-up and
backwash are probably represented although there is considerable uncertainty about when
most deposition occurred. There appeared to be cross bedding within the sedimentary units
and perhaps these correspond with landward and backwash seaward currents associated with
the individual tsunami waves. Certainly the imbrications of shells and the rounding and
sorting of archaeological material can be included in these processes. The association of
building debris, archaeological residues and beach sediments and marine fauna are perhaps
compelling evidence of a geoarchaeological tsunami signature.

However, considering the height of the wave, the subsequent continuity of the human
presence in the vicinity of the site and the exceptional nature of these events in this part of the
Mediterranean, it seems that the tsunami had a limited capacity for destruction and did not
result in the discontinuity of Estepona as a local focus of the population.
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APPENDICES
The text that we reproduce below is the translation made by Conde (1820, p. 310-311):

In the year two hundred and sixty-seven, Thursday, twenty-two of the moon of Xawdl,
the earth shook with such terrible noise and trembling, that many fortresses and
magnificent buildings fell, and others were very broken, mountains sank, rocks were
opened, and the earth sank and swallowed up towns and heights, the sea retreated and
moved away from the coasts, and islands and reefs disappeared in the sea. The people
left the towns and fled to the fields, the birds left their nests and the frightened beasts
left their caves and burrows in general embarrassment and upset: men never saw or
heard such a thing: many towns on the southern and western coast of Spain were
ruined. All these things so influenced the moods of men, and especially the ignorant
multitude, that Almondhir couldn’t persuade them that these were natural things,
although infrequent, that these hadn’t influence or relation with the behaves of men or
with their endeavour, but because of their ignorance and vain fears, that the earth
shook the same for Muslims as for Christians, for beasts and for innocent creatures. In
agreement with King Muhammad, Almondhir arranged truces with the King of the
Christians, who sent his messengers to Cordoba, accompanied by Muslim knights.

The second text comes from Ibn Idari's quill. There are two similar translations that provide
information to help us understand the event (Fernandez Gonzalez, 1860, p. 205-206; Souto,
1995, p. 230).

And of the admirable things that
happened that year (Hegira 267), which
shook the earth with a horrible shudder
at the hour of the azala of sunset, and it
raised a cloud full of darkness, and it
thundered and flashed and six men were
struck by the thunderbolt and fell on
their backs, dying two and the people
prostrated themselves in adoration,
minus the imam that remained standing,
although it was the two who died, those
of the people who were closest to the
imam and the hair of one of them was

Among the wonders of this year (Hegira
267) is what Ar-Razi and others tell.
They say: The earth shook in Cordoba
by a strong earthquake and the wind
rose when the prayer of al-Magrib,
unleashing a cloud carrying darkness,
thunder and lightning. Six people were
struck down and thrown on their backs.
Two of them died. All the people fell
prostrate except the Imam, who
remained standing. The two men who
died were from the people closest to the
imam. The hair of one of them was



burned and his face and his left side
blackened, and the other appeared with
his right side black, and the four passed
out remained motionless until the imam
was filled with unease, and they were
asked about what they had felt and said:
"We have felt fire like a heavy sea

wave." And the people of the mosque
were found dying of fire and no trace of
lightning was found on the ceiling (or
acicafe) or on the wall and the
fortresses and mountains were shaken,
and the people of the fortresses fled to
the fields, humiliating themselves before
God, exalted be his name, and the
earthquake was general from the Ax-
Xemi sea to the extreme Guf and the last
of the land of Christendom, that there
has been no one who has a different
opinion about it.

burned and his face and left side
blackened, while the other showed black
his right side. The four taken down
remained that way until the imam was
unoccupied. They were asked about
what they felt, and they answered: "We
feel a fire like a heavy wave." The
people of the mosque smelled the fire,
but no trace of the spark was found on
roofs or walls. As a result of this
earthquake, the fortresses and
mountains shook, and the people fled to
the open fields, supplicating God, the
Almighty. [The intensity of] this
earthquake ranged from the
Mediterranean Sea to the northernmost
and even the farthest polytheistic land,
without experiencing any variation.
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ABSTRACT

The current study is a pioneer work of an improved technical risk assessment, where
alternative solutions are proposed of how lives may be better saved during a potential
tsunami impact in the coastal cities of Manta and Salinas in the central coast of Ecuador. As
Ecuador has been already the target of several tsunamis during recorded history, further
tsunami impacts are rather the rule than the exception. Due to short times between
generation and impact of tsunamis and due to long distances to natural elevated safe sites,
alternative solutions may be more required such as close-by buildings with certain heights.
Those potential shelters as result of vertical evacuation needed to be evaluated for their
seismic resistance as well as their resistance towards a tsunami. Both qualifications have
been examined by the application of the Modified Italian Methodology in order to calculate
the seismic vulnerability index (SVI) and subsequently also in order to determine the
tsunami vulnerability index (TVI). In this respect we evaluated 18 buildings of such
characteristics in Manta and further 99 in Salinas. Unfortunately, although many buildings
stand the applied evaluations, due to the fact that almost all edifices are of private property,
both entrance and stairs remain limited for the general public. Therefore, we propose that
given regulations need to improve in order to allow the access to the general public during a
tsunami emergency within an evacuation plan besides the implementation of an efficient
early alert system.

Keywords: Vertical evacuation, physical structural vulnerability, tsunami resistance, early

alert system, Ecuador.
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1. INTRODUCTION

The search of live-saving solutions is the first task of any responsible and efficient risk
assessment analysis including all types of natural hazards (Feng & Wang, 2003; Aitsi-
Selmi et al., 2015; Kalkman & de Waard, 2017; Solinska-Nowak et al., 2018;). As the
impact of tsunamis are mostly time-sensitive, proposals of reduction of loss of lives need to
be sometimes creative and certainly on hand if other matters fail such as relocation or
missing financial alternatives (Russell, 2005; Olson & Wu 2015; Sellnow & Seeger, 2021).
In this respect, when it comes to evacuation routes and safe zones, any meter and or second
counts (Gregg et al., 2006; Taubenbdck et al., 2009; Wood & Schmidtlein, 2012; 2013). A
tsunami is often a destructive and lethal force of nature, especially where human
settlements have been constructed in their course of seashore impact (Pararas-Carayannis,
1977; Pararas-Carayannis, 2002; Pararas-Carayannis, 2003; Pararas-Carayannis, 20006;
Pheng et al., 2006; Pararas-Carayannis, 2010; Mikami et al., 2012; Rodriguez et al., 2016;
Toulkeridis et al., 2017a; Rodriguez et al., 2017; Suédrez-Acosta et al., 2021).

Tsunamis occur worldwide, but mostly in the coastal areas of the Pacific Ring of Fire,
which includes the coasts of Ecuador in northwestern South America (Pararas-Carayannis,
2012; Chunga and Toulkeridis, 2014; Pararas-Carayannis, 2017; Toulkeridis et al., 2017b).
Along an 800 km long coast, the continental part of Ecuador has been impacted by a variety
of tsunamis within the recorded history and paleo-tsunami deposits (Chunga and
Toulkeridis, 2014; Ioualalen et al., 2014; Chunga et al., 2017; 2018; Toulkeridis et al.,
2018; Toulkeridis et al., 2019). There is a high vulnerability of the infrastructure as well as
the corresponding settled population, which goes along with a low degree of preparation of
both, authorities and the public (Celorio-Saltos et al., 2018; Matheus-Medina et al., 2018;
Edler et al., 2020; Martinez and Toulkeridis, 2020).

Inevitably, and due little to no knowledge of previous impacts of tsunamis, the
construction along coastal areas prone to tsunamis has let to the establishment of human
settlements and associated infrastructure in areas of a high degree of vulnerability towards
the impact zones of future tsunamis (Alcantara-Ayala, 2002; Papathoma & Dominey-
Howes, 2003; Frankenberg et al., 2013). Massive residences, factories and other industrial
or strategic constructions, as well as commercial and touristic activities are among the most
inopportune situated places within these zones of high vulnerability in Ecuador and
elsewhere (Papathoma et al., 2003; Calgaro & Lloyd, 2008; Calgaro et al., 2014; Barros et
al., 2015; Matheus-Medina et al., 2018; Suarez-Acosta et al., 2021).

Additionaly, in many developing countries like in Ecuador, risk assessment and
reduction, hazard evaluation, land use, territorial zoning and the need of relocation distant
to vulnerable sites is almost never practiced, especially when political and economic crisis
are more common than times of prosperity and tranquility. Therefore, living with the
natural hazards has been the common policy of Ecuador, when applying risk assessment
measures towards recurrent processes of hydro-meteorological or geologic origin, such as
floods, droughts, hydric deficit, climate change, mass movements and landslides, volcanic
activities, earthquakes and especially tsunamis (Toulkeridis et al., 2007; Padron et al.,
2008; Ridolfi et al., 2008; Padron et al., 2012; Toulkeridis et al., 2015a; b; Toulkeridis et al.
2016; Vaca et al., 2016; Rodriguez et al., 2017; Toulkeridis and Zach, 2017; Mato and
Toulkeridis, 2017; Jaramillo Castelo et al., 2018; Zafrir Vallejo et al., 2018; Aguilera et al.,
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2018; Palacios Orejuela, and Toulkeridis, 2020; Toulkeridis et al., 2020a; b; Poma et al.,
2021). Still, based on recent catastrophic seismic and volcanic events, Ecuador’s policy
started to develop from a more passive turn towards a more proactive risk assessment, at
least from the side of the academy, which proposed a variety of solutions such as improved
and more controlled land use management, signage of evacuation routes, drilling of the
population and preventive education as well as even mitigation structures where affordable
prior potential impacts (Toulkeridis, 2016; Toulkeridis et al., 2020c; Yépez et al., 2020;
Herrera-Enriquez et al., 2020).

In case of the coastal part of Ecuador, a high amount of tsunami evacuation signs have
been installed, although many more are needed, while several are inadequately placed,
indicating a longer than needed path towards safety among other issues (Celorio-Saltos et
al., 2018; Matheus-Medina et al., 2018). Hereby, evacuation routes may be often too long
in order to arrive safe in case of a short-time warning if any, of a potential tsunami impact
(Matheus Medina et al., 2016; Rodriguez et al., 2016; Toulkeridis et al., 2017a). Therefore,
as an alternative solution, specific buildings may be used, which should have a sufficient
amount of floors for an eventual vertical evacuation within a temporary shelter (Yeh et al.,
2005; Park et al., 2012; Matheus Medina et al., 2016; Mostafizi et al., 2019). In order to
comply with such requirements, these buildings need to be resistant to strong seismic
movements as well as towards the impact of tsunami waves (Lukkunaprasit &
Ruangrassamee, 2008; Meyyappan et al., 2013; Navas et al., 2018; Belash & Yakovlev,
2018; Aviles-Campoverde et al., 2021; Del-Pino-de-la-Cruz et al., 2021; Suarez-Acosta et
al., 2021).

We have chosen Manta and Salinas, two of the most developed, frequented and touristic
coastal cities of Ecuador in order to apply an enhanced risk assessment and management,
by evaluating the possibility of using high buildings as potential shelters in case of a
tsunami emergency. Such potential may be reached by the determination of the seismic and
tsunamic resistance of these edifices when applying the Modified Italian Methodology in
order to calculate the seismic vulnerability index (SVI) and subsequently also in order to
determine the tsunami vulnerability index (TVI). This pioneering investigation applied on
117 buildings will allow an improved relationship between existing hazard zones and a
corresponding land use policy in the coastal area of Ecuador.

2. GEODYNAMIC SETTING AND STUDY AREAS

Ecuador is situated within the interaction of a variety of continental and oceanic
tectonic plates, along the Pacific Rim and therefore generated strong seismic activity and
subsequently several tsunamis within recorded history (Pararas-Carayannis, 1980; Herd et
al., 1981; Kanamori & McNally, 1982; Mendoza & Dewey, 1984; Pararas-Carayannis,
2012; Chunga & Toulkeridis, 2014). Such tsunamis have produced devastating results
within coastal areas and its relatively unprepared population as well as their settlements
(Gusiakov, 2005; Ioualalen et al., 2011; 2014; Pararas-Carayannis, 2012; Rodriguez et al.,
2016; Heidarzadeh et al., 2017). This active continental margin is given due to the
geodynamic constellation, which results from the subduction of the oceanic Nazca Plate
together with its above-situated Carnegie Ridge below the continental South American and
Caribbean Plates, both being separated by the Guayaquil-Caracas Mega Shear (Fig. 1;
Kellogg et al., 1995; Gutscher et al., 1999; Egbue and Kellog, 2010).
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Fig. 1. Geodynamic setting of Ecuador with associated oceanic and continental plates and a
variety of plate boundaries, such as the divergent plate boundaries named East Pacific Rise
and Galapagos Spreading Center, the convergent plate boundary represented by the
Ecuadorian-Colombian Subduction zone, as well as the transcurrent plate boundary
represented by the Guayaquil-Caracas Mega-Fault. Also shown the Galapagos Islands and
the Carnegie Ridge. Adapted from Toulkeridis, 2013, modified of Toulkeridis et al., 2017a.

