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The 27 February 2010 Maule (Chile) tsunami was numerically modeled using the SWAN (Simulating WAves Near-Shore)
code which solves the non-linear long wave equations of fluid flow by a finite difference algorithm. The computational area is
divided into two computational domains with a grid of 2 arc min and 0.5 arc min. Bathymetry data for the domains are
interpolated from the General Bathymetry Chart of the Ocean (GEBCO) 30 arc-seconds grid data. Results from uniform and
non-uniform slip models are compared with available tide gauges and Deep-ocean Assessment and Reporting of Tsunami

(DART) buoy records.
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Introduction

A massive earthquake (M,, 8.8) struck Chile
on 27 February, 2010. The earthquake was the
sixth largest instrumentally recorded earthquake
in history and the largest in the region after the
earthquake of 22 May 1960 with a magnitude of
9.5. Epicenter was located at 72.733° W, 35.909°
S°. Earthquake occurred at a depth of 35 km' on
the subduction zone named Andean-type,
sometimes termed Chilean-type’. This type
considered to have a shallow plate dip and a very
high degree of intraplate coupling whereas the
Marianas type® is thought to have a steep plate dip
and low coupling?. The subduction in Chile is
very active and the seismicity of the Chilean
subduction zone presents many striking features.
It is known that Chile has been struck by
destructive earthquakes**®"® and the great
earthquake record shows a remarkably well
defined cyclicity”'®. The main ruptures of the
earthquakes in Chile dominate subduction zone
convergence and regional crustal deformation®.
Subduction occurs at the Peru—Chile Trench
where the Nazca oceanic plate descends beneath a
convergent continental margin of the South
America plate at a rate of approximately 80

mm/year>**'*,  The contact between these two

plates is also the source of accompanying
tsunamis with very large earthquakes, depths
ranging between 15 and 50 km, known as
interplate, thrust events**'***. Coastal and
offshore earthquakes of magnitude greater than
7.5 normally generate severe tsunamis along the
Chilean coast depending on the shape and
geometry of the bays®. Massive earthquake and
accompanying tsunami of Maule, Chile on 27
February, 2010 is one of the great earthquakes in
recorded history struck central Chile. However,
the epicenter was located in a clearly identified
seismic gap area within the subduction zone
where no major shallow earthquakes had occurred
since 1835"'"!#1°  Gap had been the subject of
recent seismic and geodetic investigations®*?,
which provide constraints on the megathrust
geometry and the down-dip extent of the
previously locked region”. The 2010 Chile
earthquake took place in the seismic gap
surrounded by the rupture areas of the M,, 9.5,
1960 earthquake in the south, the M,, 8.0 1928
earthquake in the north, M,, 7.9, 1939 earthquake
in the east (Fig. 1). The 1939 event near Chillan
was an intra-slab rupture, but the others are
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believed to have been on the megathrust®.
Shortly after the earthquake, a destructive tsunami
hit the central and south coast of Chile. More than
500 people were Kkilled and thousands were
displaced by the earthquake and tsunami.
Although the majority of the fatalities are
attributed to the earthquake, the tsunami accounts
for 124 victims concentrated in the coastal
regions of Maule (69) and Biobio (33), Juan
Fernandez Archipelago’s Robinson Crusoe Island
(18), and Mocha Island (4)*. Despite the large
magnitude, the wide rupture area and the shallow
focal depth, the earthquake generated only local
destructive tsunami. On this basis, it is important
not only to understand the near field effects of
this tsunami, but also to simulate tsunami
propagation due to source and fault models for
possible future events in the region. The aim of
this study is to investigate the cause of local
tsunami by using a source generation approach in
the shape of uniform and non-uniform slip
distributions along the ruptured fault.
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Fig.1-The epicenter and fault area of 2010 Maule
(Chile) Earthquake, seismic gap and largest earthquakes
and the estimated rupture areas from 1906 to 2010 along
the Chilean Coasts (Compiled from those of Kelleher,
1972; Beck, 1998; Lorito et al., 2011).

Materials and Methods

The main factor which determines the initial
size and height of a tsunami is the amount of
vertical sea floor deformation. Earthquake
induced tsunamis are extremely long and rapidly
moving ocean waves caused by a major
dislocation of the ocean floor®* which may be
more than one hundred kilometers wavelengths
from one wave crest to another offshore. It is

because of their long wavelengths that tsunamis
behave as shallow-water waves. A wave is
characterized as a shallow-water wave when the
ratio between the water depth and its wavelength
gets very small.

