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FOREWARD

The September 19, 1985, Mexico earthquake reminds us of the potential
damage, injury, and loss of life which can occur in major population centers
located in active seismic zones throughout the world. Due of the large
increase in population and investment in capital stock, Puerto Rico today
could experience devastating human and economic impacts if a major earthquake
were to occur.

The San Juan Metropolitan Area, which is the capital city and the major
urban settlement of Puerto Rico, generates 50% of the Island's output. 1In
1983 the estimated total output was about 18 billion dollars of which nine
billion dollars originated directly or indirectly in San Juan.

The sectors with the largest proportion of San Juan operations tend to be
those related to service sectors. Manufacturing activity is more evenly
distributed all over the Island of which the most capital intensive sectors
are chemicals and cement. Obviously the sector with the largest capital
investment is the real estate sector.

According to preliminary results of a study by Fernando Zalacain
(University of Puerto Rico at Rio Piedras) of the estimation of economic
damage in the event of a large earthquake (Modified Mercalli VIII), the
sectors in which the damage could be greatest will be the following:

Capital Stock Affected (Millions of $)

Housing $980.00
Power Plants 240.00
Government 205.00
Business/trade 145,00
Telephone service 118.00
Ports and Facilities 89.00

Total economic impact to capital stock only could be in the range of 2.15
billion dollars. This level of destruction represents 13% of total capital
stock calculated for San Juan. Taking in consideration that total
construction investments in the Puerto Rico economy accounted to 1.2 billion
dollars in 1981 and that machinery and equipment investment implied another
729 million, the estimated damage would be much larger than the total
investment by the private and public sector in a typical year like 198l.

The level of damage to capital stock will reduce losses in output, income
and employment. The level of losses will also depend on the length of the
reconstruction period. The preliminary estimates for two different scenarios,
project output losses in the range of 345 to 525 million dollars. Employment
losses could be in the order of 10,000 to 15,000 man-year lost as result of
the earthquake.

Anselmo de Portu
Commonwealth of Puerto Rico
Department of Natural Resources

Natural Hazards Office
/88 2607(; Puerta de Tierra, Puerto Rico



BACKGROUND AND SUMMARY OF THE WORKSHOP ON "REDUCING POTENTIAL LOSSES FROM
EARTHQUAKE HAZARDS IN PUERTO RICO"

by
Walter W. Hays and Paula L. Gori
U.S. Geological Survey
Reston, Virginia 22092

INTRODUCTION

One hundred earth scientists, social scientists, engineers, architects, urban
planners, and emergency management specialists met in Dorado, Puerto Rico, on
May 30-31, 1985, to update their knowledge of earthquake hazards and potential
risk in the Puerto Rico region, to review progress of current studies, and to
formulate action plans to reduce potential losses from future earthquakes that
will recur in the region. The workshop continued the work of a similar
workshop on geologic hazards which was held in San Juan, Puerto Rico, in the
spring of 1984 (Hays and Gori, 1984) and accelerated the dissemination of
knowledge gained from the March 1985 Chile earthquake.

This workshop, the 30th in a series of workshops and conferences sponsored
since 1977 by the U.S. Geological Survey (USGS) under the auspices of the
Natural Earthquake Hazards Reduction Program (NEHRP), was cosponsored by the
Federal Emergency Management Agency (FEMA), the Department of Natural
Resources of Puerto Rico, the Puerto Rico Planning Board, and the Geological
Survey of Puerto Rico. The workshop was timed to coincide with the completion
of the early phases of an earthquake preparedness and planning program
sponsored by the Federal Emergency Management Agency (FEMA) and managed by the
Department of Natural Resources of Puerto Rico. The opportunity to contribute
to vulnerability studies as a part of this important program had been
identified earlier in the 1984 workshop held in San Juan, Puerto Rico, and had
been advocated throughout the year. The 1985 workshop focused on ways to

enhance earthquake vulnerability studies (see Figure 1).

THE 1985 CHILE EARTHQUAKE

The large earthquake (M, = 7.8) that occurred near Valparaiso, Chile, on March 3,
1985, provided an unique opportunity to increase the public®s awareness of

earthquake hazards in Puerto Rico and to transfer relevant information to
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those conducting the Puerto Rican earthquake preparedness and planning

program.

Consequently, two strategies were devised to enhance the value of the workshop
to Puerto Rican engineers, scientists, planners, emergency managers, and

public officials. They were:

1) Scheduling the workshop to follow immediately after the seminar,
"Fundamentals of Earthquake Engineeing in Puerto Rico,” conducted by
the Earthquake Engineering Research Institute (EERI) under the
sponsorship of the National Science Foundation. The seminar was held
in Mayaguez on May 27-29. More than 100 engineers, scientists, and
planners participated in the seminar. Technical information on the
1985 Chile earthquake was integrated on the third day into a special
session on the state-of-the-art of earthquake engineering in Latin
America and presented by experts from Chile, Costa Rica, Columbia,

Peru, Guatemala, Ecuador, Dominican Republic, and El1 Salvador.

2. Inviting two Chilean engineers, Dr. Rodolfo Saragoni and Dr. Mauricio
Sarazin, to participate in both the seminar and workshop, presenting
information on the 1985 Chile earthquake. (Their participation was
sponsored by the National Science Foundation and the U.S. Office of

Foreign Disaster Assistance.)

The experience and information provided by the 1985 Chile earthquake are very
relevant to three regions of the United States: Puerto Rico, the Puget Sound
area, Washington, and Southern Alaska. Similar effects as those in the Chile
earthquake could happen in each of these three regions. All four regions have
a similar tectonic setting, namely a subduction zone where one tectonic plate
is sliding at the rate of several inches per year beneath another tectonic
plate (see Figure 2). The world's greatest earthquakes (e.g., 1960 Chile
earthquake (Mw = 9.5) and 1964 Prince William Sound, Alaska, earthquake

(Mw = 9.2)) have occurred in subduction zones. The 1960 and 1985 Chile
earthquakes were caused by subduction of the Nazca tectonic plate beneath the
South American plate. The 1985 earthquake caused 176 deaths, 2500 injuries,

and economic losses from architectural and structural damage to buildings and

; 156 2009l
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Figure 2.--Schematic illustration of a subduction zone. A subduction zone is a
dipping planar zone descending away from a trench that is typically marked
by high seismicity. The sinking oceanic place may be strongly coupled along
part of its boundary with the overriding continental plate. The rate of
movement typically ranges from a fraction of an inch to about 5 inches per
year. Earthquakes occur when one plate slips relative to the other. The
worlds greatest earthquakes have occurred in subduction zones (e.g., 1960
Chile, 1964 Prince William Sound, Alaska, 1985 Mexico).
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lifelines adding to about $2 billion. Unreinforced masonry and adobe
buildings sustained the greatest damage from ground shaking. Although, well-
engineered buildings generally performed well, a hospital suffered extensive
damage, indicating the need for stringent earthquake-resistant design criteria
for critical facilities and tough inspection standards and enforcement

procedures.

An unpresidented set of 30 strong motion accelerograms (each having 3
components) documented the ground shaking in the 1985 Chile earthquake. The
significant facts were: 1) ground shaking reached levels of 0.85 g.
(horizontal) and 0.65 g (vertical), 2) both high and low ground-shaking
frequencies were recorded, and 3) the duration of shaking was long (60-80
seconds). Other than in Japan, these ground motion data are the first
comprehensive sample from a subduction zone earthquake; they are essential for
probabilistic ground shaking hazard assessments and other applications that
require a seismic wave attenuation function with specification of the

dispersion.
The 1985 Chile earthquake also caused physical effects such as the following:

l. Numerous landslides occurred in the coastal mountains, locally
blocking roads.

2. Liquefaction occurred in saturated beach sands.

3. Ground cracks were common in the epicentral area.

4, Part of the coastline subsided.

5. A small local tsunami having wave heights of 3.6 feet at Valparaiso,
Chile, was generated. This tsunami caused wave runups of 1.7 feet in
Hilo, Hawaii, and 0.2 feet in Seward, Alaska.

6. The extensive aftershock sequence that followed the mainshock included

a Mg 6.6 earthquake on March 17, and a Mg 6.3 earthquake on March 19,

THE 1985 MEXICO EARTHQUAKE

Just before this report went to press, a great earthquake occurred in Mexico
on September 19, 1985. This earthquake was the most devastating earthquake of

the past decade in North America. Because it was also a subduction zone

: 183 20040



earthquake having relevance for Puerto Rico (as well as Puget Sound and

Alaska), its effects are summarized below for completeness.

The great 1985 Mexico earthquake, initially rated as Mg = 7.8 but later
upgraded to MS = 8.1, occurred in the Mexico trench subduction zone where the
Cocos tectonic plate is being subducted beneath the North American plate. The
existence of a possible seismic gap in this portion of the Cocos plate and a
general forecast of a large earthquake having an average recurrence interval
of about 35 years had been made in 1981 by McNally. The specific time of the
earthquake had not been specified, however. This earthquake was noteworthy

because about 400 5-20 story buildings located in Mexico City, about 250 miles

from the epicenter, collapsed partially or totally, causing an estimated

5,000-10,000 deaths, numerous injuries, and economic losses of possibly $5-10
billion. The extraordinarily high degree of damage at this large epicentral
distance was mainly due to amplification of the long period ground motion by
the 50 meter thick, water—-saturated ancient lake bed under part of Mexico City
(see Figure 3). The lake beds were recognized in 1964 by Zeevaert as having a
characteristic site period of about 2 seconds, the natural period of vibration
of a typical 20-story building. Past distant earthquakes (e.g., 1957 and 1962
Mexico earthquakes) had also caused damage in Mexico City that was attributed
to site amplification. 1In the 1985 earthquake, six buildings collapsed at the
Mexico General Hospital; about 400 doctors, nurses, and patients were trapped
in the ruins of the Juarez hospital, just 8 blocks from the Presidential
Palace. Government buildings, as a group, sustained considerable damage.

Long distance telecommunications with the rest of the world were interrupted
for several days after the earthquake due to the destruction of the main
microwave transmitter and the lack of a redundant, backup system. Because of
prior planning by US and Mexican scientists and engineers, a number of strong
motion accelerographs were in place in the epicentral area at the time of the
earthquake and recorded ground motions in the order of 0.20g, a low value for
a great earthquake. These strong motion data, together with the data acquired
in the March 3, 1985 Chile earthquake provided an unprecedented strong-ground
motion data sample for subduction zone earthquakes. A building code as strict
as any adopted in the United States had been adopted and implemented in Mexico

City since 1976, It included a factor for soil conditions.
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Figure 3.--Accelerogram (top) recorded at a free field location on the surface of
the 50-meter thick lake beds forming the foundation in parts of Mexico
City. The epicenter of the September 19, 1985 Mexico earthquake was located
some 400 km to the west. The strong 2 second period energy in the
accelerogram and the velocity (middle) and displacement (bottom) time
histories derived from it are a consequence of the filtering effect of the
lake beds which amplified the ground motion, (relative to adjacent sites
underlain by firmer rock-like materials) about a factor of 5. The
coincidence of the dominant period of ground shaking (2 seconds) with the
fundamental period of vibration of tall buildings contributed to their

collapse, These records were provided by the Universidad Nacional Autonoma
de Mexico.
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The 1985 MAMEYES LANDSLIDE DISASTER

A landslide disaster occurred in the Mameyes district near Ponce, Puerto Rico,
on Monday, October 7, 1985, during a rainstorm of record intensity for the

area.

Because of the relevance of this experience to the subjects of the 1984 and

1985 USGS/FEMA workshops, the basic facts are included in this report.

The disaster was caused by a block slide, the movement of a slab of soil and
rock 30 to 50 feet thick by shear displacement along a bedding surface. The
rock slab failed in three stages. Stage 1 began between 3:00 and 3:30 a.m. on
October 7. Stage 2 followed 15-30 minutes later, and stage 3 occurred about 5
minutes after stage 2. The slide carried most of the Mameyes hillside
residential community (population of about 1,500) into the canyon below and
covered part of it with debris 40 to 60 feet thick. One hundred nineteen
homes were destroyed and about 130 people were killed. The death toll is the
largest ever from a single landslide in the United States. Normally 25 to 30

people are killed each year in the United States from landslides.

Several factors combined to cause the disaster in Mameyes:

1) The nature of the soil and underlying bedrock in the area—-beds of

chalk with clay partings lie approximately parallel to the hillslope,
both dipping approximately 20 degrees to the south into an east-

flowing canyon.

2) The heavy rainfall prior to the landslide--nearly 20 inches of rain

fell between October 5 and October 7. This amount of rain is not
unusual--prior hurricanes such as Donna in 1960 and Eloise in 1975
have produced this much rain-—but the intensity was exceptional for
the area. The rain probably elevated the pore pressures near the base
of the slab of soil and rock and provided the principal trigger for

the failure.
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3) Local manmade conditions—--water leaking from broken water mains and

seepage from local sewage disposal facilities may have contributed to
slope saturation prior to the failure, and combined with the heavy

rain, triggered the failure.
At the request of Governor Rafaél Hernandez Coldn, President Reagan declared
the area a disaster zone. Emergency response activities were initiated

immediately to deal with the disaster.

ASPECTS OF AN EARTHQUAKE VULNERABILITY STUDY

An earthquake vulnerability study of an urban area is a complex task. The
essential requirements are : 1) to model the earthquake hazards, 2) to
superpose the hazards with a model (inventory) of what is at risk, and 3) to
determine the damage and losses that are likely to occur. This report

provides information on each topic.

Earthquake-Hazards Model (see papers by Hays, McCann, and Bolt)--The

earthquake hazards model requires that the best available gelogic,
seismological, and geotechnical data be integrated to define the hazards,
either deterministically or probabilistically. The objective is to provide

answers to the questions:

1) Where have past earthquakes occurred? Where are they occurring now?

2) Why are they occurring?

3) How often do earthquakes of a certain size (magnitude or epicentral
intensity) occur?

4) How bad (severe) have the physical effects (hazards) been in the past?
How bad could they be?

5) How widely do the physical effects (hazards) vary spatially and

temporally?

Exposure Model (see paper by Molinelli)--The determination of what is at risk

from each earthquake hazard is a critically important task. An inventory of
structures of various types (e.g., buildings, utility and transportation

structures, hydraulic structures, earth structures, and special structures) is

9 186 209



needed. An accurate inventory is difficult to obtain and to maintain because

of the rapid change in capital improvements as a function of space and time.