This rises to a variety of tsunamis of tectonic as well submarine landslide origin
(Moberly et al., 1982; Pontoise and Monfret, 2004; Ratzov et al, 2007; 2010; Ioualalen et
al., 2011; Pararas-Carayannis, 2012). Besides the regular tsunamis, also even iminamis may
be generated by massive sector collapses of volcanoes in the Galapagos archipelago (Kates,
1976; Cannon, 1994; Keating & McGuire, 2000; Pararas-Carayannis, 2002; Whelan &
Kelletat, 2003; McGuire, 2006; Glass et al., 2007; Pinter & Ishman, 2008; Toulkeridis,
2011).

Therefore, Ecuador has been impacted by several seismic and tsunami hazards, based
on the occurrence of local earthquakes, such as on January 31, 1906 (8.8 Mw), October 2,
1933 (6.9 Mw), May 14, 1942 (7.8 Mw), December 12, 1953 (7.3 Mw), January 16, 1956
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(7.0), January 19, 1958 (7.6 Mw), December 12, 1979 (8.2 Mw), August 4, 1998 (7.2
Mw) and April 16, 2016 (7.8 Mw), besides other less intense occurrences (Berninghausen,
1962; Kanamori and McNally, 1982; Pararas-Carayannis, 2012; Chunga and Toulkeridis,
2014; Toulkeridis et al., 2017a; 2017b; 2018). Furthermore, a variety of distantly-
generated tsunamis have impacted Ecuador, such as the tsunami of Japan in March 11,
2011 (8.9 Mw), which resulted to a considerable run-up in the Galapagos islands and the
Ecuadorian mainland (Simons et al., 2011; Norio et al., 2011; Renteria et al., 2012; Lynett
et al., 2013). A similar event based on a tsunami of Chile in February 27, 2010 (8.8 Mw)
had only minor effects in the Galapagos Islands, as the main waves impacted during times
of low tide (Renteria et al., 2012; Lynett et al., 2013)

The study area comprises the cities of Manta and Salinas, which are situated on the
central coastal area of the Province of Manabi and Santa Elena respectively. Both are
considered to hold the touristically most active and frequented beaches of the entire
country. The economic development of both cities due to the fishing industry, import and
export activities and strong tourism, has led to a considerable prosperity and hereby a dense
human settlement along the oceanic shore close to the nice beaches (Fig. 2 and 3).

The peninsula of Salinas in the province of Santa Elena in western Ecuador, is without
doubt the most touristic developed city of the entire country, receiving annually hundreds
of thousands of visitors, making it to a perfect target within an upcoming tsunami, as most
of the tourists are unaware of such hazards (Matheus-Medina et al., 2018; San Martin et al.,
2018). The mostly flat areas of Salinas are made of Quaternary deposits of sandstones,
conglomerates and calcareous banks of the Tablazo formation (Bosworth, 1922; Sheppard,
1930; Marchant, 1961; DeVries, 1988). Between this formation and specially in the western
side of Salinas, appear several Cretaceous outcrops with more resistant rocks of mostly
volcano-clastic origin mixed with some intercalated lavas and sedimentary rocks belonging
to the Cayo Formation (Bristow, 1976; Wallrabe-Adams, 1990). To the eastern side of
Salinas towards higher morphological elevations appear Eocene clastic sedimentary rocks
of the Ancén Group (Stainforth, R. M. (1948; Jaillard et al., 1995).

Manta, which is the most important oceanic port of Ecuador (Carvache-Franco et al.,
2018; Gonzalez Santa Cruz et al., 2019; Carvache-Franco et al., 2020). It is mostly upon
sediments of the Tablazo formation with some minor parts of sediments of the early middle
Miocene Tosagua Formation within the western side of the city (Stainforth, 1948;
Whittaker, 1988). The Manta peninsula and therefore most of the city is elevated right next
to the beaches during a recent Plio-Queternary uplift based mainly on the subducted
Carnegie Ridge (Pedoja et al., 2006; Freisleben et al., 2021).

Vol 40. No. 4, page 290 (2021)



Salinas

Fig. 2. Geographic setting of the study areas with the cities of Manta and Salinas. Width of
image is of about 17 km. Both images were taken from Google Earth in 2021.
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Fig. 3. Typical tourist activity on the beaches of Manta (upper image) and Salinas (lower
image). Credit: GAD de Manta and Alexander Moya.
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The problems and inadequate signage of tsunami warnings and indication of safe areas
are omnipresent. One example may serve o explain such issue. In figure 4, we may
demonstrate a case where in the northern side of the Salinas peninsula (Fig. 4a), just 260
meters of the beach (Fig. 4b), there is a correct signage of the safe areas with contradictory
indication of the safest spot. Those citizens or tourists who would look to the signage
towards east and may direct themselves towards this direction would have to evacuate for a
distance of 1930 meters, while standing on the same spot, but watching the signage towards
west, people would have to cross some 4700 meters to reach a safe, elevated site (Figure
4c¢).

J' 4 ¢

Fig. 4. Inadequate signage of tsunami warnings and safe areas in Salinas. Explained in the
text.
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3. METHODOLOGY

A total of 117 buildings have been encountered along the coastline of Manta (18) and
Salinas (99), which were subsequently evaluated for their seismic as well as tsunami
resistance (Fig. 3) in order to assess their feasibility as provisional shelters for vertical
evacuation in case of an impact by a tsunami. The elevation of the tsunami impact has been
considered to be of 24 meters based on a given picked simulation as chosen from many.
The pre-selection of buildings was performed according to their height, considering those
with more than four floors. The evaluation of each building was performed by couples of
trained personnel with civil engineering expertise in order to minimize any subjectivity.
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Fig 5. Map with the location of the 18 evaluated buildings in the city of Manta.
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Fig 6. Map with the location ot the Y9 evaluated buildings 1n the city ot Salinas.
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Within this field approach, basic data were collected such as name of the building,
geographical location, address, total number of floors, number of floors below and above
surface, average altitude of each floor, area and year of construction, current use as well as
capacity. After this initial data collection, an evaluation was conducted in order to reveal
the seismic resistance of each building, by using a dozen of criteria based on the Modified
Italian Methodology. This has served in order to calculate the seismic vulnerability index
(SVI) prior to the tsunami impact evaluation (Table 1; Calvi et al., 2006; Amellal et al.,
2012; Kassem et al., 2019). Furthermore, we added an additional evaluation, for the
corresponding tsunami resistance of each building (Table 2). Hereby, the tsunami
evaluation contained ten criteria which were defined by following the Guidelines for
Design of Structures for Vertical Evacuation from Tsunamis of the Federal Emergency
Management Agency of the United States of America (FEMA, 2019).

Table 1: Modified Italian Methodology to calculate the SVI (Aguiar&Rivas, 2018)

- Classes / Ki | Weighting

Criteria Al B C Wi
1. Organization of the resistant system 0] 6 |12 1,00
2. Quality of the resistant system 0] 6 |12 0,50
3. Conventional Resistance 0 | 1122 1,00
4. Position of the building and foundations 01214 0,50
5. (Floor )Slab 0| 3 6 1,00
6. Floor configuration 0] 6 |12 1,00
7. Configuration in Elevation 0 |11} 22 1,00
8. Connection in critical elements 0 3 6 0,75
9. Low ductility elements 0] 6 |12 1,00
10. Non-structural elements 0 4 |10 0,25
11. State of Conservation 0 | 10 | 20 1,00
12. Structure reinforced after earthquake 0 | 11122 1,00

Table 2. Methodology to calculate the tsunami vulnerability index

- Classes / Ki Weighting

Criteria A B | C Wi
1. Building orientation 0 6 | 12 1,2
2. Access. Entrance 0 6 12 1,2
3. Access. Stairs 0 6 | 12 1,2
4. Building location. Potential hazards 0 6 | 12 0,5
5. Building location. Parking, traffic, streets 0 6 | 12 0,5
6. Structural system 0 6 | 12 1,0
7. Foundation system 0 6 | 12 0,5
8. Year of construction 0 6 | 12 1,0
9. Building Height 0 | 11 | 22 1,5
10. Floor system 0 6 | 12 1,0

In both the seismic and the tsunami evaluation of vulnerability, each criterion was
classified in three vulnerability classes, being “A”, “B” and “C”. In this case “A” shall
represent the most resistant building, while “C” shall reflect the most vulnerable structure,
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where each class corresponds to a value (Ki). Furthermore, each criterion was assigned to a
fixed weighting coefficient (Wi) according to the importance of the criteria. The total
seismic and tsunami vulnerability index for each building was calculated according to the
equation:

V=i=112 Sor 10(T) KiWwi

According to table 1, the maximum value for the seismic vulnerability index is 143
while the maximum value for the tsunami vulnerability index is 130.2 (Table 2).
Considering the aforementioned, the following general categorization for vulnerability is
proposed:

Resistant structure

if /v <30

Highly vulnerable structure

If /v >80

Further evaluation is needed:

If 30 </v<80

This occurs especially with the calculation of the ratio between the building height and

the vibration period of the structure (Duque Eslava et al., 2017; Aguiar and Zambrano
2018; Rodriguez, 2019).

4. RESULTS AND DISCUSSION

In order to evaluate the seismic vulnerability of the structures located in Salinas and
Manta, the modified Italian methodology was used; in addition, to evaluate the resistance to
tsunamis, parameters extracted from the FEMA were used. Through the results obtained, it
was possible to categorize each of the buildings and identify those that can be considered as
safe shelters in the event of a needed vertical emergency evacuation. These evaluation
methods are fast, so it is advisable to accompany them with other analyzes or studies that
allow to complement them and, in this way, obtain more effective results.

4.1 Salinas

A high rate of seismic activity brings with it great possibilities that after the occurrence of
any of them, a tsunami may occur that impacts the buildings located a few meters from the
coastline of the city of Salinas, which is why the city needs to have available relevant
evacuation plans for the population in order to safeguard as many lives as possible. From
the tip of San Lorenzo to the La Ensenada sector along a coastline of approximately 4.00
km, 99 buildings were identified subject to evaluation. Of these 90 were evaluated thanks to
the collection of data in the field and making use of other additional information means,
which represents 91% of the evaluated structures. The remaining 9% represents a total of
nine structures that were not possible to be analyzed mainly due to the lack of information
and collaboration on the part of the managers of the respective residences (Table 3; Fig. 7
and 8).
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Table 3: Summary of seismic and tsunami vulnerability index (SVI & TVI) of ninety buildings in
Salinas, while on nine additional recognized buildings we were denied access (see text).

