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ABSTRACT
 

The purpose of this study is to model the propaga­
tion of tsunamis along the continental shelf up and down
 
coast of earthquake source regions near the Peru-Chile
 
Trench. The simulations were carried out by numerically
 
solving the linear, inviscid equations for long waves.
 
Potential generating areas were chosen by identifying seismic
 
gaps in the Peru-Chile Trench area. Ocean bottom displace­
ments in each source area were specified on the basis of
 
representative earthquake parameters (depth, dip angle, fatilt
 
length and width, slip displacement) chosen from an exam­
ination of historical seismicity patterns in the area.
 

Areas of maximum offshore wave height were
 
identified along the coastline in response to each
 
earthquake/tsunami event. Several coastal areas were
 
subjected to high concentrations of wave energy 
no matter
 
where the source was located. These areas warrant more
 
detailed study. Recommendations are made concerning the 
use
 
of the present study in tsunami hazard education and planning
 
efforts, as well 
as for further work based on these results.
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Section 1
 

INTRODUCTION
 

1.1 TSUNAMIS
 

Tsunamis are very long ocean surface gravity waves
 

generated by sudden displacements of large volumes of water.
 

While tsunamis have been generated by landslides (both sub­

marine and coastal) and volcanoes, the predominant source of
 

tsunamis is the rapid displacement of the sea floor due to
 

shallow focus submarine earthquakes. The displacement of a
 

volume of sea water (usually a vertical displacement) moves
 

the sea surface in the vicinity of the displacement away from
 

the quasi-equilibrium state known as mean sea level (MSL).
 

The action of gravity and buoyancy in trying to return the
 

surface to its equilibrium state produces wave energy in the
 

form of tsunamis, which propagate away from the disturbance
 

into the surrounding ocean. Tsunami waves propagate very
 

rapidly and can cross a basin the size of the Pacific Ocean
 

in less than a day.
 

Most tsunamis seem to be generated by shallow,
 

thrust type earthquakes, such as are associated with the sub­

duction of one tectonic plate under another. Since many
 

subduction zones are located on the margins of the Pacific
 

basin, most of the tsunamis recorded to date have occurred in
 

the Pacific Ocean. Figure 1.1 depicts the locations of epi­

centers of tsunamigenic earthquakes in the Pacific. We can
 

see that epicenters tend to cluster in several geographic
 

regions: South and Central America, Alaska and Aleutian
 

Islands, Kamchatka and the Kurile Islands, Japan, and the
 

Southwest Pacific. The Southwest Pacific source area rarely
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Figure 1.1. 	 Epicenters of tsunamigenic earthquakes in the
 
Pacific Ocean during the period 1900-1969.
 
(courtesy EDIS/NGSDC/NOAA, Boulder, Colorado.)
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produces tsunamis which cause serious effects throughout the
 

entire Pacific region. But tsunamis generated in the other
 

areas do potentially pose a Pacific-wide threait.
 

Tsunamis pose a twofold, threat to the Pacific
 

community. The most generally known is the far-field threat.
 
If the energy pumped into the ocean is sufficiently great,
 

the resulting waves can cross the open ocean as very long,
 
low amplitude waves and reappear as large amplitude, highly
 

destructive waves on coasts tens of thousands of kilometers
 

from their source area. For example, the earthquake of
 

22 May 1960, which occurred off the coast of southern Chile,
 
produced waves which caused 61 deaths and $22M in damage in
 

the Hawaiian Islands and 199 deaths and the destruction of
 

nearly 5,000 structures in Japan. Tsunamis which cause such
 
far-reaching destruction are, fortunately, rare. Since 1946
 

only five tsunamis in the Pacific Ocean have been that
 
destructive. Table 1.1 lists the cost in lives and dollars
 

to tne United States alone because of these events.
 

The second threat can be termed the near-source
 
threat. The waves generated by a tsunamigenic earthquake in
 

a shallow coastal area not only spread out into the Pacific,
 

but also up and down the coast in the vicinity of the source.
 

Tsunamis always produce a near-source threat, but not always
 

a far-field threat. For example, Berninghausen (1962) lists
 
49 tsunamis which produced, at the very least, measurable
 

waves on the coasts of South America between 1562 and 1960.
 

Only 4 of these were generated anywhere else but the coastal
 

waters of South America. Let us examine the threat posed by
 

South American tsunamis more closely.
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TABLE 1.1 

Major Tsunamis since 1946 
which caused loss of life and property in the U.S.*
 

Places 

Date 
of Major 
Impact 

Source 
Location 

Tsunami 
Fatalities 

1946 Hawaiian E. Aleutian 173 

Islands Islands 

1952 Hawaiian Kamchatka 0 

1957 	 Hawaiian Aleutian 
 0 

Islands Islands
 

1960 	 Hawaiian S. Chile 61 

Islands
 

1964 	 Alaska 
 Prince 	William 119 

N. California Sound, Alaska
 
Hawaiian
 
Islands
 

1975 	 Hawaiian Hawaiian 
 2 

Islands Islands
 

TOTAL 335 


* Supplied by 

E. N. Bernard
 
PMEL - NOAA
 
Seattle, Washington
 

** Adjustment of damage to 1980 dollars aided by: 
Significant Earthquake File 
R. A. Ganse and J. B. Nelson 
NGS DC-NOAA 
Boulder, Colorado 1980 

Tsunami
 
Damage**
 
1980 $
 
($ Millions)
 

119.2
 

2.1
 

10.5
 

66.9
 

282.3
 

4.2
 

485.2
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1.2 THE SOUTH AMERICAN THREAT
 

The west coast of South America is the site
 
of the subduction of the oceanic Nazca Plate under the
 

continental South American Plate. The result is a band of
 
strong seismicity running the length of the continent and
 

roughly parelleling the axis of the Peru-Chile Trench. As
 

Figure 1.1 shows, tsunamigenic earthquakes have occurred all
 

along this zone. Since 1687, between 10,000 and 30.,000
 

people living on the South American coast, have lost their
 

lives due to tsunamis originating in this region. (The wide
 
spread in the number of deaths is due to the occasional
 

difficulty in separating deaths due to tsunamis from deaths
 

due to earthquakes in areas near the source.) Fortunately,
 

destructive tsunamis do not occur frequently. The average
 
tsunami recurrence rate for South America, based on
 

Berninghausen's listing, is over 8 years. But this includes
 

events that produced only low, non-destructive waves. The
 

recurrence time for destructive tsunamis is presumably
 

greater. Appendix A contains a listing of 21 locally
 

destructive tsunamis which have occurred in the last 400
 

years in South America. Many of these events also produced
 

destructive waves in other areas of the Pacific basin.
 

1.3 PURPOSE OF THE STUDY
 

If we accept the two basic assumptions of this
 

study - (1) that tsunamis pose a threat to life and property
 

throughout the Pacific, and (2) that the South American coast
 

is a likely source of tsunamis - then the purpose of this 

study is quite easily stated: we examine the western coasts 

of Chile and Peru to determine what areas are most likely to 
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be the sites of large* tsunami-producing earthquakes in the
 
near future (say within 50 years), what types of tsunamis
 
these earthquakes could produce, and to what extent 
these
 
tsunamis would pose a threat 
to South American coastal areas.
 
The scientific tools 
to carry out this plan are available.
 
Somewhat similar studies have been performed in recent years
 
(see Section 2), but this is the first time that 
the histor­
ical seismicity patterns of potential source areas have been
 
taken into account.
 

Having stated in general terms what this study
 
attempts to accomplish, we now lay out explicitly what it
 
does and does 
not do. This report describes numerical
 
simulations of tsunami waves 
(in terms of energy, elevation,
 
direction) as they propagate away from the immediate vicinity
 
of an 
hypothetical earthquake with specific characteristics
 
(seismic moment, rupture length, 
rupture width, displacement
 
pattern, etc.) and travel 
up and down the continental shelf
 
near the generating area.
 

This study does not attempt to predict actual
 
earthquakes and resulting tsunamis. 
 The uncertainties
 
involved in describing actual bottom motions 
are so great
 
that detailed agreement between historic or future earth­
quakes and the possible events outlined in this study could
 
only be classed as coincidence. To the extent that the
 

Throughout this document the terms large, major, and

will be used to describe earthquakes. A large or major

earthquake has a Richter magnitude (see Section 3) greater

than 7.0. A great earthquake has a magnitude greater than
 
7.8, and also a rupture length of at least several hundred
 
km. This usage is described by Kelleher et al. (1974).
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source motion scenarios developed for this study are, in
 

fact, representative of those which could occur in a given
 

area, it is believed that the tsunamis simulated in the study
 

are also representative.
 

Nor do we attempt to examine the far-field threat
 

due to tsunamis generated off South America. This facet of
 

the problem is the subject of another SAI study (Hebenstreit,
 

1981).
 

1.4 STRUCTURE OF THE REPORT
 

The first part of this report (Section 2) describes
 

common approaches to modeling tsunami generation and propaga­

tion and provides a detailed look at the wave model used
 

here. The second part (Section 3) describes the seis­

mological characteristics of the South American coast used to
 

develop hypothetical but realistic source motions to provide
 

the impulse for the simulated tsunamis. The next five
 

sections are devoted to an examination of each individual
 

case, following each tsunami from its. generation to its
 

interactions with adjacent shorezones. Each section
 

concludes with a discussion of the threat posed by tsunamis
 

leaving the specific source area.* Section 8 examines the
 

general threat due to South American tsunamis. Section 9
 

summarizes the results of the study and translates them into
 

recommendations for use by disaster mitigation authorities.
 

* We have included an extensive set of figures to 

illustrate the results of each simulation. To avoid
 
forcing the reader to waste time searching for text among
 
the pictures we have structured Sections 4 through 8 so that
 
all the figures pertaining to each separate case are
 
grouped immediately following the complete text 
describing the case. 
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2.1 

Section 2
 

THE NUMERICAL MODEL
 

INTRODUCTION
 

The generation of a tsunami by a sudden bottom
 
displacement and the propagation of the resulting waves along
 

the shore near the source is a complex process. Very little
 

research has been done on this subject. Most of the avail­

able studies have concentrated on the behavior of tsunamis in
 
the immediate vicinity of the source (for example, Momoi, 

1964; Tuck and Hwang, 1972; Yamashita and Sato, 1974; Lee,
 
1980). These studies are usually quite sophisticated and
 

make few assumptions about the physical processes involved.
 

These models have been applied largely to simplified situa­

tions (where, for example, bottom depth is a known analytic
 

function and uplift patterns are quite simple) which can be
 

solved analytically. Simulations of real ocean conditions
 

(such as rapidly varying bottom topography and irregular
 

coastlines) have rarely been attempted. The work of Chen et
 

al., (1975) is an exception. They used two sophisticated
 

models of tsunami propagation--one based on nonlinear wave
 

equations and one based on high-order linear equations--to
 

carry out numerical simulations of tsunamis generated in the
 

immediate vicinity of a nuclear power plant site.
 

It is generally agreed that the behavior of
 

tsunamis in the brief period following generation is non­

linear (Kajiura, 1963; Hammack, 1973; Chen et al., 1975),
 

although Chen et al. showed that the difference between non­

linear and high-order linear solutions is not great close to
 

the source.
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2.2 

The problem we are considering here, however, is
 

how tsunamis behave at some distance from the source but
 

still in relatively shallow water. This is a problem which
 

has rarely been examined. Two studies which begin to address
 

it are those by Aida (1978) and Sklarz et al. (1980). In the
 

former a linear model was used to follow tsunamis from
 

generating areas on the continental slope off Japan, over the
 

shelf, and to the land/sea boundary. The latter used a
 

linear model to simulate the generation of a tsunami on the
 

shelf of the island of Hawaii and its propagation around the
 

island shelf. The fact that both of these studies produced
 

reasonably good results leads us to. choose to apply a model
 

based on linear equations of motion to examine the behavior
 

of tsunamis along the South American coast due to local
 

seismic activity.
 

MODEL EQUATIONS
 

The numerical model used in this study is based on
 

the inviscid, vertically integrated, linear equations of
 

motion for the propagation of long waves (i.e., waves whose
 

length, X, is much larger than the depth, h, of the water in
 

which they propagate). These equations, in spherical
 

coordinates, are
 

atU - fV + ghR 1 %rn = 0, (2.1) 

at + fU + gh (R sin 0)1 a n = 0, (2.2)
 

-
a(h-n) + (R sin e) [a V + a (U sin e)] = 0. (2.3)
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The 	variables in these equations are defined as:
 

n-	 displacement of the free surface from mean sea
 

level (MSL),
 

S- longitude measured eastward from 00 at
 

Greenwich, England,
 

V - horizontal transport in the eastward ( ) 

direction per unit width, 

e - co-latitude (i.e., measured from 00 at the 

North Pole, 

U - horizontal transport in the southward (0) 

direction per unit width, 

t -	time,
 

g -	acceleration due to gravity,
 

h -	depth of water below MSL,
 

R -	radius of the earth, and
 

f - Coriolis parameter (f = 211 cose, where S­

angular velocity of the earth. 

8
The notation x denotes partial differentiation with
 

respect to the subscripted variable. The transport terms are
 
obtained by vertically integrating the horizontal water
 

particle velocity components (u,v) from the bottom to the
 

surface:
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2.3 

n 

U = fh u dz, (2.4)
 

and 

V = v dz, (2.5)
 

Note the lack of a vertical velocity component, w,
 
implying neglect of vertical accelerations. Note also the
 
presence in (2.3) of a ath term. This is 
the term through
 
which time-varying bottom displacements generate sea surface
 

deformations.
 

SOLUTION SCHEME
 

Numerical solutions to, eguations (2.1)-(2.3) are
 
obtained by using a finite-di:fference analog to these
 
continuum equations. The code used is a modified version of
 
SSURGE, which is a model originally developed to simulate the
 
propagation of storm surges in coastal waters. 
The fact that
 
it has been proven useful in shallow water simulations makes
 
its application in this project quite attractive. The
 
details of the finite-difference algorithm are described in
 

Appendix B.
 