Damage and Losses (see papers by Hays, Stratta, and Scholl)--Estimation of

damage and losses (economic losses, loss of function, loss of confidence, life
loss, injuries) is an essential part of an earthquake vulnerability study.
This step provides information that can be used to guide research, mitigation,
response, and recovery programs. Damage and losses can be estimated in terms
of a wide variety of scenarios such as worst case or the recurrence of a

specific past earthquake (e.g., the "1918 Puerto Rico earthquake'").

Loss-Reduction (see papers by Nigg, Molinelli, and Stratta)--Once reasonable

estimates of the damage and losses have been obtained, loss~reduction measures
can be devised to meet specific objectives. These measures include: 1)
personal preparedness, 2) education, 3) land-use regulation, and 4)

engineering design and building codes, and 5) insurance.

THE EARTHQUAKE THREAT IN PUERTO RICO

Puerto Rico is located in a subduction zone where the North American tectonic
plate is sliding under the Caribbean tectonic plate. About 4 million Puerto
Ricans live, work, and play in a locale surrounded and underlain by active
faults, each capable of producing strong (M = 6, 7, or 8) potentially damaging
earthquakes. Current scientific knowledge (personal communication with
William McCann) indicates that large earthquakes of magnitude 7.5 are expected

to recur, on the average, about once every 80 years. Even a moderate size

(M = 6) earthquake along some of the faults could cause significant damage,
social disruption, and loss of life and injuries throughout the Island. A
magnitude 7.5 earthquake occurred offshore Puerto Rico in 1918 causing losses
of approximately $4 million (1918 dollars) and at least 116 deaths

(Figure 4). 1In view of the large increase in population and building wealth
since 1918, a recurrence of the 1918 earthquake today is thought to be capable
of causing direct losses of about $1+ billion and thousands of deaths and
injuries, depending on the time of day and whether or not any buildings
collapse. The unique nature of the earthquake threat, including landslides,
liquefaction, the potential occurrence of tsunamis, and the potential

widespread disruption of life in Puerto Rico call for long-term comprehensive

10 /32 10040
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Figure 4.--Isoseismal map of the October 11, 1918, Puerto Rico earthquake. This
earthquake affected the entire island and caused $4 million (actual dollars)
in losses and at least 116 deaths. It generated a destructive local
tsunami. The contours are given in terms of the Rossi-Forel intensity
scale. The physical effects for each value of intensity can be estimated
from the Modified Mercalli intensity scale (see Appendix B) which is more
widely used today than the Rossi-Forel scale. In general, intensities of
V - VI affect the contents of a building or facility (e.g., broken china,
glassware, etc.), although liquefaction can be triggered if the site geology
is favorable. Intensities of VI - VII cause architectural damage (e.g.,
cracked and fallen plaster, fallen light fixtures and ceilings, overturned
water heaters and bookcases, and displaced contents of pantry shelves). An
intensity of VIII causes structural damage (e.g., houses shifted on their
foundations,ar major cracks to partial collapse in buildings, broken
pavements, disrupted utilities, etc.). Intensities of IX - X cause severe
structural damage (e.g., total collapse of buildings). Fatalities are
largest when buildings collapse. Ground failures (landslides, liquefaction)
can occur at intensities ranging from VI - X. Tall buildings may be
susceptible to damage from large distant earthquakes if the site geology
amplifies the long period ground motion in the range of the natural period
of vibration of the building.
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preparedness actions by all levels of government, professionals, volunteer

groups, and the private sector.

WORKSHOP PROCEDURES

Following welcoming comments by the Honorable Alejandro Santiago Nieves,
Secretary of the Department of Natural Resources, the workshop process

began. The overall theme of the workshop was developed in three plenary
sessions and two interactive discussion sessions. Three discussion groups
were formed after the first and third plenary sessions. The purpose was: 1)
to evaluate the progress made since the 1984 workshop, 2) to forge collective
goals and action plans, and 3) to devise creative strategies for accelerating
progress in critical programs designed to increase the capability of Puerto

Rico to reduce potential losses from future earthquakes.

PLENARY SESSIONS

The themes, objectives, and speakers for each plenary session are described

below.

Session I: Review of the state—of-the-art in assessing earthquake hazards
and mitigating their effects.

Objective: A series of overview-type presentations giving the state—of-the-
art for answering the questions: WHERE? WHY? HOW OFTEN? HAT
WARE THE PHYSICAL EFFECTS OF GROUND SHAKING, EARTHQUAKE-INDUCED
GROUND FAILURE, SURFACE FAULTING, TECTONIC DEFORMATION, AND
TSUNAMI WAVE RUNUP? WHAT ARE THE POTENTIAL LOSSES FROM THESE
PHYSICAL EFFECTS (HAZARDS)? and WHAT ARE THE OPTIONS FOR
MITIGATING THESE LOSSES?

Speakers: Walter Hays
William McCann
Bruce Bolt
Rodolfo Saragoni
James Stratta

Session II: Review of societal and technical lessons learned from recent
earthquakes that are applicable for Puerto Rico.

Objective: Presentations describing the societal, scientific, and

engineering lessons derived from past world wide earthquakes
that are transferrable to Puerto Rico.

12 285 20096



Speakers: Joanne Nigg
Roger Scholl

Session III: Current activities in Puerto Rico to reduce potential losses
from earthquake hazards.

Objective: Presentations giving the status of important Puerto Rican
programs and important results obtained to date.

Speakers: Boris Oxman
Jose Molinelli
Anselmo De Portu
Miquel Santiago

DISCUSSION GROUPS

Three discussion groups were formed to provide the forum for enhanced
interaction among the participants. The participants in each group were
selected in a way that ensured a good mix of technical and policymaking
disciplines. The groups met simultaneously then reported in a plenary
session. The moderators of the discussion groups were: 1) Group l: Walter
Hays, Miguel Santiago, and Rafael Jimenez; Group 2: William McCann and

Alejandro Soto; Group 3: Paula Gori and Anelsmo DePortu.

Following the first plenary session, the three discussion groups considered

the questions:
l. What happened in the 1918 Puerto Rico earthquake (see Figure 4)?

2. If the losses (116 deaths and $4 million) of the 1918 earthquake were
scaled to the 1985 population and building wealth in Puerto Rico,

would Puerto Ricans find the potential risk acceptable?

3. If the answer to question 2 is "yes,” what should Puerto Rico do?

What should individuals do?

[

4, Tf the answer to question 2 is "no,"” what should Puerto Rico do. What

should individuals do?

These questions prepared the participants for the detailed presentations of

Plenary Sessions II and III.
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The three discussion groups met simultaneously again after the third plenary

session and addressed the questions:
1. What do we know now about: a) the earthquake and tsunamigenic
potential of Puerto Rico, b) the ground-shaking hazards of Puerto

Rico, and c¢) the ground-failure hazards of Puerto Rico?

2. What do we still need to know and what do we need to do in order to

accomplish research goals and to foster an implementation process that

will reduce potential losses from future earthquakes?

3. What activities should receive the highest priority in the next 3 to 5

years?

The three discussion groups utilized two sets of materials in their
deliberations: 1) a questionnaire which called for each research and
implementation activity to be ranked on a scale of 1 (lowest) to 5 (highest)
and assigned priorities ranging from 1 (highest) to 3 (lowest), and 2) the
recommendations made by the participants of the 1984 Puerto Rican workshop on
geologic hazards. The questionnaire is repeated for completeness; the 1984

recommendations are contained in Appendix A of this report.

The discussion groups were enriched by the wide variety of backgrounds of the
participants. Because some nonscientists and engineers were not familar with
the technical terms, a glossary was provided in both English and Spanish
(Appendix B) to facilitate communication. The proposed ammendments to the
Puerto Rico building code are given in Appendix C. Appendix D gives a list of

participants.

LOSS ESTIMATES RELATIVE TO 1918 PUERTO RICO EARTHQUAKE

The participants of the discussion groups concluded that they were not very
familiar with the details of the 1918 Puerto Rico earthquake. The concensus
was that the 1918 earthquake should be carefully restudied in order to take

full advantage of its lessons. Although all of the participants acknowledged
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QUESTIONNAIRE I: STATUS OF RESEARCH ON EARTHQUAKE AND TSUNAMIGENIC POTENTIAL IN
THE PUERTO RICO REGION

Research topic Status Recommended Priority
see definition for next 3 to 5 years

A. RESEARCH

1, Historic seismicity 1 2 3 4 5 1 2 3

2. Current seismicity 1 2 3 4 5 1 2 3

3. Activity of specific faults 1 2 3 4 5 1 2 3

4, Tectonic setting 1 2 3 4 5 1 2 3

5. Seismic gaps i 2 3 4 5 1 2 3

6. Seismic sources 1 2 3 4 5 i 2 3

7. Earthquake recurrence 1 2 3 4 5 1 2 3

8. Tsunamigenic sources 1 2 3 4 5 1 2 3

B. PRODUCTS

1. Seismicity maps 1 2 3 4 5 1 2 3
2. Map of seismic source zones 1 2 3 4 5 1 2 3
3. Map of tsunami source zones 1 2 3 4 5 1 2 3
4. Fault activity map 1 2 3 4 5 1 2 3
5. Seismotectonic maps 1 2 3 4 5 1 2 3
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QUESTIONNAIRE II: STATUS OF RESEARCH ON THE GROUND SHAKING HAZARD IN THE PUERTO

RICO REGION

Research topic Status Recommended Priority
see definition for the next 3 years

A. RESEARCH

1. Seismic source zones 1 2 3 4 5 1 2 3

2. Attenuation laws for
acceleration 1 2 3 4 5 1 2 3

3. Attenuation laws for
velocity 1 2 3 4 5 1 2 3

4. Attenuation laws for
spectral velocity

ordinants 1 2 3 4 5 1 2 3
5. Duration 1 2 3 4 5 1 2 3
6. Engineering properties

of soil and rock 1 2 3 4 5 1 2 3
7. Local ground response 1 2 3 4 5 1 2 3

B. PRODUCTS
1. Maps of seismic source zones 1 2 3 4 5 1 2 3

2., Probabilistic maps of
ground shaking hazard

3. Maps of ground shaking hazard
for specific scenarios 1 2 3 4 5 1 2 3

4. Maps of seismic risk
zones 1 2 3 4 5 1 2 3

5. Engineering properties
of surficial deposits 1 2 3 4 5 1 2 3
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QUESTIONNAIRE III: STATUS OF RESEARCH ON THE GROUND-FAILURE HAZARD IN THE PUERTO
RICO REGION

Research topic Status Recommended Priority
see definition for next 3 to 5 years

A. RESEARCH

1. Liquefaction potential 1 2 3 4 5 1 2 3

2. Landslide susceptibility 1 2 3 4 5 1 2 3

3. Reactivation of old
landslides 1 2 3 4 5 1 2 3

4., Characterization of sensitive
clay behavior 1 2 3 4 5 1 2 3

5. Characterization of
the foundation 1 2 3 4 5 1 2 3

B. PRODUCTS

1. Regional liquefaction

maps 1 2 3 4 5 1 2 3
2. Regional landslide

susceptibility maps 1 2 3 4 5 1 2 3
3. Maps of sensitive clay

formations 1 2 3 4 5 1 2 3
4, Dams/inundation maps 1 2 3 4 5 1 2 3
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the considerable growth of population and building wealth in Puerto Rico since
1918, the ad hoc estimates made in the discussion groups of the potential 1985
losses ranged from $100 million (factor of 25 relative to the 1918 losses) to $2
billion (factor of 500 relative to the 1918 losses). The concensus of the

participants was that both estimates of the risk were unacceptable and that a

definitive vulnerability study was needed to define as accurately as possible the
potential losses and impacts that a recurrence of the 1918 earthquake might

cause.

EVALUATION OF PROGRESS SINCE APRIL 1984 (See Appendix A)

The participants of the discussion groups rated the progress since the 1984
Puerto Rico workshop. The reference bench mark was the set of goals that were
recommended by the participants of the 1984 workshop. Many of the participants
had attended this workshop and, therefore, had taken part in setting the goals.
Also some of the participants were in key positions to foster implementation of
the loss-reduction goals. Below are the results of a "report card” that the
workshop participants spontaneously filed to give their perceptions on the status
of recommendations made the previous year, rating the amount of progress on a

continum from 0 to 5, with 5 meaning “substantial progress” and 0 meaning "no

progress.”

Goal TI. Mapping of Geologic Hazards

Status

0 a) Probabilistic map of ground shaking.

1.5 b) Mapping landslide susceptible areas.

1 c) Mapping liquefaction susceptible areas.

Goal TII. Loss Reduction Measures

Status

0 a) Department of Natural Resources should gather available
information to determine cost analysis of hazards in Puerto Rico.

0 b) There should be an exchange of information that is currently
available in State agencies.

0 c) Geologic reports are needed for critical facilities.

1 d) Federal Agencies should be aware and concerned about geologic
hazards.

Goal ITI. Information Transfer, Public Awareness, and Community Preparedness
Status

1 a) Develop information banks and campaigns
0 b) Implement evacuation procedures.
0 c¢) Educational programs:
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1 1) Educate the public
0 2) Educate politicians
2 3) Educate professional engineers

Goal 1IV. Building Code

Status

0 a) Implement building incorporating new seismic design requirements.
Goal V. Preliminary Vulnerability Study

Status

3 a) Conduct a vulnerability study of the San Juan area.

EVALUATION OF PRIORITIES FOR THE NEXT 3-5 YEARS

The concensus of the participants was that top priority should be given to the

following:

l., Hiring a full-time seismologist in Puerto Rico: A seismologist is needed

to prepare the research products (e.g., that are needed to foster
implementation of loss reduction measures (e.g., maps of seismogenic
zones and seismic risk zones, the latter for the building code). The

headquarters of the seismologist should probably be in Mayaquez.

2. Deployment of more accelerographs: Arrays of accelerographs to augment

the limited number now available are needed in Puerto Rico to acquire
strong ground motion data needed to define design levels, seismic wave
attenuation laws, and local ground response. These data, lacking now,
are needed to construct realistic probabilistic ground shaking hazard
maps like those that are now being proposed for the United States (e.g.,
the 1978 Model Building Code of the Applied Technology Council) and
throughout the World (e.g., in Algeria, Hays, 1985). A suggestion was
made in the workshop to utilize the concept of a map made for a 50-year

exposure time and a 90 percent probability of nonexceedance as the basis

for defining the ground shaking hazard throughout the entire Caribbean

basin. The goal is to produce a common seismic risk zone map for the

building codes of all the countries of the Caribbean Basin.

