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BACKGROUND AND SUMMARY OF THE WORKSHOP ON
"EARTHQUAKE HAZARDS IN THE VIRGIN ISLANDS REGION"

by

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

BACKGROUND

' was held in

The workshop, "Earthquake Hazards in the Virgin Islands Region,'
St. Thomas, Virgin Islands, on April 9-10, 1984. The U.S. Geological Survey
‘ (USGS), the Federal Emergency Management Agency (FEMA), the National Bureau of
Standards (NBS), and the Civil Defense and Emergency Services Office of the
Virgin Islands sponsored the workshop, the twenty-fifth in a series of
workshops and conferences that was devised in 1977 under the auspices of the
Earthquake Hazards Reduction Act. This workshop was also supported by the
Assistant Secretary for Territorial and International Affairs, Department of
Interior, as a part of the President's Caribbean Basin Inititive. The purpose
of this workshop was to strengthen the capability of the public officials and
the scientific-technical community of the Virgin Islands to undertake an
effort having short- and long-term goals of reducing losses from geologic
hazards. The strategies employed in the workshop were designed: 1) to
improve understanding of geologic hazards in the Virgin Islands and 2) to
foster a process that links knowledge producers and users (sometimes referred
to as a network) and enhances the use of the existing network to increase

hazard awareness and to devise loss-reduction measures.

The papers contained in this publication were presented at the workshop. Two
additional papers on earthquake hazard awareness and personal preparedness are
included in Appendix A. A glossary of terms used in earthquake engineering
are contained in Appendix B to facilitate understanding of the technical

terminology.



A planning meeting to organize this workshop was held in St. Thomas on
April 4-8, 1983. A summary of this meeting is enclosed as Attachment 1 of

this report.

This workshop brought together 105 participants having varied backgrounds in
earth science, social science, planning, architecture, engineering, and
emergency management. The participants (see Appendix C for a list)
represented industry, volunteer agencies, and academic institutions of the
Virgin Islands, as well as representives of the government of the Virgin
Islands, Federal Government, other States, and the private sector.
Representatives from the British Virgin Islands also attended. Collectively
the participants represented a major part of the resources of the Virgin
Islands needed to prepare for and to respond to the geologic hazards of
earthquake ground shaking, earthquake-induced ground failures, surface

faulting, tectonic deformation, tsunamis, landslides, and rock falls,

HISTORICAL SEISMICITY IN THE THE VIRGIN ISLANDS REGION

The Virgin Islands, a part of the Greater and Lesser Antilles, are located in
one of the most earthquake-prone regions of the world--the zone of seismicity
corresponding the Carribean plate (Figure 1). The Caribbean plate, one of the
major 50 to 60 mile thick rigid plates or segments of the Earth's crust and
upper mantle that move slowly and conFinously over the interior of the Earth,
is marked by a high rate of seismicity (Figure 2). During the past 450 years
damage has occurred from historical earthquakes in the Virgin Islands

region. Because many of the causative faults are offshore or deeply buried,
the hypocentral location of some of the older earthquakes is not precise. The
most important historical earthquakes are listed below in terms of Modified
Mercalli intensity (MMI), a subjective index of the physical effects of an

earthquake on structures.,

A destructive tsunami was associated with the 1867 and the 1918 earthquakes.
The 1867 earthquake was located south of St. Thomas in the Virgin Islands and
had an estimated magnitude of 7.5 and an epicentral intensity of IX. It

caused intensities of VII (architectural damage) and VIII (structural damage)









Eastern United States and to improve earthquake preparedness. The six prior
workshops on earthquake preparedness were sponsored by USGS and FEMA and
brought together producers and users of geologic hazards information with the
goal of fostering local-state-Federal partnerships and more effective use of
existing information networks. Each of the prior workshops are summarized

below to give insight into the overall process:

The first workshop, "Preparing for and Responding to a Damaging

' was held in Knoxville,

Earthquake in the Eastern United States,'
Tennessee, in September 198l1. The Knoxville workshop (described in USGS
Open-File Report 82-220) demonstrated that policymakers and members of
the scientific-engineering community can assimilate a great deal of
technical information about earthquake hazards and work together to
devise practical work plans. The workshop resulted in the creation of a
draft 5-year work plan to improve the state-of-earthquake-preparedness in
the Eastern United States and the birth of the South Carolina Seismic

Safety Consortium.

The second workshop, "Continuing Actions to Reduce Losses from

' was held in St. Louis,

Earthquakes in the Mississippi Valley Area,'
Missouri, in May 1982. It resulted in the identification of specific
actions with a high potential for reducing losses that could be
implemented immediately and the formation of the Kentucky Governor's Task
Force on Earthquake Hazards and Safety. The workshop provided a basis
that eventually led in 1985 to FEMA's Central United States Earthquake
Preparedness Project. The results of the workshop (described in USGS
Open-File Report 83-157) reaffirmed that practical work plans can be

created efficiently by a diverse group of scientists/engineers and

decisionmakers.

The third workshop, "The 1886 Charleston, South Carolina, Earthquake and
its Implications for Today," was held in the Charleston area of South
Carolina, in May 1983. The Charleston workshop had multiple objectives
including: interpretation of scientific information, its use in the

siting of critical facilities, and preparedness measures. The results of

(/,)



the workshop (described in USGS Open-File Report 83-843) emphasized the
need for a comprehensive integrated research program on eastern

seismicity.

The fourth workshop, "Continuing Actions to Reduce Potential Losses from
Future Earthquakes in the Northeastern United States,' was held at
Massachusetts Institute of Technology, Cambridge, Massachusetts, on

June 13-15, 1983. The workshop (described in USGS Open-File Report 83-
844) identified a need for at least one regional seismic safety
organization in the Northeastern United States to deal with earthquakes

in the context of natural hazards.

The fifth workshop, héld in North Little Rock, Arkansas, on September
20-22, 1983, was designed to accelerate the ongoing work of the Arkansas
Office of Emergency Services, providing a forum for discussion of their
activities to prepare for and respond to a major earthquake such as a
recurrence of the 1811-1812 New Madrid earthquakes. The results of this
workshop (described in USGS Open-File Report 83-846) pointed out that no
State or region of the United States is adequately prepared at this time

to cope with the effects of a major earthquake.