The general approach used in the model is to inte­
grate eqs. (2.1) through (2.3) over time using the multioper­
ational, alternating direction implicit (ADI) algorithm
 
described 
by Leendertse (1967). A staggered computational
 
mesh, shown 
in Figure 2.1 is used in the numerical model
 
formulation. At each 
cell, nij at time nAt is the average
 
anomaly over the cell area centered at iA , jAe where At is
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- Ui,j-1 i+1,j-1 

An 1 
h 

i+ij 
V 

Dl 

hi+Vj 

*i ,U i+1,j 

i j+1 , 

hiij+ 1 

Ui j+l 

i+1,j+1 , 

hi+1,j+ 

Ui+1,j I 

i+2,j+1 

Figure 2.1 	The staggered spatial grid used in the Finite-difference
 
solutions of model equations.
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2.4 

the time increment and A,,Ae are increments in longitude and 

latitude, respectively. The transport Vij is taken at
 

the center of the left-hand face and Uij is taken at the
 

center of lower face. The depths are defined at the same
 

locations as the n's.
 

BOUNDARY CONDITIONS
 

Two types of boundaries occur along the edges of
 

the model grid: shoreline boundaries and open-ocean bound­

aries. Different boundary conditions are applied in each
 

case.
 

Since in this study we are not concerned with pre­

dicting coastal runup and inundation zones, we can require
 

that waves striking the coasts be fully reflected. This can
 

be expressed, in terms of the velocity component perpendicu­

lar to the shore, as
 

un = 0 at land boundaries. (2.6)
 

Setting the normal component of velocity to zero at the
 

coastal boundary implies that no wave energy crosses the
 

shore onto dry land.
 

At open-ocean boundaries (that is, when the region
 

defined by the model grid ends not on dry land but in water)
 

we require that wave energy approaching the boundary from
 

within the model area pass through the boundary without
 

reflection. This is referred to as a radiation-type condi­

tion. One way that it can be expressed is:
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1t= -c [R- (cos6) an + (R sin A)-sin6),]. (2.7)
 

Here c is the wave phase speed, approximated by c =
 
,
[g(h+n)]1 / 2 and 6 is the angle of incidence between
 

the direction of wave propagation and the open boundary.
 

The boundary condition expressed in (2.7) is satis­

factory as long as the angle of incidence of the outgoing
 

waves is known. If the outgoing waves are plane (i.e., the
 

wave front has no curvature), then it is possible to deter­

mine 6 quite readily. In the situation being modeled, how­

ever, the waves are not plane. Instead, they spread radially
 

outward from the source zone and still have a definite curv­

ature when they cross the open boundary. Reflected waves
 

from the land/sea boundaries also add to the confusion.
 

Techniques for calculating the angle of incidence at every
 

point along the boundary at every time step would wind up
 

taking more computation time than the finite-difference cal­

culations themselves (Bennett, 1976).
 

A technique for taking into account the radially
 

spreading nature of the waves leaving the source area was
 

developed by Mungall and Reid (1978). The assumption is that
 

the waves can be considered to be radiating outward from a
 

point source and that each open ocean boundary point is
 

located a distance rb from that point. Then the radiation
 

condition can be expressed as
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2.5 

2
Ubr = Crib + c b dt, (2.8)b 2rb Jfo b 

where Ubr is the outward transport in a radial direction.
 
The time integral on 
the right hand side takes into account
 
the spreading of the wave front. Mungall and Reid showed
 
that this condition could be used effectively even if the
 
origin of the waves is not a point but a well-defined region.
 
Hebenstreit et al. (1980) used this boundary condition in
 
their study of tsunami interactions in the Hawaiian Islands.
 

BOTTOM TOPOGRAPHY
 

Sea floor topography plays a major role in deter­
mining how the tsunami-borne energy spreads out from the
 
source. Thus the model must employ realistic values of
 
h( ,e) to obtain reasonable simulations. Because of computa­
tional considerations SSURGE requires that the bottom depth
 
data be provided on a regularly spaced grid; that is, the
 
spacing in degrees latitude and longitude between adjacent
 
points must be uniform (which does not imply uniform physical
 
distances between points). In addition, the 
spacing should
 
be as small as possible in order to ensure that the model can
 
adequately resolve waves throughout the 
tsunami wavelength
 
and period range (that is, 
lengths of hundreds of kilomevers
 
and periods of tens of minutes.)
 

We choose a resolution of 10' in both latitude ard
 
longitude for the model grid in the generation phase. Spac­
ing this fine allows resolution of wavelengths as short as
 
roughly 30 km. Since bottom data with 10' 
resoluvion for the
 
southeast Pacific Ocean was not readily available in digital
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form at the time of this study, we used fine resolution bath­
ymetry charts 
from the Naval Oceanographic Office* 
 and
 
hand-digitized 
the data at the needed intervals. An example
 
of the NAVOCEANO charts is presented in Fig. 2.2. 
 Originally
 
the depth field was digitized to 20' resolution for in
use 

the 
far-field portion of this study (Hebenstreit, 1981). 
 In
 
order to avoid re-digitizing to higher resolution, the 20'
 
depths were first interpolated to a 10' grid. Then depth
 
values from 
 10 seaward of the Peru-Chile Trench 
to the
 
shore were edited with depths from coastal nautical charts.
 
In 
this way, we were able to build up a detailed rendition of
 
the entire modeling region.
 

The overall region modeled ranges 
in latitude from
 
50 N to 400S and in longitude from 70OW to 900 W. Note
 
that these are reckoned in the normal 
fashion as north/south
 
of the equator and east/west of Greenwich, rather than in the
 
fashion used to 
obtain 0 and e for SSURGE. This model 
area
 
is shown in Figure 2.3. 
 The closely spaced contours near the
 
coast are a rough indicator of the location of the Peru-Chile
 
Trench, although they do 
not always represent the absolute
 
axis of the trench. This 
would only happen at those places
 
where the deepest portion of the trench fell 
at a grid point.
 
The actual axis is usually within +15 km the The
of line. 

line of deepest model depth could fall 
on the landward or
 
seaward slope of the trench, or, in reqions where the trench
 

narrow
is very (<15 km wide), may not actually be in the
 
trench. We feel 
that this lack of resolution in the depth
 
field around trench
the does not greatly affect the results
 
of the study and thus have not altered the grid or the topog­
raphy to include all the deepest portions of the trench.
 

*Charts SP-3A and SP-6A/SA-3A were obtained 
from the World
 
Bathymetry Unit, NAVOCEANO, NSTL Station, Bay St. 
Louis, MS
 
39522.
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2.6 

Comparison of Figures 2.2 
and 2.3 also shows that
 
some of the 
fine detail of the NAVOCEANO chart is lost in
 
digitizing. Since the horizontal 
scale of such features is
 
usually less than 10', and thus lest
much than a typical
 
tsunami wavelength, their presence or absence in the model
 
topography is not significant.
 

SOURCE MOTIONS
 

The heart of the application of SSURGE to the gener­
ation phase is the specification of the submarine bottom
 
motion which displaces a volume of water and sets the surface
 
waves in motion. The ground motion in the source area can be
 
specified 
in a number of ways, depending on the user's
 
assumption about the tsunami generation process. If we
 
assume that the water column reacts nearly instantaneously to
 
bottom motion, then the displacements (either as an analy­
tical function of (s,e) or as arbitrary values specified 
at
 
each grid point in the source area) are simply added to the
 
bottom depth so that the resulting depth is
 

d(#,e) = h(o,e) - e(o,e), (2.9)
 

where 
e(o,e) is the ground motion taken so that uplift
 
implies d<h. 
 Then the initial sea surface (usually taken to
 
be at rest at MSL) is adjusted so that
 

n(o,e) = e(o,e).* (2.10)
 

*We seem to be saying 
that depth below MSL is positive,

while elevation above MSL is also positive. This apparent

confusion of coordinates does not affect the model equations,
which can be looked on as predicting the time variation of

the height of the sea surface above the bottom, i.e., the
 
change in h+n with time.
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A second approach depicts the sea floor motion as
 
occuring over a finite time period (longer than a single time
 
step of the model) and allows the sea surface, initially
 
undisturbed, to adjust to the movement.
 

If the "instantaneous response" approach to genera­
tion is taken, then the model 
requires specification of the
 
final displacement due to 
fault motion in the source area.
 
The information requirements for this approach include the
 
spatial orientation of the fault in 
the model grid and the
 
uplift pattern.
 

If the "time evolution" approach to generation is
 
taken, then the information requirements increase. In addi­
tion to the orientation of the faulting and the pattern of
 
displacement, the model must 
also be supplied with informa­
tion concerning the locatio, of the epicenter, the velocity
 
of fault propagation away from the epicenter, and the time
 
over which uplift occurs. The program, as initially con­
figured, does not contain 
a time varying bottom displacement
 

algorithm.
 

Most previous large-scale tsunami simulation stud­
ies have employed the instantaneous response approach 
with
 
remarkable success (Brandsma et al., 1975; Garcia, 1976; 
 for
 
example). The time evolution approach has largely been
 
restricted to studies of near-field (i.e., 
within the immedi­
ate vicinity of the source) behavior, without any attempt 
to
 
simulate specific historical events 
or specific geographical
 
locations. However, some seismological evidence does seem to
 
indicate that long period (<100 sec) motions can impart large
 
amounts of energy to 
the water column (Kanamori, 1977). This
 
is longer than the time step used 
in this study. We employ
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the instantanous response technique in all but one case
 
examined in this report. For the one exception, in which a
 
fault length of nearly 2000 km is considered, a very simple
 
time variation scheme for the displacement has been adopted.
 

Section 3 contains a description of the process by
 
which we arrived at the specific bottom displacement patterns
 
for the various source zones.
 

2-14
 



3.1 

Section 3
 

CHOICE OF EARTHQUAKE SITES AND SOURCE MOTIONS
 

In order to specify the bottom displacement needed
 

to drive SEAWAVE we must supply the location of the source 

area, type of focal mechanism, and energy level in the 

earthquake. Section 3.1 describes the choice of sites 

in terms of seismic gap information. Section 3.2 shows 

how historical data on the seismicity of the region is 

used to specify focal mechanisms. Section 3.3 describes
 

the use of historical data and seismic theory to estimate
 

the energy released by various size earthquakes.
 

Section 3.4 shows how this information is consolidated to 

provide the various source scenarios which will be used in 

this study.
 

SITE SELECTION
 

The Pacific coast of South America has a long
 

history of strong shallow seismic activity caused in large 

part by the subduction of the oceanic Nazca Plate beneath
 

the continental South America Plate (Stauder, 1973, 1975). 

A number of these earthquakes have generated tsunamis.
 

Silgado (1978) described data from 21 tsunamigenic earth­

quakes which have occurred in the region between 1749 and
 

1968. One of these events, the earthquake of 22 May 1960, 

is among the largest seismic events ever recorded.
 

The Peru-Chile Trench, which is the result of 

the subduction process, forms the seaward limit for a band
 

of intense activity all along the coast. Analysis of
 

historical seismicity patterns of the region indicate
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several areas with strong potential as sites of large
 

earthquakes. Since this zone coincides with the zone of
 

tsunami-producing earthquakes, we examine these locations
 

to determine the sites of the hypothetical sources used to
 

drive the SEAWAVE model.
 

McCann et al. (1978) examined the tectonic plate
 

boundaries of the world for evidence of the existence of
 

seismic gaps, which they defined as "any region along an
 

active plate boundary that has not experienced a large
 

thrust or strike slip earthquake for more than 30 years."
 

As two plates collide, strain tends to increase along the
 

interface zone. If strain release does not occur over an
 

extended period of time, by either seismic or aseismic
 

mechanisms, tension may accumulate to the point that a large
 

earthquake occurs to release the stress. The lack of
 

large seismic events may thus be evidence of long-term
 

stress buildup. Kelleher (1972) pointed out that a history
 

of major shallow earthquakes increases a region's potential
 

as a gap. The basic assumption is that an area which has
 

experienced large earthquakes as a means of relieving stress
 

is likely to do so again.
 

In their survey of the South America-Nazca plate
 

boundary McCann et al. indicated several areas between 00
 

and 450S as likely gaps (see Figure 3.1). The first gap,
 

spanning the coast from 0o-9oS, has been quiet for so long
 

(roughly 400 years) that large earthquakes are highly
 

unlikely unless their recurrence period is quite long.
 

The region spanning roughly 160 -240 S is postu­

lated to be an extremely likely candidate for a large
 

earthquake. The last large earthquakes in this zone
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occurred in 1868 (northern end) and 1877 (southern end).
 

Both events produced destructive tsunamis (Pararas-


Carayannis and Calebaugh, 1977). McCann et al. assigned
 

this zone "highest seismic potential.
 

Two smaller gaps exist farther south. Both
 
are assigned moderate seismic potential levels because of
 
recent activity. The first, with a recurrence period of
 

roughly 40 years, is the zone from 25o-26OS; the second,
 

with a somewhat longer period of 85 years, is the zone south
 

of Valparaiso, Chile along 33o-35oS.
 

McCann et al. stated that a long-existing gap
 
south of Callao, Peru (12.50S to 140S as described by
 

Kelleher, 1972) was filled by a great earthquake (magni­

tude of 8.1) in 1974. B. Brady (Bureau of Mines) and W.
 

Spence (U.S. Geological Survey) have amassed a body of
 

evidence which indicates that this event was not, in fact,
 

gap-filling. Brady has developed a theory of earthquake
 

mechanisms which leads him to ascribe strong seismic poten­

tial to two adjacent zones. The larger zone follows the
 

Peru-Chile Trench from 120S to roughly 280S. A gap-filling
 

event in this area would have an extremely high energy
 

level (Kanamori magnitude,* Mw>9. 4 ). The smaller zone
 

runs northward from 12oS-80S. A gap-filling event in
 
this region would be a lesser magnitude (Mw = 8.7)
 

great earthquake.
 

*See Section 3.3 for a discussion of the implications
 

of this magnitude scale.
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3.2 

Since the difference of opinion over the existence
 

of gaps originating in the region from 8oS-15oS is
 

unresolved, we will assume that they do indeed exist. Thus
 

we model possible tsunamigenic bottom motions in five
 

source zones along the South American coast. These are
 

listed in Table 3-1.
 

Figure 3.2 depicts the various source regions used
 

in this study.
 