3. An improved building code. A code such as the one recommended for

adoption in the 1984 workshop (see Appendixces A and C) must be adopted

in Puerto Rico.
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The ground failure hazard in Puerto Rico is underrated. The hazard needs

to be quantified in a way that can be correleated with the probabilistic
ground-shaking hazard maps. The Mameyes disaster could be worsened in an

earthquake.

CONCLUSIONS AND RECOMMENDATIONS

At the conclusion of the workshop, the participants reiterated the desire

expressed in 1984 for Puerto Ricans to accelerate the process to reduce losses

from future earthquakes. The participants were enthusiastic about the

preliminary results of the vulnerability study of the San Juan area and

recommended that the study be completed for other parts of Puerto Rico as soon as

possible. Recommendations other than those produced in the group discussions

included:

1.

2)

3)

4)

5)

The present building code should be updated to reflect the state—-of-the-
art in seismic design and hazard mitigation. The proposed building code
should be adopted officially as soon as the public hearings are

completed.

Buildings should be inventoried to rate their potential vulnerability and
risk. A program to reduce potential losses to them should be developed

as soon as possible.

A process should be developed to strengthen existing structures, as

needed.

An intensive educational program should be developed to make the public

aware of the earthquake hazards and ways to mitigate losses.
Data, research results, and other relevant information that affects

response and recovery should be derived from the 1985 Chile and Mexico

earthquakes and transferred to Puerto Rico.
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6) Puerto Rico should start preparing to increase its capability to serve as
a "North-South Center"” to facilitate the development and transfer of

technology in earthquake engineering to other Caribbean Basin countries.

7) The multidisciplinary "working group in earthquake engineering” that was

formed during the workshop should work to promote, encourage, and foster
the reduction of potential losses from earthquakes in Puerto Rico.
Although the working group is an ad hoc entity, it could serve as the

forerunner of a future seismic safety organization in Puerto Rico.

USGS and FEMA, together with their partners in Puerto Rico, plan to convene a
third workshop on earthquake hazards in May 1986. The workshop will continue the
process begun in 1984 and provide another opportunity to advance the

vulnerability study reported in 1985.
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FUNDAMENTALS OF GEOLOGY AND REGIONAL GEOLOGY
FOR SOLVING EARTHQUAKE ENGINEERING PROBLEMS
IN THE PUERTO RICO' AREA

by
Walter W. Hays
U.S. Geological Survey
Reston, Virginia 22092

EARTHQUAKE HAZARDS

An earthquake is caused by the sudden abrupt release of slowly accumulating
strain energy along a fault, a surface or zone of fracturing within the Earth's
crust. When a fault breaks or ruptures, seismic waves are propagated in all
directions from the source (Figure 1). As the P, S, Love, and Rayleigh waves
impinge upon the surface of the earth, they cause the ground to vibrate at
frequencies ranging from about 0.1 to 30 Hertz. Buildings are induced to vibrate
up and down and side to side as a consequence of the amplitude, spectral
composition, and duration of the ground shaking. Damage takes place if the
building is not designed and constructed to withstand the dynamic forces
accompaning these vibrations. Compressional (P) and shear waves (S) mainly cause
high-frequency (greater than 1 Hertz) vibrations which are more efficient than
low-frequency waves in causing short buildings to vibrate. Rayleigh and Love
waves mainly cause low-frequency (less than 1 Hertz) vibrations which are more

efficient than high-frequency waves in causing tall buildings to vibrate.

Earthquake-resistant design requires an evaluation of the primary and secondary
phenomena accompanying an earthquake in order to define the forces that a
building must resist. These phenomena, called earthquake hazards, are classified
as ground shaking, surface fault rupture, earthquake-induced ground failure
(landslides, liquefaction, compaction, lurching, and foundation settlement
failure), regional tectonic deformation, and (in some coastal areas) tsunamis.
Each of these hazards can cause damage to buildings and facilities, economic
loss, and loss of life (Figure 2). Fires and floods can also be triggered by
these hazards. Aftershocks may last several months to several years, depending
on the energy release of the main shock, and can reactivate any or all of these

physical phenomena, causing additional damage and loss.
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Figure l.-- Schematic illustration of the directions of vibration caused by
body (P and $) and surface (Love and Rayleigh) seismic waves generated
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these waves requires consideration of the physical parameters of the
source, transmission path, and the local recording site.
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earthquake engineering s to mitigate damage and loss from these hazards
through realistic earthquake-resistant design.
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Evaluation of earthquake hazards for earthquake-resistant design is a complex
task (Figure 3). A multidisciplinary team of scientists and engineers is
required to perform a wide range of technical analyses. These analyses are
conducted on three scales: a) global (map scale of about 1:7,500,000 or larger),
b) regional (map scale of about 1:250,000 or larger), and c) local (map scale of
about 1:250,000 or smaller). Global studies give the '"big picture" of the
tectonic forces that are at work. Regional studies establish the physical
parameters needed to define the earthquake potential of a region. Local studies
define the dominant physical parameters that control the site-specific varying
characteristics of the hazard. All of the studies seek answers to the following

technical questions:

~ WHERE are the earthquakes occurring now? WHERE did they occur in the

past?
- WHY are they occurring?
-~  HOW OFTEN do earthquakes of a certain size (magnitude) occur?

-~ HOW BIG (severe) have the physical effects been in the past? HOW BIG can

they be in the furture?
-~ HOW do the physical effects vary spatially and temporally?
The answers to these questions are used to define the seismic design parameters
(Figure 4). Although these questions appear to be simple, the answers require

considerable research and technical judgement.

ROLE OF THE GEOLOGIST

The geologist has an important role in providing information that can be
correlated with the amplitude, spectral composition, and duration of the ground
shaking, the most important factors that must be incorporated in the earthquake-
resistant design of a building or facility. The geologist provides information
on all three scales (global, regional, and local) by studying: 1) plate

tectonics, 2) faults, 3) paleoseismicity, 4) earthquake potential, 5) seismic
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In general, the structural engineer requires information

about the amplitude, spectral composition, and duration of ground

shaking.

The geologist provides information that enables reasonable

values of these design parameters to be specified.
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source zones, and 6) site-specific characteristics of the soil and rock column

underlying the site.

Plate tectonics - Each year, several million earthquakes occur throughout the

world. Most of these earthquakes occur along the boundaries of about a dozen 50-
to-60-mile~thick rigid plates or segments of the Earth's crust and upper mantle
that are moving slowly and continuously over the interior of the Earth (Figure
5). These plates meet in some areas and separate in others, moving with a
velocity of relative motion between plates that ranges from less than a fraction
of an inch to about 5 inches per year. Although these velocities appear to be
slow, they can add up to more than 30 miles in only 1 million years, a short time
geologically. As these plates move, strain accumulates. Eventually, faults

along or near the plate margins slip abruptly and an earthquake occurs.

Study of faults - The study of faults is critically important in the

understanding of where earthquakes are likely to occur, how big they are likely
to be, and how often they are likely to take place. The energy released during
large earthquakes demands that the fault rupture over a significant fraction of
its length. Observational data from historic earthquakes throughout the world
indicate that even a moderate earthquake of magnitude 6 requires a fault rupture
length of 5-10 km (3-6 miles) and that great earthquakes of magnitude 8 and

greater can have a rupture length of as much as 1000 km (600 miles).

The largest known vertical and horizontal fault displacements observed at the
ground surface during historic earthquakes are, respectively, 11.5 m (38 feet)
during the 1897 Assam earthquake and 9.9 m (33 feet) during the 1957 Mongolia
earthquake (Allen, 1984). Geodetic observations suggest that significantly

larger displacements have occurred at depth.
Many faults extending to the ground surface have been identified and studied

throughout the world by geologists. Studies of faulting have produced the

following general rules:
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~ Almost all large earthquakes have occurred on preexisting faults that
have had a previous history of earthquake displacements within the recent

geologic past, usually within the past few tens of thousands of years.
~ Long faults are required to gemerate large earthquakes.

- Long faults grow from the gradual lengthening and coalesing of small
faults that rupture in small to medium earthquakes over a period of
millions of years. Thus, a long fault such as the San Andreas fault was
not born during a single great earthquake in the distant past, but rather

is the result of many smaller earthquakes.

— If the frequency of movements on a fault during the recent geologic past
can be determined, reliable estimates can be made of how likely the fault

is to rupture in a future earthquake during a specific time interval.

Investigations of faults throughout the world have shown that large earthquakes
have occurred on strike-slip faults (for example; San Andreas fault) and
thrust/or reverse faults (for example; the subduction zone beneath Southern
Chile). These two types of faults and the normal fault (for example; Wasatch
fault in Utah) are shown schematically in Figure 6. Thrust faults, where one
block overrides the other block on a shallowly inclined fault plane, are more
difficult to recognize and to evaluate in terms of its activity than strike-slip

or normal faults.

A geologist classifies faults as either "active" or "inactive”, based on whether
they have moved within a specific period of time in the last few tens of
thousands of years. Figure 7 illustrates this type of classification. A highly
active fault, such as the thrust fault marking the subduction zone in Southern
Chile, has the potential for generating a great earthquake, on the average, about
once every 100 years; whereas, other faults such as the Oued Fodda fault in
Northern Algeria have a longer recurrence interval or repeat time (about once
every 450 years) for generating a large earthquake such as the magnitude 7.3 1980
El Asnam earthquake. The activity rate of the fault affects the level of the

hazard; to determine it accurately is a major challenge for the geologist.
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In some cases, determination of the activity rate of a fault is very difficult
because the fault is not exposed at the surface. An example of this case is the
1886 Charleston, South Carolina earthquake; the causative fault for this
earthquake has still not been identified unequivocally (Hays and Gori, 1983).
Geophysical investigations (e.g., seismic reflection) are very important in
identifying and evaluating the activity of buried faults, both in onshore and

of fshore areas.

Paleoseismicity - Recently, geologists have developed field techniques to

determine the dates of prehistoric earthquakes on a given fault. These
techniques involve trenching and age dating, usually with the Carbon-14 method,
of buried strata that immediately predate and postdate a historic earthquake.
The techniques are called "paleoseismicity." The basic principle of

paleoseismicity is:

— Prehistoric earthquakes cause cummulative surface deformation which
manifests itself as stratigraphic and topographic displacements. Hence,
a treach having a depth of only 5 m (16 feet) along the San Andreas fault
can exibit deformation from prehistoric earthquakes during the past 2000

years.
The basic assumptions in trenching are:

— Evidence of significant crustal strain can be isolated at discrete

surface locations.

— Earthquake-generating fault movements duplicate the near—surface pattern

of deformation.

- Datable near—surface materials around a fault are preserved for longer

periods of time than the recurrence intervals of major fault movements.

Because several of prehistoric earthquakes are likely to be represented in a
single exposure in a trench, the geologic relations can be very complex. Optimal
bracketing of the time of the earthquake requires dating of the oldest unbroken

post earthquake strata and the youngest deformed pre-earthquake strata.
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Useful geologic evidence for paleoseismicity has been developed from
stratiographic and geomorphic evidence within active fault zones in the Western
United States (Sieh, 1978; Schwartz and Coppersmith, 1984). These relationships
provide estimates of the displacements and repeat times of individual
paleoseismic events. In the Eastern United States, paleoseismicity studies also
are beginning to produce useful results. Late Holocene (10,000 years B.P,.)
prehistoric earthquakes have been recognized in the New Madrid, Missouri region
on the basis of liquefaction associated with two prehistoric earthquakes in the
past 2000 years (Russ, 1982). Recently, four large pre-1886 earthquakes in the
past 7500 years have been recognized in Hollywood, South Carolina on the basis of

liquefaction studies (Obermeier, 1985).

Study of Earthquake Potential - Once tectonic features have been identified,

their potential for generating earthquakes is determined. Procedures for

assessing the earthquake potential include:

1) Selection of the physical characteristics that enable tectonic features

to be differentiated.

2) Comparison with other tectonic features having specified physical

charactersitics.

3) Assessment of the probability that a tectonic feature exhibits a
particular combination of physical characteristics favorable for

generating earthquakes.

Figure 8 shows a matrix that can be used when assessing the earthquake patential
of a tectonic feature. All available information should be used to infer the
physical characteristics as accurately as pollisble. The following types of

questions are asked:
- Has historical seismicty been associated with the tectonic feature?

-

- Is there evidence of recent crustal strain?
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Figure 8.--Example of matrix containing basic information used to evaluate
the earthquake potential of a tectonic feature (from Electric Power
Research Institute, 1984).
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- Is the geometry of the tectonic feature favorable relative to the

orientation of the stressfield?

~ 1Is there evidence for reactivation of a tectonic feature along

preexisting zones of weakness?

— Is there evidence that the tectonic feature amplifies the local stress

above the abmient level because of structural complexities?

-~ Does the tectonic feature have low crustal strength or exhibit spatial

and temporal changes in crustal strength?

The first two factors, association of the tectonic feature with historical

seismicity and evidence for recent crustal strain, are usually the most

diagnostic for defining the earthquake potential.

Study of Seismic Source Zones — The geologist and seismologist often work

together to define seismic source zones, a region having essentially spatially
homogeneous characteristics of earthquake recurrence rates and maximum
magnitude. Delineation of source zones requires the integration of seismicity
and tectonic framework data. Figure 9 illustrates the types of basic source
models: 1) line source, 2) area source, 3) collection of line sources, and 4) a
collection of line sources encompassed by an area source. The following general

principles can be utilized:

— A line source model can be used when earthquake locations are constrained

along an identified fault or fault zone.

~ An area source can be used when the seismicity occurs uniformly

throughout a region.
- A set of line sources can be used to model a large zone of deformation

where earthquake rupture has a preferred orientation, but a random

occurrence.
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- A collection of line sources encompassed by an area of source can be used
when large events are assumed to occur only on identified active faults

and smaller events randomly within the region containing them.

Study of Local Soil and Rock Column - The geologist often works with the

geophysicist or geotechnical engineer to define the depth and physical properites
of the soil and rock column underlying the construction site (Figure 10). Strong
contrasts in the shear-wave velocity between the near-surface soil and underlying
rock comprising the upper 30-60 meters (100-200 feet) can cause the ground motion
to be increased in a marrow range of frequencies. The peak ampitude, spectral
composition, and duration of shaking can all be significantly increased when the
velocity contrast is as much as a factor of 2 and the thickness of the soil
column is as much as 10-30 m (30-100 feet) (Figure 11). Scientists and engineers
are still working to resolve technical issues that center mainly on the question
of whether linear ground response occurs at high levels of ground shaking and/or

dynamic shear strain (Hays, 1983).