The sixth workshop, held in San Juan, Puerto Rico, on April 4-6, 1984,
was designed to strengthen the short- and long-term activities of the
Department of Natural Resources of Puerto Rico to reduce losses from
earthquakes and other geologic hazards. The results of this workshop
(described in USGS Open-File Report 84-761) pointed out that Puerto Rico

is potentially vulnerable to landslides, large earthquakes, and tsunamis.

DECISIONMAKING AND GEOLOGIC HAZARDS

This workshop in the Virgin Islands emphasized the well known fact that

understanding geologic hazards is the most important step in devising

practical methodologies for reducing future economic losses and social

impacts. The potential losses in the Virgin Islands are increasing annually

as a consequence of factors such as: 1) increased population density and 2)

increased building wealth exposed to potential geologic hazards as urban

(



centers grow through constructions of homes, schools, hospitals, high rise

buidings, factories, utility systems, oil refineries, and other facilities,

The choices facing decisionmakers are difficult for three reasons: 1) future
geologic hazards occur at uncertain times and locations and have great
variation in magnitude and probability of occurrence, 2) reduction of losses
requires integration of technical information in the planning process, and 3)
loss reduction measures cost money and require local-Federal partnerships
having short- and long-term objectives in order to be cost effective. The

variety of options for reducing losses from geologic hazards includes:

1) Personal preparedness--prepare for the consequences of geologic
hazards that are expected to occur, taking advantage of efficiencies
. provided by preparation for other natural hazards such as hurricanes.

2) Avoidance--if maps and other technical information are available to
answer the questions WHERE? and HOW OFTEN?, avoid the hazards by
selecting the least hazardous area for construction.

3) Land-use planning and regulation--reduce losses to certain types of
structures susceptible to a particular geologic hazard either by
reducing their density or by prohibiting their construction within
parts of the area characterized by a relatively high frequency of
occurrence or severity of effects.

4) Engineering design and buiding codes--require engineering design and
construction that is appropriate in terms of the frequency of
occurrence and the severity of the hazard.

5) Distribution of losses--use insurance and other financial methods to
distribute the potential losses in an area susceptible to geologicl
hazards.

6) Response and recovery--plan response and recovery measures that are
appropriate in terms of a realistic disaster scenario based on past
hazardous events.

Decisonmakers have different perspectives about geologic hazards than
scientists and engineers. These differences have been summarized by Szanton

(1981) are as follows:
1) The ultimate objective of the decisionmaker is the approval of the
electorate; it is the respect of peers for the scientist/engineer.

2) The time horizon for the decisionmaker is short; it is long for the
scientist/engineer.



3)

4)

5)

6)

7)

The focus of the decisionmaker is on the external logic of the
problem; it is on the internal logic for the scientist/engineer.

The mode of throught for the decisionmaker is deductive and
particular; it is inductive and generic for the scientist/engineer.

The most valued outcome for the decisionmaker is a reliable solution;
it is original insight for the scientist/engineer.

The mode of expression is simple and absolute for the decisionmaker;
it is abstruse and qualified for the scientist/engineer.

The preferred form of conclusion for the decisionmaker is one "best
solution"” with uncertainties submerged; it is multiple possibilities
with uncertainties emphasized for the scientist/engineer.

These differences in perspectives emerge in discussions of the basic questions

forming the basis for an earthquake hazards reduction program:

1)

2)
3)

4)

5)

WHERE are the earthquake hazards of ground shaking, earthquake-
induced ground failure, surface fault rupture, tectonic deformation,
and tsunamis occurring? Where did they occur in the past?

WHY are these hazards occurring?

HOW OFTEN do they occur?

WHAT physical effects are expected to occur in a-given period of time
(for example, 50 years, the useful life of an ordinary building)?

WHAT are the viable options for reducing losses from these physical
effects?

These seven differences are the main reasons that the effort to increase the

capability of a region to reduce losses from geologic hazards must involve the

total community and have well coordinated short- and long-term objectives.

WORKSHOP PROCEDURES

The procedures used in the workshop were designed to enhance the interaction

between all participants and to facilitate achievement of the objectives. The

following procedures were used:

PROCEDURE 1: Pamplets and brochures describing basic information as well

as effective loss reduction measures that can be incorporated



PROCEDURE 2:

PROCEDURE 3:

PROCEDURE 4:

PROCEDURE 5:

in personal preparedness planning were distributed to all the
participants. These included:

- "Family Disaster Plan and Personal Survival Guide"
(American Red Cross)

- "Safety and Survival in an Earthquake" (American Red
Cross)

- "27 Things to Help You Survive an Earthquake" (American
Red Cross)

- "A Blueprint for Earthquake. Survial" (American Red Cross)

- "Family Earthquake Drill" (Federal Emergency Management
Agency and the American Red Cross)

- "Earthquake Safety Checklist" (Federal Emergency
Management Agency and the American Red Cross)

- "Home Hazard Hunt" (Federal Emergency Management Agency)

- "Coping with Children's Reactions to Earthquakes and
other Disasters'" (Federal Emergency Management Agency)

- "safety Tips for Earthquakes" (Federal Emergency
Management)

- "The Severity of an Earthquake" (U.S. Geological Survey)

- "Earthquakes" (U.S. Geological Survey)

- "Facing Geologic and Hydrologic Hazards: Earth Science
Considerations" (U.S. Geological Survey)

Research reports and preliminary technical papers prepared in
advance by the participants were distributed at the workshop
and used as basic references.

The technical papers of the participants were finalized after
the workshop and are contained in this publication.

Scientists, social scientists, engineers, and emergency
management specialists gave oral presentations in three
plenary sessions.

The objectives were to: 1) integrate scientific research and
hazard awareness and preparedness knowledge 2) define the
problem indicated by the session theme, 3) clarify what is
known about geologic hazards in the Virgin Islands and,

4) identify knowledge that is still needed. These
presentations served as a summary of the state—~of-knowledge
and gave a multidisciplinary perspective.

The participants were encouraged to respond to the
presentations of the speakers. One discussion session
involving all of the participants was held at the end of the
workshop.

The opinions of the participants on a variety of issues on
earthquake and geologic hazards were solicited through a
series of questions having "yes" or "no" answers. A written
balloting process was used to obtain the concensus of the
group prior a presentation on the same subject.



PROCEDURE 6: Ad hoc discussions on topics not addressed during the plenary
and discussion group sessions were encouraged to add a
spontaneous dimension.