The shallow water waves are sea surface
gravity waves which propagate over the sea with
the wavelength much larger than the depth of the
sea %% Tsunami heights and arrival times
could be estimated employing propagation
models based on the long wave equations and the
long wave equations describe the evolution of
incompressible flow, neglecting density change
along the depth. Therefore, tsunami waves can be
described by shallow water models® and tsunami
numerical models might be based on
incompressible shallow water equations derived
from the principles of conservation of mass and
conservation of momentum®®. The finite
difference, finite element or finite volume
methods are often used to the form of the shallow
water equations in the context of tsunami
modeling®™ %%, For the tsunami simulations
presented herein, the SWAN (Simulating WAves
Near-Shore) code*®*  is used to solve
incompressible shallow water equations with a
finite difference scheme in time and space
including Coriolis and frictional effects. The
model uses finite difference scheme in time which
includes Coriolis and frictional effects. The set of
equations to be solved are:
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where @ is the latitude, uand vare the x and y

components of the velocity u, g is the
gravitational acceleration, t is the time, y is the

wave height above the mean water level, f is the
Coriolis parameter, C is the coefficient for bottom
stress, D is the depth, and indexes refer to partial
derivatives. The finite difference method is also
employed by many well-known models, such as
COMCOT?, TUNAMI-N2**%" and MOST®,

As mentioned above, it is a need to compute the
major dislocation of the ocean floor in the rupture
area for tsunami propagation purposes. The
aftershock distribution provides a first-order
indication of the main shock rupture area. The
aftershock distribution suggests a rupture length
of 550 km*. The W-Phase Inversion®® yields a
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solution with M, =2.0x10%2 Nm, with centroid

location of 35.95°S, 72.75°W, a centroid time of
61.4 s, and a best-fitting fault plane having strike
16°, dip 14° rake 104° for the nodal plane 1 and
strike 181°, dip 71° rake 86° for the nodal plane
2*1. The W-Phase solution indicates landward dip
on fault with northward displacement which is
consistent with the tectonic setting and pattern of
aftershocks. It is not possible to determine solely
from a focal mechanism which of the nodal
planes is in fact the main fault plane’. Thus, by
taking into account the known tectonic features of
the subduction in the region, the nodal plane 1
was chosen as the main nodal plane. The chosen
nodal plane shows megathrust faulting which is
the plate bounding thrust fault that accommodates
between the subducting Nazca plate and the
overriding South American plate. Although the
aftershock distributions and focal mechanism
solutions are used to reveal the rupture area and
rupture character of the earthquake, it could not
be understand multiple fault segments of variable
local slip, rake angle and several other parameters
by using only focal mechanism solutions.

Slip distribution of the 2010 Maule earthquake
from the inversion of tsunami, geodetic and
broadband teleseismic data show that megathrust
slip occurred between 34°S, and 38°513223943:4445,
Rupture extends bilaterally with an irregular slip
distribution that initially is concentrated down-dip
from the 35 km deep hypocenter, then spread
bilaterally up-dip and off shore, with two strong
slip patches in the south and north2. The
concentration of slip to the north of the epicenter
in the finite fault model of Lay et al. (2010) is
consistent with the preliminary finite fault model
of USGS™ based on teleseismic signals (Fig. 2).
In agreement with slip models, significant vertical
co-seismic displacement in coastal areas between
1.0 m and 2.5 m occurred between 34°S, and
38°S*. After the 2010 Maule earthquake, a field
survey was started by researchers from the
various Universities of Chile to present the nature,
geometry and kinematics of the co-seismic
surface ruptures of the earthquake®. They have
identified two main fracture types according to
their geometry and kinematics regardless of their
origin, which are addressed separately: (1)
Extensional-transtensional, and 2)
Compressional-transpressional. ~ Their  results
show that all studied fractures are co-seismic and
most of the co-seismic deformation can be
explained by elastic rebound of the upper plate®.

The initial sea surface displacement coincides
with the seafloor displacement. Then, the

approach is based on solving the hydrodynamic
equations with initial conditions at the ocean floor
corresponding to a static displacement caused by
the earthquake source?’. This approach is a
conventional approach and provides adequate
solution as shown in the existing
Iiterature24,26,42,48,49,50,51,52,53,54,55.