Determination of the physical properties of the near-surface materials is also
important in evaluating the potential for liquefaction. Figure 12 gives a flow
diagram that can be used to make a preliminary assessment. Additional drilling
and geotechnical evaluations are performed if the preliminary assessments

indicated such a need.

REGIONAL GEOLOGIC SETTING OF PUERTO RICO

The northern boundary of the Caribbean Sea is comprised of the islands of Cuba,
Jamaica, Hispaniola, Puerto Rico, and the Virgin Isalnds. Collectively, these
islands consist of volcanic and sedimentary rocks deposited in the last 100
million years and are known as the Greater Antiles. Hispaniola, Puerto Rico, and
the Virgin Islands (the eastern Greater Antiles) are the exposed portions of a
great linear belt of crustal rocks commonly called the Greater Antilles Ridge.
The ridge rises more than 3 miles from the floor of the Caribbean Sea on the

south and more than 5 miles above the Puerto Rico trench on the north.

Geologic History - Puerto Rico is very complex geologically. The development of

Puerto Rico throughout geologic time can be summarized as follows:

w 357 20076



R
N
PR R
S NG BN
YRR, VI Lol \__
’ et I
(S) S 36K
. o
N ~ <
' R

Figure 10.-- Schematic illustration of the effects of the soil and rock column .
on ground shaking. Each of the six sites will have a different time
history and response spectrum because of the varying geometry, thickness,
and physical properties of the soil and rock column.
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Figure 11.-- Examples of site amplification caused by variations in the near-
surface soil and rock column. Variations in the thickness and geometry of
the soil and rock and the physical properties (shear wave velocity,
density) can cause amplification of ground motion. Amplification can lead
to a requirement for larger design ground motion parameters.
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EVALUATION OF LIQUEFACTION POTENTIAL

NO (CLAY, SILT, LOAM,

SAND EXIST WITHIN 50 FT
OF GROUND SURFACE

YES

LIQUEFIABLE SOIL IS NO (ABOVE WATER TABLE)
BELOW WATER TABLE

YES

NON-LIQUEFIABLE SURFACE NO (GREATER THAN 10 FT)
SOIL IS LESS THAN 10 FT THICK

YES

LIQUEFIABLE SOIL HAS GRAIN NO
SIZES BETWEEN 0.01-3 mm

YES
N-VALUES OF SPT ARE NO (25-40)
BETWEEN 0 AND 10
YES NO(10-25)

LIQUEFIABLE QUESTIONABLE NON-LIQUEFIABLE

Figure 12.--Flow diagram that can be used when evaluating the potential for
liquefaction at a site.
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1)

2)

3)

4)

5)

6)

7)

8)

9)

130 million years ago (very early Cretaceous) - the beginning of

submarine volcanism with a local build up of volcanic material.

120 million years ago (early Cretaceous) - submarine volcanic material

continues to accumulate and build up.

100 million years ago (late Cretaceous) - the sea floor continues to be

built up and submarine surfaces continue to build toward the emergence of

a landmass.

90 million years ago (early late Cretaceous) - a small volcanic island

appears above sea level, the ancestral predecessor of Puerto Rico.

70 million years ago (end of late Cretaceous) - extensive volcanism

occurs with separate volcanoes acting to form the ancient Puerto Rican

landmass.

60 million years ago (Paleocene to early Eocene) - period of first major

tectonic activity. The volcanic rocks are uplifted and eroded, becoming
the source rocks for the Eocene sediments found in Puerto Rico today.

The island is uplifted with major northwest trending stike-slip faulting.

50 million years ago (middle Eocene) - sedimentary rocks are deposited

throughout southern Puerto Rico.

40 million years ago (late Eocene) - period of second major tectonic

activity. Island was reelevated to alpine heights with recurrence of
faulting along preexisting northwest trending faults. The Esneralda
fault zone is believed to have developed primarily in this time. This

epoch is believed to be the last time that major stike-slip movement

occurred throughout the south coastal region. The Juana Diaz

formation (conglomerate, shale, limey shale) formed.

25 million years ago (late Oligocene to early Miocene) - period of

third major tectonic activity. A recurrence of faulting along some
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preexisting northwest trending zones, but new faults also formed. The

Ponce limestone formation formed.

10) 15 million years ago (late Miocene or younger) - period of fourth

major tectonic activity. The island was reelevated with consequent
reactivation of some old faults and the development of new ones.
Block faulting with displacements up to 200 m (630 feet) occurred.
The island began to be under large-scale stresses from the boundary
troughs and trenches (Puerto Rico trench, Mona Passage, and Anedaga

trough).

11) 1-3 million years ago (Pleistocene-Recent) —- the island is relatively

stable. However, the island continues to be under stresses with
movement to the north, east-west, and south caused by Mona Passage,

Puerto Rico trench, and Anedaga trough.

Caribbean Plate - Puerto Rico lies near the northeastern corner of the

Caribben plate, a rigid crustal block that is in motion relative to North and
South America and the floor of the Atlantic Ocean (Figure 13). The ocean
floor to the north and east of Puerto Rico is part of the North American plate
and is moving west-southwest relative to the Caribbean plate. On meeting the
Caribbean plate, it bends downward, descending into the mantle with a dip of
50-60 degrees, eventually reaching depths as great as 150 km (90 miles)
(McCann, 1984). Convergence between the Caribbean and North American plates
occur at a rate of at least 37 mm/year (Sykes, et al., 1982). Puerto Rico
does not appear to be rigidly attached to the Caribbean plate which appear to

be underthrusting western and central Puerto Rico (McCann, 1984).

Puerto Rico, which measures 109 miles east to west and 37 miles north to
south, is surrounded by troughs (Figure 14). The Puerto Rico trench is on the
north and the Anegada trough is on the east. The Muertos trough is on the
south, and Mona Canyon and Mona Passage are on the west. The Puerto Rico
trench has a maximum depth of 26,200 feet, the greatest known depth in the
Atlantic Ocean. It is also associated with the largest gravity minimum of any

oceanic trench in the World. Two major fault zones, the Great Northern Puerto
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Figure 13.-- Diagram of North American and Caribbean Plates (from McCann,
1984).
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Figure 14.--Diagram showing Puerto Rico and the surrounding troughts and trenches.
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Rico fault zone and the Great Southern Puerto Rico fault zone, divide Puerto
Rico into three blocks (Figure 15). These three blocks are called the

northeastern, central, and southwestern blocks. The northeastern block is

composed mainly of mafic to intermediate composition lava (basalt, andesite),
lava breccia, and well stratified volcanistic deposits interbedded with

shallow marine shales, sandstones, and limestones ranging in age from middle
Oligocene through Miocene. The entire sequence is widely intruded by diorite

and quartz diorite. The central block has a similar stratigraphic section as

the northeastern block, but differs in that two large granitic batholiths of

early Cretaceous to Eocene age are also present. The southwestern block is

different from the other two blocks in that a larger percentage of carbonate
rocks (mainly reefs) and clastic rocks are present and there are few granmitic
plutons. Serpentine also outcrops. The age of the carbonate and clastic

sequence is middle Oligocene to Miocene.

The Greater Northern Puerto Rico fault zone consists of numerous short,
discontinuous normal and transcurrent faults which extend westward from near
Punta Lima on the eastern coast of Puerto Rico. It passes through late
Cretaceous to early Tertiary volcanic and sedimentary rocks. The last
movement is thought to be pre-Mid-Tertiary. The total horizontal offset along
the fault zone is more than 60 km (36 miles) in a left-lateral strike-slip
sense. The vertical displacement is about 6000 feet along the Damian-Arriba
splay. No historic seismicity has been associated with any fault in the fault
zone. Little, if any, motion has occurred on this fault in the last 20

million years.

The Greater Southern Puerto Rico fault zone has a total length of about 179 km
(112 miles) if the offshore segments are included. It extends from Central
Aguirre on the south coast diagonally across the island to the west coast near
Punta Higuero. The fault zone is complex, exhibiting left-lateral strike-slip
displacement in the western portion of the island and dip-slip displacement
near Juana Diaz. No historic seismicity has been associated with any of the
faults in the zone. Little, if any, motion has occurred on this fault in the

last 20 million years.
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Figure 15,--Diagram showing major faults and tectonic blocks on Puerto Rico.
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HISTORICAL SEISMICITY IN THE PUERTO RICO AREA

Seismicity in the vicinity of Puerto Rico occurs as a consequence of either

relative motion between two plates (interplate) or relative motion between

blocks within one plate (intraplate).

The historic record of seismicity is more than 400 years long. In the past,

major damaging earthquakes have occurred in:

1787 (Probably a great earthquake that damaged all of Puerto Rico

except the south coast)

1867 (Located near the Virgin Islands. It had an epicentral intensity
of VIII and also generated a tsunami having wave heights of 3-5 feet

in the vicinity of Arroyo.)

1918 (A magnitude 7.5 earthquake that also generated a tsunami having
20 foot waves. It was located about 15 km (9 miles) off the northwest

coast of Mona Passage.)

1943 (The largest earthquake of the 20th century, magnitude 7.75,

occurred northwest of Puerto Rico in the Puerto Rico trench.)

Figure 16 shows the location of major earthquakes since 1800.

The regional seismicity falls in seven zones. Each zone is described briefly:

1)

2)

Eastern Hispaniola - the most seismically active area within 300 miles

of Puerto Rico. The events have a deep focus and large magnitudes
(greater than 7.0) and are probably associated with underthrusting of

the North American plate beneath the northeastern coast of Hispaniola.

Mona Passage — Mona Canyon - seismically active; the locus of several

large magnitude earthquakes which are larger and deeper than events

further east along the Puerto Rico trench. The damaging magnitude 7.5
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3)

4)

5)

6)

7)

earthquake of October 11, 1918 occurred in Mona Canyon. Mona Canyon

is bounded predominantly by normal fault zones.

Puerto Rico trench - the location mainly of shallow focus

earthquakes. Numerous earthquakes have been recorded in or under the
trench. Most events have stike-slip focal mechanisms. Both the
magnitude 7.75 event of July 29, 1943 and the magnitude 7.0 event of

October 10, 1915 occurred in the Puerto Rico trench.

Anedaga trough - the source of a moderate number of earthquakes whose

magnitude, depth, and frequency of occurrences increases east of the

junction of the Anedaga trough and Puerto Rico trench.

Muertos trough - the location of only a few scattered earthquakes of

low magnitude. The exact nature of the trough is not known.

Zone of intermediate depth seismicity under Puerto Rico - except for a

few intermediate depth earthquakes under Puerto Rico, the island is
relatively quiescent. Deep events are almost totally lacking.
However, a magnitude 7.1 event occurred at a depth of 50 km (31 miles)
in 1961.

Shallow Puerto Rico crustal seismicity = the source of a few randomly

distributed events that are not well correlated with the two major

fault zones on the island.

Near-Surface Soil and Rock in Puerto Rico - A wide variety of near-surface

shaking.

materials occur throughout Puerto Rico. They vary in thickness, geometry, and
physical properties; therefore, they have the potential at some locations for

increasing locally the amplitude, spectral composition, and duration of ground

The deposits (from youngest to oldest) can be generalized as follows:
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1) alluvial plains deposits (Quaternary) - unconsolidated, waterbearing,

sands, silts, clay, and gravel. They range from a few feet to 2,500

feet in thickness.

2) 1lagoonal and swamp deposits (Quaternary) - unconsolidated clay, fine

silt, and organic matter.

3) beach deposits (Quaternary) - unconsolidted sand, gravel, and cobbles

derived from the volcanic rocks and shell fragments.

4) Juana Diaz formation (Oligocene) - coarse gravel and pebbles of

limestone.

5) sedimentary rocks (Eocene) — interbedded, coarse-to-fine-grained

sandstones, siltstones, shales, sandstone breccias, and limestones.

These rocks are deeply weathered at some locations.

A typical velocity profile indicates that the S-wave velocity averages about
450 m/sec (1,500 feet/sec) in the upper 15 m (50 feet) and about 1,200 m/sec
(4,000 ft/sec) down to a depth of 90 m (300 feet). Such a velocity contrast

could lead to amplification of ground motion at some locations.

The intense chemical weathering processes taking place in Puerto Rico
transforms the geologic properties of the rock, reducing their shear strength
and making them susceptible to mass movements. In general, mass movements are
directly related to terrain steepness and rainfall intensity and duration

(Molinelli, 1984).

Although records of the 1918 Puerto Rico earthquake make no mention of
liquefaction, the evidence suggests that some of the damage may have occurred
as a consequence of liquefaction (Soto, 1984).

CONCLUSTIONS

Integration of the geologic and seismological data in the Puerto Rico region

indicates that the region has the potential to produce moderate to great
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earthquakes. On the basis of research reported by other investigators (e.g.,

McCann, 1984), the earthquake potential can be summarized as follows:

- Large earthquakes (M = 7.5-8.0) may occur with long recurrence times
(i.e., thousands of years) in the deeper parts of the trench marking
the zone where the North American plate flexes to descemd under the

Caribbean plate.

- Large earthquakes can be expected to occur in the Anegada trough and

the Mona Passage-Mona Canyon area.

- The broad region encompassing Anegada trough, Muertos trough, and Mona
Passage may produce large earthquakes as frequently as the Puerto Rico

trench.

-  Great earthquakes may rupture 200 km (120 miles) long sections of the

fault zone south of the Puerto Rico trench about once every 200 years.
- Tsunamis are a threat in Puerto Rico.

- Landslides may be expected in many locations. Occurrence of

liquefaction is also likely.
- Surface fault rupture is not comsidered likely in Puerto Rico.

The large number of faults off the plate boundary suggests that, on the
average, a fault may rupture and produce a major earthquake every few hundred
years. Earthquake-resistant design must take this factor into consideration.
For example, tall buildings may be potentially vulnerable to low-frequency
ground shaking generated by large offshore earthquakes. In general, engineers
will be designing for peak ground accelerations in the order of 0.20 g.