N° Building SVI TVI N° Building SVI TVI
1 VISTAMAR 24,50 29,4 46 ELDORAL 38,50 50,4
2 ALDILA 55,50 60,2 47 COSTA AZUL 54,75 36,6
3 VIRREINA DEL MAR 58,75 48,2 48 BAHIA CHIPIPE 40,00 34,8
4 PRINCESA DEL MAR 60,25 404 49 ELNAVEGANTE 32,50 53,4
5 REY DEL MAR 68,25 46,7 50 AQUARIUM 29,50 432
6 CASAMAGNA 26,25 30,9 51 CALIPSO 64,25 31,8
7 EL EXCLUSIVO 43,00 49,2 52 RIVIERA DEL MAR 35,00 40,8
8 SOLARIS 51,25 484 53 ATLANTIC 61,50 34,8
9 GALAXIE 47,50 52,8 54 LAPLAYA 85,75 40,8
10 SORRENTO 59,50 42,0 55 LA ENSENADA 31,00 48,0
11 ANCONA 31,75 46,2 56 EL VELERO AZUL 29,00 42,0
12 CASTELLAMARE 26,00 35,0 57 NEPTUNO 39,50 432
13 MANSION DEL MAR 44,75 40,8 58 EL TIBURON 60,00 39,0
14 SAINT TROPEZ 49,75 40,4 59 CASA BLANCA 41,50 50,4
15 EL CAPITAN 6725 534 60 ELPLAZA 50,50 552
16 MEDITERRANE 43,50 36,0 61 PLAYASOL 29,50 48,0
17 CASTENUOVO 70,25 342 62 GIRALDA 46,50 43,2
18 TESORO DEL MAR 3450 39,6 63 PLAYAMAR 64,50 47,4
19 REMOLINO 46,75 41,0 64 SOLANA 73,00 50,4
20 VISTA MARINA 70,50 36,8 65 COSTA BRAVA 59,50 45,0
21 AQUA SOL 26,50 34,8 66 CABO AZUL 29,50 45,0
22 EL PICUDO 62,50 492 67 CORAL DE CHIPIPE 40,50 40,2
23 ANACAPRI TORRE A 26,25 39,8 68 MARENOSTRUM 25,00 342
24 HOTEL COLON SALINAS 4925 30,2 69 HOTEL SUITES SALINA 40,00 37,8
25 EL EMPERADOR 42,50 42,0 70 DUQUESA DEL MAR 27,00 42,6
26 MONTECARLO 29,50 40,8 71 ALBACORA 76,50 492
27 REMANSO 31,25 39,0 72 HOTEL BLUE BAY 39,00 44,9
28 CONDESA DEL MAR 71,50 474 73 ALAMAR 26,50 354
29 EL REFUGIO 36,50 48,6 74 GIRASOL 48,00 53,6
30 ACROPOLIS 36,50 40,2 75 HOTEL MALECON 33,50 41,8
31 SANTORINI 65,50 354 76 CORBETA 71,50 432
32 CORINTO 28,00 474 77 LASPALMERAS 56,50 50,8
33 BAY POINT 22,75 324 78 LA GOLETA 69,50 46,2
34 PETROPOLIS 34,50 492 79 LAS CANARIAS 56,50 45,6
35 TERRAMAR 87,25 31,8 80 EL CONQUISTADOR 41,50 40,8
36 TORREMAR 56,50 492 81 BALBOA 67,00 432
37 PERLA DE MAR 57,00 50,4 82 MARDEPLATA 86,50 432
38 PORTOFINO 27,75 40,8 83 KONA BAY 29,50 242
39 PERLAZUL 22,75 27,0 84 VENTURA 29,00 474
40 AQUAMIRA 29,50 36,6 85 PUNTA DE PACIFICO 27,00 294
41 MALAGA 21,00 19,8 86 EL MIRADOR 70,50 432
42 1BIZA 27,00 384 87 EL ALMIRANTE 49,00 40,4
43 LA SIESTA 74,50 36,0 88 BARLOVENTO 80,25 48,6
44 TORRE BLANCA 43,50 43,2 89 COSTA BELLA 7425 48,6
45 TORREMOLINOS 42,50 504 90 COMODORO 47,00 432

Some 64% and 85% of structures have a seismic and tsunami vulnerability index
between 30 and 80 respectively. For this reason, these intermediate values do not allow the
structures to be categorized as safe or vulnerable. Therefore, additional studies should be
considered to help improve their classification and define their vulnerability range.
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Of the 90 buildings evaluated, only 23 of them obtained a seismic vulnerability index of
less than 30, which categorizes them as seismically resistant and safe structures. However,
only 5 of the 23 have a vulnerability index to tsunami less than 30 (Vistamar, Perlazul,
Malaga, Kona Bay and Punta Pacifico), which represents 5% of structures that can be
considered as safe in the event of the two natural events and that can be used as temporary
shelters for emergent vertical evacuation. Those buildings whose seismic vulnerability
index is less than 30 but their vulnerability index against tsunami is higher, it was mainly
due to the limitations found in the accesses and internal stairways that did not have an
adequate capacity of users in case of vertical evacuations that require access to high places
at optimal times.

In order to improve the category of those buildings whose vulnerability index to
tsunami exceeded 30 points and after analyzing different alternatives with which, through
its adaptation, a building improves its vertical evacuation capacity in the event of a tsunami,
it must be defined that the most efficient proposal is the implementation of external
emergency stairs. For this, an exterior staircase model needs to be designed for a nine-story
building (Marenostrum). This proposal, being calculated, would result to a referential
budget of some 27,884.33 USD, not including VAT. This budget is not fixed because,
depending on the number of floors and dimensions calculated according to the building
where it is going to be built, the costs will vary. Considering the relative magnitude of
structural costs versus total construction costs in the design of buildings suitable for vertical
evacuation in the event of tsunamis, a structure resistant to tsunamis, earthquakes and
progressive collapse is expected to experience an increase in the order of 10% to 20% in
total construction costs over those required for traditional buildings.

It is fundamental that the structures defined as safe places for vertical emergency
evacuation are far from potential dangerous or hazardous places (gas tanks, gas stations,
ports, among others) in order to avoid possible additional accidents that put the population
at risk. In addition, structures suitable for vertical evacuation need to consider, for a
reaction time of 30 minutes, to be located a maximum of 1.60 km from any given starting
point, or 3.21 km between structures, so that an average healthy person traveling 1.8 m /s
can arrive and be safe.

When designing and building a structure, both seismic and tsunami resistance
parameters should be considered in order to serve as safe shelters for vertical evacuation in
the future. Mainly improving the accesses and internal stairs by making them wider, thus
avoiding crowds, accidents and optimizing the time and fluidity of movement of the
personnel. It is recommended to use the buildings categorized as earthquake resistant
tsunami for vertical evacuations because in Salinas there is little presence of high points to
perform appropriate horizontal evacuations in case the arrival time of the tsunami does not
allow the population to reach a safe site. In addition, it is recommended to accompany other
studies, both the modified Italian methodology and the FEMA to complement them, such as
an equivalent system of one degree of freedom as proposed national regulations in order to
obtain more efficient categorizations. Since 96% of the buildings in Salinas are residential,
whose entry is strictly allowed only for apartment owners, it is necessary to make
agreements between the municipality and the building owners in order to allow the use of
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Fig 7. Map of the three categories assigned to seismic vulnerability of the 99 (90) evaluated
buildings in the city of Salinas.
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Fig 8. Map of the three categories assigned to tsunami vulnerability of the 99 (90) evaluated
buildings in the city of Salinas.
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promoting the sense of collaboration and empathy between human beings. For buildings
that are already built and do not have these attributes, it is recommended to expand the
entrances to the building and also the vertical circulation by adapting external stairs, as
suggested before. In addition to the implementation of external emergency staircases, the
possibility of defining a strategic space in the city to implement ad-hoc buildings, as has
already been done in other countries, can be considered as a vertical evacuation alternative
that, in addition to providing room for more people to protect themselves, they can provide
other uses during non-emergency times such as, for example religious, sports, community,
among others and thus, take full advantage of the benefits that this type of construction has.
The design of emergency stairs for vertical evacuation is advisable to carry out with X-
shaped diagonals on each floor, which with this implementation will help the structure to be
more solid throughout its height and the displacement in the head of the same will not be so
considerable.

4.2 Manta

In order to realize the current evaluation in Manta, 18 buildings were pre-selected,
among which there are three that are for public use, three banks, four hotels, seven for
residential use and one whose construction is suspended (Table 4). It is worth mentioning
that one building was not worked on because there was not enough information for its
evaluation. Before the 1998 earthquake whose epicenter was in the city of Bahia and which
slightly affected some cities of Manabi, eight (44.44%) buildings were built. Another eight
(44.44%) were built after this event and after the earthquake of April 16, 2016 (Mw 7.8)
two buildings were built, which means that they are less than five years old. The total
construction area of the 18 pre-selected buildings gives a total of 18757.18 m’ and an
average area of 1042.07 m°. The El Dorado II building is the one with the largest
construction area (3150 m?), followed by the Poseidén Hotel (2252 m?) and the Vigia (1800
m?). It should be noted that a larger construction area presents a greater capacity in case of
an evacuation (Fig. 9 and 10).

Table 4: Summary of seismic and tsunami vulnerability index (SVI & TVI) of 18 buildings in
Salinas, while one additional recognized building was denied access (see text).

N° Building SVI  TVI N° Building SVI  TVI
1 Corporacion Nac, Electr. 28,00 35,0 10 Hotel el Navegante 56,25 38,4
2 Empresa Publ. Aguas Manta 84,25 88,5 11 Edif. el Dorado II 45,50 64,8
3 Edif. Sin Nombre 1 117,75 85,8 12 Edif. Ibiza 24,00 27,4
4 Edif. Sin Nombre 2 117,75 81,3 13  Edif. las Olas 36,25 52,5
5 Edif. Banco Pichincha 47,25 66,0 14 Edif. Oasis Marino (Abandon.) 113,00 66,0
6 Banco de Bank 29,00 29,8 15 Edif. Buzios 26,75 31,4
7 Edif. el Vigia 110,25 80,2 16 Edif. Manta Host 29,75 35,2
8 Museo Centro Cult. Manta 46,00 40,8 17 Hotel Poseidon 51,00 354
9 Balandra Hotel 41,25 43,6 18 N.D.

Most of the buildings, a total of ten, have more than ten floors. While six have less than
ten floors and only two have more than twenty floors. Six of the eighteen buildings do not
have floors below the surface, the rest have a maximum value of seven basements, this
being the case of the Hotel Manta Host. The maximum floor height is 4 m and the
minimum 2.5 m, of the total of buildings only six have a floor height greater than or equal
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Fig 9. Map of the three categories assigned to seismic vulnerability of the 18 (17) evaluated
buildings in the city of Manta.
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Fig 10. Map of the three categories assigned to tsunami vulnerability of the 18 (17)
evaluated buildings in the city of Manta.
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to 3 m, while the most frequent floor heights found during the inspection was 2.8 m. Seven
of the eighteen buildings are on the beachfront, of the 17 buildings evaluated, one only is
uninhabited and abandoned, one is in the process of being reinforced and two show obvious
damage. Among the buildings analyzed, it was obtained as a result that five structures,
which represent approximately 27.78%, have a seismic vulnerability index <30. While
buildings with a vulnerability index > 80 add five of them (27.78%), which means that they
are highly vulnerable. In the same way, those structures that exhibit a seismic vulnerability
index between 30 and 80 are a total of seven (38.88%), for this reason they may require an
additional evaluation. The remaining 5.55% or one of eighteen buildings, corresponds to
that building in which the required information was not obtained, either due to the lack of
collaboration of the administrators or for their safety.

The minimum value of the seismic vulnerability index is 24 belonging to the Ibiza
building. The highest values of the vulnerability index are obtained, as expected, by the two
buildings that presented obvious damage due to the damage suffered previously and the
abandoned building, as can be seen listed in Table 4. Due to the danger that these represent
in future seismic events, both for adjacent buildings and for the population, a controlled
demolition should be taken considered. Of the buildings evaluated, five (11.11%) have a
vulnerability index lower than 30, six (61.11%) yield a vulnerability index to tsunamis
between 30 and 80, therefore, they require additional studies in order to know what
category could be assigned to them. Four (22.22%) have an index higher than eighty, which
means that they are very vulnerable to a tsunami and there are three (5.56%), which did not
access the necessary information for their respective evaluation.

Therefore, once the evaluation of the 18 pre-selected buildings is completed, only two
(11.11%) buildings are classified as resistant to both hazards (earthquake and tsunami). The
aforementioned buildings are Banco del Bank and Edificio Ibiza, among the attributes that
helped these structures present a vulnerability index lower than 30, the following may be
mentioned, they are rigid structures, they have a good state of conservation, they were
repaired at the masonry or structural level and are taller than the maximum height the wave
would reach. Of the safe buildings, its orientation is parallel to the most potential direction
of the incoming tsunami wave from the Pacific coast, which makes it experience smaller
hydrodynamic forces. One of these buildings is located on the first line of the beach; it is in
a critical zone of the tsunami and has entrances wide enough to allow the access of several
persons and thanks to the breadth of their construction area and number of floors they allow
to shelter a large number of people.

