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PREFACE

This is the first report of the study on Seismic Risk for Guatemala.

This phase of the study includes the collection and description of geo­

logical and seismological environment and the use of that information

in developing iso-acceleration maps of Guatemala. This phase of the

study gives results on future probable seismic hazard for Guatemala

which can be utilized by engineers in formulating the seismic codes,

by planners in future developments and by the insurance companies in

evaluating the seismic risks and rates. Various state-of-the-art models

are used to develop this hazard information.

Phase II of the project will involve the following topics.

• A thorough study of the 1973 UBC, the 1976 UBC and the

ATC-3 work currently being completed. The above codes

will be evaluated with the seismicity of Guatemala in mind.

Such an evaluation will permit the engineers and planners

in Guatemala to appreciate and understand the current

code levels and their relationships with future seismic

loading demands.

• A detailed discussion on the purpose and effects of· earth­

quake codes will be presented. This will include the

history of earthquake loading criteria, the relation

of design loads and quality of structures, the objectives

and qualities of workable seismic codes and the role

of design detailing and design forces in providing a

safe economic construction.
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• Introduction to the Proposed Seismic Design Provisions.

This will take into account the current codes, their

advantages, their shortcomings and the available solu­

tions to eliminate or reduce the shortcomings. This part

of the study will explain in detail the concept of accept­

able risk and the associated loading levels from the hazard

maps of Guatemala. The study will also develop the shape

and levels of various design spectra. These spectra will

include the site characteristics information.

• A detailed description of the type of structural systems,

their effects on the design level and a step-by-step design

procedure will be developed.

• Based on the spectral approach of seismic design, a sim­

plified equivalent static load method, similar to the

1976 UBC method of design, will be developed. It should

be emphasized here that a workable code should have the

following four ingredients.

1) Simplicity.

2) Rationality.

3) Freedom to use responsible ingenuity for special

structures.

4) Reward and encouragement for using dynamic analysis

when merited by the complexity of a given structure.

In developing the methodology in part II of this study,

the above four ingredients will be kept in mind.

• Finally, a detailed comparison with the proposed methodology

and the 1976 UBC will be made. This will be done with

the seismic environment of Guatemala in mind.

iv



It is estimated at this time that the results of phase II study

will be submitted before the end of September 1977.

v





TABLE OF CONTENTS

ACKNOWLEDGMENTS

PREFACE

ii

iii

Chapter I.

I-I
1-2

Chapter II.

II-I
II-2
II-3
II-4

INTRODUCTION

Introduction
Some Basic Concepts Concerning Hazard and Risk •

GEOLOGIC SETTING OF GUATEMALA

Introduction . . . . . .
Nuclear Central America
Volcanic Activity
Faulting . . . . .

1

1
3

7

7
9

17
18

Chapter III. SEISMIC DATA BASE 29

III-l
III-2
1II-3
III-4
III-5

Chapter IV.

IV-l
IV-2

Chapter V.

V-I

V-2
V-3

Chapter VI.

VI-l
VI-2
VI-3

REFERENCES

Appendix A
Appendix B
Appendix C
Appendix D
Appendix E

Introduction . . .
Data Analysis
Source Location and Seismicity
Confidence Levels
Conclusion • . • . • . • . • .

PROBABILISTIC SEISMIC LOADING

Introduction . . . . . . . . . .
Iso-Acceleration Maps for Guatemala

SEISMIC RISK ZONING

Concept of Return Period and Acceleration Zone
Graphs (AZG) . . • . .. ....
Seismic Risk Zoning . . . • • • . . •
Concluding Remarks on Seismic Hazard Maps

SUMMARY, CONCLUSION AND FURTHER RESEARCH .•

Summary of Work on Seismic Hazard Mappi~g

Conclusion from the Present Study
Further Research . . • . . • . • • . . ; .

POISSON MODEL
BAYESIAN HAZARD MODEL
THE FEBRUARY 4, 1976 GUATEMALAN EARTHQUAKE
EARTHQUAKE DATA
COMPUTER PROGRAMS

vi

29
31
35
54
56

57

57
58

75

75

79
94

97

97
98

100

103

107
127
153
163
187





ERRATA

Seismic Hazard Mapping
for Guatemala

(Report No. 26)

Reads Should Read

p. 54 unit-area unit area

p. 56 ... , shown in Table 3-4
express the ...

... , shown in Table 3-4,
express ...

p. 56 •.. loads due to them were
also ...

loads due to them
was also ..•

p. 97

p. 116

data was reviewed

this figure from
Shah et al., 1975.

data were reviewed

this figure (from
Shah et al., 1975).

p. 119 right hand bracket missing in equation A-l2

p. 120 eg. A-18

K

rr
i=l

K

n
i=l

K

P[M ~ m,t] = lim n P[EA4]
6A-+O i=l ...

K

P[M ..::. m,t] = lim rr
6~-+0 i=l

p[~ E~.]
K

P [E~i]= E
~=l ~ i=l

eq. A-19

K

P [E£i]
P[M ..::. m, t] = lim L

6£-7-0 i=l

p. 123 eq. A-26

p[tEA.] K

P[EAi]
= L

~=l .~ i=l

eq. A-27

P[M ..::. m, t] =: lim t P[EA.]
6A-+0 ~=l J.

vii





CHAPTER I

INTRODUCTION

Scope

In this chapter the general background under which this study was

initiated is presented. The concepts of seismic hazard and risk are

described. The main objectives of the current study are presented.

I-I Introduction

On February 4, 1976 at 3:01 A.M. (local Guatemalan time), central

Guatemala experienced a major earthquake. The surface-wave magnitude

(Ms ) of this earthquake was 7.5 and the body wave magnitude (Mb ) was 5.8.

The hypocentral location was l5.32°N latitude and 89.08°W longitude with

a focal depth of about 5 kilometers. Various aftershocks followed the

main event for days and weeks. It is estimated that millions of dollars

of damage and thousands of lives were lost. The resulting economic hard­

ships and the disruption in the way of life can not be fully estimated.

In the chaos of rescue, public care and debris removal which are the

usual results of such earthquakes, it is very difficult for public officials

and engineers to be concerned about why some buildings survive and others

collapse. The building efforts which follow such events bring up many

questions. Are existing design requirements adequate? What are the future

seismic hazards? What should be the acceptable level of seismic risk? How

should the information on future seismic hazards and acceptable risk be

translated into a rational, simple and acceptable design methodology?

Should similar land uses be permitted in the future for areas which suffered

major damage? These and numerous other questions become especially relevant
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after a significant damaging event. The loss of life and damage brought

about by the earthquake-induced landslides in Guatemala City demonstrated

the need for proper land use planning.

The decision processes which lead to the answers for the numerous

questions posed in the previous paragraph are a complex mixture of socio­

economic constraints, political expediency and the general engineering

knowhow. In times when no significant earthquake events have taken place,

the decision making processes go on at a slow rate, while the decisions

immediately after the damaging event are often based on expediency and,

at times, on incomplete and irrational analysis. The attention is only

focused on collapsed or heavily damaged structures and the reaction is

that these failures should never be allowed to happen. The public,

through their representative officials,demand doubling or tripling of

the existing design levels -- with resulting higher costs and delayed

construction.

Under this barrage of emergency actions, public pressure and all

sorts of "consulting advice" from experts from allover the world, it

is remarkable that the engineers, planners and decision makers in Guatemala

decided to initiate a systematic study of seismic hazard and risk analysis

with long range perspective. Such a study has two basic goals.

1) To develop a seismic hazard map for Guatemala, based on all the

available seismological and geological information.

2) Based on the information of future seismic hazards in various

parts of the country and based on the concept of acceptable level

of risk, develop a rational and simple design methodology for

lateral load resistance.

This report is the result of achieving the first goal mentioned above.

The study was conducted at Stanford University and supported by the following

organizations in Guatemala.
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1. Camara Guatemalteca de la Construccion

2. Universidad de San Carlos de Guatemala

3. Banco Nacional de la Vivienda

4. Instituto Nacional de Electrificacion

5. Banco de Guatemala

In a second report (to be published in the future) the probabilistic

hazard information will be used to develop a design methodology which

if implemented could help in reducing the future seismic risk to an

acceptable level. A detailed comparison between the suggested method

and the current and proposed California codes will also be presented.

The results of seismic hazard evaluation presented in this report

should be used as a base for planning and decision making in Guatemala.

Such a study can also be utilized by land use planners, investors and

insurance companies. In general, the results of this study (Phase I)

can provide professionals in Guatemala with tools and procedures for

risk analysis and planning.

1-2 Some Basic Concepts Concerning Hazard and Risk

In order to convey the importance of seismic hazard and risk analysis

to the reader, some basic notions are presented in this section. In the

earthquake engineering literature, there is in general, ambiguity regarding

two words. They are: Hazard and Risk. Seismic hazard is regarded by

many to be synonymous with seismic risk. Earthquake engineers and planners

use these two words loosely and interchangeably in their work. There is

some danger in this ambiguity since these two words within the context

of earthquake engineering have different meanings.

Seismic hazard is defined as "expected occurrence of a future adverse

seismic event".

3



Seismic risk is defined as "expected consequences of a future seismic

event".

Consequences may be life loss, injury, economic loss, function loss

and damage. Expected hazard and expected risk have an implication of

future uncertainty. Hence, it is not surprising that principles of

probabilistic forecasting and decision making are essential in any seismic

hazard or seismic risk analysis.

In a recent report to the United States Congress (1972) by the U.S.

Executive Office of the President, Office of Emergency Preparedness, the

following two recommendations were made ..

1) The development of seismic hazard maps is an essential first

step in hazard reduction and preparedness planning.

2) The greatest potential for reducing the loss of life and property

from earthquakes lies in restructuring the use of land in high

risk areas and in imposing appropriate structural engineering

and materials standards both upon new and existing buildings.

As can be seen from above, it is essential that a seismic hazard map be

prepared for Guatemala as a first step.

Finally, it should be kept in mind that the work and results presented

here depend on the available data base and information. The reliability

of results are at best as good as the reliability of the data on which

the results are based. It is very easy to attack and criticize any work

from the point of view of data reliability. However, it is very difficult

to obtain long-range reliable data. The best available information

through various organizations and researchers have been used in this study.

The forecasts and predictions are based on those data. However, if in

the future more reliable data are available, the model can easily accommodate

the inclusion of new information and update the results. At this time, the

4



authors of this report feel that the results presented here represent

the "best available" estimates of the future forecasts.
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CHAPTER II

GEOLOGIC SETTING OF GUATEMALA

Scope

In this chapter the general geologic and seismologic setting of

Guatemala and surrounding regions is presented. A description of the

major plates and plate boundaries is given along with their relationship

to seismically active zones. Guatemala has been divided into five geologic

and structural regions which are individually discussed. The volcanic

activity is described as are major faults and structural trends. This

chapter concludes with some suggestions relating to seismic zoning.

11-1 Introduction

Guatemala is located within the circumpacific "Ring of Fire", a zone

of intense seismic and volcanic activity. The modern plate tectonics model

explains this high level of activity as being associated with the motions

of crustal plates and the interactions at their boundaries. Most of Central

America lies on the western portion of the Caribbean Plate. However,

Guatemala is situated athwart the boundary between the Caribbean Plate to

the south and the North American Plate to the north (see Figure 2-1). This

boundary is marked by the generally east-west trending Cayman (or Bartlett)

trough, a deep submarine fault valley over 4 km. deep. To the west, the

landward extension of this trough coincides with the Motagua and Polochic

fault zones. The motion along this boundary is predominantly left lateral

(opposite side moving to the left) movement (Molnar and Sykes, 1969).

West of the Caribbean Plate lies the Cocos Plate, the boundary between

the two being the Middle America Trench. The Cocos Plate is moving gener­

ally northeast and being thrust under the Caribbean Plate (Molnar and Sykes,

1969; Jordan, 1975). The Middle America Trench is due to this underthrusting,

or subduction, of the Cocos Plate beneath the Caribbean Plate. Other

Preceding page blank 7
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features normally associated with a "subducting" plate boundary are also

observed along the western and central portions of Central America, including

a northwesterly, arcuate trending chain of andesitic stratovolcanoes, a band

of shallow to intermediate depth earthquake foci, and an oceanic trench

as previously mentioned.

The Middle America Trench is a four to five kilometer deep depression

located approximately 100 kilometers west of Central America, extending from

southern Mexico southward to Costa Rica. Along the landward margin of the

trench is a band of intense shallow seismic activity, with earthquake foci

increasing in depth to the northeast, defining a northeast dipping slab­

like zone. This zone of friction is commonly known as the Benioff Zone.

A chain of Quaternary and active volcanoes parallels the trench and is

located about 100 to 200 kilometers northeast of the trench and directly

above the earthquakes with focal depths of about 100 to 200 kilometers

(intermediate depth foci).

Guatemala is located due east of the junction of the Cocos, Caribbean

and North American Plates. This feature is known as a triple junction. The

tectonics associated with triple junctions is often quite complex'and

confusing.

11-2 Nuclear Central America:

Schuchert (1935) names "the ancient folded and faulted mountain land

of Central America" Nuclear Central America. This portion of Northern

Central America includes Chiapas of Mexico, Guatemala, Belice, Honduras,

El Salvador and much of northern Nicaragua. Guatemala itself can be further

subdivided into five "morphotectonic" units, as described by Dengo and

Bohnenberger (1969). These morphotectonic units were "established on the

basis of their internal constitution and external relief" (Guzman and

DeCserna, 1961), and are a combination of the physiographic and tectonic

9



features of the various subdivisions. The five subdivisions are the Pacific

Coastal Plain, the Pacific Volcanic Chain, the Volcanic Ranges and Plateaus,

the Sierras of Northern Central America and the Yucatan Platform (see

Figure 2-2). Other investigators, such as Bonis (1967), Schuchert (1935),

and Brineman and Vinson (1961), have used various different divisions and

classification systems. However, the classification system used herein was

selected because it appeared to be the most complete and comprehensive.

Pacific r.oastal Plain:

The Pacific Coastal Plain is a narrow coastal plain about 50 kilometers

wide, located along the Pacific side of Northern Central America, extending

from El Salvador northward into southern Mexico. This coastal plain is

composed of a thick accumulation of sands, gravels, pumice and bouldary

laharic deposits (mudflows of volcaniclastic materials), most of which were

derived from the adjacent volcanic chain and highlands. The boundary between

this unit and the Pacific Volcanic Chain is thought to be a series of major

faults which have been buried under alluvial deposits (Agos, 1958), based

on the interpretation of airborne magnetometer data.

Pacific Volcanic Chain:

A chain of active and Quaternary andesitic volcanic cones extends from

southernmost Mexico, across Guatemala into El Salvador, paralleling the

Pacific Coast with a generally northwest trend.

This precipitous volcanic chain stretches longitudinally across much

of Central America, and can be divided into several short segments (see

Figure 2-3) based on prominant volcanic lineaments, seismicity and qua­

ternary structures (including faulting) (Carr, 1976; Carr, Stoiber and

Drake, 1974). The boundaries separating these different segments are often

zones of transcurrent faulting, and commonly appear to be tectonically very

active.

10
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Volcanic Ranges and Plateaus:

The Volcanic Ranges and Plateaus, or Volcanic Highlands as described

by Williams (1960), form the southern part of Northern Central America,

extending across southern Guatemala from the Pacific Volcanic Chain

eastward into western Honduras and northern El Salvador (see Figure 2-2).