Design levels will be greater for some important structures and facilities.
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THE EARTHQUAKE HAZARDS OF PUERTO RICO
AND THE VIRGIN ISLANDS

by

William R. McCann
Lamont Doherty Geological Observatory
Palisades, New York

INTRODUCTION

Puerto Rico and the Virgin Islands lie at the eastern edge of the Greater
Antilles, a chain of islands composed of volcanic and sedimentary rocks
deposited over the last 100 million years (Figure 1); they also lie near the
northeastern corner of the Caribbean plate, a rigid block in motion with
respect to North and South America, and the floor of the Atlantic Ocean. The
ocean floor to the north and east of the islands, which is part of the North
American plate, moves WSW with respect to the Caribbean; upon meeting the
Caribbean plate it bends downward, descending into the mantle with a &ip of 50
to 60 degrees (Figures 2 and 3) eventually reading depths as great as 150
kilometers (Molnar and Sykes, 1969; Schell and Tarr, 178; Frankel et al.,
1980; Fischer and McCann, 1984). Convergence between the Caribbean and North

American plates occurs at a rate of about 37 mm/year (Sykes et al., 1982).

Seismicity occurring along the margin of the Caribbean plate represents either
relative motion between two plates (interplate) or between blocks within one
plate (intraplate). Regardless of their origin, strong earthquakes near

Puerto Rico and the Virgin Islands pose a hazard to local populations.

The historic record spanning 400 years is clear, strong damaging earthquakes
have periodically stricken the islands. The location of their causative
faults and the approixmate magnitude of these older shocks is not well
determined. The first recorded damaging shock, in the 1520's, reportedly
destroyed the home of Ponce de Leon, as well as other structures in western
Puerto Rico (Anon, 1972). During succeeding centuries other strong shocks are

reported affecting various sectors of the island. The most important shocks

53 483 2009



20°

MAIN RIDGE

ERTO RIC
M\wé =

s 5 ]
5. Ti8 Urg " o
DOMINICA N
}— Q | Q —
LESSER
MARTINIQUE < ANTILLES
| | 4 L | 1 | 1 | L | 1 < L
70° 65° 60* 55°W
Figure 1. Place names and general bathymetry of northeastern Caribbean.

Contours are in kilometers (after Case and Holcombe, 1980). Inset shows
tectonic framework fo the eastern Caribbean and Central Atlantic Ocean.

Arrows are
respect to
spreading.
anomaly 1in
anomalies.

directions of relative motion of African and Caribbean plates with
a fixed North American plate. Double lines represent seafloor
Light dashed lines are magnetic anomalies, numbers are age of

millions of years.

Close stipple pattern is region of Mesozoic

Heavy dashed lines are fracture zones.

Barracuda and Researcher

Ridges (BR

and RR) are shown in black.

Open stipple pattern shows extent of

abyssal plains. Northeastern Caribbean is the site of subduction of North
Atlantic seafloor. Note the northwesterly trend of fracture zones in the
region. Recent motion of the Caribbean plate has carried it over several of
these fracture zones. Other labels: VFZ, Vema Fracture zonej; KFZ, Kane
fracture zone; COR, Caicos Outer Ridge; from McCann and Sykes (1984).

being those of 1787, when destruction occurred everywhere but the south coast
of Puerto Rico, and 1867 when a destructive seismic seawave (tsunami) ravaged
the coast of southeastern Puerto Rico and various parts of the Virgin Islands

(Anon, 1972; Reid and Taber, 1920).

Damage from large shocks in the Dominican Republic to the west, have also
affected Puerto Rico. Dominican earthquakes in 1615, 1751, 1776 and 1946

caused considerable damage in the western part of Puerto Rico (Iniguez et al.,

1975; Anon, 1972).
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Plate tectonic sketch of eastern Caribbean.
In the view shown here the plates

Figure 2.
moves WSW relative to the Caribbean plate.
are separated to allow viewing of downgoing section of North American plate.

Puerto Rico and the Virgin Islands lie on a block that appears not to be
rigidly attached to the Caribbean plate. Caribbean plate underthrusts western

and central Puerto Ricoj this motion is associated with active faulting south

of the Virgin Islands.
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Based on the record of historic earthquakes, Kelleher et al. (1973) defined
segments of the Caribbean plate boundary most likely to produce large
earthquakes in the near future. McCann et al. (1979) and McCann and Sykes
(1984) further refined these estimates. They estimate a high seismic
potential for a major fault in the Puerto Rico Trench north of Puerto Rico and
the Virgin Islands. Recently, work by numerous other authors has helped to
define the nature of the main seismic zone extending along Puerto Rico and the
Virgin Islands, and to elucidate the relative motion between major tectonic
blocks (Minster and Jordan, 1978; Murphy and McCann, 1979; Ascencio, 1980;
Frankel, 1982).

This report integrates previous results with new data available from the
region south of the islands and presents preliminary estimates of likely

earthquake locations and sizes of strong earthquakes.

The conclusion of this report is that, while great earthquakes (M>7.75) will
occasionally occur in the Puerto Rico Trench 50 to 100 km to the north of the
islands, the historic record and regional tectonic framework suggest that

ma jor shocks (M=~ 7-7.5) may occur on intraplate faults close to the islands
just as frequently. This conclusion, based on a longer historic record than
previously available as well as analysis of data from local seismic networks
and marine seismic programs, should be taken as a plausible working hypothesis
to be refined by further investigations. Clearly more work in several lines

of research is needed before definitiave conclusions can be made.

Earthquakes and Structures Offshore

Puerto Rico Trench

The PuertoRico-Virgin Islands (PRVI) platform is bounded north and south by
two deep—-sea trenches; to the north the Puerto Rico Trench, to the south the
Muertos Trough. The most prominent offshore structure is the west-striking
Puerto Rico trench (Figures 1 and 5). 1Its axis lies at a depth of 8 km about
100 km north of the Puerto Rico-Virgin Islands platform. Here the North
American plate moves WSW underneath the sedimentary cover at the northernmost

edge of the PRVI platform (Figure 5). The North American plate, as delineated
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by microearthquakes, dips southerly from the trench, reaching depths of 70 to
150 km beneath the islands (Figures 2 and 3). The shallow-dipping fault zone
just to the south of the trench is likely to produce earthquakes with
magnitudes as large as 8 to 8.25 (see dotted in Figure 5). In the last 35
years numerous shocks, though moderate in size, occurred in the vicinity of
the trench. Most of these shocks are found beneath its south wallj; there are
two particularly active regions-=-one where the Mona Canyon meets the trench
northwest of Puerto Rico, and the other near where the Main Ridge intersects

the easternmost Virgin Islands (Figures 4 and 5).

A broad cluster of seismicity near the Virgin Islands occurs in a triangular
region with each side about 100 km long (Figure 5). Seismic activity
immediately to the west of this cluster is low. This quiet zone is also
similar in structure to classicial subduction zones where rupture during
occasional large earthquakes is separated by long periods of seismic
quiescence. In contrast, the region typified by high seismic activity of
moderate-size shocks lies beneath an anomalous submarine feature on the North
American plate, the main ridge. Local network data shows that these
earthquakes occur within the PRVI platform, within the downgoing North

American plate, as well as the zone of contact between the two plates.

The cluster of activity NW of Puerto Rico lies near a submarine bathymetric
high to the west of Mona Canyon. This feature, other submarine highs near it,
and the narrow, deep Mona Canyon, are part of a complex tectonic element on
the inner wall of the Puerto Rico trench. The geologic history of these
features suggest that they are pieces of the Bahama platform carried into the
region by the North American plate. Little is known about the details of the

distribution of the shocks in this region.

Mona Passage

The regions east, west, and south of Puerto Rico and the Virgin Islands
include many complex structures. Some of the structures off the west coast of

Puerto Rico are subtle, complex, and difficult to interpret with currently

available data. Down-dropped blocks (grabens) striking north or northwesterly
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are the most prominent features of this region; they extend from the Muertos

Trough to the south and from the Puerto Rico trench in the north (Figure 6).

The most prominent of these grabens is the Mona Canyon. A destructive
earthquake in 1918 (M = 7.5) probably occurred on one of the faults bounding
this canyon (Reid and Taber, 1919). As a destructive seawave accompanied this
earthquake, a significant vertical displacement of the seafloor must have
occurred and the depth of the shock must have been one of fairly shallow
depth, i.e. the upper 40 km. The canyon to the south is a more subtle
feature, being less clearly defined bathymetrically than the Mona Canyon.
Nonetheless its dimensions approach those of Mona Canyon. Both features
should be considered likely sources for strong earthquakes as active faults
are observed in seismic reflection records near both features although such

shocks may be more frequent and larger near the prominent Mona Canyon.

The grabens do not intersect, but rather terminate against a shallow platform
characterized by WNW trending structures. These structures appear to be
submarine extensions of the Great Southern Puerto Rico fault zone. This
shallow bank is structurally complex, and an estimate of the maximum size

earthquake likely to occur there is difficult to determine with existing data.
Muertos Trough

South of Puerto Rico and Saint Croix lies the Muertos Trough. It is probable
that, like the Puerto Rico Trench, it accommodates the convergence between two
blocks. Along much of this trough the floor of the Caribbean Sea moves
underneath the massif of Puerto Rico. So the "rigid" block upon which Puerto
Rico and the Virgin Islands lie is at most 300 kilometers wide in the north-
south direction and overrides converging seafloor from both north and south.
Based on our knowledge of the seismic history, motion along the Muertos Trough
appears to be a small fraction of that near the Trench to the north. So
Puerto Rico, in fact, is perhaps not an integral part of the Caribbean plate
(although nearly so), but is rather a smaller plate or block, separating the

larger plates.
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Recent sediments on the slope south of Puerto Rico are disturbed by tectonic
movements. This slope can be segmented into three regions based on seafloor
morphology. In the southwest, the shelf varies in width and the slope is cut
by numerous canyons. The central region has a broad shelf, south of which
lies an easterly trending ridge-trough pair. The southeast region has a very
narrow shelf; it slopes steeply into one of three basins south of the Virgin
Islands. This basin is part of a network of complex structures primarily
composed of uplifted and down-dropped blocks (horsts and grabens) bounded by
short-intersecting fault segments. Of the three morphologic regions south of
Puerto Rico, the western two appear to be more coherent blocks bounded by long
faults. Therefore, these segments are more likely to generate major (M=x=7.8)
earthquakes, albeit with a long repeat time, as faults segments are probably
longer than those to the east. These faults may be nearly horizontal, being
associated with motion between Puerto Rico and the seafloor of the Caribbean,
or at high angles to the horizontal, representing motion with a part of the
Puerto Rico block. In the eastern region earthquakes would probably be
smaller in size because any falt breaking during a shock is either short or

cut by another fault (Mogi, 1969).

The slope south of Saint Croix is markedly different in character than that
south of Puerto Rico. It has a relatively uniform slope from the shallow
shelf to the flat floor of the Caribbean Sea. Seismic reflections records of
this region suggest a more stable environment than that near Puerto Rico,
although high sedimentation rates in this region may mask the effects of slow
tectonic movements. This margin can be treated as a coherent, relatively
stable block, perhaps attached rigidly to the Caribben seafloor. Hence, it is
clear that seafloor morphology, suggestive of active faulting south of Puerto
Rico, does not continue along the southern flank of Saint Croix. Instead,
active faults appear to pass north of that island into the region near the
Virgin Islands Basin, passing to the northeast off the east margin of the PRVI

platform, and eventually intersecting the Puerto Rico Trench.
Anegada Passage

Steep scarps characterize the margins of the deep Virgin Islands basin, and

microearthquakes are found in association with these features (Figure 6). The
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large earthquake of 1867 presumably ruptured one of the faults along the
northern flank of the basin (Reid and Taber, 1920). Reid and Taber (1920)
compared the 1918 earthquake (M = 7.5) near northwestern Puerto Rico with the
earthquake of 1867. They said: "The two main shocks had about the same
intensity and were felt for about the same distance, namely, 500 or 600
kilometers, and the amounts of energy liberated in the two cases were about
the same." Based on their report we assign a magnitude of 7.5 to the 1867
earthquake. The largest clusts of microearthquakes, south of Saint Thomas and
Vieques, may lie near the fault which broke during that shock. The relatively
simple structure of the Virgin Islands basin, being bounded by long fault
segments, is a more likely source of strong shocks (M= 7-8) than the more
complex structures to the west. Complex features separate the Virgin Islands
Basin from the smaller Saint Croix Basin. At this complex region
northeasterly trending faults extending from the Puerto Rico Trench intersect
the westerly trending structures characterizing the series of basins between
Saint Croix and the PRVI platform. This complex junction of faults is
structurally similar to the region west of the Virgin Islands Basin and

therefore is likely to pose a similar earthquake hazard.

The prominent, linear features forming the edges of the ridge-trough
structures north of the Saint Croix Basin may pose a hazard similar to the
major faults of the Virgin Islands Basin. A large shock in 1785, strongly
felt in Tortola and the Northern Lesser Antilles to the east, may have
occurred on one of these faults, but the location of this shock is very

uncertain (Robson, 1964).

Earthquakes and Faults Onland

The bulk of the rocks comprising Puerto Rico and the Virgin Islands were
deposited from 110 to 45 million years ago during a period of sustained
convergence between the Caribbean and North American plates. During this time
period, and the following 20 million years, two major fault systems, the Great
Northern and Southern Puerto Rico fault zones were active, displacing rocks on
either side in a left-lateral semse (Briggs, 1968, Seiders et al., 1972).
These faults, clearly visible today in the morphology of Puerto Rico, extend

into submarine areas to the northwest and southeast of the island, may be
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associated with the formation of the Mona Canyon and Virgin Islands basin, and
are the most pominent, inherited zones of weakness in the platform on which

Puerto Rico and Virgin Islands lie.

Geologic mapping suggest that little, if any, motion has occurred on these
faults in the last 20 million years; none is documented in the last million
years. Surprisingly, seismic activity is observed in association with the
onland portions of these faults, espeically in Southwest Puerto Rico
(Ascencio, 1980). As offshore expressions of these faults appear to be
active, some of the onland faults may also be active. The apparent lack of
recent faulting observed on land may result from high erosion rates coupled
with low rates of slip of the faults. More mapping is needed to carify the
relationship between onshore and offshore faults and to identify recent
faulting onland if it exists. Nevertheless, most of the recent deformation
associated with plate movement appears to occur in the offshore regions. As
noted before, deformed sediments and displaced blocks of seafloor are found

off all portions of the Puerto Rico-Virgin Islands platform.