On the other hand, there are three buildings that were categorized as earthquake
resistant but have a tsunami vulnerability index between 30 and 36, this value was obtained
mainly because there is an important limitation for vertical evacuation with regard to access
to stairs and due to because it is located in front of a very busy road. An alternative to
improve this problem is the implementation of improvements in the accesses of the stairs,
in this way the vulnerability index to tsunamis would be reduced, turning it into a potential
refuge for efficient vertical evacuation, considering the evolution of capacities and smart
building technologies. It is vital to unequivocally define the responsibility for opening the
vertical shelter and assign additional emergency support personnel (FEMA, 2019).
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Physical adaptations are proposed to improve vertical circulation at the adequate shelter
level of the structure, such as the installation of supplementary entrances, ramps or stairs,
which should preferably be exterior, since they are easy to build and do not present
obstructions that affect its visibility (FEMA, 2019). As an additional option, the
municipality of the city of Manta should consider the design and construction of a public
and accessible multipurpose tsunami-resistant building that is located in a central part of the
critical zone and that is not located near the buildings that are considered safe, so that in
this way people who cannot reach these buildings evacuate to this building. All proposed
activities in the event of a potential incoming tsunami disaster are pending the
implementation of an early warning system as proposed in a variety of studies (Toulkeridis
etal., 2017; 2018; 2019).

5. CONCLUSIONS

Populations and the corresponding tourists of the cities of Manta and Salinas have only
a limited time to reach an elevated, safe area in case of an impact of an incoming tsunami
and those distances are too long or too far for the available. Therefore, for both sites we
evaluated the possibility of vertical evacuations within existing buildings of more than four
floors close to the shoreline

Based on the vulnerability evaluation of seismic and tsunami resistance of the 117 pre-
selected buildings along the Pacific Ocean in Manta and Salinas, we may ascertain that
several of the buildings could withstand a seismic event and most potentially an impact by
a tsunami.

Most of the evaluated buildings have a limited if any capacity of receiving the escaping
public in case of an incoming tsunami, as being almost all in private property, lack to allow
other than residents to enter the buildings and perform a vertical evacuation. Many
buildings could improve their tsunami performance if access is improved, ideally through
external adaptations.

It is necessary to implement an early alert system for tsunamis and have an agreement
between municipality and owners of the buildings, which will allow the escaping public
and tourists to enter the buildings and stay safe in elevated floors during a tsunami crisis.
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ABSTRACT

The historical record indicates that China's extensive east coast and the rim of the Cross-
Straits region bordering Taiwan, are vulnerable to the destructive impact of major weather-
related disasters, as well to major catastrophes by earthquakes and tsunamis. The provinces
of Shanghai, Guangdong, Fujian, and Zhejiang in China, as well as the neighoring Taiwan,
are particularly threatened. Mitigating the impact of future disasters in this region requires
an integrated multi-disciplinary planning approach which entails, first identifying the
disasters, then assessing their individual impacts, defining geographical limits of
vulnerabilities, predicting recurrence frequencies, developing possible scenarios of future
socio-economic impacts, resolving Land Use conflicts of vulnerable areas and, finally,
preparing a comprehensive plan for preparedness. This present study reviews, assesses and
analyzes potential disasters of such multiple types of diasters in China, with particular
emphasis on earthquakes and tsunamis along the Cross-Straits region bordering with
Taiwan, and further North to the Bohai Bay region, bordering with North Korea.
Furthermore, the present study outlines sustainable, adaptive measures and strategies that
must be implemented to help minimize potential future losses of lives and damage to
property in these regions from such disasters. Finally, the study proposes guidelines for the
preparation of a comprehensive disaster plan for China, the Cross-Straits region and further
North — a plan which should be implemented or expanded in order to mitigate future
adverse impacts on human lives and significant economic resources.
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1. INTRODUCTION

China and Taiwan are vulnerable to multiple types of natural disasters, including
weather-related and of major earthquakes and tsunamis. The regional vulnerability to
earthquakes and tsunamis is particularly high because of the long coastlines and proximity
to many inland and coastal faults. China’s coastline extends for 1800 km from its border
with Korea in the north to its border with Vietnam in the south, and includes about 6,500
coastal islands. China’s eight provinces, which includes two mega cities, several medium
and small-sized cities, and one autonomous region, border this extensive coastline. More
than 40 percent of the population, or about 500 million people live in coastal areas - a trend
which continues to rise at a high rate. Critical infrastructure facilities have been built in
potentially vulnerable regions with inadequate risk assessment of the need for more
stringent engineering guidelines for both static and dynamic stabilities from the impact of
future extreme disaster events such as storms, landslides, earthquakes or tsunamis.

The present analysis provides a background of the tectonic evolution of both China and
Taiwan, a brief overview of historical data, discusses some of the major past earthquakes,
tsunamis, typhoons, storm surges and landslides, and outlines regional and local
vulnerabilities, particularly in the higher populated Cross-Straits region (Fig. 1).

Talwan Strait Area

Fig. 1. China / Cross-Straits Region

In order to illustrate future challenges in mitigating the potential impact that disasters
can have, the study summarizes the geological and geophysical characteristics of the two
prominent seismic zones that can produce destructive earthquakes and tsunamis - the
Fuzian Province's seismic zone along the western side of the Cross-Straits, and Taiwan's
seismic zone of active subduction and collision. Additionally, the present analysis provides
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a brief overview of recent typhoon disasters, scenarios of potential future events, and
dynamic mechanisms that can produce flooding of low-lying areas from storm surges and
tsunamis. Finally, the overview explains some of the maximum probable events which
engineers and planners may face in the future, and summarizes the approach that must be
taken to develop the necessary criteria for proper land use, adequate building codes,
engineering guidelines, and finally recommends strategies that can be adopted to mitigate
the future impact of different disasters in order to achieve the sustainable development of
coastal cities along the Cross-Straits region and further North to China’s Bohai Bay.

2. SEISMOTECTONICS OF CHINA AND OF THE CROSS-STRAITS
REGION

The following overview of the seismotectonics of China's Central and Coastal regions
provides background information on the complex, long term, geodynamic development of
the Cross-Straits region and the potential for destructive earthquakes, tsunamis and other
collateral hazards along China’s extensive coastalines.

2.1 China's Seismotectonic Evolution

Before the Paleozoic Era, the Eurasian tectonic plate mainly controlled China's geological
activity. However, in the middle of the Cenozoic Era, the activity was affected mainly by
the interactions of the Pacific and Indian plates (Hellinger et al, 1985). The high seismicity
of central and eastern Asia resulted from the northward collisional convergence (at 50
mm/y) of the India tectonic plate against the Eurasian plate (See Fig. 2).

Geemer Himalave Iibetan Marginal
Haage Range

R0 == Faner Himalays

Fig 2. Uplift of the Himalayas, and of the Qinghai - Tibet Plateau
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This tectonic convergence - which begun about 55 million years ago - uplifted the Asian
highlands and resulted in the growth of the world's largest orogenic belt, the Himalayas,
and the associated Qinghai - Tibet Plateau, which has an average elevation of over 16,000
feet - the highest and largest plateau on Earth (See Fig. 2).

The active collision is the continuing cause of frequent large earthquakes between India
and Tibet and throughout the surrounding areas. As the India plate kept on moving
northward and intruding into Asia by as much as 1,200 kms, regions north of the Himalayas
moved laterally to the east and southeast along large strike slip faults such as the Altyn
Tagh, pushing into central China and furthermore resulting in extrusion and crustal
movement. As the collision continued, there were hundreds of kilometers of crustal block
displacement to the east and to the southeast in the direction of China. China’s overall
seismicity is the result of such collision during the earliest Eocene (~50 Ma) (Ye et al.
1985).

Figure 3 illustrates the source mechanisms of earthquakes in the Qinghai - Tibet
plateau region and the extension that takes place to the southeast and to the east in the
direction of China. Also, the early seismotectonic evolution is characterized by the merger
of several micro-continents throughout the entire Phanerozoic (Zhang et al., 1984; Hendrix
and Davis, 2001).
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Fig. 3. Interpretation of source mechanism of earthquakes occurring
in the Qinghai-Tibet plateau (modified after Zheng Sihua, 1992)

The collision and associated convergence and extension have created 64 major tectonic
zones in China, and these can be subdivided into a smaller number of tectonic "regions"
(Zhang et al., 1984; Yin and Nie, 1996). Most of the present-day earthquakes in China are
generated in the area of plate-connecting belts within the continent where severe geological
changes continue to take place. Figure 4 below illustrates the formation of the Longmen
Shan Fault.
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Figure 4. Formation of the Longmen Shan Fault

Figure 5 shows the multiple faults that transverse Central China, the epicenter of many
past earthquakes, including that of the destructive Sichuan earthquake of May 12, 1998,
which was a recent example of such continuing changes in this region.(Pararas-Carayannis,
2008d).
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2.2 Seismotectonic Evolution of China's Coastal, Cross-Straits Region.

China's coastal region underwent complex changes that can account for the present
seismotectonic setting of the Cross-Straits region. Both India-Eurasian tectonic collision
and Pacific plate subduction may be responsible for structural changes and the formation of
several dense seismic zones along the Yellow and the South China Seas. As a result of
earlier Tethyan tension, China’s coastal regions are now traversed by numerous faults
where major earthquakes have occurred and can be expected to occur again in the future
(Fig. 6).

Fig. 6. Schematic map showing the conjugate fault systems in the continental margin of
northern South China Sea and surrounding areas (after Ma et al., 1998)

Specifically, since the late Cretaceous period, multi-episode and multi-stage tectonic
events resulted in the formation of variable conjugate shear systems in the northern
continental margin of the South China Sea (Qiu & Zhou, ?; jgchina.zsu.edu.cn/
v32001/html/4qyx.htm ).

Adjacent to the Cross-Straits coastal region, the present day coastal Guanzhou-Fujian
Seismic Belt was formed less than 5Ma by a conjugate shear system with NWW-SEE
compression. The west side of this seismic belt runs from the Zhejiang province to the
Guangdong province. Also, as Fig. 6 illustrates, this belt is crisscrossed by a conjugate
system that has EW compression and numerous transcurrent faults where major
earthquakes could be generated in the future. For example, the Guanzhou-Fujian seismic
belt is responsible for past large earthquakes in the region. However, large earthquakes do
not only occur along this zone. Large earthquakes along the eastern coast of China and in
the Taiwan region are believed to have generated tsunamis in the past, which may have also
impacted the Cross-Straits coastal region. Unfortunately however, the available historical
information is limited. A first step in fully assessing the impact of historical earthquakes
and tsunamis and the potential future risk, should be based on a thorough examination of
the historical records. The following is only a brief review of past historical earthquakes
and tsunamis along China' coasts and the Cross-Straits region.
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2.3 Taiwan's Seismotectonic Evolution

On the eastern Cross-Straits the regional seismotectonics become even more complex in
that they involve both subduction and plate convergence. Taiwan is located on the
convergent boundary between the Eurasian and the Philippine Sea tectonic plates. Earlier
tectonic plate convergence was marked by an apparent eastward subduction of the Eurasian
plate underneath the Luzon arc on the Philippine Sea plate. However, this shear motion
moved westward with time, forming a broader zone of deformation involving subduction,
collision, and plate consumption, rather than a discrete well-defined plate boundary
(Pararas-Carayannis, 1999).

R

Fig. 7. Northward subduction of the Philippine Sea plate beneath the Ryukyu arc on the
Eurasian plate along the Ryukyu Trench.

Thus, tectonic processes do not take place along a simple plate boundary or a subduction
zone as commonly conceived, due to the difficulty of subducting a portion of the
continental crust, which is significantly buoyant (Fig. 7). Apparently, the wider distributed
shear system developed during different stages of arc-continent collision (Fig. 8).

The present day northward movement of the Philippine Sea plate beneath the Eurasian
plate is closely related to the Ryukyu and Luzon arc-trench systems, characterized by
subduction, convergence and rotation, but marked primarily by the collision of the Luzon
volcanic arc with the Asian continental margin (Pararas-Carayannis, 1999). The Ryukyu
arc is to the east and northeast, while the Luzon Arc System is southeast of Hong Kong and
south of Taiwan. Both volcanic arcs continue onto Taiwan and this wide belt of
deformation extends for about 100 km from the western to the eastern offshore region of
the island. On the eastern side of the Cross-Straits Region, the seismotectonic belt has an
almost N-S orientation.
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Fig. 8. Arc-continent collision. Triple-point collisional junction in the Taiwan area, east of
the Cross-Straits Region.

The present day northward movement of the Philippine Sea plate beneath the Eurasian
plate is closely related to the Ryukyu and Luzon arc-trench systems, characterized by
subduction, convergence and rotation, but marked primarily by the collision of the Luzon
volcanic arc with the Asian continental margin (Pararas-Carayannis, 1999). The Ryukyu
arc is to the east and northeast, while the Luzon Arc System is southeast of Hong Kong and
south of Taiwan. Both volcanic arcs continue onto Taiwan and this wide belt of
deformation extends for about 100 km from the western to the eastern offshore region of
the island. On the eastern side of the Cross-Straits Region, the seismotectonic belt has an
almost N-S orientation.