The Tertiary (Miocene to Pliocene, or 25 to one million years old) rocks

of the highlands are partly lava flows, ranging from basalt to rhyolite,

but are more commonly rhyolitic and dacitic pumice deposits with inter-

bedded fluviatile (river deposited) tuffaceous sediments and a few lenses

of diatomite (a deposit formed from silica rich microscopic organisms)

(Williams, 1960). Most of these deposits are products of fissure eruptions,

rather than of large composite cones, which developed later during Quaternary

times. The volcanic deposits overlie a rugged surface cut in mid-Cretaceous

plutonic rocks (diorites, granodiorites and granites), early Cretaceous

limestones and older metamorphic rocks (serpentinites, mica schists and

minor phyllitic shales, marbles, quartzites, and calc-silicate contact
I

rocks).

During and after late Pliocene time, these volcanic deposits were

faulted and folded, the trends being generally north-south in the north

eastern portion and more northeast-southwest to east-west throughout the

rest of the highlands.

Quaternary volcanism consists mainly or wholly of basaltic volcanoes

and abundant basaltic cinder cones, occurring as parasitic cones on the

flanks of the volcanoes, and as independent features often aligned along

faults (Williams, McBirney and Dengo, 1964). Quaternary pumice is rel-

atively scarce, compared to that discharged by the volcanic chain to

the west, and to those deposits produced during the period of Tertiary

volcanism. The Quaternary volcanoes of this region are widely scattered

13



along fissure systems, often lying on north-south trending faults

(Williams, McBirney and Dengo, 1964).

Sierras of Northern Central America:

An arcuate series of subparallel high mountain ranges, convex south­

ward, extends across central Guatemala from Chiapas, Mexico to the Caribbean

Sea (see Figure2-2). The northern ranges of this series appear to be

structurally continuous with the submarine topographic high, known as

the Cayrr.au Ridge (Dengo and Bohnenberger, 1969). Also the submarine

Cayman (Bartlett) trough is continuous structurally with some of the

longitudinal valleys which separate several of the mountain ranges,

namely the long, narrow fault controlled Polochic and Motagua Valleys.

These mountain ranges can be subdivided, as suggested by Dengo and

Bohnenberger (1969) into a northern and a southern group of mountain

ranges. The northern group includes the northwest trending Sierra

Cuchumatanes, the east-west trending Sierra de Chama and the generally

east-northeast trending Sierra de Santa Cruz Range. The Maya Mountains

of Belice are also included in this northern group of mountains. The

southern group of ranges includes the Sierra de Chuacus, which trends

nearly east-west, the east-northeast trending Sierra de las Minas and

Sierra de Merendon Ranges and the El Mico Mountains. The Sierra de

Santa Cruz and Sierra de las Minas ranges are separated by the Polochic

Valley, whereas the Sierra de las Minas and the Sierra de Chuacus are

separated from the Sierra de Merendon by the Motagua Valley.

The northern group of mountain ranges are composed primarily of

Permian (270 to 220 million years old) and Cretaceous (135 to 70 million

years old) limestone which now forms a "series of parallel, tightly folded

ranges thrust faulted toward the north and modified by later normal

14



faults" (Dengo and Bohnenberger, 1969) (see Figure 2-4). These thrust

faults trend subparallel to the arcuate trend of the mountain ranges and

dip to the south. The normal faults are vertical or steeply dipping

and often trend approximately north-south, truncating and offsetting

the reverse (thrust) faults (Williams, 1960).

Late Cretaceous and Early Tertiary marine clastic sediments of the

Sepur formation are preserved in the synclinal troughs and fault controlled

valleys of the northern ranges (Bonis, 1967). This formation consists

mainly of shales, calcarenites (calcium carbonate rich sandstone) and

conglomerates. Pre-Mesozoic sedimentary rocks (sandstone, shale, conglom­

erate and phyllite of the Santa Rosa Group) are found in the Maya

Mountains, and Sierra de los Cuchumatanes, as are Paleozoic metamophic

rocks and Jurassic-early Cretaceous continental and marine redbeds (mainly

sandstone and conglomerate) of the Todos Santos formation (Bonis, 1967).

Ultramafic rocks, predominantly serpentinites, also occur in the northern

ranges, making up much of the Sierra de Santa Cruz (Dengo and Bohnenberger,

1969).

To the north the rocks are less intensely folded and thrust faulted,

forming an intermediate zone between the main fold belt of the high sierras

to the south and the nearly flat lying rocks of the Yucatan Platform

to the north. This series of low ranges and intervening lowlands makes

up the marginal folded belt (see Figure 2-2).

The southern group of mountain ranges consists primarily of pre­

Pennsylvanian (before about 300 million years ago) schists, gneisses,

amphibo1ites and marbles of the Chuacas Series (McBirney, 1963), granitic

batholiths and ultramafic rocks, mainly serpentinites. Paleozoic and

Mesozoic sedimentary rocks (carbonates, shales, sandstones, conglomerates,

and phyllites) occur only locally within these ranges. Within the Motagua

15
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Valley, and bounded by the Motagua fault system are Cretaceous to

Eocene (135 to 40 million years old) and redbeds of the Subinal formation.

Also within the Motagua Valley, and other intervening valleys, are small

areas of Quaternary pumice deposits.

The faulting in the southern group of mountain ranges is less

dominated by east-west trending, south dipping thrust faults, but rather

by a few major left lateral strike-slip faults, namely the Cuilco-Chixoy­

Polochic fault, the Motagua fault and the Jocotan-Chamelecon fault to

the south.

Yucatan Platform:

The Yucatan Platform, or Peten Lowland (Bonis, 1967) extends across

northern Guatemala from Tabasco, Mexico into northern Belice (see Figure

2-~. The southern limit of the Yucatan Platform is marked by the La Libertad

Arch, (Vinson and Brineman, 1961). Nearly flat lying Paleozoic and

Eocene marine sediments cover much of the northern portion of the area,

overlying Cretaceous carbonate and evaporite rocks, which crop out ex­

tensively in the southern part of the Yucatan Platform.

An extensive karst topography has developed on the carbonate rocks,

including underground drainages and large caverns. Collapse of these

caverns has produced earthquakes which commonly have shallow epicenters

and fairly local felt areas (Lomnitz, 1974).

11-3 Volcanic Activity:

Quaternary volcanic activity is restricted to the southern part of

the country, occurring along the Pacific Volcanic Chain and in the Volcanic

Ranges and Plateaus region, east of the main chain. The types of Quaternary

deposits include andesitic and basaltic flows, and pumice deposits laid

down by torrential floods which removed airborne pumice falls from the

17



surrounding hills, and less commonly the product of glowing avalanches.

The principal group of volcanoes in Guatemala (see Figure 2-5) lie

in a nearly straight line for 122 kilometers from Volcano Siete Orejas to

Volcano Pacaya, at which point the line splits with one strand to the

north linking the twin volcanoes of Lake Ayarza, the other strand, offset

several kilometers to the south, links volcano Tecuamburo and Volcano

Moyota. To the north, near the Guatemala-Mexico border, lie Vo1can Tacana

and Volcano Tajumu1co, which are offset to the north of the main chain.

Near the Guatema1a-E1 Salvador border, the cones are more widely scattered

and irregularly distributed.

Activity within the past few centuries has been recorded from several

volcanoes. Cerro Quemado, south of Quetzaltenango, erupted most recently

in 1785 with fumerolic activity noted by recent investigators. In 1853,

Volcano Atitlan, south of Lake Atitlan, erupted. This volcano had had

prior periods of explosive activity, however, no recent eruptions have

been recorded. Volcano Pacaya, located south of Guatemala City has

been intermittently active over the last several hundred years. The

two most active volcanoes in Guatemala are Volcano Fuego, nearly 40

kilometers southwest of Guatemala City, and Santiaguito on the southern

flank of Volcano Santa Maria, about eight kilometers south of Quetzaltenango.

Both of these volcanoes have continued to show signs of activity up to the

present. The basaltic cinder cones and related flows of eastern Guatemala

are thought to be no more than a few thousand years old (Williams, 1960).

II-4 Faulting:

Guatemala can be subdivided into three major structural regions,

each characterized by different types, orientations and intensities of

faulting and folding. These regions generally coincide with some of the
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major morphotectonic subdivisions of Dengo and Bohnenberger (1969),

and include: the south dipping thrust faults and normal faults of the

northern group of mountain ranges and the Yucatan Platform; the east­

west longitudinal strike-slip faults of the southern group of mountain

ranges; and the normal and transcurrent fault zones of the Volcanic

Ranges and Plateaus and Pacific Volcanic Chain. This transcurrent fault

zone includes N30-45°E trending left lateral strike-slip faults, a con­

jugate set of N45-65°W trending normal and right lateral strike-slip

faults, plus a set of normal (extensional) faults trending generally

north-south. These various regions, and their fault zones, may be the

result of different stress systems operating at different times, or one

stress system of very large dimensions, portions of which have been

active at different times (Dengo and Bohnenberg, 1969).

The northern system of thrust faults and subsequent normal faults

are thought to be of late Cretaceous and Tertiary age. The-thrust fault­

ing began during late Cretaceous times and climaxed in early Eocene time.

Uplift of the Yucatan Platform and adjacent regions took place during

late Eocene and Oligocene times (50 to 25 million years ago). The normal

faulting is thought to have occurred during this period of uplift. Present

day earthquakes in this region are more commonly due to limestone cavern

collapse, as previously mentioned, rather than of tectonic origin (Lomnitz,

1974).

The arcuate (convex southward) generally east-west trending longi­

tudinal faults of the southern mountain group make up the second sub­

division. This includes from north to south, the Cuilco-Chixoy-Polochic

fault zone, the Motagua fault zone and the Jocotan-Chamelecon fault

zone (see Figure 2-~. The Polochic fault zone extends from the Caribbean

Sea to west of the Guatemala-Mexico border, stretching nearly 400
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kilometers, whereas the Motagua fault zone extends from near the Caribbean

Sea to the west nearly 300 kilometers. The western extent of the Motagua

fault is uncertain because Quaternary volcanic deposits of the Pacific

volcanic belt conceal the fault trace (Anderson, 1973; Dengo and

Bohnenberger, 1969). The Jocotan-Chame1econ fault zone trends generally

northeast-southwest, subparallel to the eastern half of the Motagua fault

zone, and extends across northern Honduras into eastern Guatemala, a distance

of 125 kilometers. The Motagua and Po10chic faults are the landward

projection of the Cayman trough, a deep submarine trough which marks

the northwest boundary of the Caribbean Plate, as mentioned previously

(see Figure 2-1).

Until recently, movements along the Cui1co-Chixoy-Polochic, Motagua

and Jocotan-Chamelecon fault zones were thought to be in the vertical

direction, with only minor left lateral displacement, based on geologic

field evidence in Guatemala. However, many investigators are now pos­

tulating large magnitude left lateral strike-slip faulting along these

fault zones, suggested by the linearity and width of the fault zones,

offset streams, geomorphic features such as beheaded valleys, shutter

ridges and chains of scarplets (Kupfer and Godoy, 1967) and a series

of inverted open S-shaped folds in Late Tertiary sediments deposited

in the Polochic fault zone, which show drag features close to the faults

(Dengo and Bohnenberger, 1969). Left lateral transcurrent faulting is

further supported by the modern plate tectonics model for this area,

earthquake focal mechanism studies (Molnar and Sykes, 1969), and by the

displacements observed along the Motagua fault zone following the 1976

Guatemala earthquake (P1afker & Bonilla, 1976).

Recent activity along these major faults is indicated by the abund­

ance of fault scarps and offsets of recent geomorphic features, as well

22



as the occurrence of earthquakes with epicenters along the faults. A

more complete discussion of the 1976 rupture along the Motagua fault

is given in Appendix C.

Quaternary faulting in the third region includes three major fault

trends; transcurrent N30-45°E faults, right lateral and normal N45-65°W

faults, and generally north-south extensional faults (Carr, 1976). These

faults are most readily observed in the Volcanic Ranges and Plateaus

region of Figure 2.

The two major left lateral, northeast trending faults of this region,

as described by Carr (1976), are the Palin Shear Zone and the Rio Paz

Shear Zone, about 75 kilometers to the southeast of the Palin Shear Zone.

Carr suggests a relationship between these left lateral faults and the

segmentation of the volcanic chain to discontinuities in the inclined

seismic zone, or Benioff Zone (Carr, 1976).

The northwest trending faults may be a conjugate system to the north­

east trending faults. Carr (1976) suggests that they often have right

lateral motion, however, many also show a component of normal displace­

ment (vertical movement) (Williams, McBirney and Dengo, 1964). One

example of these faults is the Median Trough in El Salvador. The Jalapatagua

fault of southeastern Guatemala, southeast of Guatemala City, exhibits

right lateral strike-slip motion. Northwest trending faults have also

been noted to be associated with, and in close proximity to, the volcanic

chain of the Pacific.

The third principal fault orientation of this region is in the

north-south direction. These faults are primarily normal faults, produc­

ing north-south trending grabens (down-dropped blocks), such as the

Guatemala City and Ipala grabens. These faults also tend to control the

distribution of Quaternary volcanics. These north-south trending faults
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become much more dominant in the northern and northeastern portion of

the Volcanic Ranges and Plateaus unit, whereas to the south, all three

fault trends occur together.

All three fault trends of this southern region show signs of recent

activity, based on geomorphic evidence and the cross cutting relation­

ships of the" various faults. Recent activity along the north-south faults

is demonstrated by the occurrence of north-south trending scarps off­

setting Quaternary pumice deposits and fresh cinder cones (Dengo and

Bohnenberger, 1969). The Mixco fault (see Figure 2-7), west of Guatemala

City, exhibited dip-slip movement (Plafker & Bonilla, 1976) in association

with the February 4, 1976 Guatemala earthquake, further supporting that

the north-south trend is still active (Appendix C).

Seismic zoning, based on a thorough understanding of the nature

of faulting, the tectonic history and present day regime, and other

critical factors, is essential for safe growth in a seismically active

region, such as Guatemala. A few important points relating to seismic

zoning follow:

1. Numerous active and potentially active faults are observable in

Guatemala, as described above. Recognition of these active faults is

not as difficult in Guatemala as in other countries, because of the abun­

dance of Quaternary volcanic deposits (for dating the faulting), and the

existence and preservation of geomorphic features such as fault scarps,

fault valleys, etc., as well as other factors. Not all of the active

faults ruptured during the 1976 Guatemala earthquake. Therefore, in

seismic zoning, all of the active faults should be considered capable

of rupturing during future earthquakes, except where specific studies

suggest otherwise.
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2. It should be noted, as was observed during the 1976 Guatemala earth­

quake, that several apparently unrelated faults can rupture and/or show

other signs of activity during a single event. Therefore, recognition

of more than the dominant orientation of active faulting is necessary

for safe seismic zoning.

3. The definition of an "active" fault is not yet agreed upon. The

number of years since the most recent movement along the fault, before it

can be considered "inactive", is still unresolved. Many geologists use

40,000 years since the last movement as the criterion of "active". The

valid argument has been made that even 10,000 years or less is economi­

cally impractical when considering structures with an anticipated life-

time of less than 100 years. A definition developed by Nichols and Buchanan­

Banks (1974) is that "faults are regarded as active and of concern to

land-use planning when there is evidence that they have moved during

historic time or, through geologic evidence, there is a significant like­

lihood that they will move during the projected use of a particular

structure or piece of land". An understanding of the recurrence interval

and nature of faulting is necessary in selecting a minimum age since the

most recent movement. However, it is our opinion that strategically

important and large public structures should not be located over defined

faults, unless the most conservative (40,000 years) definition of "active"

is used.

4. The faults that are designated as "active" should be considered

as zones, rather than a line of movement. It has been observed that

certain faults (such as the San Andreas fault in California) tend to

rupture repeatedly along nearly the same line (Nichols and Buchanan-Banks,

1974). However, in some regions many recent fault scarps are located
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within wider fault zones; while in alluvium, the fault rupture could

occur outward from the previously "recognized" break. The width of this

"zone" depends on the nature of the faulting, the orientation of the

fault plane, and the materials being faulted, along with several other

factors. Once the fault zone can be reliably delineated, it is our opinion

that at least the vital structures, such as hospitals, police and fire

stations, etc., should be located at least 30 to 45 meters from these fault

zones.