Expected Long-term Seismic Activity

The observations presented above provide a tectonic framework in which to
estimate the likely sources of strong earthquakes. The conclusions that
follow should not be taken as definitive, but they do suggest a high level of
hazard for the region; more research is needed to further define the hazard.
The spatial distribution of recent seismic activity is remarkably similar for
events in the magnitude range 2.0 to 4.0 recorded in the last 10 years and
magnitudes 4.0 to 6.0 recorded in the last 30 years. Events during the first
half of the century also show a similar pattern, but their locations are less
precise (Sykes et al., 1982). Seismic activity is high along limited segments
of the Puerto Rico Trench. These active segments are separated by zones of
relatively little seismic activity. The relatively long period of time over
which this consistent distribution of seismicity is observed (up to 80 years)
and the ability to correlate the level of seismic activity with features on
the inner wall of the trench strongly sugggests that the distribution of
seismicity is not random, but rather is associated with long-term tectonic

processes occurring near the plate boundary.
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The Mona Canyon region and the Main Ridge are anomalous features that appear

to concentrate stress along the major thrust faults in the Puerto Rico Trench.
They are presntly seismically active and, because they are stress concentrators,
are likely to be sites of large earthquakes (M >7) more often than the large,
seismically quiet region that separates them. This quiet region is probably the
only region near the PRVI Platform capable of producing a great earthquake with a
magnitude greater than 8.0. In the eastern, western, and southern regions off the
PRVI Platform, some seismic activity correlates with known or suspected submarine
faults. Seafloor morphology varies in these regions and therefore the margin can
be subdivided into regions based on an apparent density of faulting. Figure 7 is
a recent estimate of the long-term seismicity activity for the northeastern
Caribbean. Neither figures 7 or 8 should be considered predictions of
earthquakes. Figure 7 estimates the likely long-term character of seismicity
activity indicating the likely maximum size of an earthquake in a regin, given the

tectonic framework provided above.

The main seismic zone in the Puerto Rico Trench is characterized by variations 1in
the expected frequency of moderate and large earthquakes. Those portions of the
PRVI Platform interacting with the Main Ridge to the east of Puerto Rico, as well
as the feature at the western end of the Puerto Rico trench may be expected to
experience relatively short repeat times for moderate and large shocks. The
intervening segment of smooth seafloor may tend to be relatively quiescent for
shocks of similar magnitudes. This zone of little seismicity, as well as the

ad jacent active areas is likely to experience great earthquakes with rupture zones
about 200 km (?) long and magnitudes about 8 to 8.25 perhaps every 200 years. An
example of such an earthquakes is that of 1787. The estimated rupture lengths and
magnitudes are probably maximum values, the repeat time is a minimum value.
Maximum event size is likely to be limited by the distances between the

seismically active areas on the main fault zone (" 200 km).

The Mona Canyon west of Puerto Rico as well as the coherent blocks south of west
and central Puerto Rico may generate shocks as large as 7.5 to 8.0. A graben
southeast of Mona Island and the region south of eastern Puerto Rico and northeast

of Saint Croix may generate shocks of magnitude 7.0 to 7.5. The
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Figure 7. Estimate of long-term seismic activity of shallow focus along the
Caribbean - North American plate boundary. Moderate-sized events (M =6-7) are
expected to be more frequent along those portions of the seismic zone where
bathymetric highs have entered the trench. Large shocks (M=7.5-8.0) may occur
occasionally, but with long repeat times (i.e. thousands of years) in the deeper
parts of the trench as the North American plate flexes to descend beneath the
Caribbean plate. Large shocks can be expected to occur infrequently along the
Anegada Passage; events with similar sizes may occur in the region of the Mona
Canyon off NW Puerto Rico. Major blocks with some, as of yet poorly defined,
seismic potential also exist along the southern flank of Puerto Rico. In total,
the region including the Anegada Passage, Muertos-Trough and Mona Passage, but
excluding the Puerto Rico Trench, may produce large shocks as frequently as the
Puerto Rico Trench. Great shocks (M>7.75) may rupture large sections of the
fault zone south of the Puerto Rico Trench. The extent of rupture in great events
would probably be limited by tectonic barriers such as those that may have
delimited rupture during the large shock in 1787. Great shocks may not occur
along the plate boundary in the transition region from normal underthrusting to
oblique slip, where the Anegada trough intersects the subduction zone. Areas of
seismic potential for great shocks appear to exist along the northern Lesser
Antilles and to the north of Puerto Rico (from McCann and Sykes, 1984).

relatively large, steep walled Virgin Islands Basin and the linear structures
leading to the Puerto Rico Trench from this basin may generate magnitude 7.5 to
8.0 earthquakes. Any given fault segment not on the main plate boundary near the
Puerto Rico Trench may produce strong earthquakes every few thousand years rather
than hundreds of years. The prominent Mona Canyon and Virgin Islands Basin,
having produced shocks in historic times, may be more active than other, more
subdued features. The larger number of off-plate boundary faults in this region

suggests that, on average one fault may break every few hundred years.
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Estimates of Seismic Potential

Estimates of the likelihood that a major fault will experience a large earthquake
(seismic potential) can be made by use of the historic record and inferences of
the likely sites of future shocks based on regional tectonics. McCann et al.
(1979) estimates seismic potential based on the time elapsed since the last large
earthquake. Regions of greatest seismic potential are those with the greatest
elapsed time since the last large shock. McCann and Sykes (1984) revised those
estimates (Figure 8). Better knowledge of the current tectonic deformation will
further refine these results. Although more precise determinations of seismic
potential can be made in regions with numerous historic or prehistoric events,

the general lack of historic detail for this region prohibits the use of such

techniques.

SEISMIC POTENTIAL 1983

20°N | LARGE EARTHQUAKE > 200YEARS AGO
2 LARGE EARTHQUAKE I50-200YEARS AGO
3 LARGE EARTHQUAKE 100-150YEARS AGC
4 LARGE EARTHQUAKE 50-I00YEARS AGC
5 NO RECORD OF LARGE SHOCKS

LARGE EARTHQUAKE <S5OYEARS AGO

[s)}

ESTIMATED MAXIMUM MAGNITUDE (Mg)
SHOWN FOR REGIONS OF HIGH SEISMIC
POTENTIAL

15

70°W 65° 60° 55°

Figure 8. Estimate of seismic potential for the northeastern Caribbean.
Potential for large or great shock to occur is estimated by the time elapsed
since the last large earthquake. This method assumes repeat times throughout the
region are about the same. Magnitudes of future shocks are estimated for those

regions of high potential. Question markes (?) denote uncertainty in boundaries
of seismic zone or level of seismic potential.
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We implicitly assume that the repeat times for shocks of the same size are
approximately the same. Whereas this may be true for regions where smooth
seafloor abuts the Puerto Rico Trench, those regions interacting with features
such as the Main Ridge and the features near the Mona Canyon are likely to have
shorter repeat times for significant shocks (6<M<7.5). Most of the regions off
the main plate boundary (i.e. Puerto Rico Trench) appear not to have experienced
a large shock in historic times. The two that have, the Mona Canyon and the
Virgin Islands Basin are the largest, most prominent features. Hence, because of
a lack of historic information, it is probably too early to extend the seismic

potential analysis, intended for more simple structures, into all of this region.

McCann et al. (1979) placed the Puerto Rico-Virgin Islands region in a neutral
category for seismic potential. At that time it was not clear that this region
was capable of producing large interplate shocks. Now with better understanding
to the tectonic structure of the region, and with a more complete historic
record, it is clear that this region does have the potential to produce strong

and great earthquakes.
CONCLUSION

The earthquake of 1787 appears to have originated in the Puerto Rico Trench, 50
to 100 kilometers to the north of the islands. While the probable magnitude of
this event (M = 8 - 8.25) makes this shock the largest in the historic record,
more damaging quakes of somewhat smaller magnitude (M = 7 - 8) occurred much
closer to land (10-50 km). A major shock on one of the many faults nearer to the
islands may, on average, occur just as frequently as the great earthquakes in the
Puerto Rico Trench. The main earthquake hazard in this region, therefore, may
come not from great earthquakes to the north, but rather from major ones

occurring closer to land.

The information collected in the last decade has clarified our understanding of
the nature of the seismic zone near Puerto Rico and the Virgin Islands. Numerous
active faults are located in the offshore region; some may extend onshore. The
framework developed here represents a plausible working hypothesis for the
evaluation of the earthquake hazard of the region. More research is needed to

validate this hypothesis. Identification and detailed mapping of active faults,
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focal mechanisms and more precise locations of small earthquakes, more detailed
investigations of the historic record and collection of geodetic data are a few

of the areas of research deserving expanded effort.
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REVIEW OF RECENT ADVANCES IN SEISMOLOGICAL
ASPECTS OF EARTHQUAKE HAZARDS

by
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INTRODUCTION

Growth of Observational Material on Seismic Shaking

Reduction of earthquake hazards depends in the most fundamental way on our
understanding of earthquakes. We must understand the causal tectonic forces
and deformations, the seismic fault source, the rupture mechanics, the effect
of rock properties on the waves, and the modifications to shaking produced by
surficial soils and topography.

All these matters have been significantly clarified in recent years1

although,
of course, many problems remain to be solved. What is the scaling of ground
motions from moderate (magnitude 6 to 7) earthquakes to great (magnitude 7.5
to 8.5) earthquakes? What is the best way to parameterize ground motions for
risk mapping and engineering design? The basic clarification has come because
many more records of strong ground motions are now available — both in the
free field and in structures. In the March 3, Chile earthquake (magnitude

7.8) over 20 clear accelerograms were recorded throughout the area of damage,

compared with only one recording in the 1971 Chile earthquake.

Of importance are the recent ground motion recordings from specially designed
arrays of accelerometers, particularly in California and in Taiwan (SMART

1) Such arrays measure the shaking variability in time and space. The data

1Note. The present theoretical position is treated in the revised text, K.E.

Bullen and B. A. Bolt, "Introduction to the Theory of Seismology,” Cambridge
University Press, 1985.
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set is weak, however, on measurements of foundation-structure and sub-surface

(down-hole) motions.

Interpretation of Strong Ground Motion

Nowadays, an experienced seismologist can go a long way in interpreting the
wave pattern observed on a seismogram of a distant earthquake. This is
because the assumptions of linear elasticity hold and ray theory can be

used. The source can usually be approximated by a point or small sphere and
at large distances the wavefronts are effectively planar, so that motions can

be separated into longitudinal and transverse components.

There are, however, complications which are common. When an elastic wave
encounters a boundary which separates rock of different elastic properties, it
will, like sound and electromagnetic waves, undergo reflections, refraction,
and diffraction. Within an homogeneous, isotropic, elastic medium, there are
two body waves which propagate. The fastest is the dilatational wave, called
the P or primary wave, and the slower is the shear wave, called the S or
secondary wave. When such body waves encounter a boundary, a conversion
between these types occurs, with either an incident P or S wave yielding a
reflected P and S wave as well as a refracted P and S wave. In addition, the
effects of rapid variations in the rock structure can be often observed in the
form of scattering of the waves, producing seismic energy in regions which, on

simple ray theory, there should be a shadow.

The free surface of the Earth permits the existence of additional seismic
waves of surface wave type. Rayleigh waves have particle motions near the
surface of the ground that are elliptical in a vertical plane. In addition,
when layers are present near the surface or there is a gradient in elastic
properties, horizontally polarized surface waves, called Love waves, also
exist. At considerable distances from the source, the P, S, Rayleigh, and
Love waves can be seen on seismograms clearly separated, according the their
respective velocities and, as well, there are often waves such as PP, SS, and

so on which correspond to reflections of these waves at internal boundaries.
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In addition to usual phases mentioned above on conventional seismograms of
distant or small earthquakes, there are certain types of seismic waves (often
pulselike) that are observed specially in the near field of the seismic
source. These include "stopping phases” which are due to the intermittent
stopping of the dislocation front and the final (sudden) cessation of the
rupture. A special form of this stopping phase is called a "breakout" phase,
which arises from the generation of a pulse when the rupture reaches the free

surface of the Earth.

A full elementary (non-mathematical) treatment of the physics and types of
seismic waves and their relation to faulting can be found in B. A. Bolt,
"Earthquakes — A Primer,” W. H. Freeman, New York, 1978, or B. A. Bolt,
"Terremotos,” Reverte, Barcelona (in Spanish), 1981. Helpful background
material on earthquake hazards and ground shaking related to Puerto Rico is
given in the papers by W. McCann and W. Hays in "A Workshop on Geologic
Hazards in Puerto Rico,” Open File Report 84-761, U.S.G.S., 1984.

Present Earthquake Source Models

In 1964 and 1966, N. Haskell developed a model "in which the fault
displacement is represented by a coherent wave only over segments of the fault
and the radiations from adjacent sections are assumed to be statistically
independent or incoherent.” The physical situation in this model is that the
rupture begins suddenly and then spreads with periods of acceleration and
retardation along the weakly welded fault zone. In this model, the idea of
statistical randomness of fault slip or "chattering” in irregular steps along

the fault plane is introduced.

More recently, Das and Aki (1977a, b) have considered a fault plane having
various barriers distributed over it. They conceive that rupture would start
near one of the barriers and then propagate over the fault plane until it is
brought to rest or slowed at the next barrier., Sometimes the barriers are
broken by the dislocation; sometimes the barriers remain unbroken but the
dislocation reinitiates on the far side and continues; sometimes the barrier

is not broken initially but, due to local repartitioning of the stresses and
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possibly nonlinear effects, it eventually breaks, perhaps with the occurrence

of aftershocks.

The elastic rebound model involving a moving dislocation along a fault plane
over which roughnesses of various types are distributed stochastically is thus
the starting point for the interpretation of near-field records. Based on
this model, there have been recently quite a number of attempts to compute
synthetic seismograms from points near to the source and comparisons have been

made with observations.

From geological evidence, there are, of course, different kinds of fault
ruptures. Some involve purely horizontal slip (strike-slip); some involve
vertical slip (dip-slip). It must be expected that the wave patterns
generated by fault mechanisms of different kinds will be different to a larger

or lesser extent, due to the different radiation patterns produced.

The theory must also incorporate effects of the moving source. These Doppler-
like consequences will depend on the speed of fault rupture and the direction
of the faulting (Boore and Joyner, 1978). The physical problem is analogous
(but more difficult) to the problem of sound emission from moving sources.