The static displacement caused by the
earthquake source, assumed to be responsible for
the initial water surface deformation giving rise to
the tsunami, was computed using the dislocation
algorithm®. This algorithm uses a slip amount
and a reference conventional position of the fault
that is translated from the epicenter, magnitude,
depth to fault top, strike, dip and rake of the fault.
The epicenter and the magnitude of the
earthquake can be measured relatively, accurately
and quickly after an earthquake occurs, however
most of the other fault plane parameters can be
difficult to determine and may remain unknown®’.
It is possible to determine the source mechanism
solutions and rupture models which indicate
several properties of the causative faults named
strike, dip and rake, slip distributions when
numerous data become available as soon as the

body and surface waves propagate to
seismological stations.
74°W 72°W

Fig.2—Surface projection of the slip distribution of the
finite fault model superimposed on GEBCO30
bathymetry (GEBCO-BODC 2012)

The large rupture and duration of the
mainshock of the Maule (Chile) earthquake make
necessary to limit the source and rupture analysis
to very long periods. The input parameters
selection for the tsunami analysis presented here
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were based on the rapid analysis of W-Phase
source mechanism™ and finite faulting using
seismic data reported by the United States
Geological Survey™ right after the event occurred
based on static and seismic data inversion
algorithm®®. These two analyses were indicated as
uniform slip model (USM) and non-uniform slip
model (NSM) in this study. The USM assumes
that the slip is distributed uniformly over the
entire single rectangular rupture area. The NSM
assumes that the  earthquake  ruptures
heterogeneously and the slip is distributed non-
uniformly along the fault plane. Both models
further assume that the sea surface follows the
seafloor  deformation  instantaneously. By
assuming the first fault plane model named USM,
the vertical co-seismic displacement of the sea
bottom was calculated by using earthquake
parameters and fault mechanism solutions for
nodal plane 1 (strike 16°, dip 14° rake 104°)
provided by the W-Phase inversion from USGS*".
The geometry of the fault plane for USM was
adopted from a relation between fault rupture
length-magnitude and fault rupture width-
magnitude  for  the  subduction  dip-slip
categories™:

LogL =0.55M-2.19  (4)
and

LogW =0.31IM—-0.63  (5)
where L, W and Mare fault length (km),
width (km) and moment magnitude, respectively.
The top of the fault was calculated as follows:

TOF=h—((Sind)d)  (6)
where TOF is top of the fault in km, h is the
depth of earthquake (hypocenter), & is dip angle
and d is the half of the width of fault plane. The
hypocentral depth estimates adopted for the
initiation of the earthquake is 35 km'.

The W-Phase solution used for creating USM
considers only the focal geometry parameters
(strike, dip, rake) and the scalar moment, but not
the slip distribution along the fault. Therefore, the
corresponding average fault slip was determined
from the seismic moment M, and the total fault

area equations®*®*.
M, =uSLW  (7)

My, :%Ioglo Mg -10.7 8

where 4 is the rigidity of earth crust, S is the
amount of average slip motion (slip) and L is the
length of the fault plane and W is the width of
the fault plane and M,, is the moment magnitude
of an earthquake. In this study, a typical value of

4.0x10™" dyn.cm™ was used for the crustal rigidity
of the Pacific Rim regions®. Table 1 presents the
source parameters applied to determine the shape
of the earthquake’s vertical displacement and
evaluated for the tsunami simulation of the Maule
(Chile) earthquake due to the USM. The
maximum vertical dislocation of sea floor, in
other words, the maximum sea surface response
was calculated 3.50 m for the USM Modeled
initial surface elevations from USM, cross-section
and 3D view of the -calculated seafloor
deformation are displayed in Fig. 3.
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Fig.3—(a) Initial surface elevations for the uniform slip
model model, (b), Cross-section of A-B due to the
calculated seafloor deformation, (c) 3D view of the
calculated deformation along the strike of the fault.