FOCAL MECHANISMS
 

In general, earthquakes occurring in a specific
 

region tend to follow common patterns; that is, the focal
 

mechanisms of the earthquakes tend to be similar. Stauder
 

(1973, 1975) performed a detailed survey of seismicity
 

patterns in Peru and Chile. We use his data and con­

clusions to piece together representative focal mechanisms
 

such as dip-slip, strike-slip, normal fault, and reverse
 

fault, (see Billings (1954) for examples of these mech­

anisms), applicable to the source zones under study. These
 

are then used to model possible ocean bottom displacements
 

resulting from these events.
 

3.2.1 Peru
 

Stauder (1975) examined 40 earthquakes which
 

occurred in the period 1963-1972 in the zone along western
 

South America from the equator to 180S. Of these, 14 were
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TABLE 3-1 
Potential Tsunami Generation Sites 

Location Code Latitude Rangje Seismic Potential Source 

Central Peru 

Southern Peru-
Northern Chile 

Capiapo, Chile 

Valparaiso, Chile 

Lima, Peru 

A 

B 

C 

D 

E 

80 - 120 

16oS-24oS 

25o-260S 

330-350S 

12o-280S 

High 

High 

Moderate 

Moderate 

High 

Brady 

McCann, et al. 
(1978) 

Brady 



CARNEGIE:
 

Figure 3.2 	 Approximate zones 
of possible 
major earthquakes G 
used as tsunami 
sources. Zones
 
A,B,C, and D are . ­

represented b% o .. ..cross-hatched 

areas. The open 
area beginning at
 
120S and
 
continuing through
 
zonesatB and280SC to J '
end 	 is 

zone E.
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shallow focal depth events which 
were located between the
 
coast line and the axis of the Peru-Chile Trench. They had
 
a mean focal depth of 46 km. Focal plane solutions indicat­
ed that dip-slip faulting* predominated, with the fault
 
planes lying along the 
interface between the underthrusting 
oceanic plate and the continental plate. The dip of the 
fault planes was 100 to 150 from the horizontal and the
 
direction of dip was roughly normal to the coast. 

3.2.2 Chile 

In a similar study, Stauder (1973) examined 61
 
earthquakes occurring in the period 1962-1970 in the zone
 
extending from 200S 
to 45oS. For 19 shallow focus
 
events in northern Chile (200S 
to 340S) the mean focal
 
depth was approximately 44 km and the dip of the focal plane
 
was approximately 200 normal to the coast. central
In 

Chile (350 S to 470S), an examination of 9 shallow focus
 
coastal events showed a mean focal 
depth of 40 km and an
 
average dip of 150 roughly normal to the coast.
 

3.2.3 Fault Motions
 

Tsunamigenic earthquakes tend to be predominantly 
dip-slip events, in which one 
side of the fault plane is
 
displaced vertically relative to the other (lida, 1970). 
Stauder's solutions 
showed most of the shallow focus events
 
having dip-slip motions. In order to reduce level of
the 

complexity of the modeling by one parameter, we assume that
 
the representative events are solely dip-slip, with no
 
strike-slip (horizontal) component.
 

*Dip-slip faulting implies that most of the fault motion 
takes place in the direction of the dip of the fault. Thus 
the motion of the fault bed has a vertical component. The 
final result is that the two sides of the fault wind up

being vertically offset from each other.
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We also assume, again for simplicity, that motion
 
is thrust type. That is, the overhanging bed moves upward
 
relative to the underhanging bed. Figure 3.3 shows the
 

difference between thrust and normal or gravity faulting.
 

If the thrust fault motion breaks the sea floor, the result
 

would be an initial hump in the sea surface, whereas the
 
normal fault would produce a depression. The primary
 

difference in the resulting tsunamis would be the sense of
 

the motion of the leading wave. While for a specific harbor
 
or coastal area the difference between a tsunami producing
 

an initial rise or an initial drawdown of water can be
 
quite crucial in terms of type and magnitude of damage, the
 
difference is not significant in terms of threat assessment
 

along a broad coastal zone.* Thus the specification of
 

exclusively thrust faulting should not significantly alter
 

results.
 

3.2.4 Representative Mechanisms
 

We specify representative focal mechanisms for
 
possible source motions on the basis of Stauder's study.
 

We should point out that while this study was quite
 

thorough, it did cover a relatively short time span and
 
included only a small number of events for which reliable
 

focal plane solutions could be developed. We cannot,
 

therefore, allow the reader to assume that the representa­

tive mechanisms are the average mechanisms for the source
 

zones. Instead, we must represent them as fairly typical of
 

events in this area.
 

* Experiments with a simplified version of the SEAWAVE code 
showed that the difference in wave amplitude between a
 
tsunami generated by an initial hump on the sea surface
 
and one generated by an identically shaped depression was
 
less than 5% of the initial disturbance amplitude after
 
nearly three hours of propagation.
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Figure 3.3: (a) 	Thrust faulting, in which the overhanging
 
bed is displaced upward along the fault
 
plane.
 

(b) Normal faulting, in which the overhanging
 
bed is displaced downward along the fault
 
plane.
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We must also point ou.t that of the 101 events 
Stauder examined, only 8 could be classed as large earth­

quakes. Thus, these mechanisms may not be truly typical of 

tsunamigenic events. They do, however, represent the best
 

estimates we 
could make based on available information.
 

The specific values assigned to source motions in
 

the various zones are detailed in Section 3.4.
 

3.3 EARTHQUAKE ENERGY
 

The key factor in determining how large a tsunami
 

will be produced by a specific earthquake is the amount of
 
seismic energy expended in displacing a volume of the
 

earth's crust. One estimation of earthquake energy is the
 

magnitude assigned to the event. The commonly quoted
 

Richter magnitude, or Ms*, is based on the spectral
 

amplitude of the 20 sec period seismic surface waves which
 

radiate from the source. This magnitude is a sufficient
 

description for small and intermediate earthquakes, which
 

have Ms<7.0. However, the use of M for large earth­s 


quakes can be misleading, because in these events a good
 

deal of the energy is released at periods longer than 20
 

sec. The result can be a saturation of the M scale,
s 


because the energy estimate based on 20/sec amplitudes is
 

too low to be a good indicator of overall energy. Thus Ms
 

seems to approach a limit even as the energy level rises.
 

* 	 Ms is not truly the classical Richter or Gutenberg-Richter 

magnitude, because the empirical constants used in obtain­
ing Ms have been refined from the original formi of the 
expression.
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Another parameter related to earthquake energy is
 
the seismic moment, Mo. This can be estimated from the
 
spectral amplitude of the seismic waves at very long periods
 
(100 sec or larger). This quantity is 
not limited in the
 
same way as the 20 
sec amplitude. Figure 3.4 illustrates
 
schematically how Ms 
and Mo are estimated for small and
 
large earthquakes.
 

Kanamori (1977) argued that 
Mo is a much better
 
indicator of seismic 
energy in major earthquakes than Ms 
because it is based on the amplitude of the spectrum at 
periods much longer than 20/sec. He proposed a new magni­
tude, Mw, defined as
 

Mw = (log M - 16.1)/1.5.o (3.1)
 

This scale is not susceptible to saturation and for small
 
earthquakes Mw 
 M s . Table 3.2 lists a number of
 
tsunamigenic events 
for which Ms, Mo, and Mw have been
 
calculated. Note that 
the largest Mw value is assigned to
 
the Chilean earthquake of 22 May 1960. This event had a 
seismic moment of over 1030 dyne-cm. Chinnery and North 
(1975), in their correlation of Mo versus frequency of 
occurrence 
for great earthquakes, indicated 
that events of
 
this size should have a return period of 15-20 years. 
Their
 
empirical relationship implied that events with return
 
period of 50-100 years would have 
moments in the range
 
2-8 x 1031 dyne-cm. This provides an upper limit 
to the
 
Mo values of the hypothetical earthquakes.
 

Seismic moment 
can be calculated from parameters
 
of the earthquake in one of 
two ways. If we know S, the
 
area of the fault, and D, the mean 
slip dislocation on the
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Figure 3.4 	 Schematic representation of seismic spectrum vs
 
period for (a) small earthquakes and (b) large
 
earthquakes. el is the amplitude used to
 
estimate Mo: e2 is the parameter used to
 
estimate Ms. Note that el is a more consistent
 
estimator of the highest energy level in the
 
earthquake.
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TABLE 3-2
 
Tsunami-Producing Great Earthquakes for
 

which Mo is Reported (Kanamori, 1977) 

Date Latitude Longitude Location Ms Mo Mw 
(1027 dyne-cm) 

18 Apr 06 38N 123W San Francisco 8.25 10 7.9 
17 Aug 06 33S 72W Chile 8.4 29 8.2 
11 Nov 22 28.5S 70W Chile 8.3 69 8.5 
3 Feb 23 54N 161E Kamchatka 8.3 37 8.3 
1 Sep 23 35.3N 139.5E Kanto 8.2 8.5 7.9 
7.Mar 29 51N 170W Fox Island 8.1 6.7 7.8 
3 Jun 32 19.5N 104.3W Mexico 8.1 15 8.1 
2 Mar 33 39.3N 144.5E Sanriku 8.5 43 8.4 

10 Nov 38 55.5W 158W Alaska 8.3 28 8.2 
24 Aug 42 15S 76W Peru 8.1 27 8.2 
7 Dec 44 33.8N .36E Tonankai 8.0 15 8.1 

20 Dec 46 32.5N 134.5E Nankaido 8.2 15 8.1 
22 Aug 49 53.8N 133.3W Alaska 8.1 15 8.1 
4 Mar 52 42.5N 143E Tokachi-Oki 8.3 17 8.1 
4 Nov 52 52.8N 159.5E Kamchatka 8.25 350 9.0 
9 Mar 57 Aleutians 7.25 585 9.1 

10 Jul 58 58.6N 137.1W Alaska 8.9 29 8.2 
6 Nov 58 44.5N 148.5E Kurile Islands 8.7 40 8.3 
4 May 59 52.5N 159.5E Kamchatka 8.25 26 8.2 
22 May 60 Chile 8.3 2000 9.5 
13 Oct 63 44.8N 149.5E Kurile Islands 8.1 67 8.5 
28 Mar 64 61.1N 147.6W Alaska 7.4 820 9.2 
4 Feb 65 Aleutians 7.75 125 8.7 

17 Oct 66 10.7S 78.6W Peru 7.5 20 8.1 
16 May 68 Tokachi-Oki 7.9 28 8.2 
11 Aug 69 43.6N 147.8E Kurile Islands 7.8 22 8.2 
3 Oct 74 12.3S 77.8W Peru 7.6 15 8.1 
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fault, then we can calculate Mo from the expression (Abe,
 

1973) 	: 

Mo = 	 USD. (3.2) 

The quantity lis the rigidity of the earth's crust. This is
 

usually taken to have a constant value of 5 x 1011 dyne
 
cm- 2 . 

If, on the other hand, we only have an estimate of
 

the fault area, then we can use geometric arguments about
 

faulting to calculate the moment and the average slip
 

dislocation from (Abe, 1975)
 

S3 / 2  
Mo = 	kI (3.3)
 

and
 

D = k2 S1/2, 	 (3.4) 

where kI = 1.23 x 1022 dyne cm/km 3 and k2 = 2.46 cm/km. In
 

(3.2), S is in units of cm2 and D in cm. In (3.3) and
 

(3.4), S is in units of km2 and D in cm.
 

Equations (3.3) and (3.4) are derived on the basis
 

of the following assumptions:
 

(a) 	stress drop in large earthquakes is total
 

(i.e., all the accumulated stress is relieved
 

in a single event),
 

(b) 	stress drop is relatively constant in these
 

earthquakes, and
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(C) the ratio of fault length (L) to fault width 

(W) is roughly as 2:1 on a rectangular fault
 

plane.
 

Kanamori (1977) pointed out that the evidence for
 

or against complete stress drop in major earthquakes is
 
inconclusive; Purcaru and Berckhemer (1978) argued strongly
 

that stress drop varies significantly from event to event;
 

and, as Figure 3.5 illustrates, the L vs. W relationship is
 
by no means exact. Despite these difficulties, however,
 

(3.2) is probably accurate enough to allow for reasonable
 

modeling. The degree to which Mo and S are related can be
 

seen in Figure 3.6. This figure also depicts the relation­
ship between Mo and stress drop. Note that the Pacific
 

events do cluster between 10 and 50 bars.
 

The difference between the two appproaches is that
 
use of (3.2) allows some flexibility in the choice of both
 

S and D. That is, a family of (S,D) pairs can produce a
 
given Mw. This is shown in Figure 3.7, where the solid
 

lines represent constant values of Mw. Use of (3.3) and
 

(3.4), on the other hand, implies that any specified value
 

of S leads directly to single values of D and Mw. This
 

is illustrated by the line of x's in Fig. 3.7. The points
 

at which this line crosses the lines of constant Mw are
 

points at which the two methods are equivalent.
 

The relations between Mw, Mo, S, and D allow
 
us to specify the magnitude of events based on estimates of
 
fault area and slip displacement. Area is relatively easy
 

to estimate from the seismological literature, while dis­
placement is less easily estimated. We assume that
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each source zone is a rectangle of length L and width W. 
The upper limits to the length of the postulated faults can 
be estimated from historical evidence. McCann et al. 

(see Fig. 3.1) showed lengths of great earthquake ruptures 
to be increasing from north to south. Site A is in a zone
 

with historical lengths of 150 km or less, although Brady
 

(personal communication) expects that ruptures the length
 

of the entire zone are possible (i.e. 550 km). Sites B, C,
 

and D fall in a region with a 300 km upper limit. Site E
 
begins in the 150 km limit zone and runs into the 300 km
 

zone. Again, Brady contends a rupture encompassing the
 
entire roughly 1800 km length of the zone is possible.
 

These upper limit values were used to estimate lengths for
 
events that fill or partially fill the source zones.
 

Widths of the source areas are less readily
 
estimated. As illustrated in Fig. 3.5, a general relation­

ship of L = 2W seems to hold, at least for large earthquakes
 

with lengths up to 500 km. This relationship probably
 
breaks down for ruptures of greater extent.
 