The problem can be approached both kinematically and dynamically. The
acoustic problem shows that in the far field the pressure is the same as when
the source is at rest. However, in the near field, the time dependence of
both frequency and wave amplitude is a function of the azimuth of the site

relative to the moving source.

We now summarize the main lines of approach to modeling mathematically the
earthquake source. The first model is the kinematic approach in which the
time history of the slip on the generating fault is known a priori. Several
defining parameters may be specified, such as the shape, duration, and
amplitude of the source (or source time function and slip), the velocity of
the slip over the fault surface, and the final area of the region over which
the slip occurred. Theoretically, a Green's function representation is
usually used to calculate the resulting displacements of the medium. Green's
functions for the various classifications of faulting have been constructed,

and numerous theoretical papers using this approach have been published. The
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process is a kind of complicated curve fitting whereby the parameters of the
source are varied in order to estimate by inspection the closeness of fit with
distant radiated seismic waves. Once the seismic source is defined by this
process, using distant recordings, then the near—-field parameters can be used

to calculate the ground motions near to the source for engineering purposes.

A second approach is to use the differential equations involving the forces
which produce the rupture. This dynamic procedure has received considerable
emphasis lately. The basic model is a shear crack which is initiated in the
pre—existing stress field and which causes stress concentrations around the
tip of the crack. These concentrations, in turn, cause the crack to grow.
Many of the articles on this subject have been built on the work of Kostrov
(1966). For example, Burridge and Willis (1969) obtained analytic expressions
for particle accelerations in given directions from a uniformly growing
elliptical crack, although they did not include the effect of crack

stoppage. (This unrealistic boundary condition is included in most work of
this kind.) The key to the crack problem seems to be in modeling the physical
processes of the typical crack where there is interaction between the rate of
crack growth, the criterion of fracture, and the stress accumulation. Most of
these studies on dynamic shear cracks are concerned primarily with the actual
rupture process, and so the crack is assumed to be imbedded in an infinite
homogeneous medium. Studies more concerned with the seismic waves that are
recorded in the field need a numerical approach, such as finite elements or

finite differences, to handle realistic structural conditions.

The studies mentioned under kinematic and dynamic models are built around the
elastic rebound theory of slip on a fault. There are, however, more general
studies that take a less specific view of the earthquake source. Recent work
by Backus (1977a, b), for example, has taken up the important idea of the
uniqueness of the various source descriptions; the representation of an
arbitrary source of seismic waves is given in terms of moment tensors. Any
seismic source can, in principle, be expanded in terms of spatial moments,
that of the long wave lengths compared to the fault dimensions; only the low
degree terms of the expansion need to be included. Thus, for small
earthquakes or far-field problems, it is sufficient to represent a seismic

source in terms of a single first-degree moment of the equivalent force, which
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is a symmetric second-rank tensor. Then, the waves calculated can be
interpreted in terms of any specific model. It turns out, however, that in
practical attempts to represent thy near field in this way, higher terms give
very complicated tensor components and analytic evaluation may not be
worthwhile, It should be mentioned here that the scalar seismic moment
(direction of force couples along the fault ignored) is given by

M, = HAD (1)

where A is the slipped area.

Let us now summarize the physical model for the earthquake source now
generally accepted (see Figure 1). The source extends over a fault plane in
the Earth which is ruptured by a series of dislocations which initiate at some
point (the focus) and spread out with various rupture velocities. The
dislocation front changes speed as it passes through patches of roughness
(barriers on the fault). At the dislocation itself, there is a finite time
for a slip to take place and the form of the slip is an elastic rebound of
each side of the fault leading to a decrease of overall strain. The slip can
have vertical components, as well as horizontal components, and can vary along
the fault itself. The waves are produced near the dislocation front due to

the release of the strain energy in the slippage.

This model resembles in many ways radio waves being radiated from a finite
antenna. In the far field, the theory of radio propagation gives complete
solutions for the reception of radio signals through stratified media.
However, when the receiver is very near to the extended antenna, the signal
becomes jumbled due to the finiteness of the source and interference through

end effects.

The main parameters in the model are:
Rupture length
Rupture width
Fault slippage (offset)

Rupture velocity

H < o = -

Rise time

Roughness (barrier) distribution density  ¢(x)
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The main work in theoretical seismology on source properties today is to
determine which of these parameters are essential, whether the set is an
optimal one, and how best to estimate each parameter from both field
observations and analysis of the seismograms made in both the near and the far

field.

A number of papers have now been published that demonstrate that, in certain
important cases, synthetic seismograms for seismic waves near their source can
nnow be computed rather realistically. The synthetic motions can be compared
with the three observed orthogonal components of either acceleration,
velocity, or displacement at a site (see Figure 1). There remains
difficulties, however, in modeling certain observed complexities and there is
a lack of uniqueness in the physical formulations which lead to acceptable

fits with observations.

MAJOR NEAR-FIELD PROBLEMS IN ENGINEERING SEISMOLOGY

Maximum (Peak) Amplitudes

For some time, a key scaling parameter in the specification of ground motion
for engineering purposes has been the maximum (peak) acceleration. These peak
values are used to scale not only the seismograms (time histories), but also
to anchor the high-frequency end of ground response spectral curves. The

me thodology was evolved in the 1960's when there were few strong-motion
records for large to moderate earthquakes available and the maximum amplitudes

seen on accelerograms were about 0.3g to 0.5g.

The situation has not changed for several reasons. First, many instrumental
measurements have now been obtained of peak accelerations greater than 0.5g.
Indeed, in the Imperial Valley, California, earthquake of October 15, 1979, a
high-frequency peak accleration of about l.7g was observed in the vertical
direction and on the Pacoima record (see Figure 1) a peak horizontal high-
frequency amplitude of 1.2g was measured. At the same time, it is observed
that these high-acceleration values often are represented on the record by
only one or two spike-like features. In other words, they are not

representative estimates of the accelerations which were being experienced
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through the strongest ground shaking. Indeed, in some cases they could be
characterized as abnormal samples of a more typical frequency distribution of

peak amplutides.

A second observational property has also recently come to light. Near to the
source of quite small earthquakes, strong-motion instruments often record high
accelerations. Well-known examples of this are the Bear Valley, California,
earthquake of September 4, 1972 (ML = 4,7, peak horizontal acceleration =
0.69g), and the Ancona earthquake of June 21, 1972, in Italy (ML = 4.5, peak

horizontal acceleration = 0.6l1g).

These observations of high peak accelerations at high frequencies from small-
magnitude earthquakes show that raw peak acceleration taken alone can be a
deceptive parameter so far as scaling ground motions for engineering

purposes. Another aspect of the problem is that in synthesizing ground
motions for engineering design it has been common practice to emphasize the
peak acceleration parameter. For example, this procedure has been followed by
the Nuclear Regulatory Agency in terms of the safe shutdown earthquake for a
particular site. The procedure, of course, breaks down when it is accepted
that a given peak acceleration (0.5g, say) could apply to strong ground

motions of vastly different overall seismic energies and spectra.

Another difficulty with the emphasis on peak accelerations stems from the
high~-frequency nature of the observed peaks in almost all cases (see

Figure 1). It is now realized that an engineering response spectrum can be
drawn which would be anchored at the peak acceleration specified for the
predicted earthquake at the site, while the spectral amplitudes at longer
periods, say beyond one second, could be quite deficient for the predicted
type of earthquake. For this reason, demand is growing for not just a peak
acceleration as the dominant scale parameter, but also suitable scaling
parameters for maximum velocity and even maximum displacement. An
illustration comes from the recent Applied Technology Council's (ATC) risk
maps for the United States (Donovan, Bolt, and Whitman, 1976) where the free-
field ground-motion response spectra were scaled at short periods to an
effective acceleration parameter and at longer periods to an effective

velocity parameter. Partly for this reason, in the analyses that follow,
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discussion will be given not only on acceleration records, but also to their

first and second integrals (i.e., velocity and displacement).

Because of the central role that has been played by peak accelerations in
estimating strong ground motions, they have been correlated against a number of
parameters., One of the most important is the correlation of near-source
acceleration with local magnitude. Figure 2 illustrates the marked differences
in estimates due to different assumptions. A few observed values from actual
strong-motion records are added to Figure 2 to indicate some of the scatter of
data that went into these extrapolations. The dashed line comes from a study by
Page et al. (1972) in which they give peak accelerations against magnitude for
very near-source distances. The curve is fixed by extrapolations back from a few
earthquakes of moderate size (generally up to about magnitude 7) at distances
greater than 5 km from the ruptured fault. The assumptions used lead to a curve
which rises rather steeply above magnitude 6 to about 1l.2g for the largest
earthquakes. The second curve on Figure 2 is based on attenuation curves (by
Schnabel and Seed, 1973) for peak acceleration as a function of magnitude. The
different assumptions used lead to an extrapolation with almost no increase in
the horizontal peak acceleration at near-source distances for magnitude above
6.5. It should be mentioned that the general physical properties of the source
model (discussed above) would seem to favor the second hypothesis over the
first. This is because the amount of seismic energy produced in any frequency
band along the rupturing fault would be a function of the elastic properties of
the rocks near the dislocation at any time, rather than the summation at a given
time of energies over the whole fault plane. In the former case, the emitted
wave energy is limited above a threshold while in the latter it would be greater
for larger magnitude earthquakes than for smaller magnitude earthquakes. This
central problem of scaling from low-magnitude to high-magnitude earthquakes

remains unresolved.

Duration

The concept of the duration of strong motion at a site is a crucial one in terms
of understanding the dimension of the source and also in estimating the overall

energy which should be incorporated in the input ground motions for any

structure.
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The physical model outlined above predicts that the duration, if defined in a
quantitative way, will be significantly dependent upon the dimensions of the
faulted surface. The waves are radiated from the moving dislocation across the
full dimensions of the plane; both magnitude and seismic moment reflect this
dimension. (The magnitude estimate used for great earthquakes is the surface
wave magnitude which is estimated from waves of period of 20 sec or even larger,
which correspond to wavelengths of 50 km or greater. These wavelengths
effectively sample the whole source dimension. The seismic moment defined by
equation 1 is proportional to the dimensions of the faulted area.) Considerable
weight can thus be given to the duration parameter in both the interpretation of
strong-motion records and in the synthesis of time histories for a particular

site.

Estimates for the bracketed duration (amplitudes greater than 0.05g) can be
obtained from Figure 3. Three instrumental measurements (Bolt, 1973) are shown;
a recent point is from the Tabas earthquake and is particularly important since
it represents a measurement of duration of strong ground accelerations in the
near field for a very large earthquake. (The end of the curve in Figure 3 for
the large magnitudes was originally only weakly based on felt reports from large

earthquakes,)
Deviations from the mean duration curve usually arise because of multiplicity of
the earthquake source and also the special side effects of layering and soil

conditions.

Patterns of Arrivals - Deterministic and Stochastic

After the appropriate duration of a strong-motion record is estimated, based on
the seismic moment M, or magnitude M of the earthquake, it remains to analyze
the detailed patterns of groups of waves on the strong-motion record. An
observatory seismologist becomes efficient at recognizing patterns of arrival of
P and S body waves and surface waves when working with seismograms from distant
earthquakes or small local ones. The question is to what extent can similar sets
of stable patterns be recognized for strong ground motions in the near field.

Let us consider four aspects of the problem.
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We have available three types of records. The primary seismogram in most
cases is the accelerogram since such instruments are designed to record
ground accelerations in the frequency range normally of interest to
engineers. We also have the complementary records of wave velocity and
displacement (see Figure 1). There thus could be three different
dominant patterns, one for each of the three variables - acceleration,
velocity, and displacement. 1In fact, the availability of these three
time functions is of great assistance in the interpretation of strong-
motion records. Accelerograms appear more structured, with many high-
frequency pulses and considerable variability in amplitudes. The first
integration to wave velocity considerably smooths these records and
emphasizes frequencies in the middle range of interest. A third
integration produces usually quite smooth displacement-grams with fewer
fluctuations and a simpler pattern of dominant waves, usually with
periods beyond one second. Sometimes, however, because of problems with
baseline corrections and instrumental drift, the integrations produce
large long-period bays and variations in the displacement records which
may or may not be physically related to the seismic waves themselves.

This type of long-period noise makes interpretation almost impossible.

It has been known for some time that the general shape of strong-motion
records can be simplified into three parts. The first is an increase in
amplitude which is the envelope of the (largely) P-wave motion rising
from zero up to the longer amplitudes. A middle section follows where
the amplitude fluctuation remains more-or-less the same and which can be
bounded by lines parallel to the base line. The final part of the
pattern is a descending taper which encompasses the coda of the record
and whose slope may be small. These attempts at simplification of the
pattern certainly work for certain records, but are not very satisfactory
in characterizing other important strong-motion records (see, e.g.,
Figure 1). Nevertheless, this tripartite division is a useful one.
Deviations are not likely to seriously affect the overall spectrum of the

time history for engineering design purposes.
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By analogy with regular seismograms of smaller ground motions we would
expect there to be a wave pattern which follows the following
properties. There should be an initial portion of ground motion made
up mainly of the longitudinal P waves. Depending on the distance
between the site and the source, there will then be an onset of §
waves which will be superimposed on P waves still arriving from other
parts of the moving dislocation. Greatly enhanced shaking will
continue, consisting of an unknown mixture of S and P waves, but with

the S motions becoming richer as the duration increases.

Later in the horizontal component records there will be surface waves
of both Rayleigh and Love type, in general mixed with § body waves
(see Figure 4). Again, depending on the distance of the site from the
causative fault and also on the structure of the intervening rocks and
soils, the surface waves will be dispersed into trains with certain
frequency characteristics as a function of time (Hanks, 1975). This
record coda is likely to be significantly affected by the focal depth
of the faulted surface; the greater the depth, the less likely that a
significant train of surface waves will be contained in the strong

motions.

As we will see later other portions of the record will contain pulses
which can be explained in terms of special properties of the finite
but extended source of the motions. TIf the dimensions and dynamic
properties of the source were known, then the appropriate patterns
could be built up in the time history for such wave pulses as the
"break-out phase” and "stopping phase” (see Introduction). Since this
is not likely to be the case a priori, these details are often not

included.