5. The type of material on which the structure rests, and the degree

of saturation of the material are extremely important.
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CHAPTER III

SEISMIC DATA BASE

Scope

This chapter describes the available seismological data for the

country. Its characteristics and limitations are discussed. Based on

the fault locations, eighteen line sources are modeled, their seismicity

determined and the confidence on the recurrence relationship presented.

111-1 Introduction

A difficult but essential task for the current study is the acqui­

sition of past earthquake data. In general it is necessary for the data

to contain information on the severity of the earthquake, the epicentral

location, the focal depth to the hypocenter, and the time of occurrence.

The most commonly used parameters representing the severity of the

seismic events are the Modified Mercalli intensity, the Richter magnitude

and the peak ground acceleration. The Modified Mercalli intensity is a

subjective scale of the damage at a site. Forecasting of MM intensities

can be useful in determining the future damage potential in a region,

however they cannot be related to structural response characteristics for

analysis and design purposes. Thus, in the present study MM intensity

data will be used only when it can be translated into either a Richter

magnitude or a peak ground acceleration.

The Richter magnitude is related to the overall energy release of a

seismic event. It is important to note that the Richter magnitude conveys
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information only at the epicenter (or hypocenter). The parameter popular

among earthquake engineers which represents the ground motion at a site

is the peak ground acceleration. It is frequently used for analysis and

design of structures, consequently it will be employed in the present

report as the parameter for determining the "seismic loads" at a site.

Recently other load measuring parameters such as root-mean-squareof ground

motion, stress drop, and seismic moment have become popular among seismolo­

gists and engineers. However these parameters have been determined only

for a few past earthquake events and thus cannot be used in the present

study.

In addition to the above specified characteristics of the data base,

it is desirable to have strong motion accelerograph records from major

earthquakes and also information on how the energy (or the peak ground

acceleration) attenuates from the source to the site. Only a few accel­

erograms of very low acceleration amplitudes are available for the country

and hence are hardly sufficient for determining the a~tenuation charac­

teristics in Guatemala.

Before carrying the discussion further into the analysis and use of

the available data certain observations should be made regarding the type,

the amount and the reliability of the data base used in the current work.

A shortcoming common to all the data sources is that the frequency

of recorded earthquakes increases with time, (i.e. the number of seismic

events recorded increases with each year). This nonhomogeneity in the

data base is due not because there is necessarily an increase in the

seismic activity in the region, but because of the improvement of instru­

ments, measurements and measurement analysis techniques resulting in a

bias towards recent years. This non-uniformity in the data can be observed

to be true for all historical-time-dependent records and is a "fact of
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life." Thus one cannot get away from it.

The other problems associated with the data base deal specifically

with the variability of the epicentral location, the Richter magnitude

and the focal depth. Variations in epicentral location are dependent on

the seismological station reporting the earthquakes. For earlier seismic

events only the general region of the earthquake occurrence is reported

where on occasions it encircles an area of 100 km radius. Furthermore,

for many of these events the focal depth is not determined due to lack

of seismograph records close to the epicenter. In cases where a focal

depth is reported, its reliability can also be questioned. Similarly, the

value of Richter magnitude is not always recorded and when recorded it

contains certain error. The variability of the data and its effect on

the modeling has been extensively studied (Kiremidjian and Shah, 1975)

previously. An assessment of the uncertainties of the data associated

with the present study will be made at the end of this report.

111-2 Data Analysis

Past earthquake data was collected for a region spanning from l2.5°N

to 19.5°N and from 86.5°W to 93.5°W. These boundaries are chosen so that

they are at least one degree (longitude or latitude} outside of the

border of Guatemala. The two main sources of information that are consid­

ered for data acquisition are:

• The NEIC-NOAA data file containing events from January 1900 to

August 1973 and referred to hereafter as Data File 1;

• The Preliminary Data Epicenters of the NEIC-USGS covering the

period from September 1973 to February 1976, and referred to

hereafter as Data File 2.

In addition, the events reported by the Bulletin of the Seismological

Society of America and the Observatorio Meteorologica Nacional of
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Guatemala were used to check the completeness of the data. Information

on the major shock of the February 4, 1976 earthquake and its aftershocks

was obtained from the United States Geological Survey (Page ed., 1976) and

records of the Observatorio Meteorologico Nacional. In spite of the

complementarity of the different data sources, a large number of events

remain insufficiently documented in order to be used as such in the

analysis. Thus in cases where basic information such as epicentral loca­

tion or magnitude is missing, the event is disregarded. Records with a

Richter magnitude smaller than 3.0 are also not considered.

Both Date Files 1 and 2 are very similar thus they will be discussed

together. When complete, the information for a given seismic event con­

tained in these files includes the time of occurrence, the epicentral

location (degrees longitude and latitude), the depth to the hypocenter

(km), and the magnitude. The magnitude is given in terms of one of the

following:

(1) eGS Mb average (body wave magnitude)

(2) eGS Ms average (surface wave magnitude)

(3) Richter magnitude M.

For the study at hand, it is necessary that all the data be expressed

in terms of a single magnitude parameter. The Richter magnitude is

chosen for that purpose and whenever only Mb values are reported these

values are converted to Richter magnitude. It is known that for a given

part of the world, the Richter magnitude and eGS Mb are linearly related

such that

M=a+bMb 3-1

In order to determine the coefficients a and b, a regression analysis

was performed for all earthquakes of which M and Mb were known using the
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total data of Central America. The Richter magnitude was then obtained

by substituting the value of Mb in Equation 3-1.

The focal depth given in these files is expressed either in kilometers

or by a letter symbol N (0 - 33 km).

From Data File 1, 979 events were reported and from Data File 2,

174 events were obtained, thus constituting a total sample of 1153 past

earthquake records containing complete information. The epicenters and

the magnitudes of these events are shown on Chart 1. Table 3-1 lists

these records as a function of focal depths. A listing of all the data

appears in Appendix D.

The general seismic pattern of Guatemala is studied from Charts 1

to 6. The country is divided into the following regions of tectonic

activity:

(1) The Benioff Zone dipping northeast under the Guatemalan coast.

This zone is marked by a numerous earthquakes covering the entire range

of magnitudes. It extends several hundred kilometers beneath the earth's

surface. Some of the deepest earthquakes recorded along the Benioff Zone

go as far as 299 km projecting around the central portion of the

country. The Benioff Zone in this part of the Central Americas has been

observed (Carr, 1976) to start out with an extended shallow section and

then dip at about 40° angle under the coast of the country. This observa­

tion is confirmed by looking at Charts 2 to 6. The range of shallow

epicenters extends from the Middle American trench almost to the coastline

farming a rather diffused zone.

(2) The Motagua and Polochic fault zones are associated with and extend

into the Cayman (Bartlett) trough. In this region of the country primarily

shallow earthquakes are observed (5 - 33 km) and the magnitudes are found

up to 7.5 on the Richter scale. However, due to the lengths of these
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TABLE 3-1

Earthquake Data Sorted According to Depth of Hypocenter

Number of Depth Range
. Earthquakes (km)

81 o - 9

37 10 - 19

34 20 - 29

298 30 - 39

53 40 - 49

65 50 - 59

116 60 - 69

87 70 - 79

72 80 - 89

60 90 - 99

63 100 - 109

39 110 - 119

27 120 - 129

18 130 - 139

13 140 - 149

18 150 - 159

11 160 - 169

8 170 - 179

6 180 - 189

10 190 - 199

20 200 - 219

7 220 - 239

5 240 - 259

4 260 - 279

1 280 - 299
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fault zones a maximum magnitude of 8.5 is believed to be possible on either

of them. This information is directly incorporated in the seismic modeling

of the country (see Table 3-2). These faults are of particular importance

because of their capability for large magnitude earthquakes, their shallow­

ness and their proximity to highly populated areas. A smaller, but still

important fault that can be linked with these zones is the Jocotan. Its

characteristics were already discussed in Chapter II.

(3) The line of volcanoes from northwest to southeast (Cordillera

de los Marrabios) represents sources of future seismic activities.

Volcanic eruptions are seldom by themselves sources of seismic activity,

and in the past various earthquakes have been recorded preceding volcanic

eruptions. For this reason earthquakes "associated" with volcanic activity

were treated in the model (Chapter II) as shallow tectonic earthquakes.

(4) Several shallow and short faults have been found in the vicinity

of Guatemala City of which the Mixco has been observed to have the most

recent movement. Their geologic characteristics differ from the major

fault zones considered (see Chapter II). Only a few earthquakes have

been associated with the Mixco fault, but their severity is of particular

concern because of its nearness to Guatemala City.

(5) The Yucatan Platform is observed to have a very low seismicity.

In this region no earthquakes of tectonic origin have been recorded.

111-3 Source Location and Seismicity

Based on the above observations, the total number of 'events was

divided into 18 seismic line sources. Table 3-2 identifies the sources,

the number of events and the focal depth range for each source. Charts

2 to 6 show the epicenters of past earthquakes associated with each

source. Most of the sources are composed of several line segments in
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TABLE 3-2

Seismic Sources For Guatemala

SOURCE NUMBER OF EVENTS NAME OF SOURCE DEPTH (km)

51 56 Motagua 33

82 16 Po1ochic 40

53 31 Line of Volcanoes 30

54 67 Pacific Coastline 30

55 19 Pacific Coastline 34

S6 5 Near Mexico Border 30

S7 7 Near Mexico Border 3S

58 16 Mixco 30

S9 17 "Mexico" 60

S10 10 "Mexico" 75

S11 7 Jocotan 30

812 - Bl 244 Benioff 1 30

S13 - B2 87 Benioff 2 50

S14 - B3 192 Benioff 3 70

S15 - B4 196 Benioff 4 90

S16 - B5 III Benioff 5 130

S17 - B6 35 Benioff 6 180

S18 - B7 37 Benioff 7 225
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order that they fit the curvature of a given fault zone. Appendix D

gives a listing of the earthquakes included in each source. The depth

of each source was computed as an average hypocentral depth of all events

included in the sources. Earthquakes with no or limited information were

not included in this averaging process. However, they were considered

in determining the location and the seismicity of the sources.

The recurrence relationship for each individual source was obtained

by fitting a regression line through the data for that source and obtaining

where N(M)

In N(M) = a + 8M

Number of events above magnitude M

3-2

M = Richter magnitude

a and S are regression constants.

a is a measure of the number of events above magnitude 0 for a given

source and Bis a measure of the seismic severity for a given source.

The larger the negative value of S, the smaller the seismic severity.

For many sources, a single regression line gave erroneous results because

the interpolation of the line beyone the range of data indicated unreason-

ably high magnitude occurrences. For such cases, two regression lines

were fitted to the data, and a geologically consistent upper magnitude

value was used for cutoff. (See Figures 3-1 through 3-18.) Table 3-3

gives a summary of a' and B values for each source and the magnitude

cutoff point for each source.

Let N' (M)
N(M)

AT

N(M)
LT

for an area source

for a line source

3-3a

3-3b

where L Length of the line source
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A

T

N' (M)

Then

Area of the area source

Time for which the data was obtained

Normalized mean number of events above magnitude M for unit­

time (1 year) and unit-area or unit length.

1n N' (M) a' + 8M 3-4

where a' a - 1n(AT) for area source

a - 1n(LT) for line source.
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The constant standard deviation + 0 and the coefficient of variation

V of In N(M) , which are indicators of the variability of the estimated

regression line, are also determined for each source. The values of + 0

and V are given in Table 3-4. Most of the sources have low coefficients

of variation V. It should be noted that in the model'used for the prob-

abilistic acceleration computations (Section 111-3) a maximum of four sources

have an affect on any given point in the worst cases. For such points the

largest coefficient of variation due to the input data is found to be

14.5% assuming the contribution from all four sources are independent and

the following relationship is true:

V
2 + V

2 + V2 + + V
2

xl x2 x3 ... xn

Most points will have a value for V much lower than 14.5%.

The correlation coefficients, P, shown in Table 3-4 express the

degree of linear dependence of In N(M) to M. For almost all sources

3-5

P is greater than 0.9, a value of 1.0 indicating perfect linear correlation,

thus denoting relatively high correlation between the variables.

111-5 Conclusion

Some of the limitations of the data were already discussed throughout

the chapter. The variability of the regression equation was determined

for each source and an upper bound uncertainty in the final probabilistic

loads due to them were also obtained. Other sources of error in the

modeling, such as fault locations, focal depths, and cutoff magnitudes,

will be discussed through subsequent chapters.

It should be emphasized that as additional data becomes available to

give more reliable information on epicentral locations, the methodology

presented in this research project will be able to modify the results

accordingly.
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CHAPTER IV

PROBABILISTIC SEISMIC LOADING

Scope

In this chapter, the Poisson model used to analyse the available data

is discussed briefly. The available data presented in Chapter III is used

to obtain iso-acceleration maps of Guatemala. In addition, the cumulative

probability distributions on peak ground acceleration for eight cities in

Guatemala are also presented.

IV-l Introduction

In Chapter III, the data base was discussed and the limitations of

the available information and the approximations made in using the seismic

data for Guatemala were reviewed. The recurrence relationships associated

with all the seismic sources for the region were also presented. These

recurrence relationships give the mean number of events of magnitude greater

than M due to a seismic source and a time period. The normalized recurrence

relationships are obtained when the mean number of events above a specified

magnitude M is normalized with respect to the time period of the historic

data and the length of the source in the case of line sources or the area

of the source in the cases of area sources.

To determine the seismic risk in Guatemala, it is necessary to fore­

cast earthquake events in this region. The three statistical models for

forecasting that have been used previously are:

(1) Poisson model

(2) Markov model

(3) Bayesian model
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In the present study, the Poisson model used by Shah et al. (1975)

is adapted because of its simplicity, its widespread use in literature,

and because the results it gives are very similar to results arising from

more complex models such as the Markov Chain model. The development of

the Poisson model is presented in Appendix A for completeness and further

reference. 'In addition the Bayesian model of Mortgat (1976) is also used

to develop seismic hazard maps for Guatemala for peak ground acceleration

as well as for time duration of an earthquake. A review of the Bayesian

model and the resulting hazard maps from its application to Guatemala are

discussed in Appendix B.

IV-2 Iso-Acceleration Maps for Guatemala

Considering the Poisson model, the seismic sources and their corre-

sponding frequency relationships were already discussed in the previous

chapter. The maximum Richter magnitude was assigned to each source by

considering the largest earthquake event associated with each source, the

length of the source and the fault system to which it may belong. The

values of the largest Richter magnitude recorded (RHmax recorded) and the

cutoff Richter magnitude (RHmax cutoff) for each source is listed in

Table 3-3. The attenuation relationship (see Equation A-9) used in the

modeling is Esteva's (1973) equation given below:

where

a = 5000 exp (0.8M)

(Rh + 40)2

a = Peak Ground Acceleration in cm/sec2

M Richter magnitude

~ Hypocentral distance in km.

4-1

Since no strong motion records from major earthquake events or high ampli-

tude accelerograph records are available for the Guatemalan region, it was
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not possible to adjust Esteva's equation or to obtain an attenuation rela­

tionship specific to Guatemala. The general feeling among Guatemalan

geologists and seismologists is that the ground motion attenuates at a

slower rate than in California, for example, however the peak ground

acceleration values corresponding to each Richter magnitude are presumed

to be lower. It is hoped that with the better instrumentation and addi­

tional strong motion recording in the future, these hypotheses can be

scientifically substantiated, and consequently can be used for developing

a new attenuation relationship. Such changes, it should be noted, can be

easily incorporated in the seismic hazard model.