PLENARY SESSIONS

Following the welcome and introductions, the overall theme of the workshop was
developed in three plenary sessions which stressed three ways of reducing
potential losses from earthquakes and other geologic hazards in the Virgin
Islands. The loss reduction that were emphasized are: 1) increasing personal
preparedness through increased home, school, and workplace safety, 2) increasing
community preparedness through such actions as requiring appropriate building
codes and their enforcement, and 3) identifying, obtaining, and organizing all
available resources (governmental as well as private) for mitigating and
responding to geologic hazards. Special emphasis was given to the discussion
of building codes such as the 1978 Applied Technology Council's model code
which provided a basis for comparison of the ground shaking hazard in the

Virgin Islands with other parts of the United States.
The themes, objectives, and speakers for each session are described below:

WELCOME, BACKGROUND, OBJECTIVES, AND GOALS OF THE WORKSHOP.

OBJECTIVE: Description of the background for the workshop and its
objectives and goals.

SPEAKERS: The Honorable Julio Brady, Lt. Governor of the Virgin Islands
Philip McIntire
Walter Hays

SESSION I: THE NATURE AND EXTENT OF EARTHQUAKE HAZARDS IN THE VIRGIN
ISLANDS.

OBJECTIVE: Presentations giving the geologic setting of the Virgin Islands
in the context of the Caribbean plate. Topics included: a)
historical earthquakes in the Virgin Islands region, their
frequency of occurrence and potential impacts, ground motions
expected for various planning scenarios, and potential tsunami
impacts, b) the 1867 earthquake, and c) the potential
vulnerability of specific facilities in the Virgin Islands.

SPEAKERS: William McCann
Walter Hays
Isidore Paiewonsky
Joseph Fischer

10



SESSION II:

OBJECTIVE:

SPEAKERS:

SESSION III:

OBJECTIVE:

SPEAKERS:

INCREASING HAZARD AWARENESS, PERSONAL PREAPAREDNESS, AND
RESPONSE CAPABILITY

Presentations giving: a) suggestions for increaseing hazard
awareness and personal preparedness, b) status of the Virgin
Islands' disaster plans and its resources for disaster response,
and c¢) types of assistance available from the Federal government
before and after an earthquake.

Risa Palm
Pamela Johnston
Philip McIntire

WAYS TO MITIGATE THE EFFECTS OF AN EARTHQUAKE AND OTHER GEOLOGIC
HAZARDS THROUGH LAND USE, BUILDING CODES, DESIGN, AND
CONSTRUCTION.

Presentations giving information on: a the philosophy of the
Virgin Islands concerning land-use planning and historic
building rehabilitation, b) knowledge of the geology of the
Virgin Islands and its incorporation in land-use planning,

¢) legal liability of goverument officials, d) recent progress
in earthquake-resistant design of Virgin Islands' type
structures, e) status of proposed earthquake design revisions to
the Virgin Islands' building code, and f) legal liability of
government officials.

Roy Adams
Douglas Rankin
Earl Brabb .
Charles Culver
Justus Villa
Arthur Finch

DISCUSSION GROUP

One discussion session was held at the end of the workshop. The goal was to

stimulate interactive discussion of the problems that had been identified in

the plenary session and their solutions. The following subjects were

discussed:

1) Uniqueness of the Virgin Islands with respect to the reduction of
earthquake hazards.,

2) Transfer of technology from other parts of the United States to the
Virgin Islands to enhance preparedness for earthquake hazards.

3) Immediate and long range actions to reduce potential losses from
earthquakes in the Virgin Islands region.

4) Research needs.



In the discussion, individuals or groups that could have responsibility for

implementing the recommendations were identified.

VIEWS OF THE PARTICIPANTS

Written ballots were taken informally during the workshop to define the areas
of agreement and disagreement of the participants and to sharpen the focus of
the presentations and subsequent discussions. The results are summarized

below:

Question 1: If the following social and economic problems (unranked) of
concern to the populace of the Virgin Islands are on the agenda
of decisionmakers in the Virgin Islands:

Quality of public schools
Economic development
Hurricanes

Traffic

Supply of electrical power
Drought

Unemployment

Crime

Drug and alcohol abuse

do earthquake hazards fall a) in the upper one-~third? b) middle
one-third? c¢) lower one-third?

Answer: a) 10% of the participants answered that earthquake hazards
would fall in the upper one-third
b) 31% answered middle one-third
c) 51% answered lower one-third

Question 2: Are you confident that: a) you and your home will survive earth-
quake ground shaking of Modified Mercalli intensity VIII? b) you
and your office will survive earthquake ground shaking of
Modified Mercalli intemsity VIII? ¢) your children and their
school will survive earthquake ground shaking of Modified
Mercalli Intensity VIII?

Answer: a) 21% answered yes to question 2a
b) 25% answered yes to question 2b
¢) 21% answered yes to question 2c¢

Question 3: If you received a brochure in the mail from a credible source
telling you that earthquake hazards in the Virgin Islands region
are a significant threat to your safety, would you a) purchase
earthquake insurance, b) undertake appropriate personal
preparedness measures such as providing adequate water supply,
straping down the water heater, bolting bookcases to the wall,
reinforcing weak sections of your house, preparing a family
response plan, etc.?



Answer:

a) 70% said they would purchase earthquake insurance.
b) 78% said they would undertake personal preparedness measures.

Question 4: Assuming that a major (Modified Mercalli intensity VIII-IX)

Answer:

earthquake will occur in the next 5 years in the Virgin Islands
region, do you think that the Virgin Islands will be prepared to
manage the required disaster response and recovery operations?

24% percent said that the Virgin Islands will be prepared.

Question 5: Do you or some of your friends live near a ghut? 1Is the ghut dry

Answer:

most of the year, but full of boulders? Do you consider this a
hazard?

56% said yes to this question.

Question 6: Assuming that the next damaging (Modified Mercalli intensity

Answer:

VIII-IX) earthquake in the Virgin Islands region will occur 50
years from now, do you think realistic long-term mitigation
measures, such as building codes, realistic seismic design
provisions, and land-use planning and regulation, will be in
effect in the Virgin Islands?

54% said realistic long-term measures will be in effect.

CONCLUSIONS AND RECOMMENDATIONS

The following actions were proposed by participants in the workshop:

1)

2)

3)

4)

The Virgin Islands has areas susceptible to landslides, washouts
(ghuts), and rock falls in addition to areas susceptible to the
earthquake hazards of ground shaking, earthquake-induced ground
failures, tectonic deformation, and tsunamis. These hazardous areas
should be mapped using the resources of U.S. Geological Survey (USGS),
participants in the USGS's external program, and the technical
community of the Virgin Islands. Some activities can be conducted in
conjunction with similar work being performed in Puerto Rico.