3. EARTHQUAKE AND TSUNAMI RISK ASSESSEMENT OF THE
CHINA/TAIWAN CROSS-STRAITS REGION

Earthquake and tsunami risk analysis of the China/Taiwan, Cross-Straits region requires
examination of the regional seismicity and a review of all available data of past disasters.
The following is only a brief overview of a few, major tsunamigenic earthquakes along
China's east coast and along the Cross-Straits earthquakes with mostly land impact (See
Fig. 9 below). A more detailed review will be required for a comprehensive risk analysis.
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3.1 Historical Earthquakes and Tsunamis Along China's Eastern Coasts and the
Cross-Straits Region.

According to historical records four thousand one hundred seventeen (4,117) earthquakes
of magnitude greater than 4.75 on the Richter scale occurred in China from 1831 B.C. to
1980 A.D. From about 47 B.C. to 1921, it has been estimated that about fifteen of these
earthquakes, generated tsunamis on China’s east coast (Pararas-Carayannis, 2007, 2008a, b,
¢). What is also characteristic of earthquakes in the Cross-Straits region is that most are
shallow events and thus, some of those occurring along thrust faults, have the potential to
generate tsunamis.

Fig. 9. Epicenters of Historic Tsunamigenic Earthquakes along the East Coast of China and
the Cross-Strait Region.
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Three of the events characterized as tsunamis in the literature, may have been storm
surges. However, even this data given in Figure 9 may be incomplete and in conflict with
historical events reported elsewhere in the literature. Major tsunamis that caused 10,000 or
more fatalities occurred in 1045, 1329, 1458, 1536, 1776 and 1782 but no specific
information could be found. However, there may be mistakes in the historical data as to the
dates of these events. For example, the tsunami reported as having occurred in the year
1046 in the Bohai Sea, may be the same event as that reported for 1045.

Similarly, there is no information as to where the tsunamis of 1329, 1458, 1536, 1776,
or 1782 may have occurred. There may be errors in dates that need to be further
investigated and Chinese calendars need to be properly reconciled with the present
astronomical calendar. The data for more recent tsunami events is much more reliable.
There have been at least three fairly well documented tsunamis along the eastern coast of
China. The first was generated on July 18, 1969 by a 7.4 magnitude earthquake in the
Bohai Sea and reportedly caused certain losses in the coastal area near Tangshan, in Hebei
Province (Pararas-Carayannis, 2008a, 2009).

The second occurred on January 1-2, 1992 at the southern tip of the Hainan Island and
caused some damage (Zhou & Adams, 1986). This event was adequately observed and
instrumentally recorded. For example, at the Yulin tide gauge the recorded height of the
tsunami was 0.78 meters while at the Sanya port the reported height ranged from 0.5-0.8
meters. The third tsunami occurred in 1994 in the Taiwan Straits but no losses were
reported. The following is information on some older tsunamigenic events.

3.1.1 The Earthquake and Tsunami of December 29, 1604
The most significant tsunamigenic earthquake in the Cross-Straits region occurred on
December 29, 1604 (Fig. 10).
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Fig. 10. Intensities of the Earthquake of December 29, 1604. A tsunami was probably
generated in the region of intensity 10 and probably intensity 9 (Modified graphic - Nat.
Bur. Seismology, 1981).
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Given the high intensities of this earthquake as described in the literature (Zhou &
Adams, 1986; Pararas-Carayannis, 2007), this was a large magnitude, disastrous event that
must have affected Fujian Province and the entire Cross-Strait Region. Its epicenter was in
the offshore area of Quanzhou, close to the coastal Guanzhou-Fujian Seismic Belt. No
details are available for this early event. However, according to historical records there
were widespread effects which included "cracking of the ground", "movement of the water"
and the sinking of many boats. Obviously the old descriptions indicate that a tsunami was
generated strong enough to sink boats. The generating area of the tsunami was probably
within the offshore area where the earthquake's intensities of 9 and 10 can be extended.

3.1.2 The Earthquake and Tsunami of July 25, 1668

This was a tsunamigenic earthquake, which affected mainly the Juxian and Shandong
Provinces but not Fujian (Zhou & Adams, 1986; Pararas-Carayannis, 2007). It occurred in
an area between Juxian and Dancheng of the Shandong Province on a fault zone, which is
presently characterized by uplift caused by compressive thrusts of the ongoing crustal
extension (Fig 11). Since compressive thrust and coastal uplift occurred, it is believed that
this event caused a considerable tsunami, which needs to be better documented by a risk
analysis.
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Earthquake Intensities

Fig. 11. Intensities of the Earthquake of December 29, 1604. A tsunami was probably
generated in the region of intensity 10 and 11 (Mod. graphic, Nat. Bur. Seismology, 1981).
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3.1.3 The Earthquake and Tsunami of February 13, 1918

A large earthquake occurred near Nano in the Guangdong Province and caused extensive
damage. As with the December 29, 1604 event, the 1918 event was generated on the same
seismic belt of the Fujian-Guangdong coast, but further north (Fig. 12). Specifically, the
epicenter of this earthquake was near Zhenghe-Haifeng. Crustal movement involved
counterclockwise rotation (Nat. Bur. Seismology, 1981a, Zhou & Adams, 1986).
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Fig. 12. Intensities of the Earthquake of February 13, 1918. A tsunami was probably
generated in the region of intensities 9 and 10 (Mod. graphic - Nat. Bur. Seismology,
1981).

3.1.4 Earthquakes and Tsunamis in the Bohai Sea

The shallow earthquake of July 18, 1969 in the Bohai Sea with an estimated Richter
magnitude of M 7.4 generated a small tsunami with a height ranging from 1~2 m. above
normal tide level. The tsunami was responsible for losses in the coastal region near
Tangshan in the Hebei Province, but no details are available. Also, no details are available
as to the height of the tide at the time of the earthquake and whether the 1 to 2 meter
reported tsunami occurred at high or low tide (Pararas-Carayannis, 2008a). The earthquake
occurred on the Zhangjiakou-Bohai Sea seismotectonic zone, which controls the present-
day strong earthquake activities in the northern part of the North China region. Several
earthquakes and tsunamis have been generated in this region (Fig. 13, below).
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The subsequent 1975 Haicheng and the 1976 Tangshan earthquakes were extremely
destructive in the Bohai Bay region (Pararas-Carayannis, 2007, 2009). The two 1976
Tangshan earthquakes in Hebei Province resulted in the greatest death toll in recent history.
Their impact on land around Tangshan has been described adequately in the literature but
there has been no information on whether a tsunami was generated.
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Fig. 13. Earthquakes and Tsunamis in the Bohai Sea (Pararas -Carayannis, 2009)

However, the seismic intensities, the aftershock distribution and the observed crustal
movements of the Tangshan quakes indicate that the coastal region of Bohai Bay was
impacted, and therefore a local tsunami must have been generated, but not reported.
Although not reported, it is believed that the July 26, 1976 Tangshan earthquake also
generated a tsunami in Bohai Bay (Fig. 14).
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Fig. 14. The Earthquake and Tsunami of July 28, 1976 in the Bohai Bay (Pararas-
Carayannis, 2009).
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Apparently, the degree of earthquake destruction on land shrouded the damaging effects
and impact from a tsunami.

3.1.5 The Earthquake of 20 September 1999 in Taiwan

The complex, 7.7 earthquake, which struck Taiwan on 20 September 1999, is an example
of the type of severe events that can occur in the region (Pararas-Carayannis, 1999). Figure
15 illustrates the high seismicity of both Eastern and Western Taiwan, including the Cross-
Straits, for a twenty-year period (1977 - 19997) and shows the epicenter of the disastrous
earthquake of 20 September 1999.]

480
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Fig. 15. Seismicity of Taiwan and of the Cross-Straits Region from 1977 to 1997.
Epicenter of the September 20, 1999 earthquake (modified graphic of the USGS National
Earthquake Data Center).

3.1.6 The Earthquake and Tsunami of August 9, 1792
This earthquake occurred near Jiayi, Taiwan (see Fig. 9). Although it was not a very
strong earthquake, it caused a lot of damage. According to the historical record the "water

was uplifted several meters", the field "slumped down" and water flooded lower elevations”
(Gu et al., 1983, Zhou & Adams, 1986).
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4.0 EARTHQUAKE and TSUNAMi HAZARD RISKS AND VULNERABILITIES
OF THE CROSS-STRAITS REGION.

The Cross-Straits region is most populous and of highest economic value to China and
Taiwan. Earthquakes on land have had great impact in the past. Also, marine disasters, such
as tsunamis or typhoon surges, can have a significant impact on coastal populations and the
economy of the region. The following is a brief overview of direct and collateral factors
that can enhance the generation and impact of tsunami and of other marine and weather-
related hazards - such as storm surges. As previously stated, China’s overall earthquake and
tsunami vulnerabilities are enhanced by the complex and active seismotectonic zones along
its coasts, where major destructive earthquakes occur frequently. Earthquakes in the Cross-
Straits region are a major risk that needs to be carefully examined to fully evaluate potential
future impacts and recurrence frequencies.

Also, there is a need to evaluate the risk of tsunamis generated from larger magnitude
earthquakes and from collateral mechanisms, such as stratigraphic folding of the thick
sedimentary layers, en-echelon bookshelf failures, or by the triggering of submarine
landslides. To assess such potential tsunami mechanisms, the structural and tectonic
evolution of the Cross-Straits region must be analytically re-examined and further
evaluated. Similarly, typhoons and storm surge flooding are a major threat that needs
further study. As the historic record indicates, the Cross Straits region is extremely
vulnerable to typhoons and flooding due to storm surges.

4.1 Earthquake and Tsunami Hazards and Vulnerabilities - Potential for Tsunami
Generation in the Cross-Straits Region.

Some of the deformational seismic events have the potential to generate destructive local
tsunamis. The orientation of the crustal strain beneath the Taiwan Strait appears to be
dominated by a North-South extension rather than the East-West compression as along
eastern Taiwan (Pararas-Carayannis, 1999). As the historic record indicates, destructive
earthquakes occur frequently in the Cross-Straits region. The Straits region is seismically
active and capable of generating earthquakes greater than 6.0. For example, the most recent
large earthquake in the Taiwan Strait occurred on 16 September 1994. The Peng-Hu
Earthquake (mb=6.5), in the western part of the Tainan basin was a very shallow event
(depth of 13 km). Its focal mechanism indicated a sea floor movement consistent with
normal faulting with its axis along a N-S direction. With earthquake larger than 6, tsunami
generation is possible while earthquakes with magnitude greater than 7 and with a large
vertical component have the ability to trigger more damaging tsunamis (Pararas-
Carayannis, 1999).

4.2 Tsunami Generation from Collateral Mechanisms
With a few exceptions, most of the earthquakes in the region involve primarily crustal
movements with lateral strike-slips. Such earthquakes do not generate large tsunamis.

However, strong motions from such events could trigger submarine landslides or other
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collateral events that could contribute to destructive local tsunamis. Apparently, geological
changes have played an important role in the tectonic evolution of the crustal basement and
have controlled the scale of palacochannel development and the changes of ancient river
systems and channels which, although now buried by sediments, continue into the Cross-
Straits region (Xu et al. 1996). Major rivers deposit large loads of sediments in the Cross-
Straits region and this deposition has created unstable slopes on the shelf that could become
potential sources of landslide-generated tsunamis.

The tectonic movements associated with the larger earthquakes - and the compressive
forces they generate - could interact with the submerged fluvial regimes that contain high
sediment loads and thus could generate massive sediment movements - even on relatively
gentle bathymetric slopes (Pararas-Carayannis, 2009). Such movements could contribute to
local tsunami generation. Folding and en-echelon bookshelf type of failures of the deeper
consolidated sediment layers could become collateral mechanisms for greater tsunami
generation. Such collateral mechanisms can contribute significantly to the generation of
destructive local tsunamis anywhere in the region, but particularly closer to the denser
seismic zones of the coastal Guanzhou-Fujian Seismic Belt or along the N-S trending
seismotectonic belt on the eastern side of the Cross-Straits Region.