Kelleher et al. (1974) postulated an upper limit
 

to L in great thrust earthquakes based on the geometry of
 

the interface between underthrust (oceanic, in this case)
 

and overthrust (continental) lithosphere slabs in subduc­

tion zones. Shallow dipping subduction zones will have a
 

wider contact interface between slabs and, apparently,
 

potential for longer rupture lengths. Figure 3.8 illus­

trates the interface zone geometry. The estimates of
 

interface width for the Peru-Chile region are shown in
 

Figure 3.9. While these estimates were not intended to
 
provide absolute values of interface width, they could be
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zone. (a) Perspective view. (b) Side view
 
showing relationships among width of interface,
 
zone of shallow earthquakes, and angle of dip.
 
(Kelleher et al., 1974.)
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3.4 

combined with Fig. 3.5 to provide limiting values for W in 

the different source areas. For example, for site A the L-W 

relation would lead to an estimate of W = 75 km, which is 

within the approximate limit of 100-150 km taken from Fig. 

3.9. Sites B and C would seem to have an upper width limit
 

of 100-120 km, while site D could be as wide as 150 km. The
 

widths chosen for the postulated source motions will be
 

listed in the next section.
 

Hypothetical values of slip dislocation can be
 

developed from estimates of sea floor spreading rates and
 

elapsed time since the last decoupling earthquake. LePichon
 

(1968) indicated a convergence rate for the Nazca-South
 

America plate boundary of approximately 6 cm/yr, while
 

Spence (personal communication) estimates a rate closer
 

to 10 cm/yr. If we assume that the subduction process
 

sl.owly builds up stress between the two plates that is
 
essentially unrelieved except by great, decoupling earth­

quakes, and that these events totally relieve stress, then
 

some of the source areas could have potential slip values of
 

up to 10-15 m. We will outline our choice of values in the
 

next section.
 

SOURCE MOTIONS
 

The source motions used in this study were devel­
oped by combining various parameters discussed in previous
 

sections. Table 3-3 lists the source parameters used in the
 

simulations. These are similar to the parameters used in
 

the earlier report on this study (Hebenstreit, 1981), but
 

reflect modifications made in light of additional informa­

tion about historical seismicity in the region.
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TABLE 3-3
 
SOURCE PARAMETERS USED IN EARTHQUAKE SIMULATIONS
 

Case Focal depth Dip L W 
 D 
 M0 Mw
 
(km) Angle (km) (km) (W) (1027 dyne cm)
 

A 45 150 550 100 5.8 
 159 8.7
 

B 45 200 300 100 10.0 150 8.7
 
(North)
 

B 45 200 300 100 10.0 150 8.7
 

(South)
 

C 45 200 125 125 3.0 23 
 8.2
 

D 40 150 150 125 8.0 75 
 8.5
 

E 20 150 1800 130 10.0 1667 9.4
 



The number of individual source zones was reduced
 
from 11 to the present 6 because of the experience gained
 

earlier. For example, in the earlier report source zone A
 
was studied by four separate cases -- three subintervals 
covering adjacent portions of the zone and one zone-long 
interval. The results, in terms of tsunami directionality, 

proved nearly insensitive to source location. Thus only one 
(modified) zone-long case was considered for this report. 

Similarly zone B, which was treated as four cases
 
in the previous report, is treated as two separate subzones
 

in this version -- a zone north of the bend in the coastline
 
and a similar zone south of the bend. We did not examine a
 

third zone which straddled the bend in the coastline for two
 

reasons:
 

" 	 this bend is already a part of source zone E 
and little additional information would be 
gained by studying it separately, and 

" 	 the likelihood of a continuous rupture propa­
gating from north to south and successfully
 
"turning the corner" is remote (M. Wyss, Univ.
 
of 	Colorado, personal communication).
 

Possible focal depth and dip angle for zone E were
 

provided by Brian Brady.
 

Values of Mo and MW in Table 3-3 were calculated
 

from (3.3) and (3.4).
 

The locations of these sources and bottom dis­
placement scenarios are discussed in the following section.
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3.5 BOTTOM DISPLACEMENT PATTERNS
 

The ultimate result of all of this manipulation
 
of seismological concepts and data must be the specification
 
of the bottom displacement pattern which drives the 
sea
 

surface and initiates the tsunami. In each source zone we
 
have applied two approaches. The first such pattern
 

used, and by far the simplest, specifies uniform uplift over
 
the entire source area. 
 The slip displacement can be
 
calculated from (3.4) or from values 
of plate convergence
 
and estimates of earthquake recurrence time. The assumption
 
operating here is that the slip 
on the fault plane is
 

translated into identical
an di.splacement at the ocean
 
bottom. 
 No account is taken of the depth of the faulting,
 
since we essentially specify a 900 dip angle; that is, all
 

slip motion is in the vertical plane.
 

The alternative approach takes into account the
 
information deduced from local seismicity concerning 
focal
 
depth, dip angle, etc. Mansinha and Smylie (1971) developed
 

analytical expressions for the displacement fields of
 
inclined faults based on their focal parameters. Figure
 

3.10 shows an example of the vertical displacement on a
 
flat surface (that is, ocean bottom or
the the land surface,
 

without taking into account the curvature of the earth,)
 
due to an earthquake with the parameters of case A. Note
 
that the effects of the motion extend well 
beyond the area
 

of the fault plane projected onto the surface.
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based on the parameters of Case A i.,-dicted

by the Mansinha-Smylie Model. Th dotted
 
rectangle is the projection of the focal
 
plane. Contour interval is 1 meter.
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3.6 EFFECT OF SOURCE DURATION
 

Earlier studies (e.g., Kajiura, 1963; Hammack,
 
1973; Yamashita and Sato, 1974) have shown that the duration
 
of the source motion is not a significant factor in the
 

simulation of tsunami generation using a linear model as
 
long as the motion only lasts on the order of 100 
sec. For
 

this reason we applied the instantaneous displacement
 

assumption mentioned in Section 2 for source zones A-D,
 
since these zones are comparatively short. Zone E, however,
 

is so long that the instantaneous motion approach seems
 
inappropriate. If we use an approximate rupture propagation
 

speed of 3.5 km/sec, the rupture would take over 8 minutes
 

to travel the 1800 km length of the zone. Thus we felt that
 
some time dependence had to be added in this case. 
 Since we
 

are dealing with a discrete time increment model, we could
 
not supply a continuous displacement. Instead, we broke
 

zone E into 9 subzones, each 210 km long*. The bottom
 
displacements in each subzone were 
instantaneous and occur­
red in sequence beginning at the north end of the zone and
 

moving southward. The subzones are numbered in order of
 
occurrence. Thus at time t=0 
subzone 1 displaced en masse,
 

at time t=60 sec subzone 2 displaced, and so on. In this
 

way we developed a somewhat crude approximation to the time
 

dependent evolution of the fault motion.
 

* 	 This is the distance a rupture traveling at 3.5 km/sec 

would travel in 60 sec, which is the model time step
required to maintain computational stability. See
 
Brandsma et al., (1975) for the method and 
rationale for
 
computing the time step value.
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Section 4
 

SOURCE ZONE A
 

4.1 INTRODUCTION
 

Source zone A is an area approximately 500 km long
 

by 100 km wide centered near ll°S, 80OW (Figure 4.1).
 

This places it northwest of Lima and between the trench axis
 

and the slope. The long axis is roughly parallel to the
 

coast and thus one would intuitively expect much of the wave
 

energy from this region to radiate toward the southwest.
 

Examination of the local topography (Figure 2.3) shows that
 

the Carnegie Ridge lies to the north of the zone and the
 

Nazca Ridge to the south.
 

We discuss each case (i.e., results using a uniform
 

uplift and results using a variable uplift) in turn. Each
 

discussion is accompanied by a number of figures depicting
 

specific points. In order to reduce the confusion sometimes
 

brought on by having to page back-and-forth from figure to
 

figure, we have chosen to group all of the figures pertaining
 

to each case in one spot immediately following the text for
 

that case. We hope this will make this report more readable.
 

4.2 UNIFORM UPLIFT CASE
 

The source motion for this case is a uniform 5.8 m
 

uplift of the entire area depicted in Figure 4.1. Because of
 

the difficulties involved in projecting a rectangular area
 

onto the model grid at any orientation not parallel to the
 

(t,e) axis, the uplift pattern used in the simulation is
 

actually a jagged, rectangle-like shape.
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4.2.1 Immediate (First Hour) Effects
 

The bulk of the potential energy imparted to the
 

ocean by this uplift propagates out into the open ocean.
 

This is apparent in Figure 4.2, which shows contours of wave
 

height (i.e., lines connecting location., of equal wave ele­

vation above MSL), in meters, one hour after the uplift. The
 

initial waves are spreading radially outward from the source,
 

with the highest leading waves (located in the ellipse
 

labelled 2.00 at roughly 140 S, 850 W) heading toward the
 

southwest. Note that only positive wave elevations are
 

contoured to avoid confusion. The wave field will be made up
 

of crests and troughs, since the sea surface in the source
 

area will oscillate about MSL as it slowly returns to
 

equilibrium after the initial vertical displacement.
 

Note also the very confused and, in many locations,
 

quite intense wave concentration along the coastline. This
 

is not surprising, in view of the proximity of the source
 

area to the shoreline. The initial waves reaching the coast
 

from the source should be nearly as high as the uplift­

induced surface displacement. The fact that the intense
 

concentrations remain after an hour (and, indeed, for quite a
 

time later) shows that all of the wave energy is not leaving
 

the source area immediately. The relatively narrow con­

tinental shelf in this area appears to be trapping some of
 

the energy and keeping it from escaping seaward.*
 

4.2.2 Longer Duration Effects
 

Figure 4.3 shows the time dependent variation in
 

wave height near Lima, Peru as a result of the uplift.
 

*An explanation of the shelf-trapping mechanism is provided
 
by Miles (1972).
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The initial crest is roughly 4 m high and occurs about 15 min
 
after generation. But the largest crest occurs 2 hrs and 15
 
min later. Waves of significant amplitude near Lima continue
 
for the entire 8 hrs of the simulation.
 

Wave energies drop off rapidly at coastal locations
 
north and south of the source area. Wave time series near*
 
five cities (Arica, Antofagasta, and Valparaiso, Chile to the
 
south and Isla de Puna, Columbia and Buenaventura, Ecuador
 
to the north) appear in Figures 4.4 to 4.8. Waves at Arica
 
and Isla de Puna, which are closest to the source, are
 
significant (crests roughly 1.5 m above MSL), but of 
much
 
longer period than those at Lima. By the time waves reach
 
Antofagosta and Buenaventura they are quite low and long.
 
The time series at Valparaiso, which is the location farthest
 
away from the source, shows a surprising level of activity.
 
We can postulate two reasons for this. One is that the waves
 
propagating southward along the shelf are amplified by bottom
 
topography near Valparaiso. The second is that the initial
 
waves reaching Valparaiso do not come along the shelf but
 
instead cross the open Pacific seaward of the trench and
 
actually approach from offshore. If this is the case, then
 
refraction due to offshore topography would turn the wave
 
fronts so that the angle of approach to the shore is more
 
nearly perpendicular and amplification on the shelf would be
 

accentuated.
 

4.2.3 Maximum Elevations
 

The wave records discussed in Section 4.2.2 contain
 
valuable information about the temporal variation of wave
 

*We emphasize the word near since we are only talking about
 
offshore waves and because the discrete model grid only

allows us to locate a position to within 15-20 km.
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height at a few specific sites up and down the coast. But
 

limitations of computer resources prevent us from examining
 

wave behavior in this fashion at more than just a few loca­

tions. The length of the South American coast (the section 
we have chosen to model is over 5000 km long) makes it desir­

able to be able to obtain information about the waves at a
 

much greater number of locations. We have chosen to reduce
 

the large amount of data required by recording only the
 

maximum (positive) wave elevation calculated at 300 coastal
 

points, as well as the time (in hours and minutes after the
 

uplift) at which it is recorded. This will allow us to as­

sess the maximum tsunami wave threat at each location (as­

suming that the highest wave poses the greatest hazard) and
 

give some indication of when it arrives.
 

Figure 4.9a-f contains the maximum wave elevation
 
information. Figure 4.9a set
(which will appear with each of
 

maximum elevation plots) depicts the coastline used in the
 
simulation rurs and the approximate locations of the 300
 

recording points. Because so ;nany points are used, only the
 

locations of the first point and every even-numbered point
 

thereafter are shown. The odd-numbered points are usually
 

equi-distant between adjacent even-numbered points. The
 

approximate locations of a number of coastal cities are noted
 

on this figure. We only intend to calculate wave heights in
 

water on the continental shelf at least 20 m deep; therefore,
 

the reader should not assume an exact correspondence between
 

recording point locations and cities. The cities are 
noted
 

only for orientation purposes.
 

Figures 4.9b-f show the variation in maximum ele­

vation along the coast from point 1 to point 300. The ele­

vations are not plotted as a continuous curve, but rather
 

as a discontinuous histogram-like function. This method of
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presentation is used to emphasize to 
the reader the discrete
 
nature of these computations. Because of the resolution 
of
 
the model grid we can only calculate wave heights at loca­
tions which are separated in space by approximately 20 km.
 
We have no valid basis for making any statements about loca­
tions in 
between these points. We have specifically avoided
 
the use of continuous, smooth maximum elevation plots to keep
 
the reader 
from assuming that we can provide information
 
about points closer together than the model allows.
 

The lower axis of the figure indicates the coast­
line index number (corresponding to points on Figure 4.9a).
 
The maximum wave elevation in meters at each point is indi­
cated by a horizontal line, directly over the appropriate
 
tic-mark, at a height corresponding to the wave elevation.
 
If the maximum is greater than the vertical extent of the
 
plot, we have indicated this fact with a vertical 
arrow just
 
below the 
upper axis of the figure. Since we are concerned
 
here with the patterns of wave 
height, rather than absolute
 
numbers, we not to the
have attempted indicate calculated
 
heights at those 
points which exceed the vertical extent of
 
the plot.
 

Just above the upper axis of the plot we have
 
listed the time after generation at which the maximum occurs.
 
The time is indicated in hours and minutes. 
 A value of 0437,
 
for example, means that the maximum occurred 4 hours 
and 37
 
minutes after the uplift began. These times are also cen­
tered on the appropriate tic marks.
 

We have also indicated, by means of a thin hori­
zontal line on each plot, the arithmetic mean (average) of
 
all 300 maximum elevation values. We have found that this
 
provides an extremely useful reference point for assessing
 
the variations in wave height (and hazard) along the coast.
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An examination of the maximum elevation plots for
 
this case shows that the major portion of the severe threat
 
is quite localized in the section of coastline extending from
 
south of Lima (about point 167) to Talara (about point 234).
 