By assuming the second fault plane model
named NSM, the vertical co-seismic displacement
of the sea bottom was identified by using the finite
fault model constructed through inversion
algorithm of globally distributed teleseismic wave
data’. This algorithm executes the waveform
inversions and provides fast and accurate
coseismic slip distributions for large earthquakes
immediately after the earthquake. This algorithm
was also developed for real-time finite fault
inversion systems to quickly evaluate the
catastrophic tragedies caused by large shallow
earthquakes in regional and teleseismic distances.
The fault plane of the earthquake from this
algorithm was defined using the W-phase moment
tensor solution adjusted to match the local dip of
the subducting slab*. The using of W-Phase
suggests that fast slip inversions may be carried
out relying purely on W-phase records. However,
it should be noted that the estimation of finite fault
earthquake source models is an inherently
underdetermined problem: there is no unique
solution to the inverse problem of determining the
rupture history at depth as a function of time and
space when the data are limited to observations at
the Earth’s surface®. The adopted finite fault
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model* assumes that the earthquake ruptures

heterogeneously and the slip is distributed non-
uniformly along the fault plane. The use of the
finite fault model provides more detailed
information than conventional models on spatial
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displacements in the source areas and avoids

uncertainties in source extent®*®°.

Table 1- Fault parameters of the USM used for the numerical simulation

"Mo "Lat(®)  “Lon (9) Depth  Strike
(dyne cm) (km) °)
2.0 x10% 35.909S 72.733W 35 16

Dip Rake Length  Width TOF S
) (km) — (km) (km) — (m)
14 104 447 125 19.4 9.0

By carrying out the finite fault model
constructed through inversion of globally
distributed teleseismic wave data, the vertical co-
seismic displacement of the sea bottom was
identified. For this purpose, it was assumed that
the sea surface followed the seafloor deformation
instantaneously. The finite fault model indicated
that the event ruptured a fault up to 540 km long,
200 km wide, and involved peak slip of 14.62 m.
This fault model consists in 180 subfaults, 30 km
x 20 km each. The slip concentrates around the
hypocenter and north of hypocenter (Fig. 2). The
resulting co-seismic vertical bottom displacement
was calculated by assuming superposition of 180
subfaults. The maximum vertical dislocation of
sea floor, in other words, the maximum sea
surface response was calculated in 5.41m.
Modeled initial surface elevations, cross-section
and 3D view of the calculated seafloor
deformation are displayed in Fig. 4.
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Fig.4—(a) Initial surface elevations for the finite fault
model, (b), Cross-section of A-B due to the calculated
seafloor deformation, (c) 3D view of the calculated
deformation along the strike of the fault.

Results

The vertical dislocations, obtained above, were
used as an initial height of the hydrodynamic
computation on the wave simulation model
SWAN. The computation domains were set in

two parts as A and B. First one covers 2.0-8.0°S
and 95.0-105.0°E, second one covers 2.0-15.0°S
and 92.0-111.0°E. At the computation domain A,
0.5 arc min grid was used to calculate tsunami
height. At the computation domain B, 2.0 arc min
grid was used. The calculations were performed
using re-sampled values from the General
Bathymetry Chart of the Ocean (GEBCO) 30 arc-
seconds grid data (GEBCO-BODC 2012) for the
computation domains. The calculation times for
the tsunami propagation in the computation
domain A and B is 6.0 and 3.0 hours respectively.
Time steps were adjusted for satisfying the CFL
(Courant—Friedrichs—Lewy) stability condition.
The value of the Manning friction coefficient is
assumed to be equal to 0.025 proposed for
shallow water area or natural beach®. The maps
of maximum tsunami heights were shown in
Figs. 5a,b and 6a,b due to the USMs and NSMs
in 0.5" and 2.0’ calculated grid domains.

Snapshots of tsunami wave propagations at
10 min, 30 min, 60 min, 90 min and computed
water surface fluctuations within the limitations
of the bathymetric grid size are plotted in Fig.
7a,b,c,d and Fig. 8a,b,c,d for the USMs and
NSMs. The figures show that the most of the
tsunami’s energy travels perpendicular to the
strike of the fault segment. The selected locations
affected by tsunami in the coastal areas of Chile
with estimated maximum heights, arrival times of
the maximum heights, and the first wave arrival
times are displayed in Table 2 and Table 3. The
comparisons of two different bathymetry cell size
calculations were done by using the Green
functions of wave propagation give by