All of the above information along with the source location and focal

depth, are put together in Equation A-34 (see Appendix A) to compute the

cumulative probability distributions on peak ground acceleration. The

entire country of Guatemala is divided into a grid of 1/4 0 longitude by 1/4 0

latitude spacings. The CDF of peak ground acceleration at each node

on the grid is evaluated using the computer program ACC.LINE.AREA (see

Appendix E). Then for a specified probability of exceedence, in other words

for a specified hazard level, the peak ground acceleration values computed

from the CDF's at each node are obtained using the computer procedure

CONST.PROB. The iso-acceleration lines, which are lines of equal acce1-

eration, are drawn by interpolation between nodal values of PGA. The pro­

gram PLOT.ISO used in obtaining the hazard map contains both an inter­

polation routine and a graphical plotting routine. The flow chart below

shows the major steps in the development of the map and the computer pro­

grams used at each step.

Iso-acceleration maps also referred to as seismic hazard maps are

obtained for return period of events of 50, 100, 500, and 1000 years.

Charts 7 to 10 show the iso-acceleration maps for these return periods.
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PLOT.EPI

Plots All Earthquake Epicenters
According to Longitudes and
Latitudes and Identifies the RM

SORT

Sorts E.Q. Data According to the
Sources

REGRESSION

Computes ex, ex' and S Parameters
and the Statistics of the
Estimator

ACC.LINE.AREA

Computes CDF(PGA) and
l.-CDF(PGA)

CONST.PROB

Computes PGA Value for a
Specified CDF(PGA)

PLOT.ISO

Interpolates Between PGA Values
and Plots Iso-Lines

A listing of all programs is given in Appendix E.
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The concept of return period and economic life in conjunction with exceed­

ence probabilities will be discussed in Chapter V. Detailed methodology

describing the use of these maps for structural design will be presented

in the Part II report of the present study.

From these maps a low seismicity range is observed in the northern

part of Guatemala. The high seismicity region in the south-southwestern

part of Guatemala reaches a peak at the intersection of the Motagua fault,

the Benioff zone and the Mixco fault. These high and low regions are in

compliance with both the geologic as well as the seismologic data for the

country.

In addition to the seismic hazard maps for the whole country, the

following cities were studied in detail:

1. Guatemala City

2. Quezaltenango

3. Mazatenango

4. Chiquimula

5. Puerto Barrios

6. Escuintla

7. San Marcos

8. Copan

Figures 4-1 through 4-8 show the cumulative distribution function of peak

ground acceleration for each of the cities. The results are presented

for 50 years of future exposure time. The seismicity of Guatemala City

appears to be the highest and for Coban it is the lowest.

The implications of these probability values and the corresponding

acceleration values will be discussed in Chapter V.

When the cumulative distribution plots for different cities are com­

pared, one can see the relative seismicity in terms of peak ground accel­

eration for each city. In conclusion, it can be said that one method of
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representing seismic risk is by means of cumulative distribution function

plots of Figures 4-1 through 4-8.

The engineering interpretation of these results will be presented

in the Part II report of the present study. It should also be pointed out

that the iso-acceleration maps and any zoning based on such maps only

represent macro characteristics. The macrozoning of the country should

be modified with site-specific micro characteristics to microzone a given

region. In that case, the local geotechnical and geological features

(such as those discussed in Chapter II) should be incorporated together

with the macro characteristics presented in this chapter.
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CHAPTER V

SEISMIC RISK ZONING

Scope

In this chapter, the concept of return period and economic life is

discussed in detail. The iso-acceleration maps are used to develop

acceleration zone graphs for seven cities in Guatemala.

V-I Concept of Return Period and Acceleration Zone Graphs (AZG)

In deriving the probabilistic loading at a given site as a function

of time, it is assumed that the forecasting process is Poisson. This proc­

ess implies that the events are independent in time and space. Using this

assumption and an appropriate attenuation relationship, the iso-accelera­

tion maps for the country were developed. As mentioned in Chapter IV,

the cumulative distribution function of the peak ground acceleration A,

were obtained for eight cities. Consider the cumulative distribution

function of peak ground acceleration in Guatemala City for an exposure time

of 50 years. (See Figure 4-1.)

Then P50 (A > 0.20g) 0.76 5-1

Equation 5-1 can be interpreted in the following way: "For Guatemala

City, there is a 76% chance that during the next 50 years, the peak ground

acceleration of 0.20g will be exceeded at least once."

Thus, there is a 24% chance that for Guatemala City~ 0.20g peak ground

acceleration will not be exceeded a single time.

Hence,

P (Zero exceedence of O.20g in 50 years)

75
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From the Binomial Probability Law, it is known that for independent trials

with probability of success p at each trial, the probability of r successes

in n trials is given by

P (r)n

where

S-2

and

r = 0, 1, . . . n; n

n!

r, r+l, r+2, ...

r! (n-r)!

Let each trial be a one-year duration for which the level of peak

ground acceleration is under consideration. Define success as that event

when the peak ground acceleration for a given trial (year) exceeds 0.2g.

Thus, the probability of zero exceedence of level 0.2g in 50 years is the

same as the probability of a successes in SO trials. Hence, from Eq. S-2:

However,

or

PSO(O)

PSO(O)

P50(0)

(1_p)50

p

(l_p)SO

0.24

0.24

0.028.

Thus, for Guatemala City, there is a 2.8% chance that in any given year,

a peak ground acceleration of 0.20g will be exceeded.

76



However, the return period is defined as

Return Period RP
1
p

5-3

Thus,

Thus, the return period RP in Guatemala City for a peak ground acceleration

of 0.20g is ~~28 ~ 36 years.

It should be pointed out that this return period of 36 years corre-

sponding to 0.2g, obtained by using the cumulative distribution function

(CDF) of PGA at Guatemala City for a 50 year exposure time does not change

if we use the CDF with a different future exposure time period.

Thus, using the CDFs for all the cities in Guatemala considered in

Chapter IV, a table can be developed for peak ground acceleration and

return period. Table 5-1 is a general table giving this relationship for

the cities considered. The following statements should be understood in

using the concept of return period:

(1) A return period is the mean (or averag~waiting time for an

event of interest. Thus, the average (waiting) time between

2 events producing 0.20g in Guatemala City is approximately

36 years.

(2) The probability that an event corresponding to a return period

1
RP will occur in any given year is given by p =RP .

probability of exceeding 0.20g in Guatemala City in any given

year is ~6 ~ .028

(3) The probability that not a single event of the RP type will

1
occur in RP years is given by - where e = 2.718, the Naperian

e

base. Thus, probability that in 36 years, there will not be a

single event producing a peak ground acceleration of 0.20g in

Guatemala City is given by 1: "" 0.36 .
e

Hence, there is 64% chance that in RP years there will be at least one

event of RP type. For Guatemala City, there is a 64% chance that in 36 years
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0.20g peak ground acceleration will be exceeded. Consider again Table 5-1.

For seismic zoning purposes, the following statements can be made:

The return period corresponding to a peak ground acceleration of 0.20g

in Guatemala City is 36 years, in Escuintla is 32 years, in Quezaltenango

and San Marcos is 76 years, in Mazatenango is 53 years, in Puerto Barrios

is 120 years and in Chiquimula is 158 years. Thus, for each city, a graph

relating the peak ground acceleration and return period can be plotted.

Figures 5-1 through 5-9 show these graphs. They are referred to hereafter

as Acceleration Zones Graphs. Figure 5-1 shows return period vs. peak

ground acceleration for all the cities. It can be seen that for a given

return period event (say, 100 years), Chiquimula has the lowest value of

peak ground acceleration (~ .l6g) and Guatemala City has the highest value

of peak ground acceleration (.36g). The values for other cities lies be­

tween these two limits. Qualitatively, it can be said that for a facility

requiring a design loading corresponding to a 200 year return period,

Chiquimula and Puerto Barrios have the lowest seismic zoning requirement;

San Marcos, Quezaltenango, Mazatenango and Escuintla have similar zoning

requirement; and finally, the highest level is for Guatemala City. This

type of graph can help in macrozoning a country for a given class and use

of a structure or facility.

V-2 Seismic Risk Zoning

In the previous section, we have seen the relationship between the

peak ground acceleration and the corresponding return peLiod for different

cities of Guatemala. However, these relationships by themselves do not

help in selecting a return period for a given acceptable level of risk.

The next step, in any seismic zoning procedure, is to obtain a relation­

ship between the economic (or exposure) life of a structure, the level

of risk one is willing to take, and the return period consistent with the
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risk and economic life. Consider again the Binomial distribution. The

probability of r successes in n independent Bernoulli trials, with

probability p of success at each trial, is given by

p (r)
n

Thus

Eq. 5-2 repeated

(1_p)10 probability of zero successes
in ten trials (years).

10
Let p(O) = (l-p) be equal to 0.90. Then the probability of no

occurrence (or success) of a certain level of loading in ten years is

given by 0.90.

or

Hence

(1_p)10 = 0.90

p = .01048

or return period RP = 95 years.

Thus, for a structure whose economic life is ten years, if the acceptable

risk level is 10% of exceeding the specified loading level, then the

structure should be designed for a return period of 95 years. Table 5-2

gives the relationship between acceptable risk level, economic life and

return period. If, for example, the acceptable risk level is 20% for a

structure whose economic life is 50 years, then the loading level should

correspond to a return period of 225 years. If this structure is in

Guatemala City, the corresponding peak ground acceleration level is approx-

imate1y 0.39g. If the same facility for the same risk level is to be built

in Puerto Barrios, the corresponding peak ground acceleration level should

be approximately 0.25g. Thus, for a given class and use of structure,
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having the same economic life (50 years) and same acceptable risk (20%),

the two consistent values of peak ground accelerations in Guatemala City

and Puerto Barrios are 0.39g and 0.25g. This is the concept of consistent

risk design from one seismic region to another region of different seis­

micity. Figure 5-10 shows the graph relating the risk level, economic

life and the return period. This particular graph is independent of any

region and gives return periods only as functions of risk and economic

life. Such grqphs can easily be codified. Once the acceptable risk level

for a given economic life is selected for a given class and use of a struc­

ture, the corresponding return period is immediately obtained from Figure

5-10. Then, based on the graph of return period vs. peak ground accelera­

tion (similar to Figures 5-1 to 5-9), the loading at a site can be deter­

mined. Let us describe this concept of risk, economic life, return period

and Acceleration Zone Graphs (AZG).

As an example, consider a design of a hospital facility. Assume that

the exposure time or economic life of the system is 50 years. The peak

ground acceleration level for which this facility should be designed for

each of three different cities is to be determined. The cities are

Guatemala City, Quezaltenango and Puerto Barrios. Assume that for the

hospital, which is a critical facility that must remain functional after

a seismic event, the acceptable level of risk corresponding to damage is

20%. Thus, whether the planned facility is in Guatemala City, Quezaltenango,

or Puerto Barrios, the engineers are willing to accept a 20% chance of

damage during the 50 years economic life of the structure. Then, from

Figure 5-10, the return period corresponding to the 50 year economic life

and 20% risk is 225 years.

Now refer to the AZG corresponding to Guatemala City (see Figure 5-2).

The peak ground acceleration for a 225 year return period in Guatemala City
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TABLE 5-2

Return Period as a Function of Economic Life and
Probability of Non-exceedence

Economic Life
Years

10 20 30 40 50 100
Probability of

exceeding
%

10 95 190 285 390 475 950

20 45 90 135 180 225 449

30 29 57 84 113 140 281

40 20 40 59 79 98 196

50 15 29 44 58 72 145

60 11 22 33 44 55 110

70 9 17 25 34 42 84

80 7 13 19 25 31 63

90 5 9 14 18 22 44

95 4 7 11 14 18 34

99 3 5 7 9 11 22

99.5 2 4 6 8 10 19
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is 0.39g. Similarly, referring to the AZG for Quezaltenango and Puerto

Barrios, the peak ground acceleration values corresponding to the 225 year

return period are 0.29g and 0.25g, respectively. Thus, these three values

of peak ground acceleration in the three different cities are consistent

with the given acceptable risk.

As an alternate situation, consider two separate classes of structures

to be built in Guatemala City. Let a school building with an economic life

of 30 years have an acceptable risk level of 20%, and a warehouse with a

ten year economic life have a 40% acceptable risk level. Referring to

Figure 5-10, the return period for which the school should be designed is

135 years, and the return period for which the warehouse should be designed

is 20 years. Again from the Guatemala City AZG (Figure 5-2), the corre­

sponding peak ground acceleration values are 0.37g and 0.14g for the school

and warehouse, respectively. If the same two facilities were to be loacted

in Chiquimula, the corresponding peak ground acceleration values would be

0.19g and 0.07g. The major advantage of this method of zoning is that one

can keep a consistent risk level from one region to another. Variations

in the economic life and acceptable risk levels can be accounted for in

arriving at a loading level through the return period transformation.

Further application of the AZG to structural design will be presented in

Part II of the total study.

It should also be pointed out that even though Puerto Barrios and

Quezaltenango have smaller values of PGA corresponding to lower return

periods (100 years and 200 years), the potential for major ground shaking

above 0.5g -- does exist as can be seen from the AZG of these two cities.

Thus, in terms of maximum credible ground shaking, Puerto Barrios and

Quezaltenango are the two cities which should be kept in mind.
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V-3 Concluding Remarks on Seismic Hazard Maps

Unlike the older seismic zone maps (such as the 1973 Uniform Building

Code "risk" map) the recommended hazard map takes into account the fre­

quency of seismic events, the level of "risk" one is willing to take in

selecting a specific peak ground acceleration value and the future time

horizons for which one wishes to consider the economic or structural life

of the facility being designed.

Various questions come up regarding the reliability and long range

stability of such hazard maps. Some of the questions are:

1. How reliable are the maps that are developed based on only

historical data?

2. How stable are such maps? In other words, will these hazard

maps change dramatically with each new future seismic event?

3. Is the formulation such that any new information available in the

future can be incorporated to update the hazard maps?

4. What is the effect of local site conditions on the values obtained

from these maps?

These and many such questions were discussed in Shah et al. (1975).

However, in summary, the following responses can be be given to the four

questions posed above.

With respect to the reliability of results based on historical data,

it is felt that for engineering and planning purposes and for seismic code

formulation, the results presented are sufficiently reliable. The usual

economic life of any engineered facility is usually less than 100 years to

200 years. In terms of geological time spans, this is a short period.

Hence, we can assume that the geological processes during this short period

are at a steady state. Hence, any information available from historical

data can be extrapolated into similar time spans in the future. This dis­

cussion does not mean to imply that there are no errors introduced.
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This possibility always exists. However, to wait for a complete geological

information before developing a "seismic load" criteria for a country is

unrealistic and impractical.

Concerning the stability of the hazard map, it is felt that the results

presented here are quite stable. As long as the future seismic events can

be assigned to anyone of the sources considered in this work, the shape of

the maps as well as the level of PGA's suggested should not change substan­

tially. The only time the maps should be updated and changed is when a

major seismic event occurs in a region where no previously known seismic

source existed. In that case, the formulation and the computer

programs are such that the suggested maps can be readily updated with the

new information incorporated. Thus, in reply to the third question, such

maps could be updated very easily. As a general recommendation, it is felt

that such maps should be updated every five to seven years.

Effect of local site conditions (micro-characteristics) is usually

felt in the amplitude of vibrations and in the frequency content of the

vibration. The hazard map developed here is based on "average" soil con­

dition. Thus, no site specific information is included in their development.

In Part II of this study the effect of soft soil will be introduced.

by changing the shape of the response spectrum to include higher period

components. However, it should be pointed out that for important facilities

such as dams, power plants, hospitals, etc., a site specific study should

be conducted. Such information can then be used to modify the values

suggested by the hazard map of this chapter.