In this region the maximum waves are extremely high, with the
 
majority of elevations over 4 m. This is not too surprising,
 

since this area is quite close to the source location. The
 
wave threat drops off rapidly to the north, with only
 

scattered values near or above average.
 

Wave elevations to the south die down to a steady
 

elevation of between 1 and 2 m. The area of the continental
 
bend near Arica does receive slightly higher waves than its
 

neighbors, but only at one point is the maximum above
 

average.
 

The occurrence of three localized above-average
 

concentrations south of Valparaiso is a bit surprising. The
 
fact that t-hese occur near local small indentations or
 

embayments in the coast would seem to indicate a resonance
 
mechanism at work to produce these local peaks.
 

The pattern of observed arrival times is quite
 
confusing. An examination of predicted travel times for
 
first arrivals* would lead us to expect a steady increase
 

in arrival time with increasing distance from the source.
 
Indeed the times of arrival of the first crests observed on
 
,the time series (Figures 4.3 to 4.8) do agree well with the
 

charts, but we have no real basis for comparison of
 
calculated arrivals of the maximum waves. 
 We have therefore
 
chosen not to include these data in our threat analysis.
 

*Such as the Tsunami Travel Time Charts produced by the U.S.
 
Department of Commerce (NOAA, 1971).
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It is evident from these plots that in some cases a
 
large maximum value will occur at one point, while the
 

maximum at an adjacent point will be much smaller. Intuition
 
would lead us to expect a fairly smooth variation along the
 
coast. These variations could be due to several mechanisms:
 

local offshore bottom topography variations, the local shape
 
of the coastline, or numerical noise, among others. We 
decided to leave them in the results without any attempts at 

smoothing because we feel that the important information to 
be gained is not the actual numbers or the individual point­
to-point variations but the wave height patterns over a
 
number of adjacent locations. These patterns tell us whether
 

or-- not a section of coastline several tens of kilometers long
 
is threatened by tsunami waves.
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4.3 VARIABLE UPLIFT CASE
 

The variable uplift pattern used in this case
 
covers the entire area depicted in Figure 4.1. The mean slip
 
displacement parameter, D, was adjusted 
to produce a peak
 
displacement of 5.8 m. Displacements less than 0.05 m were
 

set 
to zero in order to limit the area of the uplift field.
 

4.3.1 Immediate Effects
 

The surface elevation contours one hour after up­
lift are shown in Figure 4.10. The highest portion of the
 
crest, as in Figure 4.2 for the uniform uplift case, is di­
rected toward the southwest. Several low secondary waves are
 
apparent trailing behind the leading wave. The wave field
 

near the coast is quite confused. A good deal of energy
 

remains behind the seaward propagating waves.
 

4.3.2 Longer Duration Effects
 

The wave time series produced at coastal points by
 
this uplift are quite similar to those for the uniform up­

lift, but much lower in amplitude. Lima, which is close to
 
the source, receives an initial crest, followed by a suc­

cession of long period waves with elevations of about 1 m
 

(see Figure 4.11). This succession is occasionally broken by
 
an extreme wave with a crest several meters high.
 

Waves farther south at Arica (Figure 4.12) are long
 
and quite low. Similar waves reach Isla de Puna a short
 
while later (Figure 4.13). The waves at Antofagasta are
 

only barely noticeable (Figure 4.14), as are waves at
 

Buenaventura (Figure 4.15).
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Once again, the waves reaching Valparaiso (Figure
 

4.16) are higher than those at stations closer to the source,
 

although in this case these waves are quite low.
 

4.3.3 Maximum Elevations 

The plots of maximum elevation along the coast
 

(Figure 4.17a-f) reflect the general low levels of wave
 

energy which propagate along the coast from this source. The
 

elevations along the coast from point 166 to point 231 are
 

all at or above the mean level. And the majority of them are
 

above 2 m. This, of course, is the immediate vicinity of the
 

source.
 

Wave elevations up and down the coast from this 
region are generally low. Only a few places record waves
 

much above the overall mean level. North of Esmerelda the
 

coast is quiet. Only at a few locations far to the south 
(the same locations for which this was observed in the
 

uniform uplift case) do elevations get above 1 m.
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4.4 GENERAL HAZARD ASSESSMENT
 

In the previous subsections we have examined the
 
results of each individual 
uplift simulation separately. 
While some intercomparison between the two cases is desir­

able, for the most part each case is evaluated on its own 

merits. The main purpose of these subsections is to help the
 
reader interpret model 
results and develop an understanding
 
of the evolution of a tsunami under a specific set of con­

ditions. The primary orientation is toward the way in which
 
wave height (and energy) is distributed along the coast.
 

The purpose 
of the following Hazard Assessment
 

subsection (and similar subsections in the next four major
 
sections) is to examine 
the similarities and differences
 

between the simulations for two different 
types of uplift.
 
Some repetition of information from the discussibns of 
indi­

vidual cases naturally occurs, but the emphasis is on treat­
ing the two cases as different facets of one phenomenon-­

tsunamis originating in a specific source zone. The result
 

is an assessment of the threat to 
South American coastal
 

zones from tsunamigenic earthquakes in each 
source area.
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4.5 
 HAZARD ASSESSMENT - ZONE A
 

The major difference between the two 
simulations,
 
of course, is the height of 
the waves calculated. The 
mean
 
maximum water e!evation along the coast is only 0.8 m for the 
variable uplift case, but just over 2.0 
m for the uniform
 
uplift case. The tsunami generated by the uriform uplift is
 
the more energetic of the 
two, and as such poses a greater
 
potential threat.
 

Once we look past the wave elevations we find that 
the t;:o sets of results are quite similar. For example, 
comparing hydrographs at 
 the same location between cases
 
show' that the time variations in waves at each point are 
nearly identical. For example, not 
only do first arrival
 
times agree to within a few minutes, but later arrivals agree
 
well, also.
 

The patterns of wave height distribution are also 
quite similar, although the arrival 
times for the various
 
maxima vary by as much as several hours. In both cases the 
most severe wave threat falls between points 165 and 235. 
Occasionalr less extreme peaks appear to the north and south.
 

We cannot answer 
the question of how threatening is
 
a 1 m or 5 m wave height offshore of a specific coastal area 
without further careful study. 
Thus any reference we make to
 
"threatening" vs. "non-threatening" is purely subjective. 
We
 
tend to decide that waves a meter or less in height do not 
pose a serious threat, and that anything higher than 3 m is 
very threatening. 
Using this rough rule of thumb leads us to 
conclude that many more coastal locations are under a poten­
tial threat from the uniform uplift than from the variable
 
uplift, but that roughly the same coastal in the
areas 
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immediate vicinity of the source are under a severe threat in
 
either case.
 

Before leaving this case, we need to discuss the
 
differences between the uniform and variable uplift 
sources.
 
The uniform uplift obviously produces higher waves because
 
more potential energy (taken as the square of the surface
 
wave displacement integrated over the source area) is pumped
 
into the ocean. But another key difference concerns the 
energy composition of the waves. The uniform uplift produces
 
what is essentially a broad band (almost white) pulse, with
 
nearly constant energy over a wide range of frequencies. The
 
variable uplift produces a spectrum which is rich 
in energy
 
over a narrower band and rolls off on either side of this
 
band.
 

Each body of water, whether it be an ocean basin, a
 
submarine canyon, or a continental shelf, responds to certain
 
wave frequencies more than others. If an incoming wave has
 
significant energy at one of these frequencies, the resulting
 
resonance will act to increase wave amplitudes; conversely,
 
if the wave is poor in energy at the resonant frequencies,
 
little amplification will occur. The waves from the uniform
 
uplift are more likely to contain energy at resonant fre­
quencies because they contain high energy over a wider range
 
of frequencies to begin with. This explains, at least in 
part, the occasionally dramatic differences between coastal 
results for the two types of uplift. 
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Section 5
 

SOURCE ZONE B
 

5.1 INTRODUCTION
 

Source zone B extends from 160S to 240S. The
 

entire area is about 900 km long and straddles the bend in 
the continent near 180S. Because of this bend we break the 

zone into two smaller zones, one north and one south of the 

bend. Both zones are taken to be 300 km long. The area of 

the bend itself is not used as a source zone for reasons 

stated previously. The northern zone lies just south of the 

Nazca Ridge. The locations of both source zones are shown in 

Figure 5.1. 

5.2 NORTHERN ZONE - UNIFORM UPLIFT CASE
 

In this case the entire northern area aepicted in
 

Figure 5.1 displaces 10 m vertically. As we mentioned in
 

Section 4, the actual uplift area used in the model is quasi­

rectangular.
 

5.2.1 Immediate Effects
 

The contours of the surface waves an hour after
 

generation by this uplift are shown in Figure 5.2. Again, it
 

is obvious that, one hour after generation, the main
 

direction of propagation is to the southwest, into the open
 

Pacific. Notice, however, the large concentrations of wave
 

energy along the Chilean coast between 18Os and 220 S.
 

Presumably this is the result of topographic focussing by the
 

great bend in the continent.
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5.2.2 Longer Duration Effects
 

The two coastal monitoring points which record the
 
highest levels of wave activity are near Arica and Lima.
 
Arica lies south of the zone, but near the continental bend. 
The time series at this point (Figure 5.3) shows an initial 
rise of nearly 5 m as the leading edge of the wave passes. 
Following this early surge is a long, fairly regular suc­
cession of extreme surges, which would indicate that a good
 
deal of wave energy is trapped in the area.
 

The time series near Lima (Figure 5.4) also shows
 
another, somewhat lower initial rise. During the next sev­
eral hours wave activity is subdued to some extent, until a
 
major surge arrives at about 5.5 hrs. These two occurrences
 
indicate that most of.the early wave energy travels along the
 
shelf northward past Lima. The late surge could be due to a
 
pumping-type action in the bend area, where wave energy does
 

persist.
 

Waves south of Arica are lower and more regular.
 
The record at Antofagasta (Figure 5.5) rises ini.tially but
 
quickly dies off. The waves near Valparaiso (Figure 5.6) are
 
also regular, but are much higher. This may be due to the
 
offshore wave approach described in Section 4.
 

To the north of the source wave activity drops
 
off quite rapidly. The record near Isla de Puna (Figure
 
5.7) shows a series of long, low waves, while that near
 

Buenaventura (Figure 5.8) shows only very slight disturbance.
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5.2.3 
 Maximum Elevations
 

The plots of maximum elevation for this case

show that the mean elevation is slightly above 3 m. 
Thus any

concentrations of 
wave height near or above the 
mean level
 
would have 
to be considered 
a serious threat. 
 In this case
 
the most intense wave activity occurs close to the 
source.
 
The region extending from the vicinity of Arica to point 170,

south 
of Lima is marked by extreme wave heights, with few
 
maximum values 
less than 5 m. But 
wave elevations at or
 
above the mean 
occur for 
a long distance north 
and south of
 
the source. 
 The last such point to the north is close 
to
 
Talara, Peru, while they occur 
 all the way south past

Concepcion, Chile. 
 Only on 
the coast north of Talara can we
 
say that wave energies are uniformly low.
 

The peaks south of point 40 are surprisingly high.

This is probably due both 
to local refraction effects and 
to
 
wave propagation across deep 
water rather than along the
 
coast.
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5.3 NORTHERN ZONE - VARIABLE UPLIFT CASE
 

The uplift pattern in this case fills the northern 
zone depicted in Figure 5.1. The maximum displacement is
 

taken to be 10 m.
 

5.3.1 Immediate Effects
 

The wave elevation contours after one hour are
 

shown in Figure 5.10. As in the uniform uplift case, the
 

main body of waves is moving seaward toward the southwest. 

Several strong secondary crests are apparent, also. Some of 

this is due to reflections from the coastline as the initial 

mound breaks into two components--the seaward wave and the
 

shoreward wave. This latter wave reaches the coast and is 

reflected back to sea sometime after the initial 
crest has
 

left the source zone.
 

Some of this trailing wave activity is also the
 

result of reflections from the coast in the vicinity of the
 

coastal bend. Much of the wave pattern between 200 s and
 

22 0 S is no doubt due to this. 

Note that wave elevations are concentrated at
 

several locations along the coast, and not exclusively in the
 

source zone.
 

5.3.2 Longer Duration Effects
 

The waves first reach Arica (Figure 5.11). Here
 

they are quite high (crests close to 5 m) and persist for a 

long period of time. Once again this leads us to believe
 

that wave energy is trapped in the vicinity of the coastline
 

bend.
 

5-18
 



Waves reaching Lima (Figure 5.12) are somewhat
 
longer and a good deal lower. 
 But they also persist for the
 
full simulation.
 

Antofagasta receives 
low, fairly high frequency
 
waves 
which also persist (Figure 5.13); once again the waves
 
farther south at Valparaiso have higher elevations and longer
 
periods (Figure 5.14). Waves to the north of 
the source at
 
Isla de Puna (Figure 5.15) and Buenaventura (Figure 5.16) are
 
very long and low.
 

5.3.3 Maximumn Elevations
 

This uplift pattern sends wave ei.ergies at fairly
 
high levels all along the coast, except to the portion north 
of Talara (see Figure 5.17a-f). The extreme wave amplitudes
 
are nearly all clustered near the source zone, between points
 
130 and 170. But a large number of locations outside that
 
range receive wave elevations at or above (in some southern
 
locations, far above) the overall mean level of 2.0 m. 
Waves
 
at or near that level could pose 
a severe threat to low-lying
 
coastal areas and would have to be considered a potential
 
hazard.
 

This source motion produces a very energetic
 
tsunami which has at least the potential to threaten areas
 
over nearly the entire coastline, even though the greatest
 
danger lies close to the source.
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5.4 SOUTHERN ZONE - UNIFORM UPLIFT CASE
 

The area for this source extends from 210 s to
 

240 S over some of the deepest portions of the trench. The
 

area of the source is depicted in Figure 5.1. The uniform
 

uplift scenario specifies a 10 m uplift over this whole zone. 

Portions of the zone on land do not effect the model, which 

does not allow water onto land areas. 

5.4.1 Immediate Effects
 

After one hour, much of the wave energy has spread
 

seaward in all directions, but especially to the west (Figure
 

5.18). High concentrations of wave energy are apparent both
 

in the source region and to the north of Arica.
 