One pattern should be an ingredient of any realistic strong ground
motion near to the causative fault. As mentioned in earlier, there is
seismological evidence that near to a ruptured fault a pulse of
approximately one-second duration propagates outwards and affects
structures on the surface. This pulse, however, may not have the

largest accelerations on the record, although it may be associated
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with the greatest kinetic energy. It has been pointed out from
studies of the damaged Olive View Hospital in California in the 1971
San Fernando earthquake (Bertero et al., 1978) that failures in that
structure apparently occurred during the long-duration pulse that can
be seen in the Pacoima velocity record (see Figure 1) about 3 seconds
after the instrument triggered. The hospital structure was forced out
of its elastic range of response by this motion, with significant
damage to the supporting columns of the lower floors. The subsequent
strong ground motion of higher frequency (peak acceleration greater
than 1.0g) then shook the damaged buildings without further

significant inelastic displacements.

It must be regarded as good practice, therefore, to include at an
appropriate portion of a near-source record (see below) a longer
period pulse which corresponds to the elastic rebound or "fling"” along
the fault as the dislocation passes by the site. The effects of this
in engineering terms are important since the presence of this fling
ensures that the longer periods parts of the response spectrum are

realistically energetic.

The above expectations have been based largely on the theoretical model. Such
deterministic explanations of the observed wave patterns will normally be
found to leave a residual portion of the record unexplained. These
unexplained residuals are found particularly in studies with synthetic
displacement records for wave frequencies above 1 Hz and for acceleration
records. The unexplained portion must be dealt with stochastically, as
suggested, for example, by Haskell (1964). An example of the problem is
discussed in Bolt (1981). From a theoretical point of view, this random
component of strong ground motion can be thought of as arising primarily from
the unknown distribution of roughness along the fault and, consequently, the
unknown roughness distribution demsity ¢(x). If this could be specified, then
the stochastic problem would become a deterministic one. This stochastic
component of strong ground motion has been one reason why one approach to
modeling artificial time histories has been by random number generators

(Penzien, 1970).
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As yet, no roughness distribution densities have been proposed for different
classes of earthquakes. In their recent barrier model for the earthquake
source, Aki et al., (1977) propose three ways to estimate the interval between

the significant barriers along an extended fault of the

Spectral Content

In this report, emphasis is given to the time histories of the strong ground
motions. By contrast, in engineering practice at the present time, design
requirements usually demand the provision of response spectra representing the
ground motion at the site or its effect on a harmonic oscillation. Time
histories, however, are also used, particularly for mechanical engineering
tests and special analysis of critical structures. In the mathematical sense,
the treatment of ground motion in either the time domain or the frequency
domain is a matter of convenience and in certain interpretation problems it is
essential to compare the representations in both domains. While in this work
no general comparison is given between spectra of strong ground motions, there
are two points about the spectral content of strong ground motions that are

important in interpreting strong-motion records.

First, the spectrum from any artificial strong-motion record should not
contain either gaps at certain frequencies or should not be deficient in
energy at the longer period end of the spectrum. Of course, comparison of
actual Fourier amplitude spectra from strong ground-motion records indicates
significant fluctuations in the amplitude peaks of the spectra. For some time
"average" design ground motions, however, have been used to avoid this

problem.

There is also a measurement deficiency with many widely-used analog strong-
motion accelerometers. Statistical analysis of the strong-motion records from
the 1966 Parkfield earthquake and the 1952 Taft earthquake (Shoja-Taheri,
1977) indicates that the useful limit of long periods of velocity and
displacement calculated by integration of analog accelerogram records is
restricted by human reading and by baseline correction errors. The long-
period limits due to the combined errors vary between 7 and 14 sec. Beyond

these limits, components of displacement spectra from the present analog
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accelerograms are not a reliable measure of ground motion. It has also been
found that the usable long-period limit with the standard analog paper
records, T., varies (increases) with record length L. For L equal to 40, 50,
and 60 sec, T, is estimated to be about 10, 12, and 14 sec, respectively. At
a period of about 16 sec, the combined errors for the majority of cases of
strong-motion records studied exceed 25 percent of the accumulative
displacement amplitude spectrum. Digital records, however, from the newly
available digital strong-motion accelerometers should allow the above limit

to be significantly extended.

Secondly, the spectrum of strong ground motion is in two parts. The first is

the amplitude spectrum, which is normally all that is considered in strong-

motion seismology and earthquake engineering. The second part, however, is

the phase spectrum, and this phase defines the pattern of seismic waves, which

is the subject of these interpretation studies. This property has not been as
widely used in the construction of artificial strong ground motions as it
deserves. For example, an amplitude spectrum from a magnitude 7.5 earthquake
with adequate maximum amplitudes can be combined with the phase spectrum from
another earthquake (with smaller amplitudes, say, than required) but with a

phase spectrum appropriate to the wave pattern for very near-fault motions.

A computed illustration is given in Figure 5.

Directivity and Focussing

A major practical question in strong-motion interpretation and construction
of artificial time histories is "to what extent is the time history at a
particular site dependent upon the location of the rupture on a given

fault?” It is known both theoretically and observationally that each seismic
wave type has a directivity function which depends on the azimuth relative to

the center of the earthquake source.

Consider the seismic sources in the form of superimposed force couples (or a
seismic moment tensor). This representation entails that each type of seismic
wave has its own radiation pattern. Thus, for example, a vertical strike-slip

fault can be represented by a double couple with center at the focus; the
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radiation pattern for SH waves will consist of a four-lobed pattern with
maximum amplitudes at directions normal and along the faulting. Similarly, P
waves and Rayleigh waves will have appropriate radiation patterns (Bullen and
Bolt, 1985). Because the intensity of ground shaking is the effect of all the
waves that arrive at a point, these radiation patterns are not always obvious
by looking at isoseismals based on the assessed intensity. Nevertheless, in
the interpretation of accelerograms and numerical modeling of synthetic

strong-motion records, seismic radiation patterns are essential ingredients.

In the case of large earthquakes where the rupture length L is significant
compared with the wave lengths considered, the radiation pattern becomes more
complicated. Rather than the usual symmetric pattern typical of a stationary
point source, the radiation pattern lobes for the various seismic waves become
retracted or extended, depending on the direction of rupture along the

fault. There are now published a number of reasonably representative
radiation patterns for moving earthquake sources which are helpful in the
interpretation of strong-motion records (see, e.g., Ben-Menahem and Singh,

1972). This effect of rupture velocity is called dynamical directivity, and

it is an important matter to detect this directivity on strong-motion near-—
field records. Because of various complications, this has not yet been
clearly accomplished in the near field, although these patterns are widely

verified in the far field.

Another aspect of the moving seismic source is the occurrence of a Doppler-
like effect analogous to sound radiation on an acoustic point source that
moves in a medium at rest. If, when stationary, the source has a symmetric
radiation pattern, its radiation would be expected to be focussed in the
direction of motion when it is moving with a finite velocity. The amount of
focussing, in general, will be different for the case when the source velocity
V is subsonic (V <o for P waves) or supersonic (V > o for P waves). A purely
geometrical argument (Morse and Ingard, 1968) gives rise to the well-known
focussing factor.

F = (1 - Mcos8)! (2)
where 1is the angle subtended by the direction of the wave from the source and
rupture direction and M is the Mach number V/o, The result is that, depending on

the angle , there is a Doppler shift in both the wave amplitude and frequency.

93 8% 2009(,



Various examples have been cited by seismologists (e.g., Benioff, 1955) that
strong-motion data obtained from stations along the direction of the ruptured
fault evidence the focussing of earthquake motions. Reasonable values for the
parameters in the above formula indicate that the focussing effect might (for
a perfectly elastic non—-attenuating medium) change the wave amplitude by a

factor of up to 10, with an increase in front of the rupture.

Effect of Complex Propagation Paths in Ground Structure

In earlier sections the effect of horizontal layering in the crustal rocks on
seismic waves has been outlines. In many situations, however, particularly in
fault zones, the variations in soil and rock structure are not restricted to
plain parallel horizontal layering. Particularly in sedimentary basins there
will be significant lateral variations and often irregular shaped and sloping
rock structures. The behavior of elastic waves encountering such physical
obstacles is mathematically complicated and only a few special cases have been
treated theoretically. 1Indeed, mode conversions, scattering, diffraction, and
resonance make even numerical estimates for standard procedures extremely
difficult. 1In these circumstances, the elementary ray approximation may
perhaps be misleading, so that the simple approaches must be used with caution

wherever there is evidence of marked inhonogeneities in structure.

The problem is that normally the presence or absence of seismic structural
anomalies is unknown. Even with deep borehole data and geophysical profiling,
large-scale anomalous bodies of arbitrary shape along active fault zones may
not be well defined. Nevertheless, it has been common for seismologists and
engineers to call on this hypothesis to explain rapid variations in intensity
in areas of heavy shaking. It is one way to explain, for example, the reason
why a pocket of high intensity is seen at one place and yet no damage occurred
to similar structures in another part of the area about the same distance from
the earthquake source. The explanation, therefore, is ususally open to
question even though such structurally anomalous bodies would certainly focus
seismic waves by refraction in the same way that light waves are focussed by a
lens. This mechanism of seismic focussing is, of course, quite different from

that described above in the previous section.
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EXAMPLE ANALYSIS

Two examples are given below to illustrate the concepts of this paper.

Coyote Lake, California, Earthquake - August 6, 1979

References: Porcella et al (1979); Uhrhammer (1980)

Location: Earthquake:
Accelerometer:
Foundation:

Size: Magnitude:
Moment :

Mean Stress Drop:

Fault Source Characteristics: (See

Faulting:

Focal Mechanism:

Parameters:

Mean Rupture Velocity:

Peak Wave Amplitude Values

1. Coyote Creek

Acceleration (cm/secz):
Velocity (em/sec):
Displacement (cm):

2. Gilroy Array No. 6
%)

Acceleration (cm/sec”):
Velocity (cm/sec):

Displacement (cm):

95

37%6.12'N, 121°30.2'W

l. Coyote Creek
C217/SMA-IT

2. Gilroy Array #6
1413/8SMA-1

Both instruments on
conglomeratic sediments

M = 5.9

L
M, =6x 1024 dyne cm
Ap = 18 + 5.6 bars

Figures 5 and 6)

Minor breaks and cracks along about
8~10 km of the Calaveras Fault, which
strikes N30W. Right-lateral
displacements up to 5 mm were
observed.

Strike N(27 + 7)°W
Dip (90 + 15)°

L = 23.1 km

W=>5knm

D= 0.21 + 0.066 m (from Mo)
0.005 m (observed at surface)

2.2 km/sec

up S70wW S20E

98 225 157

up N4OW S50W

167 333 412
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Central Chile - March 3, 1985

The principal shock occurred at 7:47 p.m. local time on Sunday, March 3. The
preliminary epicenter was off the coast about 15 km northwest of Algarrobo at
33,258, 77.75W with a focal depth of 6 km (Figure 7). The surface wave
magnitude is M, = 7.8 (NEIS), compared with M, = 7.9 (NEIS) for the July 9,
1971 earthquake located approximately 100 km north of the 1985 epicenter.
Widespread but localized damage occurred to various types of structures in
central Chile. The great majority of modern reinforced concrete structures

were not damaged.

There was a foreshock sequence before this earthquake that began about one
month prior to the mainshock. The foreshock sequence consisted of a swarm of
about 300 earthquakes with magnitudes up to about 4.5. The swarm was centered
just east of the mainshock epicenter. The swarm began to decrease about ten
days before the mainshock and the last event in the swarm occurred 200 hours
before the mainshock. No prediction of the mainshock was made based on the

occurrence of the foreshocks.

The principals shock was followed by an extensive aftershock sequence. Even
after 24 hours, about 22 earthquakes per hour with magnitude about 3.5 could
be distinguished on the seismograms. The aftershock region is shown in Figure
7. The area of the aftershocks is about 140 km long (north-south) by 70 wide

(east-west) with focal depths ranging from 5 to 40 km.

In Figure 7 are shown locations of the strong-motion accelerometers operated
by University of Chile groups. The measured peak horizontal acceleration at
Milipilla is about 0.55 g and the duration of strong shaking is about 40
seconds. Of particular interest in the strong-motion recordings is the high
amplitude, high frequency content on the vertical component during the S wave

arrival.
Upon inspection of the Milipilla record, it is clear that this earthquake was

a double event. The intial P wave arrival has small amplitude and is followed

byu a small S wave. Later in the record, the amplitude of the S waves
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Figure 7.--Location map of central Chile showing the epicenter of the

March 3, 1985 main shock and the extent of the aftershock zone.

locations of accelerographs that recorded the main shock and many

aftershocks are shown by solid triangles.

Numbers in parentheses

indicate locales where more than one accelerograph is installed.

Shaded place names and open triangles identify sites of USGS digital
Numbers in brackets indicate that more than one

seismographs.

digital seismograph was installed in the same vicinity.
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abruptly increases by an order of magnitude indicating that the mainshock had
been preceded by about 10 seconds by a smaller foreshock. The hypocenter
given above is possibly for the smaller magnitude foreshock. The location of
the second and main source of seismic energy is important in order to

interpret the distribution of the damage.

The largest accelerations were recorded on the coast at Llolleo just south of
San Antonio. The peak vertical and horizontal accelerations are about 0.80 g
and 0.75 g, respectively. There is a dramatic change in the amplitude and
frequency content in the records obtained north of Llolleo at the coastal
cities of Valparaiaso and Vina Del Mar. These records show peak accelerations
of about 0.25-0.3 g. The peak accelerations are at periods of 1 Hz compared

with the high frequency (>4 Hz) on the Llolleo and Millepilla recordso.

Also of interest is the variation of the strong ground motion from the coast
toward the Andes. The record obtained at Llay-llay in the center of the
valley east of Valpariaso has a peak accleration of about 0.48 g. Further
east, the record from San Felipe has a high frequency content with a peak
horizontal acceleration of about 0.39 g. This station is almost 100 km from
the edge of the aftershock zone (Figure 7). Detailed studies are required to
understand how these high-frequency waves are propagating over such large

distances.

The ground motions in this Chile earthquake were more energetic than from
previous recordings of California earthquakes. The Chilean strong motions are
recorded at sites with different soil and rock foundations and will allow

correlations with the amount of damage to buildings and other structures.
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IMPORTANT CONSIDERATIONS FOR
ASSESSING THE POTENTIAL FOR LOSSES FROM EARTHQUAKE HAZARDS
IN PUERTO RICO

by
Walter W. Hays
U.S. Geological Survey

Reston, Virginia 22092

INTRODUCTION

The assessment of the potential losses from earthquakes in an urban area is a

complex task requiring:
1. An earthquake hazards model.
2. An exposure model (inventory).

3. A vulnerability model.
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