In conclusion, it can be said that the seismic ground shaking hazard

information developed in this study represents "a state-of-the-art" engi­

neering solution. It is not the total information but it is one of the

best that can be developed with the available knowledge and resources.
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CHAPTER VI

SUMMARY, CONCLUSION AND FURTHER RESEARCH

Scope

This chapter summarizes the work done in this phase of the study

regarding the seismic hazard mapping of Guatemala. The conclusions drawn

from this work are presented and a summary look at the phase 2 of this

study is introduced.

VI-l Summary of Work on Seismic Hazard Mapping

In evaluating the future seismic hazard for Guatemala, the general

geologic setting of the country, the seismological environment and all

the available historical data was reviewed in this report. Two types

of models were used in developing the seismic hazard maps (or iso-acceleration

maps) of the country. The first model was the Poisson occurrence model

where the seismic recurrence for various sources was based on past earth­

quake data and on a hypothesized upper Richter magnitude. Chapter IV pre­

sents these maps for four separate return periods. In Part II of this study,

the relevance of obtaining iso-acceleration maps for the four return periods

(50, 100, 500 and 1000 years) will be discussed. The Bayesian model, where

subjective and objective information on the number of occurrences and the

magnitude level is used, is presented in the Appendix B. For this model

the attenuation relationship is assumed to be probabilistic with Uniform

distribution and the scatter of this distribution is represented by the

coefficient of variation. Iso-acceleration maps developed using this

Bayesian model are also given in Appendix B. For further details on this
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model and its application see Mortgat (1976) and Mortgat et al. (1977).

Using the Bayesian model, iso-duration maps are also presented in the

Appendix B. At this time, explicite use of duration in seismic design

decisions is not available. However, it is felt that this information

is an important engineering input and will be of great interest to planners

and engineers.

Based on the information from iso-acceleration maps, the acceleration

zone graphs (AZG) for the following eight major urban areas was developed.

1. Guatemala City

2. Quezaltenango

3. Mazatenango

4. Chiquimula

5. Puerto Barrios

6. Esquintla

7. San Marcos

8. Copan

These acceleration zone graphs can be used to evaluate the level of

peak ground acceleration as a function of return period. In a future report

on phase 2 of this study, the suggested levels of peak ground accelerations

for various regions of the country and for various types and uses of struc­

tures will be presented.

VI-2 Conclusions from the Present Study

It is very interesting to note that the shape of the iso-acceleration

maps obtained by using the Bayesian model (Appendix B) and the Poisson

occurrence model are very similar. This is due to the following reasons:

1) The data base used for both models is the same.

2) The subjective data of the Bayesian model was developed

from the regression line of the recurrence curve obtained

in the Poisson. occurrence model.
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The value of the peak ground acceleration obtained using the Bayesian model

will increase with the increase in attenuation uncertainty. The coefficient

of variation used in the Appendix B maps was 0.3. Looking at this similarity

and based on experience obtained in developing Nicaragua iso-acceleration

maps (Shah et al., 1975) and Costa Rica iso-acceleration maps (Mortgat

et al., 1977) it is reasonable to accept the iso-acceleration maps for various

return periods presented in Chapter IV.

The iso-duration maps given in Appendix B can be used to evaluate

damage potential and energy content of future hypothesized or forecasted

seismic events.

It can be concluded from the results presented in this report that

for engineering planning, sufficient data are available (together with geo­

logical information and subjective knowledge) to provide seismic "zoning"

information for Guatemala. The methods presented in this report can use

either objective or subjective seismological data. The method is simple and

has the capabilities of being updated at regular intervals. It can be seen

from the iso-acceleration maps of Chapter IV that the seismicity in the

northern part of Guatemala is low. The high seismic region of the south­

southwestern part of Guatemala reaches a peak near the intersection of the

Motagua fault, the Benioff Zone and the Mixco fault. The probable seismic

"loading" in Guatemala City, based on the available data and the resultant

iso-acceleration maps, is high. In comparison to the Managua region of

Nicaragua, the Guatemala City region is very similar. The seismic lateral

load requirement for these various levels of peak ground accelerations

will be developed in Part II of this study.

In Chapter V, the reliability and stability of the iso-acceleration

maps was discussed. It should be noted once more here that the methodology

available now can take into account not only the short historical data,
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but also any geological or seismological information that may be available.

It is felt by the authors of this report that such maps should be updated

every five years so that any new information that will be available can

be incorporated in the updated version.

In conclusion, it can be said that the seismic ground shaking hazard

information in the form of iso-acceleration and iso-duration maps developed

in this study represents the "state-of-the-art" methodology and engineering

solution. It is consistent with the available information. Thus, its

shortcomings are also consistent with the shortcomings of the available

data. It is always possible that the results obtained by using the past

knowledge can always be proven to be incorrect by the nature.

VI-3 Further Research

In order to implement and use the seismic hazard information presented

in this report, the following topics and tasks will be accomplished in

part II of this study:

• A thorough study of the 1973 UBC, the 1976 UBC and the ATC-3

work currently being completed. The above codes will be

evaluated with the seismicity of Guatemala in mind. Such an

evaluation will permit the engineers and planners in Guatemala

to appreciate and understand the current code levels and their

relationships with future seismic loading demands.

• A detailed discussion on the purpose and effects of earth­

quake codes will be presented. This will include the history

of earthquake loading criteria, the relation of design loads

and quality of structures, the objectives and qualities

of workable seismic codes and the role of design detailing

and design forces in providing a safe economic construction.
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• Introduction to the Proposed Seismic Design Provisions.

This will take into account the current codes, their advantages,

their shortcomings and the available solutions to eliminate

or reduce the shortcomings. This part of the study will

explain in detail the concept of acceptable risk and the

associated loading levels from the hazard maps of Guatemala.

The study will also develop the shape and levels of various

design spectra. These spectra will include the site char­

acteristics information.

• A detailed description of the type of structural systems,

their effects on the design level and a step-by-step design

procedure will be developed.

• Based on the spectral approach of seismic design, a simplified

equivalent static load method, similar to the 1976 UBC method

of design, will be developed. It should be emphasized here

that a workable code should have the following four ingredients.

1) Simplicity.

2) Rationality.

3) Freedom to use responsible ingenuity for

special structures.

4) Reward and encouragement for using dynamic

analysis when merited by the complexity of

a given structure.

In developing the methodology in Part II of this study, the

above four ingredients will be kept in mind.

• Finally, a detailed comparison with the proposed methodology

and the 1976 UBC will be made. This will be done with the

seismic environment of Guatemala (as obtained in this report)

in mind.
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APPENDIX A

POISSON MODEL

A-I Poisson Model of Seismic Occurrences

As mentioned in Chapter II, earthquake occurrences can be modeled

using the Poisson probability law. For earthquake events to follow the

Poisson Model, the following assumptions must be valid:

(1) Earthquakes are spatially independent;

(2) Earthquakes are temporally independent;

(3) Probability that two seismic events will take place at the

same place and at the same instant of time approaches zero.

These assumptions are necessary for the formulation of the Poisson Model.

The first assumption implies that occurrence or nonoccurrence of a seismic

event at one site does not affect the occurrence or nonoccurrence of an-

other seismic event at some other site. The second assumption implies

that the seismic events do not have memory in time. A Markovian assump-

tion of one-step memory in time may be a better assumption, but as mentioned

previously, this assumption for large events does not introduce major

errors (Gardner and Knopoff, 1974). The third assumption implies that

for a small time interval, 6t, no more than one seismic event can occur.

This assumption is considered to be realistic and to fit the physical

phenomenon.

For events which satisfy the above assumptions, the Poisson law can

be written as

Preceding page blank
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where P (t) ~ Probability of having n events in time period t.
n

n ~ Number of events.

A Mean rate of occurrence per unit of time.

In Chapter III, it was shown how the mean number of occurrences above

magnitude M for a given source can be obtained using recurrence relation-

ships. This relationship in its general form can be stated as

N(M) ep(M, A, T) A-2

where N(M) Number of occurrences above Richter magnitude M.

M Richter magnitude.

A Source characteristic (area for area source, length for

line source).

T = Time period of data base.

As mentioned in Chapter III, a log-linear recurrence relationship is

assumed for all sources. Also, for some sources, the relationship is

bi-linear (two lines described by aI' 81 , and a2' 82), (See Table 3-3

of ChapterIIIJ Thus, for a given source, the two lines describing the

recurrence relationship are given by:

In N' (H) a 'I
A-3

where Ml is the magnitude at which the two recurrence lines intersect

(see, for example, Fig. 3-4).

M2 is the upper cutoff magnitude for a given source (see

Table 3-3, Chapter III).

Thus, depending on the source and the value of M, the mean number of events

above magnitude M for a unit area for an area source, a unit length for a
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line source, and a unit time is given by:

N' (M) exp [a.' + S.M]
1 1

A-4

From equation A-I it follows that

exp [- exp (ai' + Si M)t] [exp (ai' + Si M)t]n

n!
A-5

Note that in equation A-5 above, A is replaced by N'(M). Equation A-S

gives the probability of observing n events above magnitude M in time

period t, based on the seismic history of a given source.

A-2 Source Mechanisms

Three different types of sources can be used to represent the

seismicity of any region. They are point, line, and area sources. All

three source mechanisms will be discussed for generality and completeness

of the development, although only line sources were considered for the

Guatemala region.

a. Point Source

For this type of source, all occurrences (past and future)

take place at one point. The recurrence relationship can be

normalized with respect to time T as follows:

N' (m)

Substituting the value of N'(m) in the Poisson law,

Equation A-I becomes:

A-6

exp [- N' (m)t] [N' (m)t]n
n!

A-7

where the notation

P [M > m, t] gives the probability that there will be n events
n
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of Richter magnitude greater than m in time period t.

For engineering purposes, it is of primary interest

to determine the probability of at least one event greater

then m in time period t. The probability is given by

P(at least one event of magnitude M > m in time t)

, = 1 - P(no earthquake of magnitude M < m in time t)

Hence, from Equation A-7

P(at least one event of magnitude M > m in time t)

= I - exp [- N'(m)t]

b. Line'Source

In the case of a line source, it is assumed that

epicenters lie along a linear fault pattern. For a line

source of length L (fault length L) and a data base for a

time period T, the recurrence relationship can be normalized

to:

N' (m)
N(m)

LT
(Equation 3-3b

repeated)

This N'(m) can be substituted directly in Equation A-8 to

obtain the probability of at least one event of magnitude

M > m in time t.

c. Area Source

When the past earthquake epicenters do not lie on a

line (i.e., along a given fault line) or when there is no

information on fault locations, but earthquake events are

scattered over a region, the seismic source should be con-
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considered as an area source. The area source can be

approximated by a full circle or any section of a circle

in which the epicenters are scattered. In this case, the

recurrence relationship is normalized with respect to the

area A and the time of the data base T.

N' (m) = N(m)
AT

(Equation 3-3a
repeated)

Again, the probability of at least one event due to this

area source above magnitude m in time period t is given

by

P(at least one M > m in time t) = 1 - exp [- N'(m)t]

It should be noted that while Equation A-8 has the same

form for a point source, line source and area source,

in each case the normalized N'(m) has a different inter-

pretation.

A-3 Peak Ground Acceleration at a Site

For design purposes, it is necessary to know the loading at a site.

As mentioned in Chapter III, the most commonly used parameter to describe the

seismic loading at a given site is the peak ground acceleration. In order

to derive the probability distribution on peak ground acceleration at a

site for a future time period t, the following information is required:

1. Probabilistic formulation on Richter magnitude for a source

as a function of future time t.

2. Distance from the source to the site.

3. Attenuation of peak ground acceleration from source to site.

The first parameter has already been determined in the previous section.

Various attenuation formulae are available which give the relationship

113



between the Richter magnitude M, the epicentral distance or the hypo-

central distance, and the peak ground acceleration. Donovan (1974) has

summarized and compared ten attenuation relationships. These relations

are repeated in Table A-I and their graphs are shown in Figure A-I

Most of the relationships in Table A-I, canbe written in the following

general form:

where a = Peak Ground Acceleration (PGA) in cm/secZ or g

Rh Hypocentral distance from source to site in km or miles

m Richter magnitude

b l , bZ' b 3 and b 4 are constants depending on the region

A-9

Using the general form of the attenuation relationship given by

Equation A-9, the probability distribution on peak ground acceleration

for a site due to the three types of seismic sources can be obtained.

Point Source

The probability of at least one event greater than m in time t from

a point source such as the one shown on Figure A-2 is:

P[M > m,t] I - exp [-N'(m)t] A-IO

Substituting the recurrence relationships given by Equation 3-2,

the probability distribution is derived as follows:

P[M > m,t] = I - exp[-exp Ca' + Sm)t]

where at = normalized regression constant.

114

A-ll



TABLE A-I

Attenuation Equations

1.

Data Source

San Fernando Earthquake
February 9, 1971

y ..

Equation

186206 R-1.83

Reference

2. California Earthquakes y =
R' 2

1+ 11

where log y - -(b+3) + 0.81m - 0.027m2
o

b is a site factor

Blume (1965)

3. California Earthquakes Graphical Presentation Housner (1965)

4.

5.

California & Japanese

Cloud (1963)

y -

y -

__5__ 100.61m - P log R + Q

TG

where P .. 1.66 + 3.;0

Q .. 0.167 1.83- """""R

TG • fundamental period of site

6.77 e1.64m

1.1e1.1m + R2

Kana! (1966)

Milne & Davenport
(1969)

6: Cloud (1963)
Housner (1962)

y .. 1230 eO. 8m (R+25)-2 Esteva (1970)

7. U.S.C. &C.S.

8. 11 Selected Records

10g10Y .. 6.5-2 10g10 (R'+80)

Graphical Presentation

Cloud & Perez
(1971)

Schnabel & Seed
(1972)

9.

10.

303 Instrumental Values

Western U. S. Records

Y ..

Y ..

1300 eO. 67m (R+25)-1.6

Y is cm/sec2

R is kilometers (distance to causative fault)
R' is miles (epicentral distance)
h is miles (focal depth)
m is magnitude

• Taken from Donovan 1974
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FIGURE A-2 Point Source: .Top View
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d~
Source

d

Site

(a. )

FIGURE A-3 Line Source: (a.) Top View; (b.) Isometric View
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To determine the probability distribution on peak ground accelera-

tion a, the attenuation relationship is used as shown below:

P[A > a,t]

I

P[M> h[:1 [Rh + b4 f3] b2.t A-12

The last expression in Equation A-12 can be recognized as the distribution

on magnitude. Thus, Equation A-12 becomes

P[A > a,t]

By denoting

1 - exp [ -e'" A-13

one finally obtains

P[A > a,t]

Line Source

,
y ea

8 ~
b 2

Sb 3
8b 3p = -- =

b 2

A-14

A-IS

A-16

A-17

Most of the earthquake epicenters around the world are generally

located along the major fault systems. Thus, the usual case of epicenters

falling along a line gives rise to the so-called line source. The line

source can be divided into K small segments of length nli , 1 < i < K.
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Let ~. be the event that no earthquake with a Richter magnitude
l.

greater than m occurs on the element M,i in time t. Then, from the

Poisson condition on spatial independence the following is true:

A-18

The probability of having an earthquake of Richter magnitude smaller than

or equal to m due to the entire line source is:

K

P [ Et.J exp [-
K

N' (m) M, i • t JP[M'::'m,t] lim L: = lim L: =
M,-'>{) t=l l. M~ i=l

exp [_1 2
N' (m)dt . t ] A-19

t l

where M, = max M,.
1.

l<i<K

The log-linear recurrence relationship is recalled to be

.R.n N'(m) = (i' + 8M

where N'(m) and (i' are normalized with respect to the length of the line

source and the time period of the data. Substituting for N'(m) into

Equation A-19 one gets:

P[M~ m,t] = exp [-

.R.2

~
1

exp [a' + Smldl- • t] A-20

To obtain the probability of having a maximum peak ground acceleration a,

the attenuation relationship (Equation A-9) is used as follows:
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P[A":" a,t] S. a, t ]

1 b3

P[M S. ~n [baJb2[Rh + b4 ] b
2

f3b 3

['\, + b 4 ] b
2

<li' t] A-21

geometry of the line source (Figure A-3) that

a' B
Letting e 'b

1
noting from the

and be denoted by y, 0 and p, respectively, and

one can write:

A-22

[

OR,2

P [A 5.. a, t] = exp -y [baJ t ~
1

Alternatively,

Area Source

The peak ground acceleration cumulative distribution function due

to an area source at a site can be obtained in a manner similar to that

'for the line source. Figure A-4 shows schematically the geometry of the

area source. Consider an elemental area ~Ai = Ri~Ri~ei. Let EA. be the
l.

event that no earthquake occurring on the element 6Ai will have a Richter

magnitude larger than m in time t. Then, again from the Poisson condi-

tion on spatial independence it follows:
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Area Source

(b.)

h

-------------

FIGURE A-4 Area Source:

(s.) Top Vie~; (h.) rsometric View
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A-26

As 6A~O, 6R and 68 both approach O. The probability of having an

earthquake of Richter magnitude smaller than or equal to m due to the

entire area source is then:

P[M.::.. m,t)
K

lim L
!J.A~O i=l

P [EA.)
1.

lim exp [­
!J.A~O

exp [_ (8 (2 N' (m) RdRd8 . t]
i o JRl

A-27

Where N'(m) is the mean rate of occurrence for the area source as defined

by Equation 3-3a.