5.4.2 Longer Duration Effects 

The wave record at Antofagasta (Figure 5.19), which
 

is in the source zone, immediately rises to 10 m and then
 

drops off. By the end of the first hour the waves have drop­

ped to amplitudes of 1-2 m and persist at high frequency for
 

the rest of the simulation. To the north and south of the
 

source, at Arica (Figure 5.20) and Valparaiso (Figure 5.21),
 

the waves are more intense, but of much longer period. The
 

waves at Arica, especially, remain quite high, probably
 

because of energy trapped between the source (which oscil­

lates for some time after the initial uplift) and the bend in
 

the continent.
 

By the time the waves reach Lima (Figure 5.22) they
 

are even longer and much lower than those at Arica. The
 

oscillations do, however, persist for quite a time.
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The waves reaching Isla 
de Puna (Figure 5.23) and
 
Buenaventura (Figure 5.24) 
are very long and low.
 

5.4.3 
 Maximum Elevations
 

The effects of 
this tsunami are severe for a long

distance along 
the coast 
(see Figure 5.25a-f) since 
the mean
 
maximum wave 
is nearly 4 m 
high. The most immediate effects
 
are felt the
in source area, where 
10 m amplitudes occur
 
within minutes of uplift. 
 Extreme maximum 
values occur 
at
 
intervals along the 
coast between points 85 and 150, although
 
the general trend is 
a slow decrease from the initial maximum
 
uplift. 
 This decrease continues to 
the north, broken only by

occasional 
local peaks. Elevations 
north of Guayaquil are
 
generally low enough 
to pose little 
or no threat.
 

The decrease to 
the south is broken by a number of

sharp peaks south of Valparaiso. Most 
of these peaks occur
 
in locations which we 
have already seen 
to be susceptible to
 
wave amplification. 
But the open ocean propagation mechanism
 
which we proposed to explain 
such peaks previously is prob­
ably not valid here, 
since the source is located to the south
 
of the bend in the continent. 
 The alternative explanation of
 
local amplification of longshore waves is more likely to be 
the case 
in this instance.
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5.5 SOUTHERN ZONE - VARIABLE UPLIFT CASE
 

This uplift pattern fills the entire southern area 

indicated in Figure 5.1. The maximum vertical displacement 

is 10 m. 

5.5.1 Immediate Effects
 

The surface wave contours after one hour (Figure 
5.26) are in some ways quite similar to those for the
 
northern zone (Figure 5.10). A large portion of the energy
 

is propagating seaward, secondary crests follow the initial
 
wave, and reflections due to the coastal bend are apparent.
 
A large concentration of wave energy remains in the source 
area, also.
 

5.5.2 Longer Duration Effects
 

The hydrograph at Antofagasta (Figure 5.27) shows
 
an initial steep rise at the start of the simulation. This
 
quickly (in less than an hour) damps down to a long, slowly
 

diminishing series of oscillations with elevations of no more
 

than a meter.
 

Arica, to the north of the source, receives a long
 
train of high waves which persists for the full 8 hours
 

(Figure 5.28). It is striking that in most cases the troughs
 

on this record are quite deep, while the crests are rela­
tively low. Valparaiso (Figure 5.29) also receives a per­

sistent wave train, but the elevations are markedly lower
 

than those at Arica.
 

As the waves move north past Lima (Figure 5.30),
 
Isla de Puna (Figure 5.31), and Buenaventura (Figure 5.32),
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they become longer and lower, until the waves at Buenaventura
 

barely register.
 

5.5.3 Maximum Elevations
 

The maximum elevation plots (Figure 5.33a-f) for
 
this case show that the effects of this tsunami 
are greatest
 
near the source zone, but that high waves occur at intervals
 
all along the coast from the southern end of the model area
 
to the vicinity of Chimbote, Peru. The greatest
 
concentration of extreme wave heights occurs in the short
 
length of coast between Antofagasta and Iquique, but local
 
extremes appear fairly often. Only in the region north of
 
Talara are wave elevations low enough to be considered only a
 
weak threat.
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5.6 HAZARD ASSESSMENT - ZONE B
 

The two subzones used to Incate hypothetical earth­

quakes in this zone are oriented quite differently along the
 

South American coast. We discuss the threat from each sub­

zone separately.
 

5.6.1 Northern Subzone
 

Both types of uplift produce quite energetic
 

tsunamis. The mean elevation for the uniform case is about
 

3.1 m, but the mean for the variable case only drops to
 

2.0 m. Once again, the time series are quite similar in
 

everything but amplitude. Only after 6 or 7 hrs do hydro­

graphs from the different runs show really noticeable dif­

ferences.
 

The patterns of wave height distribution are also
 

nearly identical. In both cases the most concentrated threat
 

lies along the coast between Arica and an area southeast of 

Lima. But high calculated wave elevations are common up and
 

down the coast as far north as Talara and all the way south 

past Concepcion. Only in the region north of Guayaquil are 
wave heights consistently low enough to say that little 

hazard exists. 

As we noted earlier, several locations in the far
 

southern end of the coast are subject to surprisingly high
 

waves. This is probably due to local topographic effects.
 

5.6.2 Southern Subzone
 

Both of the uplifts in this subzone also produce
 

energetic tsunamis. The mean maximum elevation for the
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uniform case is 3.7 m, while that for the variable case is
 
2.2 m. Again, the distribution patterns are quite similar.
 
In both cases the threat is most severe for the coastal zone
 
which starts just north of Caldera and ends northwest of
 
Mollendo. But waves high enough to pose a potential threat
 
are common as far north as Talara, especially after the
 
uniform uplift. And, as usual, several regions south of the
 
source zone are subject to extreme waves.
 

One noticeable difference between the two cases is
 
the nature of the threat in the source zone. In the uniform
 
uplift case, most of the section from points 99 to 119 re­
ceives waves at least 10 m high as soon as the simulation
 
begins. In the variable uplift case only a relatively few
 
points in that region receive waves that high, and then only
 
after a delay of between 6 and 48 min. This is because the
 
source area ends right at the coastline. In the uniform case
 
the 10 m initial displacement is imposed on these points at
 
the beginning. :In the variable uplift case the section with
 
a 10 m displacement is several grid points offshore and it
 
takes time for the first shoreward crest to arrive. Also
 
during that time the crest starts to spread to the north and 
south, and so the waves reaching the shore are no longer 
uniform in height along the coast, as they were after the 

uniform uplift. 

5.6.3 Summary
 

Tsunamis coming out of these two source zones pose
 
a significant threat to the whole South American coast south
 
of Guayaquil. In both cases the immediate vicinity of the
 
uplift receives the highest waves, but coastal areas near the
 
continental bend are also threatened by waves reflecting in
 
that area. This source zone produces the most threatening
 

waves we have yet encountered.
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Section 6
 

SOURCE ZONE C
 

6.1 INTRODUCTION
 

Source zone C extends from 250s to 260S. The
 
topography of the region is quite similar to that of the
 
southern subzone of zone B. Its location is shown in Figure 
6.1. This is a small seismic gap and tsunamis originating 
here would not be expected to be very energetic.
 

6.2 UNIFORM UPLIFT CASE
 

In this situation the entire area depicted in
 
Figure 6.1 moves 3 m upward.
 

6.2.1 Immediate Effects
 

The wave contours after one hour (Figure 6.2) con­
firm our expectation of low waves. The deep water crest
 
height is slightly over 20 cm and the wave is spreading
 
nearly uniformly in all directions. Some intense cells of
 
wave energy do remain in the source zone, however.
 

6.2.2 Longer Duration Effects
 

The coastal wave records for this case depict waves 
of low energy which tend to die out quickly in some cases. 
At Antofagasta (Figure 6.3), which is closest to the source, 
the time history contains low amplitude, high frequency waves 

which persist for 3 to 4 hours and then decrease in ampli­
tude. In contrast, Valparaiso and Arica (Figure 6.4 and 6.5) 

receive waves of only slightly higher amplitude but much 
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longer period. These persist with only small variations for
 
the full 8 hours.
 

The locations farther north receive much lower wave
 
energies, although activity near Lima (Figure 6.6) shows
 
signs of increasing after 7 hours. 
 By the time the waves
 
reach Isla de Puna (Figure 6.7) and Buenaventura (Figure
 
6.8) they are only low, long period disturbances which pose
 
little hazard.
 

6.2.3 Maximum Wave Heights
 

The average maximum elevation for this case is
 
quite low--approximately 0.6 m. The highest elevations occur
 
between Caldera and Antofagasta, along the shoreline near the
 
source (see Figures 6.9a-f). Only in this region are the
 
waves really high enough to be considered an unqualified
 
hazard. Some above-average elevations do occur both north
 
and south of the source, especially near Arica and the
 
portion of the continent north of the bend. In general,
 
though, this tsunami seems to 
pose little threat to coastal
 

areas.
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6.3 VARIABLE UPLIFT CASE
 

The maximum uplift for this source is 3 m. As we
 

noted in the previous section, this is not a very energetic
 

source motion.
 

6.3.1 Immediate Effects
 

The one hour wave contours (Figure 6.10) show that
 

this wave field spreads out quite evenly. A secondary crest,
 

which is a bit lower than the leading crest and of much
 

shorter wavelength, is apparent. A number of small pockets
 

of wave energy are present along the coast, also.
 

6.3.2 Longer Duration Effects
 

The wave hydrographs (Figures 6.11 to 6.16) confirm
 

the low energy levels of this source. Only at Arica do wave
 

elevations approach 1 m. The low level wave activity is 

present, however, for nearly 8 hours at Antofagasta, 

Valparaiso, and Arica. 

6.3.3 Maximum Elevations
 

The low energy levels are also apparent in the
 

maximum elevation plots (Figure 6.17a-f). Waves as high as
 

3 m occur near the source between Caldera and Antofagasta.
 

Clusters of above-average waves do occur near Arica and
 

between Constitucion and Valparaiso, but in general this
 

tsunami does not pose much of a threat.
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6.4 HAZARD ASSESSMENT - SOURCE C
 

As we have already seen, the tsunamis generated in 
this zone are not very energetic. The mean elevations for
 
the uniform and the variable uplift simulations are roughly
 
0.7 m and 0.5 m. Only in the vicinity of the source, between
 
Caldera and Antofagasta, do waves approach 3.0 m high in
 
either case. Farther north and south of the 
source we see 
wave elevations between 1 and 2 m, but whether or not these 
pose a threat we cannot say without further study. 

We do notice that elevations are consistently above 
average in the vicinity of the continental bend, indicating 
that wave energy does get trapped there. We also note that 
the entire coast north of Chimbote is practically unaffected
 

by this tsunami.
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7.1 

7.2 

Section 7
 

SOURCE ZONE D
 

INTRODUCTION
 

Source zone D extends from 330S to 350 S. The
 

source is oriented along the trench axis rather than the
 

coastline. The general trend of the trench is toward the
 

southwest and thus the source zones tend to send their wave
 

energy toward the northwest initially. The source area is
 

depicted in Figure 7.1
 

UNIFORM UPLIFT CASE
 

The generating motion for this case is a uniform 

8 m displacement over the entire area indicated in Figure 

7.1. 

7.2.1 Immediate Effects
 

The contours of wave height one hour after gener­

ation (Figure 7.2) show that the waves are spreading fairly
 

uniformly outward from the source. The highest portion of
 

the leading crest is propagating toward the northwest. A
 

large concentration of wave energy remains in the source 

zone, however.
 

7.2.2 Longer Duration Effects
 

The waves emanating from this source again exhibit
 

a decrease in intensity as they get farther away. At Val­

paraiso (Figure 7.3) the waves are initially quite high and
 

persist for the entire simulation. The waves at Antofagasta
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(Figure 7.4) also persist, but at much reduced amplitude. 

The waves reaching Arica (Figure 7.5) are higher than those 

at Antofagasta, but have much longer periods. They do seem 

to die off slowly. Waves near Lima (Figure 7.6) are fairly 

low and long and do not pose much threat. Waves at Isla de 
Puna and Buenaventura (Figures 7.7 and 7.8) do not appear to 

contain significant energy. 

7.2.3 Maximum Elevations 

The patterns of maximum elevations for this case
 
are shown in Figure 7.9a-f. The mean level for these waves
 

is roughly 1.8 m, which is high enough so that waves at or 
above-average are at least a potential hazard. Not
 

surprisingly, the highest waves by far occur between the
 

southern end of the model zone (at 400S) and Coquimbo,
 

along the shore close to the source. The region from Arica
 

north around the continental bend to Chimbote receives waves
 

which are somewhat higher than those in regions to the north
 

or south of there. This is probably a reversal of the open
 

ocean propagation effect indicated in case A and the northern
 

subzone of case B. Here the waves originate in the south and
 

cross the deep, relatively flat Chile Basin before being
 

refracted up onto the shelf, where the transition from deep
 

to shallow water amplifies the wave crests. Once again, the
 

coastlines of Ecuador and Colombia receive only quite small
 

waves.
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7.3 VARIABLE UPLIFT CASE
 

for this case covers the
The displacement pattern 


7.1. The maximum uplift isentire area indicated in Figure 

8 m. 

7.3.1 Immediate Effects
 

one appear
The wave elevation contours after hour 


The leading crest spreads uniformly out from
in Figure 7.10. 


the source, with a slight orientation toward the west by
 

northwest. A very well-defined secondary crest follows
 

This is probably the continental reflection.
closely behind. 


are subject to concentrations of wave
Several coastal areas 


elevation at this time.
 

7.3.2 Longer Duration Effects
 

The 	wave elevation time series for this case
 

wave energy drops off quickly with distance
indicate that 


from the source. At Valparaiso (Figure 7.11) the waves start
 

out quite high and slowly diminish, although after 8 hours
 

the crest height is still about 1 m. In contrast, the waves
 

are almost totally damped out at Antofagasta (Figure 7.12).
 

are long and
The waves reaching Arica (Figure 7.13) 


At the three northern locations
low and gradually diminish. 


(Figures 7.14 to 7.16) the waves are very long and smooth and
 

create only a minimal disturbance.
 