D 0.25
He = HO(D_?J (9)
where H, is the wave heights at shore line, Hy is
the heights at the nearest calculated point, D; is
water depth at any shoreward point, and D, is
water depth at a source point in meter®.
Accordingly, the wave heights at the shoreline
were calculated by selecting the depth
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corresponding to the smaller grid size close to the
point that we chose as a residential area. It can be
seen that the heterogeneities of the slip
distribution within the fault plane are significant
for the simulation of the tsunamis, especially in
near field. In terms of tsunami impact, the parent
fault slip heterogeneity usually determines a high
variability of run-up and inundation on the near-
field coasts, which further complicates the
Tsunami Early Warning (TEW) problem. The
variability in local tsunami run-up scaling can be
ascribed to tsunami source parameters that are
independent of seismic moment: variations in the
water depth in the source region, the combination
of higher slip and lower shear modulus at shallow
depth, and rupture complexity in the form of
heterogeneous slip distribution patterns®. Before
comparing the simulation results with the
available DART and tide gauge waveforms,
herein, the arrival times and maximum heights
were compared with the observed data
corresponding to several locations in the
simulations, available from the National
Geophysical Data Center (NGDC) web site®.
According to the NGDC®, the waves reached
Valparaiso, Coquimbo, Caldera and Ancud in 34
min, 2h 14 min, 2h 9 min, and 2h 4 min with 2.61
m, 1.32 m, 0.45 m and 0.62 m wave height

respectively.
a) USM b) NSM
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Fig.5-Maximum tsunami heights obtained from (a)
uniform slip model and (b)finite fault model for
computation domain A with 0.5 arc min calculation grid.

The USM (0.5") and the NSM (0.5") provide
lower maximum heigts when comparing to the
observed waves in Valparaiso and the arrival
times of maximum heights are nearly the same.
In Coquimbo, the NSM (0.5") provides nearly
the same maximum height with the observed

one. However, the arrival time of the maximum
height is much more earlier than the observed
one. In Caldera, The USM (0.5") and the NSM
(0.5) provides almost the same maximum
heights when comparing to the observed one. In
Ancud, The USM (0.5 and the NSM (0.5
provide lower maximum heights and earlier
arrival times.

In Coquimbo, the model provides nearly
the same maximum height as the observed one.
However, the arrival time of the maximum
height is much earlier than the observed one.
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Fig.6-Maximum tsunami heights and arrival times in 15
minutes obtained from (a) uniform slip model and (b)
finite fault model for computation domain B with 2.0 arc
min calculation grid.

In Caldera, the model provides almost the
same maximum heights when comparing to the
observed one. In Ancud, the model provides
lower maximum heights and earlier arrival times.
This could be from geomorphologic and
bathymetric  local  conditions,  subduction
geometry, absorption tsunamigenic efficiency,
tsunami energy trapping and ducting which
should be investigated further in the region,
besides potential complexities induced by the
main shock™.

In order to adequately evaluate the results of
the numerical simulation for the finite fault source
model, comparisons were made between the
actual observation data and calculated
simulations. The observation data were recorded
instrumentally at shore-based tide gauges and
DART buoys™. Here, one DART buoy named
32412 and six tide gauges named Caldera,
Coquimbo, Talcahuano, Corral, Ancud, San Felix
were adopted for comparing the model results
with the observation data. Tide gauges were
installed along the Chilean coasts by
Hydrographic and Oceanographic Service of
Chile for National Warning System of tidal
waves. The adopted DART buoy is operated by
NOAA’s Pacific Tsunami Warning Center in real
time tsunami detection system.
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DART station consists of a surface buoy and
a seafloor bottom pressure recorder (BPR)
package that detects pressure changes caused by
tsunamis. Fig. 9 shows the locations of DART
buoy and tide gauges adopted in this study with
bathymetry of the Pacific Ocean around Peru—
Chile Trench. A and B computation domains were
used to compare tide gauge measurements and far
distant sea level measurement as the DART
32412 respectively. Tsunami Analysis Tool
(TAT)"” was used to visualize and compare
tsunami propagation, tsunami travel time and
maximum heights with the records of wave
gauges. TAT allows a comparison of the
calculated value with the available sea level

measurements downloaded from
a) 10 min
84° W 78° W 72° W

30° S

36° S

c¢) 60 min

84° W 78°W 72°W

30°S

36°S

k] 30°s

36° S
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Intergovernmental Oceanographic Commission
(I0C) and NOAA (National Oceanic and
Atmospheric Administration) web sources*".
The time series of tsunami heights from the USM
and NSM at the locations of Caldera, Coquimbo,
Talcahuano, Corral, Ancud, San Felix and DART
32412 are shown in Fig. 10. For the Caldera tide
gauge, the numerical models tend to give
estimations that are very close to the measured
data for the first recorded peak of the tsunami.
The NSM provides earlier arrival times than the
observed one. Both models do not match very
well for the trailing waves. By comparing the
simulated and observed waveforms in Coquimbo,
the first and second waves almost match with the
observed one.

b) 30 min
84°W

78° W

d) 90 min
84° W

Fig.7-Snapshots of sea states at different time steps (t=10, 30, 50, 70, 90 min) from the uniform slip model in 2.0 arc min

calculation domain.
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Fig.8—Snapshots of sea states at different time steps (t=10, 30, 50, 70, 90 min) from the finite fault model in 2.0 arc min
calculation domain.