Geologic hazards should be incorporated in the subdivision
regulations. The Virgin Islands Department of Planning has
responsibility for these kinds of activities.

The Virgin Islands should continue planning for a damaging
earthquake. The vulnerability study currently being conducted by
Geosciences Inc., under the sponsorship of the Federal Emergency
Management Agency (FEMA) should be completed and the results
incorporated in response plans and mitigation activities. The Office
of Civil Defense, Office of Emergency Preparedness of the Virgin
Islands has responsibility for these activities.

The technical community of the Virgin Islands is encouraged to take
advantage of training opportunities. Examples include: a) regional
seminars on earthquake engineering conducted by the Earthquake



Engineering Research Institute (Note: a seminar is tentatively
planned for April 15-16, 1985, in Puerto Rico), b) short courses on
seismology and geology conducted by USGS scientists in conjuction with
field in the Virgin Islands, c) sponsorship of local engineers by the
National Bureau of Standards in their "visiting scientists" program,
and d) the Summer Institute on Multihazards Protection, conducted
annually in July at the Emmitsburg, Maryland, training facility of
FEMA.,

5) The American and British Virgin Islands should seek ways to cooperate
in the developement of strategies for reduction of losses from
earthquake and other natural hazards.
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ATTACHMENT 1

RECOMMENDATIONS OF PLANNING MEETING TO ORGANIZE
WORKSHOPS ON GEOLOGIC HAZARDS

INTRODUCTION

A planning meeting involving 20 people, identified below, was held in

St. Thomas, U.S. Virgin Islands, April 4-8, 1983. The outcome of the meeting
was the identification of a wide range of needs for information on gelogic
hazards in the U.S. Virgin Islands. Preliminary plans were made to hold
several workshops on the scientific, engineering, societal, and preparedness
aspects of geologic hazards, focussing on the specific needs identified by
public officials and representatives of business, industry, and universities
in the Virgin Islands.

Name Organization

Roy Adams Planning Office, U.S. Virgin Islands

Bob Brandes National Park Service, U.S. Virgin Islands

Luther Edwards Hess Oil Virgin Islands Corp.

Arnold M. Golden Department of Public Works, U.S. Virgin Islands

Dr. Norwell Harrigan Caribbean Research Institute

Dr. Walter W. Hays U.S. Geological Survey

Barry Hurst St. Thomas Hospital

Captain John James Department of Public Safety, U.S. Virgin Islands

Ms. Pamela Johnston Office of Civil Defense, U.S. Virgin Islands

Francine Lang Department of Conservation and Cultural Affairs,
U.S. Virgin Islands

Marco Lugo Martin Marietta Alumina

Robert Mathes Department of Public Works, U.S. Virgin Islands

Bill McCann Lamont-Doherty Geological Observatory

Stan McIntosh Federal Emergency Management Agency, Region II

William McLean College of the Virgin Islands

Ugo Morelli Federal Emergency Management Agency

Dr. Risa Palm University of Colorado

Claire B. Rubin George Washington University

Barry Sans Hess Oil Virgin Islands Corp.

Brian Turnbull Planning Office, U.S. Virgin Islands

Walter Hays served as moderator of the planning meeting. With assistance from
the three U.S. Geological Survey consultants: Dr. Risa Palm, Claire Rubin, and
Dr. William McCann; and from Ugo Morelli, and Stan McIntosh, general
information on the geologic hazards of earthquakes, ground failures, and
volcanoes was presented to the attendees, along with data about societal
impacts, response and recovery, and preparedness planning.

To set the stage, the likely impacts from a repeat of the major earthquake of
November 1867, which affected the Virgin Islands, were described. This
earthquake today would cause considerable physical damage and extensive
societal impacts from ground shaking, tsunami waves, ground failures, and
regional tectonic deformation. The response and recovery period would be
complicated by the high probability that the Virgin Islands might be totally
isolated for up to several days.
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RECOMMENDAT I ONS

The participants of the meeting recognized the need for increasing knowledge
of geologic hazards and various mitigation measures as well as improving
earthquake preparedness planning. Because no one who experienced the 1867
earthquake is still alive and very few have experienced a damaging earthquake,
a great deal of information must be transferred to bring knowledge of
earthquakes (and other geologic hazards) up to that of hurricanes.

Listed below are the needs identified at the workshop planning meeting and a
suggested program for a planned workshop to address these needs.

NEEDS IDENTIFIED BY PARTICIPANTS AT HAZARDS WORKSHOP PLANNING MEETING

. Identification of geologic hazards research problems that should be
undertaken by Virgin Islands.

. Geologic data base for making decisions about the threat of geologic
hazards and extrapolating to particular applications.

. Comprehensive plans to help the people help themselves pre- and
postdisaster; land-use plans to guide financial community; legal

mechanisms and memoranda of understanding to speed recovery.

. Increased public awareness of geologic hazards; relation of geologic
hazards to hurricane hazards.

. A building code that reflects earthquake threat to Virgin Islands relative
to other parts of U.S.

. Assessment of vulnerability, especially to water supply.

. Communications to the people to advise them what to do in each stage of
disaster recovery.

. Education of the public (for example, identification of edible vegetation
in times of disaster).

. Identification of areas where wave problems exist, especially from
tsunamis.

. Use of geologic information in public works, public health, and public
safety activities to mitigate geologic hazards.

. Studies of ways to use nature (reefs, vegetation, etc.) to mitigate
hazards of ground shaking, tsunamis, and landslides.

. Guidelines for retrofitting and strengthening existing buildings.

. Guidelines for design, construction, and inspection of new buildings in
seismic zone 3.

. Identification of alternate locations for certain classes of construction.

(7



EVALUATION OF THE WORKSHOP ON "EARTHQUAKE HAZARDS
IN THE VIRGIN ISLANDS REGION"

by

Ann FitzSimmons
University of Colorado
Boulder, Colorado 80309

At the conclusion of the two-day gathering, participants were asked to
evaluate the success of the workshop in reaching its goals, to rate various
activities, and to estimate possible changes in awareness and concern as a
. result of having taken part. The workshop was designed to define the
earthquake threat in the Virgin Islands, describe current capabilities for
responding to an earthquake in the Virgin Islands, develop strategies to

increase awareness and concern and describe earthquake mitigation methods.