Substituting for n'(m) in Equation A-27 above

P[M ::.. m,t] exp [-~ ~2 exp(a' + Sm)RdRd6 . tJ
o JRl

A-28

Using the attenuation relationship of Equation A-9

P[A::" a,t]

P [ M "- ~n
1

[ baJb
2 [~ + b 4 ] b

2
A-29

This equation is of the same form as the equation for the distribution

on Richter magnitude (see Equation A-8) and thus can be written as:

123



Then

and

P[A,,- a,t] = exp [_y [baJ <5 A-32

P[A> a,t] = 1- exp [-Y[ba
1
J'

In general, a site may be surrounded by any or all three types of

sources discussed in this section. If there are

NP point sources

NL line sources

NA area sources

the cumulative distribution function of peak ground acceleration at a

site is then given by:
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P[A > a,t]
[

NP

1 - exp - I:
i=l

p.
[ R_ + b ] 1

t --h. 4
1

NL
0. £2j 2 1/2

[b
a

1
] 1 [ [d~ + £ 2 + r- L y.

t {j h
j

] + b
4

1 d£
j=l J

NA Ok RZk

["rr
k

+ b
4
]Pk RdR ]- 1: Yk [b

a

1
] t8 k 1:. A-34

k=l Rlk

In Equation A-34, the summation over i is for all point sources, that over j

is for all line sources, and over k is for all area sources.

As it was shown in Chapter III, eighteen line sources were formulated

for the Guatemalan region, based on past data. Any part of the country

is affected by these sources, depending upon the proximity of the site to

the source location.
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B-1 Introduction

Bayesian probabilistic approach has the distinct advantage that it

can include subjective information acquired through experience together

with the quantitative data. As an alternative to the Poisson modeling

presented in Appendix A, a Bayesian model will be used to develop hazard

maps in terms of peak ground acceleration and duration of future earth­

quakes. The method for obtaining these maps will be only reviewed in the

present appendix. Its detailed development is given in Mortgat (1976).

B-2 Procedure

The procedure for estimating seismic risk for peak ground accelerations

in essence consists of the following steps:

STEP 1. Identification of Earthquake Sources

Based on the geology and historic seismicity of the area sources

are identified as point sources, line sources (faults) or area

sources. The maximum earthquakes associated with each source are

established from historic seismicity and geology (in terms of

magnitude or intensity). Typical examples of this approach are

Cornell and Vanmarcke (1969), Kiremidjian (1975), Wiggins (1975),

Shah et al. (1975), Algermissen (1969).

STEP 2. Selection of Attenuation Relationship

Using one of the numerous empirical attenuation relationships,

the peak accelerations at a given site due to earthquakes of

various sizes occurring at different locations are estimated.

The attenuation relationship is based on data of non-uniform
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quality. Most procedures utilize only the mean curves

determined from a regression analysis.

STEP 3. Recurrence of Earthquakes

The recurrence of earthquakes of various sizes is estimated

based primarily on the historic seismicity. A straight line or a

set of straight lines is fitted on the data using regression

analysis. This method usually results in unacceptable uncer­

tainties for large magnitudes where the data is scarce. Some

variations have been proposed. For example Wiggins (1975) uses

a Bayesian procedure at the level of the results once the anal­

ysis is complete.

STEP 4. Results

Utilizing the computations in Steps (1), (2) and (3) the probability

that a certain acceleration will not be exceeded within a given time

period t is determined. The results of the evaluation are presented

in terms of iso-acceleration or iso-intensity curves for selected

levels of probability and time periods.

B-3 Seismic Mapping Model

The following paragraphs present the general model used for seismic

mapping in the current study.

Source Location

The location of the sources is made using the recorded hypocentral

position of past earthquakes for the period of the records. The spatial

distribution of hypocenters is then divided in different sources as a

function of their shapes and seismicity (defined as the number of

occurrences per unit area or unit length).
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Seismic Model

In the data presently available, the most commonly used measure of

energy release is the Richter magnitude. In this model, the seismicity

of the sources is described by the distribution on the number of occur­

ences for each magnitude. This is different from the current practice

where the source seismicity is described by the probability of generating

an event larger than a given magnitude and not by a distribution on all

the events.

Occurrences: Assuming that earthquake occurrences form a Poisson

process with mean rate of occurrence independent of magnitude, a distri­

bution is obtained on the number of occurrences for a given period of

time for a given source. The assumption of spatial and temporal inde­

pendence is fairly well verified by data and is a common accepted practice

in seismology. Moreover the amount of dependence due to the dual mech­

anism of stress accumulation and release has not been determined as yet.

Magnitude: Given that an event has occurred, a distribution on the

magnitude is determied from past data. The magnitudes are discretized

every 1/4 point as it is commonly done in data recording. This repre­

sentation has the advantage of getting away from the data fitting. This

method is specially valuable for regions where little data is available.

The probability corresponding to each magnitude can be used in a Bernoulli

trial where one outcome will be an event of the magnitude considered

(success) and the other an event of any other magnitude (failure). The

following question can then be answered: "Given that N earthquakes will

occur, what is the probability that there will be 0, 1, 2, ••. N events

of any given magnitude?" Combining those Binomial conditional distributions

with the Poisson distribution on occurrences, the distribution on the

number of occurrences for each magnitude is obtained.
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Bayesian Statistics

Bayesian statistics is applied to the Poisson and Binomial laws to

eliminate some of the incompleteness of the data. For example, considering

the fault length and the type of fault, geologists can determine the

maximum magnitude earthquake the source can generate. This information

has to be taken into consideration even if no such earthquake has been

recorded in the data. This is done by assuming the mean rate of occurrences

of the Poisson law to be a Gamma probability distribution (Benjamin and

Cornell, 1970) and the probability of success of the Binomial law to be

a Beta probability distribution (Benjamin and Cornell, 1970). This method

has the advantage of including personal experience together with the data

as well as updating the distribution as new data is made available.

Mapping Parameters

Two mapping parameters are used, namely the PGA and the duration of

the ground motion. PGA was used since no other attenuation relationship

is readily available in the literature. The methodology allows for the

use of a more stable parameter such as rms that would certainly improve

the reliability of the model.

Attenuation Relationship

The Esteva (1973) relationship is used to relate PGA to magnitude

as a function of distance. Attenuation on duration is obtained using the

relation developed by Bolt (1973).

Both relationships are treated probabilistica11y to take into consid­

eration uncertainty in tpe attenuation decay.

Combining the distributions that describe the seismicity at the sources

with the two transfer functions, the probability of exceedance of any

PGA or duration is obtained at the site.

132



TABLE B-1

Duration Attenuation

M
5.5 6.0 6.5 7.0 7.5 8.0 8.5

distance

10 8 12 19 26 31 34 35

25 4 9 15 24 28 30 32

50 2 3 10 22 26 28 29

75 1 1 5 10 14 16 17

100 0 0 1 4 5 6 7

125 0 0 1 2 2 3 3

150 0 0 0 1 2 2 3

175 0 0 0 0 1 2 2

200 0 0 0 0 0 1 2
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B-4 Guatemala Bayesian Acceleration and Duration Maps

The Bayesian forecast model discussed in the previous section is

applied to Guatemala~ The data base and the eighteen seismic sources

described in Chapter III are used directly in this model. For each

source the following information is gathered:

(1) The number of recorded earthquakes N for discretized intervals

of Richter magnitude M. An increment of 0.25M is used for

the discretization.

(2) The time period of the data T.

(3) The value of the parameters A' and v' of the Gamma distribution

(Benjamin and Cornell, 1970) determined from subjective input.

(4) The values of the parameters

(Benjamin and Cornell, 1970)

input.

n; and ~M' of the Beta distribution
11. •

1 1

which also come from subjective

The values of all of these parameters are determined for each source

and are listed in Tables B2 - B19. This procedure developed by Mortgat (1976)

has a uniform distribution associated with the peak ground acceleration

attenuation relationship (Equation 4-1). The coefficient of variation

for this distribution is assumed to be 0.30.

For the duration maps, Table Bl lists the relationship between the

Richter magnitude, distance from the source to the site and the duration

(from Bolt, 1973). A coefficient of variation of 0.30 is also applied to

these duration values.

Charts Bl to B4 show the resulting iso-acceleration maps for return

periods of 50, 100, 500 and 1000 years. The iso-duration maps for the

same return periods are represented in Charts B5 to B8. A low seismicity

region in the northern part of Guatemala can be observed in all maps

both for duration and acceleration. The high regions in the south-south-

west portion and along the Cayman trough is also common to all maps.
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Comparing the iso-acceleration maps from the Bayesian model to the iso­

acceleration maps from the original Poisson model (Charts 7 to 10),

the acceleration values are higher for the maps in Charts Bl to B4. Also,

in Charts 7 to 10 the effect of some of the faults (e.g., Mixco, Motagua,

Po1ochic) has been accentuated while the effect of some others (e.g.,

Jocotan) has been reduced. Overall however, the maps appear quite similar.

It should be pointed out that the advantages of the Bayesian approach are:

(1) subjective information can be included

(2) it is easier to incorporate additional earthquake data.

In a manner similar to Charts 7 to 10, the iso-acceleration and

iso-duration maps resulting from the Bayesian approach can be used for

zoning pruposes. Again, their application for design and analysis of

structures in Guatemala will be discussed at length in the Part II report

of the present study.
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TABLE B2

Bayesian Data Information

0.13
0.11
0.09
0.39

0.13
0.11
0.09
0.39

0.72

0.59
0.48
0.39

o
o
o
o

8.00
8.25
8.50

Source 1

Time Data Base (T) : 75 years
Number of Recorded Events (N) : 12
v' from log-linear fit : 14.14
A" = A' + T = 75 + 75 = 150
v" = v' + N= 14.14 + 12 = 26.14

n" =n' + N= 14.14 + 12 = 26.14M. M.
~ ~

Richter ffu of Recorded Occurrences C~~ulative Nb of Occurrences Nb of Occurrences in 1;' + R

f.'J:J.f!:.i tuc.e in M. bands (log-linear fit Fig. ) M. bands (Log-linear .fit)
M. M.
~ 1

\i~. j
~

(R
M

. ) (Nc ) ~ (E,,') (<:" )
1 ,~. M.

I ~ 1 J
I --I L4.00 2 14.14 2.55 4.55 I
! 4.25 1 11. 59 2.09 3.09 I
! 4.50 2 9.50 1.71 3.71 i
I 4.75 0 7.79 1. 41 1.41 i
! 5.00 I
I 2 6.38 1.15 3.15 I
I 5.25 0 5.23 0.94 0.94 Ii 5.50 2 4.29 0.78 2.78

\
5.75 1 3.51 0.63 1. 63
6.00 0 2.88 I! 0.52 0.526.25 0

I
6.50

2.36 0.42 0.42

I1 1. 94 0.35 1. 356.75 0 1. 59 0.29 0.29 I
7.00 0 1. 30 0.24 0.24 II 7.25 0 1. 06 0.19 0.19

I 7.50 1 0.87 0.15 1.157.75 J

TABLE B3

Bayesian Data Information

Source 2

Time Data Base (T) : 75 years
Number of Recorded Events (N) : 6
v' from log-linear fit : 7.09
A" = A' + T = 75 + 75 = 150
v" = v t + N = 7.09 + 6 = 13.09

n" = n' + N = 7.09 + 6 = 13.09M. M.
~ 1

Ri.cht~r ,fa of Recorded Occurrences Cumulative Nb of Occurrences Nb of Occurrences in 1;' + R
r·h.?:Ji t.uC;e in M. bands (log-linear fi t Fig. ) :4. bands (Log-linear fit)

M. M.
1 1

\i~. j ~

(RM. ) (N ) 1 (~.) (<:" )
1 C M.

I ~ 1 1
I--
\ 4.00 1 7.09 1. 28 2.28 I

4.25 0 5.81 1.05 1. 05 I
! 4.50 1 4.76 0.86 1. 86 !! 4.75 0 3.90 0.70 0.70 i
I j

I 5.00 1 3.20 0.58 1. 58 I
I 5.25 0 2.62 0.47 0.47 II 5.50 2 2.15 0.39 2.39i 5.75 0 1. 76 0.32 0.32

\ 6.00 1 1.44 0.26 1. 26
l 6.25 0 1.18 0.21 0.21
1 6.50 0 0.97 0.18 0.18 II

6.75 0 0.79 0.14 0.14
7.00 0 0.65 0.12 0:12

,
7.25 0 0.53 0.09 0.09

rI 7.50 0 0.44 0.08 0.087.75 0 0.36 0.07 0.07 I
8.00 o 0.29 0.29 0.29
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TABLE B4

Bayesian Data Information

0.10

0.50

0.10

0.50

0.60

0.50o8.00

Source 3

Time Data Base (T) : 75 years
Number of Recorded Events (N) : 9
\i' from log-linear fit : 8.89
V' = A' + T = 75 + 75 = 150
v" = \)' + N = 8.89 + 9 = 17.89

nIT = n' + N = 8.89 + 9 = 17.89
r~. M.

]. ].

Hj'.'hL~!' jib of Recorded Occurrences Cumulative Nb of Occurrences Nb of Occurrences in E;' + ~.
:. ~ . f ~ .. :. .:. t :.l ~ ~ '..:: iT! M. bands (log-linear fit Fig. ) Mi bands (log-linear fi t) M.

]. ].

( ~,,; i J
].

(RI~. ) (N
c

) (<:M ) (I;;" )
M.

j ]. i 1

!
----- --

I4.00 I 8.89 1.47 2.47 f
I 4.25 1 7.42 1.22 I4.50 2 2.22
I 6.20 1.02 I;

4.75 3.02. 0 5.18 0.86 0.86 iI
5.00 I: 2 4.32 0.71 2.71 I! 5.25 0 3.61 0.60 0.60

/
5.50 0 3.01 0.55 0.55

I
5.75 0 2.52 0.42 0.42
6.00 1 2.10 0.34! 1. 346.25 I 1. 76 0.29

I
< 1. 29
i 6.50 a 1. 47 0.226.75 I 0.22

I 1.22 0.20 1.20
7.00 I

j 0 1.02 0.17 0.17 II 7.25 I 0 0.85 0.14I 7.50 0 0.14
0.71 0.11 0.117.75 a I

TABLE B5

Bayesian Data Information

0.15

0.20

0.15

0.20

0.35

0.20

o
o

7.75

8.00

Source 4

Time Data Base (T) : 75 years
Number of Recorded Events (N) : 17
v' from log-linear fit : 21. 53
A" = A' + T = 75 + 75 = 150
v" = \)t + N = 21.53 + 17 = 38.53

n" = n' + N = 21.53 + 17 = 38.53M. M.
]. ].