Table 2-Maximum heights according to the different slip models and calculation grids for the selected locations.

USM (0.5") NSM (0.5") USM (2.0") NSM (2.0")
Location Lat Lon Max. Height (m) Max. Height (m) Max. Height (m) Max. Height (m)
Lota -37.09 -73.16 5.9 4.3 4.8 3.3
Coronel -37.03 -73.15 5.2 3.6 6.2 3.8
Talcahuano -36.75 -73.13 4.3 4.8 25 0.8
Tome -36.61 -72.96 3.6 3.0 43 3.6
Constitucion -35.32 -72.41 6.4 5.4 35 35
San Antonio -33.60 -71.61 3.3 4.7 2.7 3.1
Llolleo -33.62 -71.61 33 4.7 2.7 3.1
Quintero -32.78 -71.54 1.7 1.9 11 0.8
Valparaiso -33.02 -71.55 14 1.1 11 0.8
Concon -32.94 -71.52 2.2 2.5 0.9 11
Los Vilos -31.92 -71.51 1.4 1.2 1.0 0.8
Coquimbo -29.97 -71.33 0.9 1.4 0.6 0.8
La Serena -29.9 -71.24 0.9 1.0 0.4 0.5
Caldera -27.08 -70.81 0.4 0.5 0.2 0.3
Chanaral -26.34 -70.61 0.6 0.8 0.6 0.8
Taltal -25.40 -70.48 0.4 0.7 0.3 0.3

Ancud -41.86 -73.83 0.4 0.4 0.8 0.9
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Table 3—First and maximum height arrival times according to the different slip models and calculation grids for the selected

locations.
USM (0.5 NSM (0.5 USM (2.0 NSM (2.0)
Lat Lon FWAT  "MHAT “FWAT "MHAT ‘"FWAT “MHAT ‘FWAT “MHAT
Quintero -32.78 7154  00:19 01:15  00:13 01:58 00:17 00:31 00:11 02:23
Valparaiso  -33.02 -7155  00:21 00:31  00:15 00:33 00:19 00:35 00:13 00:34
Concon -32.94 -7152  00:21 00:38  00:15 01:50 00:19 00:35 00:13 00:34
Los Vilos ~ -31.92 -7151 00:26 00:40  00:21 00:39 00:24 00:41 00:19 00:39
Coquimbo  -29.97 -71.33  00:45 01:07  00:41 01:34 00:42 01:17 00:39 01:52
LaSerena  -29.90 -71.24  00:49 01:07  00:45 01:04 00:45 01:13 00:42 01:52
Caldera -27.08 -7081 01:11 01:31  01:07 01:27 01:10 05:47 01:06 01:36
Ancud -41.86 -73.83 0141 02:37  01:48 02:43 01:11 03:52 01:24 03:52
Chanaral -26.34 -7061 01:23 01:41  01:20 02:06 01:18 01:47 01:15 03:01
Taltal 254 -7048 01:26 01:50  01:22 02:56 01:25 01:46 01:23 01:42

“FWAT, First wave arrival time (hours: minute)
“MHAT Maximum height arrival time (hours: minute)
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Fig.9-Location of the DART buoy and tide gauges.

The NSM provides higher waves than those of
USM. The comparison is even worse for the
trailing waves. For the Talcahuano tide gauge, the
USM and NSM models exhibited abrupt positive
leading wave while the observation remains
constant in the origin time of the earthquake. This
means that this station is in the uplift area of the
seafloor. Although the time series of the
simulated waves from both models are earlier, the
amplitudes and periods of the waves are in good
agreement with the records of Talcahuano tide
gauge. Talcahuano is a port city in the Biobio
Region of Chile which was one of the mostly
affected cities from tsunami with about 7 m run-

up height and 340 m inundation distance®. By
comparing the simulated and observed waveforms
in Corral, the arrival times of the simulated waves
are in good agreement with the observed ones.
However the heights and the waveforms of the
trailing waves do not match with the observed
one. The NSM provides lower heights than the
USM and measured waves. For Ancud, the
comparison is worse. The arrival times and the
periods of the waves are totally missed by the
numerical results. However, the simulated
maximum heights match well with the observed
Ancud tide gauge record. The latest compared
measurement is the data recorded by San Felix
tide gauge station. It is located in Juan Fernandez
Island which is a volcanic island and seamount
chain on the Nazca Plate. The numerical
simulations are compared well with the measured
leading wave heights and arrival times in the San
Felix tide gauge.