Responses were elicited on a five-point scale, 1 and 2 representing the lowest

level of agreement, 3 moderate agreement, and 4 and 5 highest agreement, or a

yes" response (see Figure 1). Since not all respondents answered all the
questions, percentages are based only on those who submitted evaluations (see

Figure 2).

Evaluations returned by 50 participants indicate that the workshop was
successful in meeting its goals. Ninety-six percent of the evaluators thought
the workshop did a good job of defining the earthquake threat in the Virgin
Islands. The workshop's role in developing strategies to increase awareness
and preparedness was also well received with 70% of the respondents rating
this segment as highly effective. Response was less enthusiastic when
evaluating the success of the workshop in describing methods to mitigate the
earthquake threat and in providing information dealing with current response
capabilities. One-half found the workshop successful in its description of
earthquake response capabilities, 267% thought it moderately helpful and'ZOZ

viewed the workshop as marginally helpful in this regard.
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In order to determine in what specific ways the meeting was useful to
participants, questions addressed sources of information and how they provided
a better understanding of the seismic problem in the Virgin Islands. Over 75%
of the respondents gave the workshop high marks for providing new sources of
information or expertise, and another 16% were at least moderately happy with

new sources suggested by the workshop.

Certainly a major achievement of the workshop was the extent to which it gave
participants an appreciation of the problems faced by decisionmakers. Sixty-
eight percent said that the workshop was very successful in providing a better
understanding of problems faced by decisiommakers, and 24% said that it was at

least moderately successful.

To indicate which activities were viewed as the most useful, participants were
asked to rate formal presentations, discussions following the formal
presentations, informal discussions, and materials such as notebooks and
abstracts. Formal presentations received the most enthusiastic evaluation;
90% of the respondents judged them to be highly useful. Discussions following
the formal presentations were judged highly successful by over 70% of the
respondents. Informal discussions were less useful as only 48% of the
respondents gave them high marks. The workshop materials were seen to be a
valuable part of the meeting with only one participant finding them to be of

little use.

The importance attached to this workshop is shown in the responmse of 92% of
those submitting evaluations that they would, knowing now what to expect,
most definitely wish to attend again. Not one person indicated a reluctance

to take part in similar future gatherings.

The most interesting and significant impact of the workshop has been its
influence of heightening levels of awareness and concern. Significant numbers
of participants (42%) reported their levels of awareness prior to the workshop
would have been described as low. Twenty-six percent rated their levels of
awareness as moderate, and 32% rated them as high before the workshop.

Following the workshop, however, no participant felt his or her awareness was
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low; only 6% considered their awareness moderate, while 947% judged their
awareness to be high. Similarly, levels of concern were heightened
significantly by participation. Before the workshop, concern was judged to
have been low by nearly one-half of the respondents, with 20% registering
moderate concern and 30% high concern. After the workshop, participants
revised their perceptions of concern significantly; only 4% defined their
levels of concern as low, 10% said they were moderate, and 86% said they were
highly concerned about the state of earthquake preparedness in the Virgin
Islands.

Another important judgment of the success or failure of a workshop can be made
by looking beyond the impacts it had on attitudes, to ways in which it may
have affected behavior. 1In order to determine whether the workshop had any
long-term effect on the behavior of participants, the final question on the
evaluation sheet asked respondents to consider actions they might take to
improve the awareness and concern of others or to implement mitigation
activities in the Virgin Islands. Response from 19 participants to this

question was varied.

The majority of these participants indicated plans to get earthquake
information out to the public through a variety of means. Most were going to
discuss what they learned with friends, colleagues and local community groups
in order to awaken hazard awareness and get people interested in mitigation.
Public awareness through education programs was also envisioned, with the

schools and media as information disseminators.

Other particiapnts had more specific steps in mind such as incorporating
earthquake concerns into documents produced by the Virgin Islands planning

of fice, obtaining California's seismic design criteria for architects, and
continuation of efforts toward the adoption in the Virgin Islands of the
Uniform Building Code. It is evident from these responses that the workshop
provided enough new information to cause participants to begin thinking of
ways in which to pass on newly acquired knowledge of the earthquake threat in

the Virgin Islands,
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Figure 1

Evaluations of the Workshop by Individual Participants

l. Did you find the workshop to be useful for:
a. Defining the nature and extent of earthquake hazards
in the Virgin Islands Region?...i.ieeeeeeeneeeencnocnncsnnnns
b. Describing methods of mitigating the effects of an
earthquake through land-use, building codes, earthquake-
resistant design, and individual preparedness?...ceveeecee.
c. Increasing hazard awareness and preparedness in the
Virgin Islands RegionZe.eeeereeeesoonssssranosaaocsonnnnnas
d. Describing the current capabilities of responding to an
earthquake in the Virgin Islands Region?....cceieeeecenccnns

2. Did the workshop benefit you or your organization by:
a. Providing new sources of information and expertise you
might want to utilize in the future?...eeeiieeerenenaennsns
b. Establish better understanding of the problems faced by
researchers and decisionmakers?..ceeeeeeeeseeeoeescecsnoaanons

3. Did you find the following activities useful:
a. Formal presentations?.eececececsesssessssesssssssasessnnsss
b. Discussions following the formal preseatations?............
c. Notebook and abstracts?...ceieernereccerennocscnnaccancnnss
d. Informal discussions during coffee breaks and after

HOUT S ¢ttt etottoceenseaoooosonassssssssssssssssocsssssssascases

4, If the clock were turned back and the decision to attend the
workshops were given you again, would you want to attend?.....

5. Should future workshops be planned to continue the work
initiated at this meeting?eeeeeeeesoeeesocooscacssscasanennosas

6. Prior to attending this workshop, I would rate my awareness
of the earthquake threat in the Virgin Islands as..eeeecvevons

7. Prior to attending this workshop, I would rate my concern
about the state-of-earthquake preparedness in the Virgin
I151ands RegiONe s eereerennnosneeoioosonnosososossssossosnoooses

8. I NOow rate My AWATENESS ASeeecssosoossososssssossssossssssassse

9. 1 NOW TAte@ MY CONCEIMecoeesssssseesacocssosssosssossossosoccescs

LOW MED HIGH
1&2 3 485 *
1 1 48
3 16 29
1 12 35
10 13 25
3 8 39
1 12 34
1 3 45
5 5 36
1 11 33
9 13 24
-= "4 46
- 3 47
21 13 16
25 10 15
-- 3 47
2 5 43

10. Some steps I plan to take to increase others awareness, concern, and activities

to lessen the effects of potential earthquakes in Puerto Rico.