Rj':ht"r jib of Recorded Occurrences Cumulative Nb of Occurrences Nb of Occurrences in 1;'. + ~.
;·j'j,f:,.!.t.;,zc..:e In M. bands (log-linear fit Fig. ) 1~i bands (log-linear fi t) M.

]. ].

(:1:. J
].

(RM. ) (N
c

) (~.) (~.)
j

! ]. ]. 1

! I
4.00 2 21. 53 2.80 4.80 I

I 4.25 1 18.73 2.44 3.44 !! 4.50 2 16.29 2.12 5.12
• 4.75 a 14.17 1. 85 1. 85

!
I •
: 5.00 2 12.32 1. 50 3.50
! 5.25 0 10.82 1. 50 1. 50
! 5.50 1 9.32 1.21 2.21
I 5.75 a 8.11 1.06 1.06

i 6.00 2 7.05 0.91 2.91

i
6.25 1 6.14 0.92 1.92

I6.50 3 5.22 2.18 5.18
6.75 1 3.04 1. 27 2.27 I

i 7.00 1 1.77 0.74 1. 74 II
7.25 I 1 1.03 0.43 1.437.50 a 0.60 0.25 0.25 I
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TABLE B6

Bayesian Data Information

Source 5

Time Dsta Base (T) : 75 years
Number of Recorded Events (N) : 5
v t from log-linear fit : 5.52
A" =A' + T = 75 + 75 = 150
v" := v' + N = 5.53 + 5 = 10.53

n" = n' + N = 5.53 + 5 = 10.53M. M.
:l. :l.

Richter Nb of Recorded Occurrences Cumulative Nb of Occurrences Nb of Occurrences in ~' + RM.
r·1'.igrl i t ac.;,e in M. bands (log-linear fit Fig. ) M

i
bands (log-linear fit) M.

:l. 1

(;~. i . :l.
(R

M
. ) (N

c
) (~.) (E," )

1 M.
I 1 J. 1
I

T!--
,

4.00 1 I
! 5.53 1. 57 2.57 I
1 4.25 1 3.96 1.14 2.14 1t 4.50 0 2.82 0.80 0.80 i
I 4.75 2 2.02 0.58 2.58 I, I
! 5.00 1 1.44 0.41 1. 41

1
I

5.25 0 1.03 0.29 0.29

\
5.50 0 0.74 0.21 0.215.75 0 0.53 0.15 0.15 IJ, 6.00 0 0.38 0.38

I
0.38

I
I

j II

I I

TABLE B7

Bayesian Data Information

Source 6

Time Data Base (T) : 75 years
Number of Recorded Events (N) : 3
v' from log-linear fit: 2.74
A" = )", + T = 75 + 75 = 150
\)" = v' + N = 2.74 + 3 = 5.74

n" = n' + N = 2.74 + 3 = 5.7514. M.
:l. 1

R}_~ht.er ifu of Recorded Occurrences Cumulative Nb of Occurrences Nb of Occurrences in 1:;' + R
t·hv:-. i t ~c.:.e in M. bands (log-linear fit Fig. ) M. bands (log-linear fit) M. M.

1 1

(i-'. J
J. (f),. ) (Nc ) J. (~.) (E," )

I M.
J. J. 1

I
,

4.00 I, 1 2.74 0.41 1. 41 Il 4.25 1 2.33 0.34 1. 344.50 j
• 0 1. 99 0.30 0.30 ,
I 4.75 0 1. 69 0.25 II 0.25I

! 5.00 0 1.44 0.22 0.22
! 5.25 0 1.22 0.18 0.18
I

5.50 0 1.04 0.15 0.155.75 1 0.89 0.14 1.14
! 6.00 0 0.75! 6.25 0.11 0.11

II
0 0.64 0.10 0.106.50 0 0.54 0.54 0,54 I

i II I
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TABLE B8

Bayesian Data Information

Source I

Time Data Base (T) : 75 years
Number of Recorded Events (N) : 5
v' from log-linear fit: 4.22
.\ft == A' + T ~ 75 + 75 ~ 150
v" :: V' + N ~ 4.22 + 5 ~ 9.22

1')" ~ 1')' + N ~ 4.22 + 5 ~ 9.22
M. M.
~ 1

Ri{;ht~r ilb of Recorded Occurrences Cumulative Nb of Occurrences Nb of Occurrences in E,;' + RM.
t·'l'1.€":ii tut.:e in M. bands (log-linear fit Fig. ) M

i
bands (log-linear fi t ) M.

~ ~

(;~. i ~

(R14 . ) (N ) (~.) u,:~. )1 C
I ~ ~ 1
I

! I
, 4.00 1 4.22 0.62 1.62 I
! 4.25 1 3.60 0.53 1.53 !! 4.50 1 3.07 0.45 1. 45 ,
I 4.75 a 2.62 0.39 I

I 0.39 I
I 5.00 1 2.23 0.32 I
! 5.25 1. 32

I
a 1. 91 0.28

I 5.50 0.280 1. 63 0.24 0.24
! 5.75 a 1. 39 0.21 0.21 I! 6.00 a 1.18 0.17 0.17, 6.25 a 1.01 0.15 Ii 6.50 1 0.15

0.86 0.13

! 6.75 0.13a 0.73 0.10 1.10 I

I 7.00 a 0.63 0.63 II 0.63

I I

TABLE B9

Bayesian Data Information

Source 8

Time Data Base (T) : 75 years
N~~ber of Recorded Events (N) : 6
v' from log-linear fit : 7.22
A" = At + T ~ 75 + 75 ~ 150
v" :: v' + N ~ 7.22 + 6 = 13.22

n" ~ 1')' + N = 7.22 + 6 = 13.22
M. M.
~ 1

Richter ilb of Recorded Occurrences Cumulative Nb of Occurrences Nb of Occurrences in E,;' + RM.
(log-linear fit Fig. ) M.. bands (log-linear fi t) M.

!.bg:-JituL.e in M. bands ~ ~

(;~. i 1
(RM. ) (N ) ~

(~.) (~.)
1 C

1 ~ 1

4.00 1
I

7.22 1.00 2.00 I
! 4.25 a 6.22 0.85 0.85 I! 4.50 1 5.37 0.75 1. 75
I

4.75 0 4.62 0.63 0.63 !,
I 5.00 1

I
I 3.99 0.55 1.55 I
I 5.25 a 3.44 0.48 0.48
i 5.50 a 2.96 0.41 0.41

\
5.75 1 2.55 0.35 1. 35
6.00 2 2.20 0.30 2.30! 6.25 0 1.90 0.26 0.26

Ii
6.50 0 1. 64 0.23 0.236.75 0 1. 41 0.19 0.19

I
7.00 a 1.22 0.17 0.17 II
7.25 0 1.05 0.15 0.157.50 0 0.90 0.90 0.9 I
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TABLE B10

Bayesian Data Information

0.13

0.56

0.13

0.56

0.69

0.56o8.00

Source 9

Time Data Base (T) : 75 years
Number of Recorded Events (N): 9
\), from log-linear fit : 9.29
An = A' + T = 75 + 75 = 150
v" = v' + N = 9.29 + 9 =18.29

11" = 11' + N = 9.29 + 9 = 18.29
t-4. M.

1 1

Ric.:ht~r ifo of Recorded Occurrences Cumulative Nb of Occurrences Nb of Occurrences in E;' + R
:'~'i("':j i t."J.ce in M. bands (log-linear fit Fig. ) M. bands (log-l inear fit)

M. M.
1 1

\:.L) 1
(~. ) (N

c
) 1 (t:M. ) (E;" ), M.

! 1 1 1

i-~.oo 2 9.29 1.04 3.04
I·
I

t 4.25 1 8.25 0.93 1.93 !! 4.50 0 7.32 0.82 0.82
4.75 0 6.50 0.72 0.72 i,

I,
5.00 0 5.78 I

I 0.65 0.65 !I

! 5.25 1 5.13 0.72 1.72
5.50 2 4.41 0.82 2.82! 5.75 0 3.59 0.67 0.67! 6.00 1 2.92 0.55 1. 55i 6.25 1 2.38 0.45 1. 45

1 6.50 0 1.93 0.35 0.35 I

I 6.75 0 1. 57 0.29 0.29 I
7.00 0

I
1. 28 0.24 0.24

!i 7.25

\
0 1. 04 0.19 0.19

i 7.50 1 0.85 0.16 1.16
7.75 0 I

TABLE Bll

Bayesian Data Information

Source 10

Time Data Base (T) : 75 years
Number of Recorded Events (N) : 7
\)' from log-linear fit : 7.58
An = A' + T = 75 + 75 = 150
v lt = v' + N = 7.58 + 7 = 14.58

11" = 11' + N = 7.58 + 7 = 14.58
t4. M.

1 1

H~.~:~t.~r jfo of Recorded Occurrences Cumulative Nb of Occurrences tfo of Occurrences in 1;' + R
:·:'j,,-:.it.'.J.r':e in M. bands (log-linear fit Fig. ) r~. bands (log-l inear fi t) M. M.

1 1

1;";. j 1
(RM. ) (N ) 1 (E.,') (E;" ), c A. M.

1 1 1
-_._--

I4.00 0 7.58 0.65 0.65 I
I 4.25 1 6.93 0.60 1. 60 !! 4.50 0 6.33 0.54 0.54. 4.75 1 5.79 0.50 1. 50

j
I iI 5.00 1 5.29 0.45 II 1. 45
! 5.25 0 4.84 0.82 0.42
I

5.50 0 4.42 1.13 1.13
I

5.75 2 3.29 1. 08 3.08

i
6.00 0 2.21 0.72 0.726.25 1 1.49 0.49 1. 49 I1 6.50 1

\

1.00 0.33 1. 33 I6.75 0 0.67 0.22 0.22
7.00 I

0 0.45 0.15 0.15 II
7.25 0 0.30 0.10 0.107.50 0 0.20 0.20 0.20
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TABLE B12

Bayesian Data Information

Source 11

Time Data Base (T) : 75 years
N~~ber of Recorded Events (N) : 5
v' from log-linear fit : 4.43
A" = At + T = 75 + 75
v" = Vi + N = 4.43 + 5 = 9.43

fl" = fl' + N = 4.43 + 5 = 9.43H. M.
1 1

:-{~ r.~~t.~!' ilb of P,8corded Occurrences Cumulative Nb of Occurrences Nb of Occurrences in ~ +R
>-;·.1,.... :•.Lt"J.::'''; in M. bands (log-linear fit Fig. ) :~i bands (Log-linear fi t) i Mi

I ~~, )
1

(P.M. ) (N
c

) (St. ) (f;" )
M.

1 1 1

--
I4.00 3 4.43 0.56 3.56 I

I 4.25 0 3.87 0.49 0.49 I
! 4.50 0 3.38 0.42 0.42 I. 4.75 0 2.96 0.38 0.38 i
I

5.00 I: 0 2.58 0.32 0.32
I 5.25 0 2.26 0.29 0.29

I!
5.50 0 1. 97 0.25 0.25

I 5.75 0 1.72 0.21 0.21,
Il

6.00 1 1. 51 0.19 1.196.25 1 1. 32 0.17 1.17

I! 6.50
!

0 1.15 0.15 0.15

I
6. 75 0 1.00 0.12 0.12

I

i
7.00 0 0.88 0.11 0.11 II
7.25

\
0 0.77 0.10 0.107.50 0 0.67 0.67 0.67 I

TABLE B13

Bayesian Data Information

0.42

0.32
0.24
0.75

0.32
0.24
0.75

1. 31
0.99
0.75
149

o
o
o

8.00
8.25
8.50

Source 12 - Benioff 1

Time Data Base (T) : 75 years
Number of Recorded Events (N) : 122
V' from log-linear fit : 111. 21
A" = A' + T = 75 + 75 = 150
v t

, =: \>' + N = 111.21 + 122 = 233.21
fl" = n' + N = 111.21 + 122 = 233.21
r~. M.

1 1

,'<i-::ht~r ilb of Recorded Occurrences Cumulative NO of Occurrences NO of Occurrences in e;' + RM.
M. bands (log-linear fit Fig. ) M

i
bands (log-linear fi t ) M.

.'.h.r;::;·ir.'JL:t:.· iT! 1 1

l ~<!; )
1

(RM. ) (Nc ) (St. ) (f;" )
M.

! 1 1 1

! 4.00 41 111.21 26.96 67.96 I
4.25 9 84.25 20.43 29.43 I

1 /4.50 19 63.82 15.47 34.47i 4.75 5 48.35 11. 73 16.73 !I ,
I 5.00 15 36.62 8.87 23.87 I: !5.25 1 27.75 6.73 7.73! 5.50 10 21.02 5.10 15.10! 5.75 5 15.92 3.86 8.86
\ 6.00 6 12.06 2.92 8.92
~ 6.25 2 9.14 2.22 4.22, 6.50 4 6.92 1. 68 5.68 Ii 6.75 1 5.24 1.27 2.27

I 7.00 1 3.97 0.96
J

1. 96

II 7.25 3 3.01 0.73 3.73

I 7.50 0 2.28 0.55 0.557.75 0 1. 73 0.42 I



TABLE B14

Bayesian Data Information

Source 13 - Benioff 2

Time Data Base (T) : 75 years
Number or Recorded Events (N) : 45
v' from log-linear fit : 40.17
A" " A' + T = 75 + 75 = 150
\I" = V' + N = 40.17 + 45 = 85.17

n" " n' + N = 40.17 + 45 = 85.17
M. M.
~ ~

Ri{;ht~r l~ of Recorded Occurrences Cumulative Nb of Occurrences Nb of Occurrences in 1;' + R
in M. bands (log-linear fit Fig. ) M. band-s (Log-linear fit) M. M.

l'·~·tf:-ji t.ut:.e ~ ~

(;1.. i ~

(RM. ) (N
c

) ~ (t:M. ) (E," )
I 1 M.
I 1 1 1,
I 4.00 17 40.17 9.10 26.10 I

4.25 8 31. 07 10.71 18.71 I
I 4.50 4 20.36 7.02 11.02 !! 4.75 5 13.34 4.60 9.60 i,

5.00 iI 6 8.74 3.02 9.02, 5.25 3 5.72 1. 97 4.97

I
! 5.50 0 3.75 1.29 1. 29
I 5.75 a 2.46 0.85 0.85

! 6.00 1 1.61 0.56 1. 56 I! 6.25 1 1.05 0.36 1. 36
i 6.50 a 0.69 0.24 0.24 II

6.75 0 0.45 0.15 0.15
7.00 0 0.30 0.11 0.11

,
I 7.25 0 0.19 0.06 0.06

fI 7.50 I 0 0.13 0.05 0.057.75 0 0.08 0.03 0.03 I
8.00
8.25
8.50

o
o
o

0.05
0.03
0.02

TABLE B15

Bayesian Data Information

0.02
0.01
0.02

0.02
0.01
0.02

Source 14 - Benioff 3

Time Data Base (T) : 75 years
Number of Recorded Events (N) : 93
\I' from log-linear fit: 84.08
;I" " A' + T " 75 + 75 = 150
vI' =: v' + N = 84.08 + 93 = 177.08

n" " nM. + N = 84.08 + 93 = 177.0814.
~ 1

HJch::.er 1m of Recorded Occurrences Cumulative Nt of Occurrences Nt of Occurrences in 1;' + RM.
:,ht:-dt.uC;e in M. bands (log-linear fit Fig. ) M. bands (log-linear fit) M.