4.3 Tsunamis of Distant Origin

Tsunamis of distant origin do not seem to pose a major threat, mainly because of the
sheltering effect of Taiwan and of the island arcs. However, tsunamis originating from
earthquakes along the Manila Trench or the Ryukyu Islands could potentially have some
impact in the Cross-Straits region. For example, on April 24, 1771, a large earthquake
(estimated at M=7.4) occurred near the southernmost Ryukyu Islands (South of the Ishigaki
Island area controlled at that time by the Japanese Satsuma Samurais). A tremendous
tsunami was generated (records claim maximum run-up of 50m to 85m). The tsunami
devastated the islands of this group as well as the more distant islands of the Miyako group
(Pararas-Carayannis, 1999). Huge blocks of coral were carried by the waves. A block was
found 2.5 km inland. About 11,000 people were killed in the Ryuku islands, however there
is no information in the literature about its impact in Taiwan, the Cross-Straits region or
anywhere else along the coasts of China.

Tsunamis originating in the Sea of Japan do not appear to pose a major risk for coastal
areas along the Yellow or the East China Seas. For example, very little energy entered the
Yellow and East China Seas when a destructive tsunami was generated by the earthquake
of May 26, 1983 in the Sea of Japan (Fig. 20). Although, the tsunami affected the coastal
area of China near Shanghai and possibly other coastal areas along the Yellow and the East
China Seas, its height was not significant. A tide station near Shanghai recorded a tsunami
of only 42 cm in height.
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Fig. 20. The Earthquake and Tsunami of May 26, 1983, in the Sea of Japan. Very little
tsunami energy entered the East China Sea.

4.4 Effects of Bathymetry

Coastal vulnerability to tsunamis and other marine hazards is greater in the Cross-Straits
region and elsewhere along the eastern coasts of China because of the shallow depth of the
adjacent seas. The continental shelf adjacent to the provinces of Zhejiang and Fujian is
relatively shallow and the water depth averages only a few meters. The greatest depth is
about 100 meters. South of the Yangtze River in the East China Sea, the water depth
averages about 40 meters but increases to about 300 meters. With such shallow bathymetry
and gentle underwater slopes, tsunamis generated from submarine landslides (triggered by
earthquakes or other disturbances) would tend to be localized.

4.5 Effects of Astronomical and Atmospheric Tides

Similarly, a significant variability in the astronomical tidal range can contribute to greater
coastal vulnerability, particularly if a tsunami or a storm's or typhoon's landfall occur near
the time of the higher tidal range. The tides in the region are diurnal. The highest perigean
tide in the China Sea is about 3 meters. However, along the shores of Zhejiang and northern
Fujian the spring tide reaches a maximum of 5.7 meters. Closer to the coast of Hangzhou,
the spring-tide range is 8.0 meters. Shallow bathymetry and local coastal geomorphology
may be the reasons for differences in astronomical tidal forcing functions that cause the
higher tides. The harmonics of fundamental frequency variations need to be studied to
explain such unusual localized deviations along China's eastern coasts and along the Cross-
Straits region. Also, further analysis may help understand the unusually high degree of
flooding and the high tidal flows that have been observed in Fujian Province and elsewhere
in the Cross-Straits region at the onset of typhoon surges.
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4.6 Vulnerability of Nuclear Plants and Oil Platforms

Typhoons and associated marine hazard risks and flooding are the more frequent,
seasonal disasters that affect the region and need careful re-assessment. Numerous more oil
platforms exist in the Yellow as well as the South China Seas. At least 7 nuclear power
plants are either operating or under construction along China's east coast (Fig. 21). Two of
these plants in operation are located in the Fujian Province, in close proximity to the
Guanzhou-Fujian Seismic Belt and to the coastal area subject to flooding by typhoon
surges. It may be wise to review again the safety of these sites and of the oil platforms
operating in the region for the impact of earthquakes similar to the 1604, as well for the
adequacy of elevation of the nuclear plants' cooling systems to possible extreme typhoon
surges.

5.0 RECENT TYPHOONS, STORM SURGES AND FLOODS IN THE CROSS-
STRAITS REGION
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Fig. 21 China's Nuclear Power Plants and Plants Operating in Fujian Province.

5.1 Estimating Wind Forces, Potential Storm Surges/Flooding and Possible
Generation of Meteotsunamis

The brief overview in Section 4 of this report illustrates that typhoons, tropical storms
and surges constitute great and frequent seasonal hazards for both China and Taiwan. One
of the greater challenges in mitigating the impact of such hazards is the prediction of
flooding resulting from the combined meteorological, oceanic, and astronomic effects
coincident with the arrival of a typhoon at the coast. Such information is important in
warning the public and in the planning and the design of important coastal structures.

Vol. 40, No. 4, page 332 (2021)



Increasing requirements for large coastal installations, have required conservative criteria
in obtaining estimates of potential storm surges from typhoons or tropical storms. Thus,
many numerical models and techniques have been developed to provide forecasts and
predictions for engineering projects. Although, modern technology and satellite imagery
allow presently the early detection of storms and the tracking of their paths, the impact of
storm systems is not always fully predictable. Specific factors which can combine to
produce extreme water fluctuations at a coast during the passage of a typhoon include:
storm intensity, size, path, duration over water, atmospheric pressure variation, speed of
translation, winds and rainfall, bathymetry of the offshore region, astronomical tides, initial
water level rise, surface waves and associated wave setup and run up due to wind frictional
effects (Pararas-Carayannis, 1975).

The capability to predict storm surges is based primarily on the use of analytic and
mathematical models, which estimate the interactions between winds and ocean. The
prediction of sea surges resulting with the arrival of a typhoon at the coast is a rather
difficult problem to solve. The reason is that a typhoon is a three-dimensional, weather
system with ever changing dynamic conditions of wind speeds, directions and atmospheric
pressures. Although it is outside the scope of this report to explain exactly how the problem
is solved, a brief overview is provided.

Many sophisticated mathematical models have been developed in recent years to
provide accurate three-dimensional estimates of energy flux, rise of water on the open
coast and of the flooding that can be caused by a passing hurricane/typhoon. Most of the
models include an approximation to the complete storm-generation process, of the wind
field and make use of the Bathystrophic Storm Tide Theory (Pararas-Carayannis, 1975,
2006.). However all models, regardless of sophistication, are limited by the number of
initial conditions and assumptions that must be made by the ever-changing dynamic
conditions of the storm system - taking into account the combined effects of direct onshore
and along shore wind-stress components on the surface of the water, the effect of the
earth’s rotation (known as the bathystrophic effect) and the different pressure and frictional
effects (Pararas-Carayannis, 1975, 1992, 2004, 2006).

The more recent numerical models use a three dimensional approach, faster and more
efficient computers, more accurate weather data from satellites and, thus, have greater
potential for more accurate predictions. However, the fundamental principles in the
prediction of hurricane/typhoon surges described here, remain essentially the same.

Fig. 22 below illustrates graphically the various components that contribute
incrementally to the total hurricane/typhoon surge height on an open coast and to potential
flooding (Pararas-Carayannis 1975). However, coastal morphology may also affect the
extent of rise of water.
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Fig. 22 Diagram showing various components contributing to the hurricane/typhoon
surge on the shore (Pararas-Carayannis, 1975).

5.1 Probable Generation of Meteo-tsunamis

Changes in atmospheric pressure caused by rapidly-moving hurricanes/typhoons over
the shallow offshore bathymetry of the continental shelf in regions of maximum winds,
not only enhance the height of long period sea waves, but have the potential of generating
atmospheric meteo-tsunami waves, even along shores distant from the point of their
landfall. As a hurricane/typhoon advances on its track, the storm waves convert to sea
swells that travel geostrophically at right angles to the storm’s direction, often
superimposing on other existing waves, thus refracting together and often increasing in
height in the shallows of the coastal region.

Although somewhat difficult to quantify, superimposed on breaking swells are
often those of meteo-tsunami waves, which contribute to even greater run-up heights
on the stricken shores. Such was the case in the Caribbean Sea, when a rapidly-
moving Category 2 hurricane passing far south of the Island of Hispaniola on 27-29
August 1916, was responsible for the generation of unusually high swells which
superimposed and augmented the breaking waves at Santo Domingo of what was
characterized as a meteo-tsunami and caused the total destruction of the USS
Memphis on the rocks of the harbor in the shallower water depth near the harbor.
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Huge breaking waves near Santo Domingo appeared to undergo both linear and
non-linear transformations, apparent chaotic interactions, with increasing kinetic
energy and significant wave height augmentation. A wave estimated to be of about 70
feet in height begun breaking, dragging the ship to the rocky shore (Pararas-
Carayannis, 2019). In view of such previous impact in Santo Domingo and elsewhere,
there must have been similar impacts of typhoon-generated meteo-tsunamis along
China’s and Taiwan's extensive coastlines.

6.0 PLANNING FOR DISASTER MITIGATION IN CHINA AND TAIWAN

There is nothing that can be done to prevent the occurrence of natural disasters. Disasters
will continue to result in losses of lives, destruction to property and the disruption of the
social and economic fabric of entire communities in both China and Taiwan. The losses
will continue to increase because of population growth in vulnerable areas. But while
disasters cannot be prevented, their impact on loss of life and property can be drastically
reduced with proper risk assessment and planning (Pararas-Carayannis, 1986, 1988). The
need for proper natural disaster risk assessment cannot be overemphasized. There is a need
for good understanding, not only of the physical nature of the disaster phenomena in the
region, but also of each vulnerable area's combined physical, social, economic and cultural
factors. The specific methodology for such planning has been described in detail in the
literature (Pararas-Carayannis, 2007).

Disaster-related fatalities, injuries, and property destruction can be avoided or
minimized by correct planning, construction, engineering, land utilization, and effective
public education and preparedness. Structures can be built that are disaster resistant. Many
buildings and homes can be reinforced at a small cost to withstand the effects of a disaster
such as an earthquake, a typhoon or a tsunami, and construction codes can be upgraded.
Regardless of the frequency of a disaster or the available warning time, an assessment of
potential risk and the planning for disaster mitigation must be made well in advance.

A good starting point in assessing the specific vulnerability of each specific region
should be the complete identification of potential disasters, the establishment of a historical
database of past events, the delineation of the geographical distribution of potential
maximum disaster impacts, and the preparation of a plan to mitigate adverse effects and
protect life and property. Perhaps disaster risk assessment has been completed for certain
disasters and for certain areas in the region. However, these should be reviewed from time
to time to ensure their adequacy. The following is only a brief overview of some of the
general concepts and basic principles that apply to risk assessment and the mitigation of the
most important of the natural disasters that threaten both China and Taiwan.
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6.1 Identification of Disaster Risks in China and Taiwan

Advances in science and technology provide the means to reduce significantly losses
from disasters. But in order to apply the needed techniques, it is important to first identify
the potential disasters that may strike the Cross-Straits region. Any given area may be
vulnerable to one or more natural disasters. Some areas in the Straits may be more
vulnerable to earthquakes and tsunamis. Other areas may be more vulnerable to typhoons
and surge flooding, while still others may be threatened by landslides or other localized
hazards. Identifying the most important disasters and associated hazards for each specific
area is the first priority in developing a risk assessment study for the Cross-Straits region.
For each type of potential disaster the risk assessment study will require a different
approach. However, there are some common elements in assessing the impact of all
disasters in the region.

6.2 Development of Historical Disaster Databases

After identifying the disasters that may be of threat to China and Taiwan, a good starting
point for the disaster risk assessment study is the collection of data of all the historical
events that caused destruction in the past (Pararas-Carayannis, 1986). The data collection
becomes easier if good records have been kept. A historical disaster database can be
developed for the region by researching miscellaneous archives of newspapers and of
public records. If such historical data is unavailable, the data may be developed from
indirect sources.

Indirect ways in developing a historical data base for past events may be the
examination of old correspondence of government officials or of accounts of early
settlers. In the absence of historical data, past disaster events can be determined by studying
the geologic stratigraphy of a region and using radiocarbon, other isotope dating techniques
or dendrochronolgy to establish past disaster occurrences and their severity. For example,
by studying past seismic activity, geologists can often speculate on what controls the
dynamics of earthquakes and make predictions. Often one earthquake may nucleate an
offset along the trace of a fault and such offsets and measurements of strain build-up can be
used to forecast, not necessarily the exact time of the next earthquake event further down
the fault rupture, but at least its magnitude and location (Pararas-Carayannis, 2007).