*Evaluations were completed by fifty-five participants. Totals vary as not all

respondents completed all questions.



Figure 2
Evaluations of the Workshop by Percentages of Participants

LOW MED HIGH
1&2 3 4&5

l. Did you find the workshop to be useful for:

a. Defining the nature and extent of earthquake hazards

in the Virgin Islands Region?...ieeeeiieienecoccoansneennanes 27 2% 967%
b. Describing methods of mitigating the effects of an

earthquake through land-use, building codes, earthquake-

resistant design, and individual preparedness?.....cevveee. 6% 32% 58%
c. Increasing hazard awareness and preparedness in the

Virgin Islands Region?.eeeeeeesecesossoonsacsonnsccssaacsas 2% 247 70%
d. Describing the current capabilities of responding to an

earthquake in the Virgin Islands Region?...eceeesvsocanenss 20% 267 50%

2. Did the workshop benefit you or your organization by:
a. Providing new sources of information and expertise you
might want to utilize in the future?..cesieiieeeenneaeeneass 6% 16% 78%
b. Establish better understanding of the problems faced by
researchers and decisionmakers?..eeeveesecesesnceocsnnnnoeas 2% 247 687%

3. Did you find the following activities useful:
a. Formal presentations?...eeeesrecescsscccscsscscscssnsncnnee 2% 6% 90%
b. Discussions following the formal presentations?......e.o... 10% 10% 727
c. Notebook and abstracts?.e.eeeeieeseeeoeacesecnsessscanocnnosns 2% 227 667%
d. Informal discussions during coffee breaks and after
NOUY ST e e ieneooesuneesoesoenonoosnoaceassnssssnssssnsosnsases 187 26% 487

4. If the clock were turned back and the decision to attend the
workshops were given you again, would you want to attend?..... -- 8% 92%

5. Should future workshops be planned to continue the work
initiated at this meeting?.eeeeeeeseeessossosassasssssnsosasaas == 6% 947

6. Prior to attending this workshop, I would rate my awareness
of the earthquake threat in the Virgin Islands as....eeeveens. 427 26% 32%

7. Prior to attending this workshop, I would rate my concern

about the state-of-earthquake preparedness in the Virgin

I51ands RegloN.eeeeseeeasonsosoesosacecososssasosnssoasssassssse 507 20% 30%
8. I now rate My AWATreNEeSS 8S.eceececrocenaccsnosnsoasnsssnnassnes —— 6% 947

9. I nNow rate MYy COMNCEYMecesasossosarosatssasssanosoossassssssoses Ul 107% 867

10. Some steps I plan to take to increase others awareness, concern, and activities
to lessen the effects of potential earthquakes in Puerto Rico.

*Percentages do not total 100% as not all respondents completed all questions.



ON THE EARTHQUAKES HAZARD OF PUERTO RICO
AND THE VIRGIN ISLANDS

by

William R. McCann
Lamont Doherty Geological Observatory
Palisades, New York 10964

INTRODUCT ION

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 dip 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 1s clear, strong damaging earthquakes
have periodically stricken the islands. The location of their causative
faults and the approixmate magnitude of these older shocks 1is 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

23


















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 (Mianster 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
i1slands, the historic record and regional tectonic framework suggest that
major shocks (M=7-7.5) may occur on intraplaté 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 1is 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



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 wall; 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 Islaands 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 1s 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. ULittle 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



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 i1s 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.






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. 1In 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=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
assocliated 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, 1t 1is
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



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
ma jor 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 1is 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 sense (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



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, seilsmic activity 1is 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 1s not random, but rather is associated with long~term tectonic

processes occurring near the plate boundary.



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 selsmic 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 1n a regin, given the

tectonic framework provided above.

The main seismic zone in the Puerto Rico Treanch 1s characterized by variations in
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
adjacent active areas 1s 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 1s a minimum value.
Maximum event size 1is 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 (M2 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.

A



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.
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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 uncertalnty in boundaries

of seismic zone or level of seismic potential.




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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EVALUATION OF THE EARTHQUAKE GROUND-SHAKING HAZARD
FOR EARTHQUAKE-RESISTANT DESIGN

by
Walter W. Hays
U.S. Geological Survey

Reston, Virginia 22092

INTRODUCT ION

This paper describes current research that can be applied to evaluate the
earthquake ground-shaking hazard in a region. Because most of the spectacular
damage that takes place during an earthquake 1s caused by partial or total
collapse of buildings as a result of ground shaking or the triggering of
geologic effects such as ground failures and surface faulting, an accurate
evaluation of the ground-shaking hazard 1s an important element of: 1)
vulnerability studies, 2) specification of seismic design parameters for
earthquake-resistant design of buildings, lifeline systems, and critical
facilities, 3) the assessment of risk (chance of loss), and 4) the
specifications of appropriate building codes. Althouch th- physics of ground
shaking, a term used to describe the vibration of the ground during an
earthquake, is complex, ground shaking can be explained in terms of body waves
(compressional, or P, and shear, or S) and surface waves (Rayleigh and Love)
(See figure 1). Body and surface waves cause the ground, and consequently a
building and its contents and attachments, to vibrate in a complex manner.
Shear waves, which cause a building to vibrate from side to side, are the most
damaging waves because buildings are more susceptible to horizontal vibrations

than to vertical vibrations.

The objective of earthquake-resistant design is to construct a building so
that it can withstand the vibrations caused by body and surface waves. In
earthquake-resistant design, knowledge of the amplitude, frequency
composition, and time duration of the vibrations 1is needed. These quantities
are determined empirically from strong motion accelerograms recorded in the

geographic area or in other areas having similar geologic characteristics.
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In addition to ground shaking, the occurrence of ecarthquake-induced

ground failures, surface faulting, and for coastal locations, tsunamis must
also be considered. Although ground failures induced during earthquakes have
caused many thousands of casualties and millions of dollars in property damage
throughout the world, the impact in the United States has been limited,
primarily to economic loss. During the 1964 Prince William Sound, Alaska,
earthquake, ground failures caused about 607 of the estimated $500 million
dollars total loss; and landslides, lateral spread failures, and flow failures
caused damage to highways, railway grades, bridges, docks, ports, warehouses,
and single family dwellings. In contrast to ground failures, deaths and
injuries from surface faulting are unlikely; however, buildings and lifeline
systems located in the fault zone can be severely damaged. Tsunamis, long
Period water waves caused by the sudden vertical movement of a large area of