Finally, the simulations from from USM amd
NSM, compared with the DART 32412 records,
produce similar tsunami amplitudes apparently
close to the observed ones (Fig.11). It should be
noted that the exact reproduction of the tidal
gauges is not easy because the local conditions
where the gauge is installed may strongly
influence their response. The comparisons
between observed tidal records and predicted
waveforms may not be in good agreement
compared to those of DART records. Because, the
characteristics of the ocean bottom topography is
particularly important over the continental
shelves, where the amplitude of the waves is
amplified by the shoaling of the bottom
topography.  Hence, correctly and finer
reproduced bathymetry requires for a correct
estimation of the tsunami heights on coastal areas
where the tide gauges installed. Additionally, the
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use of a more finer grid calculations could allow this study, the above mentioned Green function

predicting higher wave heights because the points
become more representative of the real depth®. In

approach was used to mitigate these differences.
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Fig.10-Comparison of the predicted tsunami waves from the finite fault model with observed tide gauge records.
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Fig.11-Comparison of the predicted tsunami waves from the finite fault model with observed 32412 DART buoy record.

Discussion

The 27 February 2010 Maule (Chile) earthquake,
with the magnitude of M,, 8.8, produced much
lower tsunami heights in several areas of Pacific
Ocean compared to those of 1960 Great Chile
Earthquake. The main reason for this is the lower

magnitude of 2010 Maule (Chile) earthquake
compared with the 1960 earthquake with a
magnitude of 9.0. On the other hand, it was
expected that the far field tsunami impact would
have been somewhat larger due to the magnitude
of the earthquake. However, the measured
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tsunami heights was not as severe as anticipated
in the far field. The observed run-ups along
Chile’s mainland both at local and regional scales
showed that the coastal cities Talcahuano,
Constitucion, Lota, Coronel, Dichato, Concepcion
were hardest hit. Numerical simulations of the
tsunami from the USMs and NSMs were carried
out to clarify the impact of near field tsunami
along the coastline of Chile.. Numerical tsunami
simulations were computed from a simplified
elastic  dislocation representation of the
earthquake source. The proposed USM involves
the rupture area with a 447 m length and 125 m
width and the average slip as 8.26 m. The adopted
NSM indicates that the event ruptured a fault up
to 540 km length, 200 km width, and involved
peak slip of 14.62 m. After employing the USM
and NSM source models, the maximum vertical
sea floor dislocations were calculated as 3.49 m
and 5.41 m of uplift and 1.19 m and 2.60 m of
subsidence respectively. These are the reasonable
values to induce and propagate tsunamis along the
Pacific Ocean.. The modeling of the vertical
variations of the earthquake from the finite fault
model indicated that the wide leading uplift
occurred close to the coast both on the sea floor
and onshore. However, the rest of other part of
the rupture zone continued to land areas with
uplift and subsidence. A wide subsidence area
accumulated inland site. From the point of this
approach, some of the releasing energy of the
earthquake might be absorbed by the movement
of the uplift and subsidence on land, and not all of
the energy was transferred to generate the tsunami
wave’®. This situation could be one of a reason
that the tsunami was not severe in the far field.
The modeled uplift, subsidence, and the
comparisons of the simulated waves with
observed records confirm this approach as
proposed by previous studies’™".

Conclusion

Although the location of the epicenter is in a
clearly identified seismic gap area within the
subduction zone, there was small area of slip
south of the epicenter that was in the proposed
seismic gap*®. The pattern of largest slips was
located in the north of the gap. This means that
the gap may not be filled and probably endures. In
this sense, the estimated simulations and the
concluding remarks from this study can help to
identify the vertical dislocations from the similar
earthquakes and possible impact of the tsunamis
in the region for the preservation of the loss of
lifes and cities.
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