7.3.3 Maximum Elevations
 

The maximum elevation plots (Figure 7.17a-f) also
 

reflect the gradually diminishing nature of this wave field.
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The average maximum is about 1.1 m. The region of highest
 

waves extends from the southern end of the model area to just 

north of Coquimbo. All through this region waves are of
 

average to well-above-average height. The most consistently
 

threatened area extends from near Concepcion to just north of
 

Valparaiso. The only other areas of nearly comparable height
 

are close to Arica and in the area just northwest of
 

Mollendo. The waves around Chimbote also hover near the
 

mean, but in general most areas away from the source do not 
seem threatened.
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7.4 HAZARD ASSESSMENT - SOURCE ZONE D
 

This source zone produces small, but moderately
 

energetic tsunamis. The mean elevation values are 1.1 m for
 

the variable uplift and 1.8 for the uniform uplift. The
 

hydrographs are quite similar in both cases, except at
 

Valparaiso. The wave record for the variable uplift case is
 

much more regular than that for the uniform case. The
 

amplitudes of the two records are quite comparable though.
 

In both cases the highest waves occur in the vicin­

ity of the source. The entire coast from the southern end of
 

the model zone to near Coquimbo is under severe or poten­

tially severe threat. The coast north of Coquimbo is rela­

tively quiet up to the area around Arica. Here reflections
 

and trapping work to produce scattered threatening waves.
 

These recur intermittently to around Chimbote. North of
 

there the threat is greatly reduced.
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Section 8
 

SOURCE ZONE E
 

8.1 INTRODUCTION
 

This zone is not only the largest used in this
 

study, but also the largest ever postulated. It is nearly
 

twice as long as the 1000 km uplift zone of the 22 May 1960
 

earthquake which occurred off the southern coast of Chile.
 

Such a widespread event would generate a truly catastrophic
 

tsunami. The extent of the zone is depicted in Figure 8.1.
 

Because of the unusual length of the zone we could
 

not assume an instantaneous uplift. Instead, we specified
 

approximately how long a section a rupture propagating at
 

3.5 km/sec could uplift in 60 sec (one model time step).
 

Then 10 areas, each roughly the same length, were marked off.
 

The model specifies that these blocks, one after the other in
 

sequence from north to south, are displaced instantaneously
 

at a rate of one block per time step. This process serves as
 

a discrete approximation to the continuous uplift process
 

which the sea floor would actually undergo.
 

8.2 UNIFORM UPLIFT CASE
 

The source motion for this case consists of a 10 m
 

vertical uplift for each block in sequence.
 

8.2.1 Immediate Effects
 

As the wave contours one hour after generation show 

(Fig. 8.2), the results of this uplift are catastrophic. 
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The leading wave extends approximately 290 of latitude.
 

The highest point on the wave, denoted by the small,
 

unlabelled, heavy ellipse between 220S and 240S, is over
 

10 m. The sea behind the leading wave is chaotic, the result
 

of two dominant wave regimes--one moving southwestward and 

one moving westward--interacting as they cross. Many areas
 

of high waves are apparent on the coast.
 

8.2.2 Longer Duration Effects
 

The time series at the various recording points 

show that this tsunami produces not only very intense waves
 

but also waves of long duration. Note in examining these 

pictures that the vertical scale is now 20 m, rather than the
 

15 m used in cases A to D.
 

The waves at Valparaiso (Fig. 8.3) are initially
 

only 3 m high, but gradually increase in height to between 4 

and 6 m. By the end of the simulation they seem to be
 

growing. At Antofagasta (Fig. 8.4) the opposite happens.
 

The waves start high and then rapidly die off to a less
 

spectacular (but still dangerous) 2-3 m height.
 

Arica (Fig. 8.5) is continually struck by long,
 

high waves, although none are as awesome as the initial 17 m
 

crest. The wave energy level in this record remains high
 

throughout the simulation.
 

The waves at Lima (Fig. 8.6), like those at
 

Valparaiso, start off slowly, if a 5 m crest can be called a 

slow start, and gradually increase, until a crest 11 m high 

arrives nearly 5 hrs. after the uplift. Again, the waves are 

highly active throughout the simulation.
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Isla de Puna (Fig. 8.7) receives the usual very
 

long waves which slowly increase. The final wave calculated 

is 4.m high. Only at Buenaventura (Fig. 8.8) do we record 

low waves throughout the simulation. 

8.2.3 Maximum Elevations 

The maximum elevation plots (Fig. 8.9a-f) depict 

graphically the threat posed by this event. The mean level 

calculated is about 6.8 m. The source region, of course, is 

struck by extreme waves almost immediately, but no section of 

the coast is free of at least a potential threat. The 

normally protected region north from Talara is once again 

much quieter than any other portion of the coast, but even 

here waves 2 to 3 m high occur in some areas. 
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8.3 VARIABLE UPLIFT CASE
 

The ultimate uplift pattern used in this simulation
 

is the consolidation of two separate uplift patterns. The
 

first extends parallel to the trench from the northern end of
 

zone E to the bend in the continent near 200 S. The second
 

extends parallel to the trench from the bend to the southern
 

end of zone E. The two patterns, both with a maximum uplift
 

of 10 m, overlap in the bend region. In the overlap region
 

the higher of the two patterns at each point is used in the
 

simulation.
 

8.3.1 Immediate Effects
 

The surface elevation contours after one hour are
 

shown in Figure 8.10. The leading wave is quite well estab­

lished and extends over nearly 250 of latitude. It is
 

clearly the result of the interference of two separate wave
 

regimes--one propagating to the southwest from the coast
 

north of the bend and one propagating -est from the coast
 

south of the bend. The maximum wave height is nearly 6 m in
 

deep water.
 

The sea behind the leading wave is quite compli­

cated, since it is made up of a number of smaller waves
 

arising out of the interference pattern. Wave energies are
 

concentrated all along the coast, especially near the bend.
 

8.3.2 Longer Duration Effects
 

High waves are apparent at all of the recording
 

stations from Valparaiso to Lima (Figures 8.11 to 8.14). In
 

all four stations the waves persist for many hours, although
 

amplitudes at Antofagasta are heavily damped.
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At Isla de Puna the waves are very long and appear
 

to be growing as the simulation ends (Figure 8.15). But lit­

tle wave activity appears at Buenaventura (Figure 8.16).
 

8.3.3 Maximum Elevations
 

It is not surprising, in light of the hydrographs,
 

that the maximum elevation plots (Figure 8.17a-f) show that
 

high waves occur all along the coast from the southern end to
 

Talara. And even north of there waves 2 m high occur
 

occasionally. The overall wave level of this tsunami is 

quite high, with a mean of roughly 4.3 m. This event is 

definitely the most threatening that we have discussed. 
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8.4 HAZARD ASSESSMENT - SOURCE ZONE E
 

Uplift in this source zone produces the most
 

uniformly threatening tsunami. Maximum wave heights have
 

been higher in other simulations, but the breadth of the
 

source area ensures that this event directly threatens more
 

of the coastline than any other. The area of concentrated
 

hazard begins south of Caldera and, if we use a 3 m elevation
 

as the lower limit for a serious threat, continues almost
 

unrelieved to the area between Callao and Chimbote. Although
 

the threat is not uniform along here, making a distinction
 

between facing a 7 m wave and a 12 m wave seems pointless.
 

Both are going to be highly destructive in most cases.
 

As is usual, locally high waves occur at various
 

locations outside the immediate source area. Only north of
 

Talara do wave elevations fall regularly below 1 m. And even 

there an occasional potentially threatening 2 to 3 m wave 

occurs. 

In summary, our expectations are confirmed.
 

Tsunamis generated by this source would indeed threaten
 

severe destruction for almost all of the South American west
 

coast.
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9.1 

Section 9
 

CONCLUSIONS AND RECOMMENDATIONS
 

INTRODUCTION
 

In the preceding eight sections we have discussed
 

the nature of the tsunami problem, the m':ans we have chosen
 

to examine it, and the results of our investigations. The
 

next logical step is to draw conclusions based on our results
 

and make reconmendations concerning how these results can be
 

applied. However, before we present our conclusions, we 

would like first to remind the reader of what we have and 

have not done. 

What we have not done is to predict tsunami wave
 

heights on the beaches of South America as the result of off­

shore earthquakes. Nor have we predicted specific earth­

quakes and their resulting tsunamis. In fact, we have not
 

done any predicting at all.
 

What we have done is to examine an area of known
 

high earthquake potential, the Pacific coast of South
 

America, and to use existing seismic theoty to identify
 

places in the area which could possibly (or even probably) be
 

the sites of future large earthquakes. We postulated that
 

earthquakes in these areas would produce tsunamis, and then
 

used existing modeling techniques to simulate what would
 

happen to the ocean surface if the hypothetical earthquakes
 

were indeed tsunamigenic.
 

Because of the modeling approach that we have
 

taken, we have not attempted to predict onshore wave heights.
 

Rather, we are concerned with the pattern of wave elevation
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at points just offshore (a distance of roughly 1/120 in
 

latitude or longitude, depending on the location) in water no 

shallower than 20 m.
 

We cannot emphasize strongly enough that the pat­

terns of wave height up and down the coast are much more 

informative than the actual heights. The absolute heights 

are very much dependent on the way in which we modeled the 

specific source motion. Because we are dealing with a linear 

model we could raise or lower the bottomr displacement and 

produce a corresponding proportional change in the offshore 

waves. But the fact that wave height distribution patterns 

look similar whether we use the broadband uniform uplift or 

the more restricted variable uplift leads us to conclude that 

the model results are, within limits, relatively insensitive 

to the choice of uplift. Thus we feel confident that, 

although these results cannot be used in a predictive sense, 

they can provide valuable information about the general 

nature and severity of the tsunami threat to coastal South 

America. 

9.2 CONChUSIONS
 

We can draw two types of conclusions from this
 

study. The first is an assessment of the threat to the whole
 

coast from tsunamis originating in various source areas. The
 

second is an assessment of the threat to specific locations
 

from tsunamis generated anywhere along the coast.
 

9.2.1 Threat from Specific Earthquakes
 

It is obvious from our results that some of the
 

hypothetical tsunami sources are more threatening than
 

others. We can preface our examination of this by asking the
 

question: If an earthquake were to occur in the locations
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how bad would the
 
the mechanism Postulated,
with
postulated, 

tsunami be?
 

the
E would be
zone
in source 

A tsunami generated 
 high
it produces
studied.
event
destructive
most widely in thiscalculatedthe highest ones 

(not necessarily wherewaves Even in areas 
of coastline.roughlystudy) over 250 

for this case, they
the averagebelow

the wave heights are 

could still be a threat.
 

zone
 

The tsunamis coming 
out of the two subzones 

of 

arewavesextremeTheir 

most threatening.
B are the next high water

still produce
but they

well localized, The
pretty source.from the

well-removedat locationslevels are the slightlysubzonethe southern 
tsunamis coming from 

more energetic of the 
two.
 

only slightly less of 
arefrom zone A

The tsunamis of themomentsThe seismic 
a threat than those 

from zone B. 


are nearly equal, but 
the uplift
 

B.
earthquakes in the 
two zones 

that of zone 

A is a little more than half 


in zone once
used level, although,
threatoverallis a lowerThe result source.felt far from the 

again, effects from zone A are 


not much of a
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D and Czones
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9.2.2 Threats to pecific Areas 

this study is 
can note from 

A second fact that we 
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areas
coastal
some
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Are there areas which 
are 


tsunamis. 
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The most immediate 
threat 
to coastal 
areas 
from
each of these tsuanamis is on 
the shore directly opposite the
source area. This is true both for the wide-spread sources,such as E, and the small sources,
sources' 

such as C. Since theoccur in various parts of the coast, no one
consistently threatened area is
 
in this way. All 
coastal .locations
are equally 
at peril if a 
tsunamigenic 
earthquake 
occurs
 

closeby.
 

However, we 
have noted 
some similarities
sponse pattern which in re­seem to 
occur 
almost without regard to
the source location. 
 For example, several locations south of
Valparaiso respond strongly to 
ai.y tsunami propagating along
the coast. 
 We cannot, 
as yet, 
say whether 
or not this
sponse re­is due to the topography of the locations 
themselves
or 
some quirk in the model. But 
this consistent response, if
real, would bear 
further study.
 

Another apparent trend is the strong responselocations inclose to the bend in the shoreline near 180S.almost Inevery case where the source area was not inregion the bendwe 
see stronger-than-average 

responses 
at Iquique,
Arica, and positions northward along the 
coast. 
 The geometry
of this region 

such
seems 
to be 
 that wave 
energy
focussed is easily
and trapped there. 
 Thus the 
whole region
sistently is con­threatened 
by tsunamis 
from 
a variety 
of loca­
tions.
 

Two other effects 
we 
see consistently
waves 
near Antofagasta damp 
are that
 

out very rapidly 
and that
tle strong lit­wave energy 
reaches 
the coasts 
of Ecuador
and Colombia. 
 The first 
effect 
is presumably 
due
Antofagasta's to

location 
on a promontory with 
little 
offshore
continental 
shelf 
(see Figure 2.3). 
 This configuration


not be conducive to 
may
 

the buildup of 
wave energy.
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9.3 

The second effect is presumably due to a sheltering
 

effect brought on by the gentle bend of the coastline to the 

northeast beginning at 50S or so. Waves following the
 

coast northward apparently disperse much of their energy into
 

the shallow water over the Carnegie Ridge, and only a small 

portion follows the curve of the coast. It would seem that 

the tsunami threat to this portion of the coast comes from
 

local earthquakes rather than earthquakes occuring off Peru
 

or Chile.
 

9.2.3 Summary
 

These conclusions can be summarized in four simple 

statements.
 

0 	 The greatest threat to life and property is to 

coastal areas within or close to the edge of the 

tsunami source. All of the hypothetical
 

earthquakes pose this type of a threat.
 

o 	 Most of these source motions produce tsunamis 

which can result in threatening waves at a 

considerable distance from the source. 

o 	 The ccastal communities in the vicinity of the 

continental bend are continually threatened by
 

tsunamis from almost any source.
 

o 	 Several localities between 300s and 400S are 

similarly threatened. 

HISTORICAL PERSPECTIVE
 

It is not possible to test our results against
 

historical records to determine any exact correspondence
 

between the model and actual situations. Very little is
 

known about exact focal mechanisms for tsunamigenic
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earthquakes in the region. The one exception is the 1960
 

Chilean earthquake. But the only tsunami data available are
 

runup heights and wave gauge records. Both of these are
 

recorded either on shore or much closer to shore than our
 

calculations allow.
 