the sea floor during an earthquake, have produced great destruction and loss

LOVE wAVE <y

TS L5

RAYLEIGH WAVE

Figure l.--Schematic illustration of the directions of vibration caused by
body and surface seismic waves generated during an earthquake. When a
fault ruptures, seismic waves are propagated in all directions, causing
the ground to vibrate at frequency ranging from 0.1 to 30 Hertz.
Buildings vibrate as a consequence of the ground shaking and damage takes
place if the building is not designed to withstand these vibrations. P
and S waves mainly cause high-frequency (greater than 1 Hertz)
virbrations which are more efficient in causing low buildings to
vibrate. Rayleigh and Love waves mainly cause low-frequency vibrations
which are more efficient than high-frequency waves in causing tall
buildings to vibrate.
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of life in Hawaii and along the west coast of the United States. Tsunamis
have occurred in the past and are a definite threat in the Caribbean.

Historically, tsunamis have not been a threat on the East coast.

EVALUATION OF THE GROUND-SHAKING HAZARD

No standard methodology exists for evaluating the ground-shaking hazard in a
region. The methodology that is used (whether deterministic or probablistic)

seeks answers to the following questions:

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

2) Why are they occurring?

3) How big are the earthquakes?

4) How often do they occur?

5) What are the physical characteristics (amplitude, frequency
composition, duration) of the ground-shaking and the physical effects
on buildings and other facilities?

6) What are the options for achieving earthquake-resistant design?

The ground-shaking hazard for a community (see Figure 2) may be presented in a
map format. Such a map displays the special variation and relative severity
of a physical parameter such as peak ground acceleration. The map provides a
basis for dividing a region into geographic regions or zones, each having a
similar relative severity or response throughout its extent to earthquake
ground-shaking. Once the potential effects of ground shaking have been
defined for all zones in a region, public policy can be devised to mitigate
its effects through appropriate actions such as: avoidance, land-use
Planning, engineering design, and distribution of losses through insurance
(Hays, 1981). Each of these mitigation strategies requires some sort of
zoning (see Figure 2). The most familiar earthquake zoning map 1s contained
in the Uniform Building Code whose aim is to provide a minimum earthquake-

resistant design standard that will enable the building to:
1) Resist minor earthquakes without damage,

2) Resist moderate earthquakes without structural damage, but with some

nonstructural damage, and
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Figure 2,--Schematic illustration of a typical community having physical
systems (public/community facilities, industrial, transportation, and
housing) exposed to earthquake hazards. Evaluation of the earthquake
hazards provides policymakers with a sound physical basis for choosing

avoidance, land-use planning, engineering

mitigation strategies such as:
Earthquake zoning

design, and distribution of losses through insurance.
maps are used in the implementation of each strategy, especially for

building codes.

3) Resist major earthquakes with structural and nonstructural damage but,

without collapse.

HISTORY OF SEISMIC ZONING

Zoning of the earthquake ground-shaking hazard--the division of a region into
geographic areas having a similar relative severity or response to ground
shaking--has been a goal in the contiguous United States for about fifty
years. During this period, two types of ground-shaking hazard maps have been

constructed. The first type (Figure 3) summarizes the empirical observations

of past ecarthquake effects and makes the assumption that, except for scaling

differences, approximately the same physical effects will occur in future

carthquakes. The second type (Figures 4-5) utilizes probabilistic concepts
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and cxtrapolates from regions having past earthquakes as well as from regions
having potential carthquake sources, expressing the hazard in terms of either

exposure time or return period.

PROCEDURE FOR EVALUATING THE GROUND-SHAKING HAZARD

Construction of a ground-shaking hazard map requires data on:

1) seismicity,
2) carthquake source zones,
3) attenuation of peak acceleration, and

4) local ground response.
The procedure for constructing a ground-shaking hazard map 1is illustrated
schematically in Figure 6. Except for probabilistic considerations a

deterministic map would follow the same general procedure.

RESEARCH PROBLEMS

A number of complicated research problems are involved in the evaluation of
the ground-shaking hazard (Hays, 1980). These problems must be addressed if
more accurate specifications of the ground-shaking hazard are desired. The
problems can be catagorized in four general areas, with each area having a
wide range of technical issues. The following representative questions, which
generally can not be answered with a simple "yes" or "no'", illustrate the

controversy associated with ground-shaking hazard maps.
1) Seismicity

- Can catalogs of instrumentally recorded and felt earthquakes (usually
representing a regional scale and a short time interval) be used to give a
precise specification of the frequency of occurrence of major earthquakes

on a local scale?

- Can the scismic cycle of individual fault systems be determined accurately

and, if so, can the exact position in the cycle be identified?
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Figure 6.--Schematic illustration of the procedure for constructing a

probabilistic ground-shaking hazard map. Inset A shows 3 typical se¢ismic
source zones and the grid of points at which the ground-shaking hazard is
calculated. Inset B shows typical statistical distributions of historical
seismicity for the 3 scismic source zones and an acceleration attenuation

Inset C depicts a typical cumulative probability

function for the region.
Insect

distribution of ground acceleration at a selected site in the grid.
D shows the extreme probability for various levels of ground acceleration

and exposure times, T, at the selected site. A contour map 1s created

from values obtained in inset D.

N



- Can the location and magnitude of the largest earthquake that is
physically possible on an individual fault system or in a seismotectonic
province be specified accurately? Can the recurrence of this cvent be
specified? Can the frequency of occurrence of small carthquakes be

specified?

- Can seismic gaps (i.e. locations having a noticeable lack of earthquake
activity surrounded by locations having activity) be identified and their

carthquake potential evaluated accurately

- Does the geologic evidence for the occurrence of major tectonic episodes
in the geologic past and the evidence provided by current and historic
patterns of secismicity in a geographic region agree? If not, can these

two sets of data be reconciled?

2) The Nature of the Earthquake Source Zone

- Can seismic source zones be defined accurately on the basis of historic
seismicity; on the basis of geology and tectonics; on the basis of
historical seismicity generalized by geologic and tectonic data? Which
approach is most accurate for use in deterministic studies? Which

approach is most accurate for use in probabilistic studies?

- Can the magnitude of the largest carthquake expected to occur in a given

period of time on a particular fault system or in a seismic source zone be

estimated correctly?
- Has the region experienced its maximum or upper-bound earthquake?
- Should the physical effects of important ecarthquake source parameters such

as stress drop and scismic moment be quantified and incorporated in

carthquake-resistant design, even though they are not traditionally used?