The development of a comprehensive and systematic compilation of historical data on
disasters is an indispensable tool for disaster risk analysis and can also serve in the
operational analysis and real-time evaluation of potential disaster threats by early warning
systems. Finally, a historical disaster database can be widely used for coastal zone
management, engineering design criteria, educational purposes and disaster preparedness.
Internet communications and software can also help make interactive retrieval of historical
data on disasters feasible for global sharing, and for international programs of disaster
mitigation.
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6.3 Assessing Disaster Frequency in China and Taiwan

The most important parameter in assessing risks in China and Taiwan as well as in the
Cross-Straits area and for the planning for disaster mitigation, is the determination of the
disasters’ recurrence frequencies. Assuming that the historic record is long enough for the
region and there have been many years of direct observations, it is possible to establish
approximately when a disaster may be expected again. However, if the historic record is
limited, statistical methods are of little use. The problem is that large catastrophic disasters
may take place so infrequently in any one location that there may be no locally available
data on which to predict risk and produce a zonation of the hazard.

The lack of historical data should not be misinterpreted to mean that there is no danger.
Therefore, the prediction of infrequent disasters such as earthquakes, tsunamis or floods -
are often given in statistical terms but with a great deal of ambiguity. For example, when a
statistical prediction is made that "there is a 90 percent chance that an earthquake will occur
in the next 50 years" in a certain area known for its seismicity, this does not mean that the
predicted earthquake cannot happen tomorrow or that it may not be delayed by 50 years
(Chinnery and North, 1975). Similarly, floods are estimated in terms of statistical
probability of being 50, 100 or 200-year events — which nature may very well prove wrong.

Obviously, statistical predictions of infrequent disasters may not be within a reasonable
time frame that can be of usefulness to planners, policy makers, and those in government
who deal with public safety. However, the statistical analysis of seasonal disasters such as
hurricanes/typhoons or extreme storms can be forecasted more easily and can be fairly
accurate. With less frequent disasters such as earhquakes or tsunamis. such forecasting is
very difficult. In conclusion, if a good historical database exists, it is possible to develop
the statistical probability of a seasonal recurrence of weather disasters recurrence in the
Cross-Straits region, but not for other types of disasters such as earthquakes or tsunamis.

6.4 Planning for Appropriate Land Use

In developing a viable disaster preparedness plan for China or Taiwan, all
environmental hazards need to be examined individually in order to protect the public and
to locate, design, construct and determine the safety and reliability of important
infrastructure facilities, particularly in the higher-populated zones. For example, in
evaluating the earthquake hazard, the seismic regions should be identified in terms of
geographical distribution, the distribution frequency of earthquake/tsunami occurrences
should be determined, and the probabilities of recurrences estimated. For earthquakes, the
risk assessment should include evaluation of expected peak ground accelerations
(horizontal and vertical) and the designation of appropriate building codes. Disaster
recurrence frequencies should be estimated with care in differentiating between expected
yearly or seasonal occurrences - such as those related to atmospheric disturbances - and for
more extreme events such as earthquakes or tsunamis that have much longer cycles
(Pararas-Carayannis, 2002).
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6. 5 Disaster Risk Mapping

Having completed the preliminary stages, the analysis of the disaster risk must now be
translated and reduced from technical and scientific terms to simple forms that can be
adopted and used effectively. The analysis must be simplified further into forms that can be
understood easily. Thus, the final product of historical, statistical or modeling studies that
may be conducted must indicate the spatial variations of the hazard risk in the form of
maps. Maps can be prepared for all natural hazards that may impact China and Taiwan as
well as the entire higher-populated eastern coastal region of China from Bohai Bay to the
South China Sea. The production of maps depicting variations in the degrees of disaster
risk is an invaluable tool for the planning process and for proper land management
(Pararas-Carayannis, 2002). In this way, high-risk areas can be avoided or used for low
intensity development, and safe areas can be designated for public shelters and evacuation
of the public. Similarly, the total risk at any point can be easily established, as well as the
probability of occurrence for insurance purposes.

6.6 Variation and Acceptability of Risk

Determining the regional variation of risk for China and Taiwan as well as of the entire
eastern coastal region of China from Bohai Bay to the South China Sea is a key element in
planning and preparing for future disasters. For example, based on historical earthquake or
typhoon activity, appropriate maps can be prepared depicting the risks for each region. For
example, four zones usually represent seismic risk in accordance to expectancy of
earthquake damage. According to this type of zoning, areas may be designated that have no
reasonable expectancy of earthquake or tsunami damage; areas where minor damage can be
expected; areas where moderate damage can be expected; and finally areas where
destructive earthquake or tsunami effects can be expected. Typhoon maps may show their
customary tracks, seasonal and chronological occurrences, and areas of past impact and
heights of storm surge or frequencies. Analogous maps may be compiled of past recorded
or observed tsunami wave inundations, and if suffficient data exists, of statisitical
reccurence frequencies (Pararas-Carayannis, 2002).

6.7 Microzonation of China’s Disaster Risks

Although mapping of hazards is useful for overall risk assessment, the selective nature of
a disaster’s destruction in China requires mapping which takes into consideration specific
local conditions. This is particularly important for coastal regions where there has been
considerable tsunami activity. Public officials and planners can develop better disaster
response and recovery plans if they know the possible physical and economic damage and
the various disaster scenarios and collateral impacts which may affect structures and
businesses.
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Also, structural engineers need more accurate analysis and more detailed information in
the form of microzonation maps of the hazard so that they can design structures that will
withstand the impacts, and additional structural static and dynamic loads of earthquakes or
tsunamis or other disasters. Such detailed maps are essential to planning and disaster
mitigation. For example, in assessing the specific earthquake risk of a given area, an
earthquake source must be postulated of a given magnitude and location. Then all
geological materials in the area with similar physical properties can be grouped together.
Subsequently, the effects of the postulated earthquake for each geologic unit can be
predicted by the type of hazard for failure, specific type of ground shaking, surface rupture,
flooding, land sliding, and liquefaction potential. For example, with such maps engineering
geologists can estimate potential amplification of ground motions during an earthquake and
engineers can design proper new structures or retrofit existing ones (Pararas-Carayannis,
2002).

6.8 Ensuring Safety from Frequent Seasonal Disasters

The Cross-Straits region of China and Taiwan is the worse hit area for natural disasters,
particularly typhoons and rainstorms. A meteorological disaster control system is already
under construction to serve the Fujian Province of China and Taiwan. Although apparent
progress has taken place in improving onshore weather monitoring services, there is also a
further need to improve the capabilities in marine climate monitoring, analysis and
forecasting by increasing the number of observing stations, data transmission and
communication systems, along with a more advanced weather forecast and warning system.

6.9 Ensuring Public Safety

Of paramount importance in land use analysis should be public safety and the means by
which it can be assured through proper planning and land utilization. Development policies
and decisions on public safety must be based on a comprehensive disaster risk assessment
of all environmental hazards impacts that may be unique to each region. Government
agencies have the responsibility to formulate land-use regulations that will result in greater
public safety. Proper land utilization policies must prohibit urban development in zones that
the disaster assessment study identified as potentially vulnerable and may put parts of the
population at risk. Furthermore, the government agencies must designate evacuation
procedures, post signs and provide proper instructions to the public. Property and business
owners could also be educated about steps they can take voluntarily to protect their
investments, if these are located in risk areas.

6.10 Disaster Mitigation Through Preparedness

The safety and security of the public in China, Taiwan and elsewhere in this region, will
continue to be threatened by numerous disasters. The main reasons for such vulnerabilities
may be erroneous perceptions of disasters and the lack of proper planning and
preparedness. Therefore, equally important in mitigating loss of life and damage to property
is the perception of potential disasters by the people of each threatened region. Disaster
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perception by the public is based on a technical understanding of each type of disaster
phenomenon - at least at the basic level - and a behavioral response stemming from that
understanding and confidence of the public for the authorities to provide safety, timely
disaster warnings, and prompt post disaster recovery. Thus, once a disaster risk assessment
study has been completed, a program of proper education that promotes disaster awareness
and safety rules is an important function of government civil defense authorities.

It is paramount that Emergency Management Planning should become an ongoing
activity for all participating agencies in all regions of China and Taiwan, and meetings
should be held frequently to review disaster scenarios and how potential hazards could be
prevented or their impact be mitigated. Such interagency coordination is extremely
important and can be optimized through frequent meetings of managers and by encouraging
good interpersonal relationships. Furthermore through hearings, citizen and private
involvement should be encouraged to review and evaluate community concerns about
potential emergencies. Maintaining comprehensive records during a disaster is another
extremely important responsibility in correcting planning deficiencies and mitigating future

disaster impacts. Thus a public information function must be clearly defined and
established.

The ultimate objective of disaster planning and the mitigation of disaster impact in
China and elsewhere in general, is the safety of the public and the protection of property.
Therefore, internal alerting procedures must also be established by the responsible
agencies, bearing in mind that their ability to alert the public must be maximized through
effective warning systems that use all available means of public information,
communications and the media.

7.0 SUMMARY AND CONCLUSIONS

Both China and Taiwan are densely populated and have industries of high economic
value. Natural disasters such as earthquakes, tsunamis, typhoons and other collateral
hazards can have a great impact. Earthquake disasters occur frequently. Tsunamis do not
pose as much of a threat, but locally destructive tsunamis could be generated in the future
which can be expected to have more significant impact since most of the recent
development in the region has taken place along low-lying coastal areas where several
mega cities are located and infrastructure facilities exist or are under construction. Local
tsunamis may be also generated in the region, particularly in the Cross-Straights region of
China and Taiwan, by a combination of collateral mechanisms that could involve folding of
thick sedimentary layers, landslides, destabilization/dissociation of gas hydrates deposits
and mass sediment flows. Future tectonic movements associated with larger earthquakes in
both regions, could interact with the now submerged fluvial regimes that contain high
sediment loads and thus could generate massive sediment movements. Folding and en-
echelon bookshelf type of failures of the deeper consolidated sediment layers, for example,
could become collateral mechanisms for greater tsunami generation, particularly in areas
where denser seismic zones are concentrated, the seismicity is stronger, and greater
sedimentation has occurred.
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Thus the potential for tsunami generation is exacerbated by the thick accumulation of
sediments and the multi-layered stereographic distribution of sediments with different shear
strengths, densities and rigidities. Dissociation of the abundant gas hydrate deposits by
earthquake ground motions, particularly near offshore oil platforms as those near the Bohai
Bay region of China, could result in large-scale slip and sediment mass flows. Typhoon and
pther associated marine hazards, pose the greatest threat because of their yearly seasonal
recurrence. The risks associated with weather related hazards in China and Taiwan Cross-
Straits region need to be carefully re-evaluated.
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ABSTRACT

Ionospheric Tsunami Power Index (ITPI) has been proposed for tsunami detection. The
index is derived from Total Electron Content (TEC) Global Navigation Satellite System
(GNSS) data. The ITPI method already used for tsunami detection is limited to two
earthquake cases. Therefore, the method needs to be tested before implementing the ITPI
method operationally. ITPI testing was conducted for nine tsunami events in Indonesia. The
test shows that ITPI can detect tsunami effects on the ionosphere. There are four of nine
tsunami events that can be detected with ITPI consistently. The five ITPI tsunami events
could not be detected. It is caused by the TEC data being too far from the tsunami
epicentre and local tsunamis caused by landslides.

Keywords: lonospheric Tsunami Power Index (ITPI), Total Electron Content (TEC), GNSS

Vol 40. No. 4, page 345 (2021)



1. INTRODUCTION

A tsunami is an earthquake originating from a shallow seabed or coastal subduction
zone that causes a tsunami that comes quickly and unexpectedly (Manta et al. 2020). For
example, the Sumatra M 7.6 earthquake in 1907, which caused a tsunami on the coast of
Simeulue, Nias, and Batu islands, was named the tsunami earthquake by (Kanamori et al.
2020). Likewise, the Mentawai earthquake on October 25, 2010 (Mw7.8) is also known as
the tsunami earthquake described by (Lay et al. 2011). (Kanamori et al. 2020) first
proposed that the earthquake has the same characteristics. Furthermore, several methods of
tsunami detection with TEC GNSS are discussed from the beginning to ITPI. There are
several methods before the presence of the ITPI method. The tsunami detection method
using the ionosphere has been used by Artru, namely with a high pass filter with a cut-off
of 30 minutes (Artru et al. 2005) to eliminate diurnal variations and GNSS receiver bias
(Artru et al. 2005). Galvan et al. use another method, namely polynomial and bandpass
filtering, whose explanation is as follows:

a. Polynomial Function
The polynomial functions can eliminate TEC variations with more extended
periods, such as diurnal variations and changes in satellite elevation angles.

b. Band Pass Filtering
Band Pass Filtering applied is 0.5-5 MHz (corresponding to the wave period of 33.3
to 3.3 minutes, with a typical range of tsunami periods). The filter extracts the
Mesoscale Traveling Ionospheric Disturbance (MSTID) period caused by the
tsunami.