We can, however, use the historical record to
 

confirm some of the trends we see in our results. An examin­

ation of the information in Appendix A is sufficient to point
 

out several facts. The first is that, indeed, most South
 

American tsunamigenic earthquakes produce the greatest wave
 

damage in the source area and reports of water levels as high
 

as 10, 15, or 20 m above MSL are not unheard of.
 

The second fact is that a number of historical
 

events have caused destruction at sites well-removed from the
 

source. For example, the 1730 tsunami orginating near
 

Valparaiso caused destruction at Concepcion, over 400 km to
 

the south, -and the 1877 tsunami originating near Iquique
 

caused damage at Callao, nearly 700 km to the northwest.
 

This general agreement between our model results
 

and historical precedent does not, of course, guarantee that
 

our conclusions are completely accurate. It does, however,
 

lead us to believe that much of what we have determined can
 

prove quite useful in tsunami hazard planning and research.
 

9.4 RECOMMENDATIONS
 

We feel that the results obtained in this study can
 

be used in a number of areas. Among these are disaster
 

education, disaster planning, and future research.
 

e 	Education - These results show quite graphically
 

how tsuanamis generated off the South American
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coast can threaten population and economic
 

centers. This type of information can be used
 

to educate the affected populace and their
 

leaders as to the magnitude of the threat and
 

the need for a high level of tsunami
 

preparedness.
 

* 	Planning - These results, by themselves or in 

conjunction with historical data, can be used by
 

disaster preparedness authorities in making
 

plans for coping with tsunami hazards when they
 

do 	occur. Emphasis can be placed on relief for
 

likely to be hardest hit, for example.
areas 


e 	Research - These results have shown that certain
 

areas seem to be more threatened than others by
 

specific events. The next logical step would be
 

to establish which of these areas is heavily
 

populated enough or economically important
 

enough that a large tsunami would cause severe
 

damage. These areas could then be studied in
 

detail, using even finer-resolution modeling
 

techniques to assess the local hazard due to
 

onshore runup and flooding. This type of study
 

could then be used by local authorities to plan
 

detailed disaster assistance and hazard
 

mitigation procedures.
 

This study provides a good deal of information
 

about the near-source threat from possible tsunamigenic
 

earthquakes in the Peru-Chile Trench. It has a number of
 

uses, both as it stands and as fuel for more intense study.
 

We feel that this document, and the companion far-field study
 

funded by AID, make a significant contribution to our
 

knowledge of the tsunami hazard to the Pacific community.
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Apendix A
 

SOUTH AMERICAN TSUNAMIS
 

The section of the western coast of South America
 

from southern Ecuador to southern Chile has had a long his­

tory of tsunami-producing earthquakes. Both Berninghausen
 

(1962) and Soloviev and Go (1969) list a tsunami in 1562 as
 

.the earliest verifiable event. Soloviev and Go point out
 

that Peruvian Indian legends talk of earthquakes and floods
 

from the ocean dating back before the reign of the Incas.
 

We have compiled a list of destructive tsundmis for
 

the. period from 1562 to 1966. An examination of several of
 

the tsunami catalogs shows some wide discrepancies in reports
 

on various events, especially prior to about 1860. Great
 

confusion can exist about exact dates, severity of waves,
 

casualties, and damage. We have applied two criteria to
 

appen­determine whether or not to include an event in this 


dix. The first is that the event must appear in all three of
 

the sources we used (Berninghausen, 1962; Iida et al., 1967;
 

and Soloviev and Go, 1969). This lends a measure of accuracy
 

to the list, since in many instances each of these documents
 

used different sources to verify records. The second is that
 

the tsunamis must have caused some degree of damage.
 

We have listed the date of the earthquake, the
 

approximate location of the epicenter (using geographical
 

names rather than latitudes and longitudes), a short summary 

of the tsunami activity on the South American coast, and an 

indication of far-field damage caused by the tsunami. If a 

dollar value for damage is listed, no attempt has been made
 

to convert it to 1981 dollars (unless noted on the table.)
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1562 

TSUNAMIS ORIGINATING IN SOUTH AMERICA (1562-1966)
 

DATE 	 EARTHQUAKE NEAR-SOURCE FAR-FIELD
 
LOCATION EFFECTS EFFECTS
 

Concepcion, Chile 	Waves felt for a distance of 1200 km along
 
the coast. Numerous deaths.
 

8 Feb 1572 Concepcion, Chile 	The portions of Concepcion not destroyed
 
by the earthquake were swept away by the
 
waves. 2000 deaths.
 

16 Dec 1575 	Epicenter between Severe wave damage to Valdivia. 100 deaths.

390S and 410 S 	 Wave damage was localized in source area. 

Nov 1604 Arequipa, Peru 	 Waves felt 1200 km along the coast. Severe
 
damage to Arica, causing the town to be re­
located. 74 deaths.
 

15 Mar 1657 	Interior of Chile, Wave damage to Concepcion was heavy.
 
360 S to 390S Approximately 40 deaths.
 

20 Oct 1687 	Lima, Peru Wave destroyed Pisco and caused many deaths. Waves 0.5 m high recorded
 
Approximately 500 deaths at Callao. 	 on the northeast shore of
 

Honshu, Japan. Waves ob­
served on Okinawa.
 

8 Jul 1730 Valparaiso, Chile 	Waves felt 1000 km along the coast. Some flooding on north-

Valparaiso was flooded. Concepcion was eastern Honshu.
 
largely destroyed. 2 or 3 deaths.
 

28 Oct 1746 Callao, Peru 	 Most of Callao destroyed by waves. 4800
 
deaths. Several smaller towns were de­
stroyed.
 



DATE EARTHQUAKE 
LOCATION 

May 1751 Concepcion, Chile 

11 Apr 1819 Copiapo, Chile 


19 Nov 1822 Valparaiso, Chile 


20 Feb 1835 Concepcion, Chile 


13 Aug 1868 Arica, Chile 


NEAR-SOURCE 

EFFECTS 


Concepcion destroyed by the combined effects
 
of the earthquake and the tsunami. A set­
tlement on the island of Juan Fernandez was
 
washed away.
 

The tsunami was felt 800 km away. Caldera 

suffered considerable damage. 


Some tsunami damage. Waves over 3 m high at
 
Valparaiso.
 

Severe damage to Concepcion and Talcahuano.
 
Waves as high as 7-9 m. Several deaths.
 

Severe damage to Arica. Many smaller 

villages were destroyed. Waves as high as 

15 m reported. As many as 25,000 deaths 

from the earthquake and tsunami. 


FAR-FIELD
 
EFFECTS
 

Waves as high as 2 m in
 
Hawaii.
 

Waves were observed all
 
over the Pacific. Some
 
damage in New Zealand.
 
Waves as high as 5 m.
 
Much lower waves along 
Australia. Waves several
 
meters high observed in
 
Hawaii, and as high as 3 m
 
in Japan.
 



DATE 	 EARTHQUAKE 

LOCATION 


9 May 1877 	 Iquique, Chile 


23 Jan 1878 	Arequipa-Iquique 


4 Dec 1918 Caldera, Chile 


10 Nov 1922 Coquimbo, Chile 


19 Apr 1955 	Central Chile 


NEAR-SOURCE 

EFFECTS 


Near the epicenter the mean water rise was 

10 m. Rise from 2-6 m at Iquique. Much 

damage to coastal villages with waves as 


high as 10 m. Some damage at Antofagasta. 

Little damage at Caldera, but waves up to 

2 m were recorded. Waves with 2 m ampli-

tudes at Valparaiso. Some damage and loss 

of life at Callao, with waves persisting 

for several days. At least 100-200 deaths 

due to the tsunami. 


Damage and flooding in coastal areas near
 
the source.
 

Waves as high as 5 m were noted at Caldera.
 

Waves up to 	7 m high at Caldera caused some 

damage. Waters at Coquimbo rose as high as 

7 m. Much of the city was destroyed and 

several hundred drownings were reported. 


Flooding at Coquimbo. The villages of Tongo
 
and La Serena were damaged. One death.
 

FAR-FIELD
 
EFFECTS
 

Waves of 1 m observed along
 
the Mexican coast. Damage
 
and loss of 	life on the
 

island of Hawaii. 5
 
deaths. Waves as high as
 
5 m were observed. Waves
 
up to 2 m were reported in
 
Samoa, Fiji, and New
 
Zealand. Much flooding in
 
Japan and several drownings
 
were reported. Waves as
 
high as 3 m were observed.
 

Some damage 	was done at
 
Hilo by waves up to 2 m.
 
Waves were observed in
 
Samoa, New Zealand,
 
Australia, and the
 
Philippines. Some damage
 
was done in Japan.
 



DATE EARTHQUAKE NEAR-SOURCE FAR-FIELD 

LOCATION EFFECTS EFFECTS 

22 May 1960 Southern Chile Severe damage throughout the South American 

coast. Waves as high as 25 m near the 
$30,000 damage in Crescent 

City, California. $50,000 

source. Over 300 lives lost. Many coastal damage to Pago Pago, Samoa. 

towns and villages were destroyed. $22 million damage in 

Hawaii. 61 deaths, several 

hundred injuries. 199 

deaths in Japan. Thousands 

of boats and structures 

lost. Waves observed all 
over the Pacific. 

20 Nov 1960 Northwest Peru Extensive damage along the Peruvian coast 
by waves up to 9 m high. 15-50 deaths. 

17 Oct 1966 Lima, Peru A 3.5 m wave was observed at Callao. 

Several small towns were destroyed. 
Waves were observed all 

around the Pacific. 



Appendix B
 

NUMERICAL TECHNIQUE
 

In order to solve the long wave equations used in
 

this study, we applied the multioperational, alternating
 

direction implicit (ADI) algorithm described by Leendertsee
 

(1967). At each computational cell the wave height anomaly,
 

n, at time nAt is averaged over the cell area centered at iAo
 

and jAe. The flux Ui ,j is taken at the center of the
 

flux taken
left-hand face of the cell and the Vi ,j is 


at the center of the lower side.
 

The following notation is used to express the
 

continuum equations. For
finite-difference analogs of the 


any variable (use a as a representative name) at time nAt and
 

location iAO and jAe 

a = a(iAo, jAo, nAt) (B.1) 
1,j 

Ba 1 (B.2)B 2-n-l
(n+l i'j)- = At i'j ­

3a 1 (sn n j
 

Bx 2Ax i+lj i-l,B.3)
 

and
 

i,j = 1/4 j i-1,j+l +,j-+i0j) (B.4') 
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The cycle of computations is separated into two operations.
 

During the first half cycle (from time nAt to (n+l) At), in
 

and U are calculated implicitly along a line of constant
 

latitude. The finite-difference analogs used for (2.1) and
 

(2.3) 	 are 

in + l  ' j - i -l ' j
- 0	 n+l ) n7o~l h.-xy 

n+l un- 2Atg hi, i * n-l 2fAt = 0 (B.5)ij ' RA sin e 1,) 

n+l - n-l + 2At n+l .n+1 + 2At 

ni,j i,j RA sin e (Ui+l,j U-.,j) RAe sin e
 

V sin ),j+l - (V sin e)n,j-i = 0 	 (B.6) 

The-se equations yield a system of linear algebraic
 

equations whose coefficient matrix can be solved quite ef­

ficiently.
 

The computational cycle is completed by implicit
 

computation of V and n with the finite-difference analogs of
 

(2.2) and (2.3)
 

Aq.L I n+l n+. ~+2~V 	 B7 
nl- Vn-l RAO rl~~ -nl~j 	 -xyt i=0 B7Vj Vj,3,+ 


2At 	 n+1n+l n-l 	 \n/nll

vnI - + Re) 	 innI - (V sin 0). (.7 
1~j iJ R0 si
 

2At (n
 (B.8)
+ RAI sin e i+l,j i-l,j 0 

These equations are solved in the same manner as (B.5) and 

(B.6). 
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The numerical characteristics of the ArI algorithm
 

used here were studied in detail during the course of a
 

previous U.S. Army Corps of Engineers-sponsored research
 

program. A succinct method of examining the numerical phase
 

speed is to determine the dispersion relation of the numer­

ical scheme. If we assume that a single Fourier component of
 

frequency w is the solution for a rotating, constant depth
 

basin we find that the dispersion relation for linear free
 

gravity waves is
 

2b2
 2 2(a 2+b 2 ) + y a
(sin) 

+ 
4 2b2 (B.9)
a
1 + y2(a 2+b ) + 


where
 

e = wAt non-dimensional frequency
 

o = fAt non-dimensional Coriolis parameter 

a = 2 sin (kxAx)/2
 

b = 2 sin (kyAy)/2
 

kxrky = x,y-components of wave number 

y = g - At/As (Courant number). 

The above is valid fon a square grid (Ay = Ax = As). Equa­

tion (B.9) states that the linear algorithm is stable for all 

y provided only that o2 < 1. However, the accuracy of e, 

and hence of the phase speed for given wave length, is 

B-3
 



dependent upon both y and a. The condition for accurate ren­

dition of e (phase speed) for given wave length is that
 

a2 << 1 (B.10a)
 

and
 

Y2 (a 2 +b 2 ) << 1 , (B.10b) 

in which case (B.9) reduces nearly to the exact relation
 

e2 = a2 + y2 (kAx)2 , (B.ll) 

where k is the wave number magnitude. For y = 1, which is 

the usual upper bound for explicit schemes, (B.10b) ;imply 

states that the wave should be well resolved by the grid, 

i.e., kAx<<l. One can 
use a larger y and remain stable, but
 

only for those waves for which kAx << l/y will one have an
 

accurate rendition of propagation speeds.
 

If the depth varies in a step-wise manner, as it
 

does in this application to tsunami generation and
 

propagation, then (B.9) and (B.11) are valid 
locally. It is
 

fortuitous that a grid scale (10') and a time step (60 sec)
 

give a Courant number (y) near unity for the deepest
 

portions of the modeled area. 
 Hence the shorter waves in the
 

shallower margins, 
even though they are not well resolved,
 

will maintain accurate propagation speeds according 
 to
 

(B.10b). The propagation of tsunami along the coast will at
 

least be numerically accurate.
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