1 1

iiI.. i 1
(RM. ) (N ) ~ (t:M. ) (1;" ), c M.

! 1 1 1

!
--

I4.00 22 84.08 17.68 39.68
4.25 9 66.40 13.97 22.97 I

I 4.50 18 52.43 !! 11. 03 29.03
4.75 6 41.40 8.71 14.71 i,

iI 5.00 14 32.69 6.88 20.88,
5.25 4 25.81 5.43 9.43

I! 5.50 4 20.38 4.28 8.28I 5.75 3 16.10 3.39 6.39i 6.00 4 12.71 6.02 10.02 I~ 6.25 4 6.69 3.51 7.51

I
6.50· 2 3.18 1. 67 3.67 I6.75 3 1. 51 0.79 3.79 I
7.00 0 0.72 0.38 0.38

I

\ 7.25 0 0.34 0.18 0.18 II 7.50 0 0.16 0.08 0.087.75 0 0.08 0.04 0.04 I
8.00
8.25
8.50

a
a
o

0.04
0.02
0.01
150

0.02
0.01
0.01

0.02
0.01
0.01



TABLE B16

Bayesian Data Information

0.71

1. 54
2.41
1. 24

0.54
0.41
1. 24

2.19
1. 65
1. 24

1
2
o

8.00
8.25
8.50

Source 15 - Benioff 4

Time Data Base (T) : 75 years
Number of Recorded Events (N) : 130
v' from log-linear fit : 110.86
,\" = A' + T = 75 + 75 = 150
Vi' = v' + N = 110.86 + 130 = 240.86

11" = 11' + N = 110.86 + 130 = 240.8614. M.
1 1

Ri,c~t~r ilb of Recorded Occurrences Cumulative NO of Occurrences NO of Occurrences in l;' + RM.
iT! M. bands (log-linear fit Fig. ) M. bands (log-linear fi t )

M.
~·h'''''':j i t'-l(~''':: 1 1

\ 1ft.. i 1
(Ri4 . ) (N

c
) 1 (~.) (E," )

L M.
1 1 1

4.00 35 110.86 17.00 52.00
I

4.25 7 93.86 14.39 21. 39
I

I !4.50 19 79.47 12.19 31.19! 4.75 12 67.28 10.32 22.32 iI L
I 5.00 11 56.96 8.74 19.74 II
\ 5.25 5 48.22 10.99! 15.995.50 9 37.23 8.19 17.19I 5.75 7 28.04 6.92 13.92
! 6.00 8 21.12 5.22 13.22
I 6.25 6 15.90 3.92 9.92
l 6.50 3 11. 98 2.86 5.86 II 6.75 3 9.02 2.23 5.23
I 7.00 2 6.79 I

1. 67 3.67

I
! 7.25

I
0 5.12 1. 27 1. 27

I 7.50 0 3.85 0.95 0.957.75 0 2.90 0.71 I

TABLE B17

Bayesian Data Information

0.35

0.27
0.20
1. 65

5

0.27
0.20
0.65

1.12
0.85
0.65
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o
o
1

8.00
8.25
8.50

Source 16 - Benioff 5

Time Data Base (T) : 75 years
Number of Recorded Events (N) : 63
v' from log-linear fit: 59.46
A" = A' + T = 75 + 75 = 150
v" = v' + N = 59.46 + 63 = 122.46

n" = n' + N = 59.46 + 63 = 122.46
14. M.

1 1

Hi_cht~:r ilb of Recorded Occurrences Cumulative Nb of Occurrences NO of Occurrences in E,' + R
bands (log-linear fit Fig. ) M. bands (log-linear:fi t) M. M.

i·hr:.it.:.lL.e in M. 1 1

l'!'. I
1

(R
M

. ) (N ) 1 (~.) (l;" )
L c M.

! 1 1 ).

!
----

I4.00 13 59.46 8.57 21.574.25 6 50.89 7.33 13.33
,

I !4.50 8 43.56 6.28 14.28! 4.75 4 37.28 7.17 11.17 i
• i
I 5.00 6 30.11 7.23 13.23

I,
IL 5.25 3 22.88 5.49! 8.49

I
5.50 8 17.39 4.17 12.17! 5.75 3 13.22 3.17 6.17

I 6.00 5 10.05 2.42 7.42 II 6.25 2 7.63 1.83 3.83
1 6.50 2 5.80 1. 39 3.39 I! 6.75 1 4.41 1.06 2.06

I 7.00 a 3.35 0.80
I

0.80

II 7.25 0 2.55 0.62 0.62

I 7.50 1 1. 93 0.46 1. 467.75 0 1. 47 0.3 I



TABLE B18

Bayesian Data Information

0.02

0.01
0.01
0.01

0.02

0.01
0.01
0.01

0.03
0.02
0.01

o
o
o

8.00
8.25
8.50

Source 17 - lleniott 0

Time Data Base (T) : 75 years
Number of Recorded Events (N) : 19
v' from log-linear fit : 18.32
A" = A' + T = 75 + 75 = 150
v" = v' + N = 18.32 + 19 = 37.32

n" = nM + N = 18.32 + 19 = 37.32
Mi i

Richter Nb of Recorded Occurrences Cumulative Nb of Occurrences Nb of Occurrences in f;M. + ~.
l"agnituC:e in M. bands (log-linear fit Fig. ) M

i
bands (log-linear fit) ~ ~

(M! i J. (~.) (N ) (~.) (f~;';. )c
I J. J. 1

! 4.00 5 18.32 2.86 7.86 I
; 4.25 1 15.46 2.42 3.42 I
! 4.50 2 13.04 2.03 I
! 4.75 4.03 I1 11. 01 1.72 2.72 I
I i
I 5.00 2 9.29 1.46 3.46 I\ 5.25 2I 7.83 1. 22 3.22

i
5.50 0 6.61 1. 65 1. 655.75 3 4.96 2.14 5.14

! 6.00 1 2.82 1. 21 2.21
I 6.25 1 1. 61 0.69 1. 69,

II
6.50 1 0.92 0.406.75 0 1.40

0.52 0.22 0.22
7.00 0 0.30 I

0.13 0.13 I7.25 0 0.17 0.07

I 7.50 0 0.07
0.10 0.057.75 0 0.05
0.05 I

TABLE B19

Bayesian Data Information

0.16

0.11
0.09
0.22

0.11
0.09
0.22

0.42
0.31
0.22
152

o
o
o

8.00
8.25
8.50

Source 18 - Benioff 7

Time Data Base (T) : 75 years
Number of Recorded Events (N) : 24
v' from log-linear fit : 20.80
A" = A' + T = 75 + 75 = 150
v" = v' + N = 20.80 + 24 = 44.80

n" = nM + N = 20.80 + 24 = 44.80
Mi i

Richter Nb of Recorded Occurrences Cumulative Nb of Occurrences Nb of Occurrences in 1;' + ~.
I"agni tuC:e in M. bands (log-linear fit Fig. ) M

i
bands (log-linear fit) M.

J. J.

(Mii J. (~.) (N
c

) (~.) (f;" )
M.

I ~ J. 1

! 4.00 7 20.80 3.03 10.03 I
j 4.25 3 17.77 2.59 I
! 4.50 2 5.59 I15.18 2.21! 4.75 1 4.21 I

I
12.97 1. 88 2.88 !

I 5.00 1
I

11. 09 1.62 II 5.25 1 2.62
I 9.47 1. 38 2.385.50 2
i 5.75

8.09 1.17 3.171 6.92 1. 38 2.38I 6.00 2 5.54: 1.53 3.53I 6.25 2 4.01 1.10,
6.50 3.10

I
0 2.91 0.80 0.806.75 2 2.11 0.58 2.58

7.00 0 1.53 0.42
I

0.42

I7.25 0 1.11 0.31 O. ;31

I 7.50 0 0.80 0.227.75 a 0.22
0.58 0.16 I
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THE FEBRUARY 4, 1976 GUATEMALAN EARTHQUAKE

C-l Introduction:

On February 4, 1976 at 3:01 a.m. (local Guatemalan time), central

Guatemala experienced a major earthquake. The surface-wave magnitude (Ms)

of this earthquake was 7.5, and the body-wave magnitude (Mb), 5.8. The

hypocentral location was l5.32°N latitude and 89.08°W longitude, with

a focal depth of about five kilometers. Numerous aftershocks followed

the main earthquake, the largest of which occurred on February 6, 1976,

causing additional damage to and around Guatemala City. The Mb of the

February 6 earthquake was about 5.8. Damage due to the earthquake resulted

from 1) direct seismic shaking of structures, particularly those of

poor construction such as adobe buildings, 2) fault rupture, 3) earthquake

induced lateral spreading and cracking of unconsolidated deposits and

4) a variety of earthquake triggered landslides.

C-2 Intensity:

The maximum intensity of shaking within Guatemala City and the Mixco

area, based on the nature and amount of damage to man-made structures

whose foundations did not fail, was IX on the Modified Mercalli Scale,

with small pockets of higher intensity occurring in different zones through­

out the city. MM Intensity IX is defined as follows: "severe damage

to well built and ordinary masonry s~ructures, collapse of unreinforced

masonry (adobe) structures, some damage to earthquake resistant structures"

(see Section C-3).
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Outside of Guatemala City, Modified Mercalli Intensity VI was reached

over an area of 33,000 square kilometers, commonly in close proximity

to the rupture zone (see Figure C-l). MM Intensity VI is defined as "objects

fall from walls and shelves, some damage to poorly constructed masonry

(adobe) structures".

92°

C-3 Damage:

PACIFIC OCEAN

Figure C-l.

Intensity Distribution
o 50KM
I ! I

Isoseismal Map showing Modified
Mercalli intensity distribution in
Guatemala from the February 4, 1976
earthquake.

indicates epicenter location.
(From USGS PPI002)

The zone of significant damage due to the earthquake and after-

shocks extends about 300 kilometers in the east-west direction and 70
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kilometers in the north-south direction, coinciding approximately with

the region of fault rupture (see Figure C-Z) .

quake was at least 100,000 square kilometers.

The felt area for this earth-

Severe damage occurred in the areas around and including Guatemala

City, Joyobaj and Chimaltenango, and from El Progreso west to Gualan.

A few towns up to 200 kilometers away from the instrumental epicenter

were completely destroyed.

Foundation failures involving downslope slumping and/or sliding,

particularly of loosely consolidated pumiceous pyroclastic rocks of the

Guatemalan Highlands, lateral spreading, liquefaction and differential

compaction of unconsolidated or poorly consolidated deposits damaged

numerous buildings and roads throughout central Guatemala. (See Figure C-3).

HONDURAS

, , ~, / ;'>/ Scale %Damo
I ~

I c::::J 0 0-25 '-...... GUATEMALA
1c=J 1 26-50 >..
Ic::=:J 2 51-75 )
E=~i3 :3 76-90 ,.../
~4 91-100 \.

o

EL SALVADOR

50km

t
North

Figure C-2. Contour map showing damage to
adobe-type structures in Guatemala
due to the February 4, 1976 earthquake.
(From USGS PP1002)

157



N

HONDURAS

INDEX MAP

EXPLANATION
,-/

,--~ -,,'"
,--

ApprOllimate limits of earthquake
induced londslides. Pattern indicates
areas of intense landslide activity

Solid triangle indicates
landslide - dammed drainage

/<"" X
.~::::.-

50,1.11

UALAN ~"...,. ...~-'

i

J
50 KM

ZACAPA

)

1
,oJ.
\
, ')

,,-\:J
"

/ ...__..1

~ .j

~
.. I

, C\ ........ --/ .....\,
. r"

'UT'P~ ~)

~ ..-_ .." Area of abundant ground cracks

,/ EL SALVADOR related to liquefaction. "X" indicates

lL----t-f---f-----~~---b7')£.:·r--...:.,~-:...! -=F==;s~m~a~lI:a~r~e:a=o=f:c:r:a:c:ki:n=:==9 i"

f. ../'

Figure C-l. Areas of earthquake-induced landsliding and
of ground cracks probably related to lique­
faction of unconsolidated deposits.
(From USGS PPI002)

C-4 Hypocenter Location:

The hypocenter location of the main shock was determined by the

National Earthquake Information Service (NElS). The epicenter of this

event was located near Los Amates, within the Motagua Valley, about 157

kilometers northeast of Guatemala City. The wide distribution of the

90 recording stations used in locating the epicenter gives reasonable

confidence in the epicenter solution. However, a location bias of tens
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of kilometers is possible, due to undetected seismic wave travel-time

anomalies.

The depth of the hypocenter could not be reliably determined instru-

mentally because of the location of the seismic recording stations and

the nature of the seismic waves recorded. A shallow depth of about five
t

kilometers was assigned because of the surface faulting observed accompany-

ing the earthquake and because of the shallow (0-12 km) depth of the

aftershocks.

C-5 Nature and Amount of Fault Movement:

Movement along the Motagua fault was predominantly left lateral

strike-slip, although minor vertical displacement was also observed.

The length of surface faulting observed during field investigations by

Plafker and others was 230 kilometers in the Motagua Valley and mountain-

ous area west of the valley (see Figure C-4). The length of the main break,

based on the occurrence of aftershocks is about 270 kilometers.

The main trace of the surface fault consists of right stepping en

echelon fractures, forming a zone one to three meters wide. These frac-

tures have a more northerly orientation than the overall trend of the

fault zone.

The maximum horizontal displacement observed along the main trace

of the fault was 325 centimeters, in the area between El Progreso and

Chuar rancho (Espinosa, 1976). The average horizontal displacement was

about 100 centimeters.

Subsidiary faults and splays of the Motagua fault appeared to be

scarce. Secondary faulting (faults which underwent surface displacement

approximately concurrent with that on the main fault but which at the

surface do not join the main fault), however, occurred associated with
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___----I160 1j

INDEX MAP

....,,_....
Fault with known or suspected

late Cenozoic displacement

::it:.
:fie 0 50KM

*' 1..1-L.....L....;·~I--1.---,'
*-

GUATEMALA

Lineament possibly indicative of fault

*stratovolcono
JL--+1--f---4~~W~=-----~*-~-;::::~C=::::::;~\<·'·('

It"1Iilt..
Figure C-4. Fault map of central Guatemala showing faults

active during February 1976 earthquakes (heavy
line) and other faults in the area (light lines).
Epicenter of main event and major after shocks
also shown (circles).
(From USGS PP1002)
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the earthquake. This faulting ruptured the ground surface in the Mixco

area, west of Guatemala City, as much as 30 kilometers from the main fault

trace. Ground rupture occurred along three generally north to north-north­

east trending zones with predominantly vertical displacement on the order

of 5 to 12 centimeters.

C-6 Cause of the Earthquake:

The February 4, 1976 earthquake occurred due to sinistral (left

lateral) motions along the active plate boundary between the North American

and C~ribbean Plates. The North American Plate is moving westward relative

to the Caribbean Plate, producing a strain accumulation along the margin

of the two plates. When this situation reaches a critical point, the

crust yields, producing an earthquake, as occurred on February 4, 1976.

The faulting and earthquakes associated with the Mixco fault are likely

due to extension produced by the plate motions and complexities related

to the Cocos-Caribbean-North American triple junction.
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CGS:

CGS-B:

CGSPDE:

ERL:

NOS:

ISS:

GUTE:

Data File Indices

Coast and Geodetic Survey

Coast and Geodetic Survey
Seismological Bulletin

Coast and Geodetic Survey
Preliminary Determination of Epicenters

Environmental Research Laboratories (NOAA)

National Ocean Survey (NOAA)

World Tape of Epicenters

Gutenberg
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