Another way of detecting the effect of a tsunami on the ionosphere is to limit the
TEC error to 0.03 TECU. It means that the accuracy of measuring the phase of the GPS
carrier wave is less than 1 mm. According to the law of error propagation, the TEC
measurement error is about 0.01 TECU. Thus, the TEC measurement error dominates these
errors. Under near-quiet conditions, the lowered TEC value will typically fall within three
sigmas of around 0.03 TECU. Furthermore, If the TEC value is above 0.03 TECU, can
detect the anomaly.

This study focuses on ITPI testing related to the entire spectrum of AGW energy
(Manta, et al. 2020). This ITPI indication of the tsunami effect on the ionosphere is not
affected by pass-band filtering or polynomial fitting. It means that the ITPI value in the
Mentawai case is 14. The disturbance is 14% greater than the average spectrum value of the
previous six days in TEC observations (Manta, et al. 2020). The existence of unique
characteristics of AGW compared to the mean background level (MBL) was revealed by
Manta et al. from TEC data a few days before the earthquake until the time of the
earthquake. The ratio between the TEC spectrum on the tsunami day and the average TEC
spectrum six days before the tsunami can calculate ITPI. Manta et al. mention that the value
can eliminate the influence of ionospheric dynamics. It has been successfully tested in two
earthquake cases (Manta, et al. 2020). The paper discusses the results of the ITPI testing for
tsunami detection that has occurred in Indonesia. The aim is to know the ITPI used
operationally to strengthen the tsunami early warning system in Indonesia.Data and
Methodology
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1.1 Data

The data are nine earthquakes with the potential for a tsunami, and observed
tsunami. The data was downloaded from ngdc.noaa.gov, by filtering 1996-2021 in

Indonesia.
Table 1. Data on the 10 largest earthquakes in Indonesia
Max
Quake ) )
No Year Month Day Hour Minute Magn. Location Latitude Long. Wgter
Name Height
(SR)
(m)
1 1996 2 17 5 59 8.2 Irian Jaya -0.891° 136.952 7.7
2 2000 5 4 4 21 7.6 Sulawesi -1.105° 123.573 6
3 2002 10 10 10 50 7.6 Irian Jaya -1.757° 134.297 5
4 2004 12 26 0 58 9.1 Offshore 3.316° 95.854° 509
West
Coastal
Sumatra
5 2005 3 28 16 9 8.6 Indonesia 2.085° 97.108° 4.2
6 2006 7 17 8 19 7.7 South of -9.254° 107411 20.9
Java o
7 2007 9 12 11 10 8.4 Sumatra  -4.438° 101.367 5
8 2010 10 25 14 42 7.8 Sumatra  -3.487° 100.082 16.9
9 2018 9 28 10 2 7.5 Sulawesi -0.178° 119.840 10.73
10 2018 12 22 13 55 n/a Krakatau -6.102° 105423 &5

1.2 Ionospheric Tsunami Power Index (ITPI)
The computation of TEC uses a method similar to (Calais and Minster 1995),

namely the carrier wave phase (L1 & L2), not using an inaccurate apparent distance
measurement (P1 & P2). TEC of the phase data is computed using Equation (1) (Manta et
al. 2020):

rgc — L1=12) i

403 fI—f} (1)

Where fl and f2 correspond to high and low GPS frequencies and TEC is the Total
Electron Content measured in TEC units (1 TECU = 1016 el/m2). A consequence of the
integrated nature of TEC is the presence of ionospheric disturbances. The observed
ionospheric disturbances are generated in the range from the height of the satellite to the
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receiver. However, the combination of TEC variation comes from around the maximum
height of ionospheric ionization (F2 layer).

The ITPI index can be made from the TEC data to identify ionospheric disturbances caused
by the tsunami using Equation (2) (Manta et al. 2020).

S ,
ITPI = (P Daiax 1) - 100, (2)

MBL

The ITPI is proportional to i with the ratio between the TEC spectrum on the day of
the tsunami the average spectrum for the previous six days. The intended ratio is the ratio
between the Maximum Power Spectral Density (PSDMax) levels of TEC during the event.
Mean Background Level (MBL) is defined as the average PSD observed six days before the
earthquake. The use of background averaging over several days before an earthquake is
intended to remove outliers and smooth out parts of the noise associated with other
disturbances in the ionosphere. These parameters are for the automatic identification of
tsunamigenic potential (Manta et al. 2020).

Figure 1 below shows the methodology flow. The explanation of each stage in Figure
1 is presented below:

Compute the TEC from observation data of dual-frequency GNSS signal using
Equation (1).

1. The TEC calculation is obtained from the observation data of the dual-frequency
GNSS signal using Equation (1).

2. Compute the IPP (GNSS signal trajectory in the ionosphere) six days in advance of
today’s events of earthquake days.

3. Compute the latitude and longitude IPP using Equation (3) to (5) (Pooja et al.
2018).
longitude IPP = 4+zsindcos(latitude [PP)
With z= cos—1rere+hAcosE—F£
Where, 7e: radius from earth = 6378137.0, /: height = 350, @: latitude, A: longitude,
£: elevation angle, A4: azimuth angle, latitude IPP: latitude from IPP,
longitude IPP: longitude from IPP.

4. Filter the data using polynomials to eliminate the influence of satellite motion and
other biases on TEC data.

5. Analyze the spectrum for each TEC for every one hour of moving observations in
30 seconds.

6. Determine the average PSD for six days before the tsunami computation.

7. Determine the power spectrum distribution on the day with the average power
spectrum six days before the tsunami.

8. Compute the ITPI using Equation (2).

9. Analyze the correlation between ITPI and earthquake magnitude.

10. Determine the ITPI correlation with tsunami height.

11. Determine the empirical modelling of the relationship between the ITPI index and
tsunami height.

12. Determine the empirical modelling of ITPI's relationship with earthquake
magnitude.
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The computation of steps 1 to use the GOPI software are as shown in Figure 1.

TEC Spectrpm Calculation of
Calculation —» IPP Collection —®  Analysisof [—®{ The Average
Each TEC Power Spectrum
v
ITPI Correlation Power Spectrum
with Epicenter |[€—| ITPI Calculation [€— Division by
Distance Average

Figure 1. Methodology flow

2. RESULTS AND DISCUSSION

Figure 2 shows the average PSD TEC from satellite number 23 before the Aceh
earthquake from December 20 to 25. It means that the maximum spectrum value is around
t10 at 5 UT with a frequency of 0.3 MHz Figure 2 shows the PSD on December 26, 2004,

in the Aceh tsunami.

The Average of PSD Before Aceh Tsunami; 200412260058; PRN:_23
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Figure 2. Average PSD before the Aceh earthquake on satellite number 23
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The maximum value of the spectrum was above 70 at around 5 UT, with a frequency
value of about 0.3 MHz (55.6 minutes period). The increase in spectrum value starts at 3.9
UT. At that time, the ionosphere is at coordinates 13.24° South Latitude, 96.66° East
Longitude, and altitude 350 km. Also, from the epicentre of the earthquake at 3.316° South
Latitude and 95.854° East Longitude, ionospheric anomalies occurred at a distance of
16.556° latitude and 0.806° longitude. The horizontal distance is 16.575° (1839.89 km).

PSD Aceh; 200412260058; PRN: 23
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Figure 3. Aceh PSD on satellite number 23

The anomaly propagation time from the tsunami at 0.96 to 3.9 UT is 2.9 hours. Thus,
the horizontal velocity is 634.44 km/hour. However, the tsunami events reference shows
that the tsunami velocity is around 750 km/hour (Marghany-Maged, 2014). Therefore, the
horizontal velocity observed in the ionosphere is lower than that of a typical tsunami.

Figure 3 shows ITPI Aceh during the tsunami. The apparent increase in spectrum values
started at 3.5 UT at a frequency of about 1 MHz (period of internal atmospheric gravity
waves 16.7 minutes).
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An anomaly also appeared at 3 UT, and the frequency was around 5.8 MHz (9.7
minutes). Compared with ITPI, the ITPI method shows more anomaly detection, namely
internal gravity waves and acoustic waves whose frequencies are IMHz and 5.8 MHz,
respectively. Therefore, the ITPI is more sensitive in detecting the effects of tsunamis on
the ionosphere from TEC data. Based on the horizontal distance of the detected anomaly
and its propagation time, the horizontal velocity of the tsunami is obtained. The
propagation rates of ionospheric disturbances due to the tsunami are 707.65 km/hour (from
internal gravitational waves) and 901.9 km/hour (from acoustic waves). Figure 4 shows the
ITPI Aceh on satellite Number 23.
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Figure 4. ITPI Aceh on satellite number 23

The other satellite observations and tsunami events in total can be seen in Table 2
below.
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Location

Aceh

Krakatau

Panganda
ran

Mentawai

Table 2 List of tsunami events relation to distance and ITPI value

Epicenter . ITPI Delay .
. . Satellite Frequency Distance
Station Lat Long Date Time number Lat Long (mHz) ;hours (km)
© © © ©
332 95.85  26/12/2004 0:58 11 11.9 98.42 3.0 2.8 1721.581
8
332 95.85  26/12/2004 0:58 20 16.1 9741 32 2.6 2172.044
9
332 95.85  26/12/2014 0:58 23 13.9 96.88 2.5 2.1 1921.015
COCO 6
332 95.85  26/12/2004 0:58 23 12.7 96.54 5.0 2.4 1783.842
4
332 95.85  26/12/2004 0:58 23 14.1 96.96 0.4 22 1941.501
4
32 95.85  26/12/2004 0:58 31 13.7 93.07 2.6 2.5 1923.748
9
-6.10  105.42  22/12/2018  13:55 23 -9.10  106.15 4.2 0.8 342.423
BAKO
-6.10  105.42  22/12/2018  13:55 18 -2.78  109.57 6.0 1.0 589.799
-9.25  107.41  17/07/2006 8:19 19 132 10491 5.0 0.6 520.449
XMIS 2
-9.25  107.41  17/07/2006 8:19 20 -9.87  101.17  16.0 1.5 696.117
-3.49  100.08  25/10/2010  14:42 22 5.18 10340 3.1 2.8 1030.126
NTUS
-3.49  100.08  25/10/2010  14:42 25 1.68 10650 105 32 914.579
Aceh 26 12 2004
3500 —* T . . :
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5
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Figure 4. Linear trend of the relationship between the distance of the satellite to the
epicentre of the earthquake with the maximum ITPI value
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Table 2 shows that the distance and speed of a tsunami are affected by the type of
tsunami present. Based on UNESCO's ITIC, there are two types of tsunamis: local and
regional tsunamis. A local tsunami is a tsunami originating from a distance of about 100
km or less than 1 hour from the tsunami's travel time from the affected coastline.
Meanwhile, regional tsunamis are tsunamis capable of hitting a specific geographic area,
generally within 1000 km from the earthquake's epicentre. Regional tsunamis can arrive at
the affected coastline within 1-3 hours of movement. Thus, their strength can distinguish
the two types of earthquakes.

The Aceh Tsunami is a regional tsunami type with a strength of 9.1 Mw. The ITPI
method can show the Aceh tsunami impacting the ionosphere at a distance of more than
1000 km from the epicentre.

If analyzed using a linear trend line, the maximum distance between the ionospheric
disturbance and the epicentre is no more than 2200 km. Thus, it proves that the farther the
ionospheric satellite observation from the epicentre, the lower the ITPI value.

2. CONCLUSIONS AND RECOMMENDATIONS

The discussion and results show that the closer the earthquake centre is to the satellite,
the higher the ITPI value. On the other hand, the farther the distance between the epicentre
and the satellite, the lower the ITPI value. In addition, the results are not appropriate in
local tsunami events such as (Sulawesi, 28 September 2018). The result is due to several
factors, the far distance from the epicentre to satellite observations. Based on ten tsunami
events, Aceh uses a model of the tsunami effect on the ionosphere. ITPI results show a
tsunami of 4 consistent events, namely (Aceh, Krakatau, Pangandaran, and Mentawai). The
four events are global and local tsunamis.

Recommendations for further research are:
a. The study to use local GNSS observation data, which is closer to the tsunami event.

b. The study to use more precise filtering related to the type of wave (acoustic and
gravity).
c. Touse more GPS station data so that the spatial pattern is clearer.
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