3) Seismic Wave Attenuation

- Can the complex details of the earthquake fault rupture (e.g., rupture

dimensions, fault type, fault offsct, fault slip velocity) be modeled to



EARTHQUAKE RESISTANT DESIGN CRITERIA

by

Charles G. Culver
National Bureau of Standards

Washington, D.C. 20234

INTRODUCTION

History shows that properly designed and constructed facilities can withstand
earthquakes. The design and construction of ordinary buildings are governed
by building codes, which are legal documents that specify minimum standards of
construction and are adopted by government agencies. A summary of design

requirements for earthquake resistant construction included in the building
regulations of various countries throughout the world is available.l 1t is
important that such design requirements be reviewed periodically and updated
to incorporate the results of research and knowledge gained from the

performance of buildings in earthquakes.

Substantial efforts have been underway in the United States over the last ten
years to update seismic design provisions. This work resulted in publication
of "Tentative Provisions for the Development of Seismic Regulations for
Buildings"2 by the Applied Technology Council (ATC), a group representing the
Structural Engineers Association of California (SEAOC) and the National Bureau
of Standards. These provisions include a number of new concepts recommended
by the SEAOC Seismology Committee to improve seismic design. The purpose of
this paper 1is to briefly summarize a few of these concepts. A detailed
commentary providing the rationale used to establish the provisions is

available.2

ATC PROVISIONS

The ATC provisions are comprehensive in nature and deal with earthquake
resistant design of the structural system, architectural and nonstructural

elements, and mechanical-electrical systems in buildings. Both new and
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~xisting buildings are included. New concepts in these provisions will be
reviewed in the following categories: (1) seismic performance, (2) analysis
procedures, (3) design and detailing requirements and (4) nonstructural

components.

(1) Seismic Performance - Seismic performance 1is a measure of the degree of
protection provided for the public and building occupants against the
potential hazards resulting from the effects of earthquake motions on
buildings. The level of performance inherent in a design is a function of the
force levels used in the design, detailing require~ents and the quality
assurance procedures followed in executing the construction. Two factors are
utilized in the ATC provisions to insure this performance: (a) the level of
anticipated ground shaking which is a function of the geographic location of
the building and (b) the type of occupancy or use of the building. Four
categories, expressed in terms of a seismicity index, are used for the levels
of ground shaking encountered in the United States. Three categories or
seismic hazard exposure groups are used for occupancy and use

classification. Although the provisions do not explicitly use an importance
factor, one hazard exposure group includes essential facilities necessary for
post—earthquake recovery. Low occupancy buildings of a noncritical nature
that may only be subjected to low levels of ground shaking do not need
comprehensive seismic analysis. Detailing requirements, however, must be met
to insure the integrity of the buildings when subject to shaking. For
critical facilities in areas of high ground motion, analysis procedures and

framing requirements are specified.

(2) Analysis Procedures - Two basic analysis procedures are provided for
structures where the level of ground shaking and the type of occupancy
warrant: equivalent lateral force and modal analysis. The design of the
structure (sizing of individual members, connections and supports) is based on
internal forces resulting from a linear elastic analysis and assumes that the
structure, as a whole, under the prescribed design forces should not deform
beyond a point of significant yield. Significant yield is not the point where
first yield occurs in any member but is the level causing complete

plastification of at least the most critical region of the structure. This
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procedure differs from existing codes where the prescribed loads and
determination of structural member sizes are at service or working stress

levels.

The equivalent lateral force procedure is similar to that used in existing
codes. Computation of the lateral seismic force includes consideration of the
ground motion, the periods of the building, soil effects for the site, and the
type of lateral load resisting structural system. Modal analysis is required
for buildings with irregularities in the vertical framing system (varying
story heights, significant changes in stiffness or mass between stories,
etc.). A lumped-mass model may be used in this case to calculate the required
periods, mode shapes and lateral force distribution over the height of the

structure.

(3) Design and Detailing Requirements - The provisions contain requirements
for tying together the parts of buildings, concrete or masonry wall anchorage,
collector elements, diaphragms, bearing walls, inverted pendulum-type
structures, vertical seismic motions, and deflection and drift limits. Some
of the requirements cited are spelled out in considerably more detail, and in
most cases are more stringent than existing provisions. These requirements
were necessary since the overall inelastic response of a structure is very
sensitive to the inelastic behavior of its critical regions, and this behavior
is influenced, in turn, by the detailing of these regions. The detailing
requirements also provide for the large energy dissipation or ductility
necessary for structures to resist strong ground motions. This approach was

felt to be better than simply increasing the level of design forces.

(4) Nonstructural Components - The provisions establish minimum design levels
for architectural, mechanical, and electrical systems and components. The
design levels are based on occupancy use, the number of occupants, need for
operation continuity, and the interrelationship of structural and
architectural, mechanical and electrical systems. The following aspects of
seismic safety were considered in establishing the requirements: general life
safety, property damage affecting life safety, functional impairment of
critical facilities affecting post-disaster recovery, and safety of emergency

personnel such as fire and rescue teams. The requirements are expressed in
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give precise estimates of the amplitude and frequency characteristics of

ground motion both close to the fault and far from the fault?

- Do peak ground-motion parameters (e.g., pcak acceleration) saturate at

large magnitudes?

- Are the data basis adequate for defining bedrock attenuation laws? Are

they adequate for defining soil attcnuation laws?

(4) Local Ground Response

- For specific soil types is there a discrete range of peak ground-motion
values and levels of dynamic shear strain for which the ground response 1is
repeatable and essentially linear? Under what in-situ conditions do non-

linear effects dominate?

- Can the two- and three-dimensional variation of selected physical
properties (e.g., thickness, lithology, geometry, water content, shear-
wave velocity, and density) be modelled accurately? Under what physical
conditions do one or more of these physical properties control the spatial
variation, the duration, and the amplitude and frequency composition of

ground response in a geographic region?

- Does the uncertainty associated with the response of a soil and rock

column vary with magnitude?
CONCLUSTIONS

Improved maps of the earthquake ground-shaking hazard will come as relevant
geologic and seismological data are collected and synthesized. The key to

progress will be the resolution of the research problems identified above.
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EARTHQUAKE VULNERABILITY OF CRITICAL FACILITIES:
ST. CROIX - ST. JOHN - ST. THOMAS, VIRGIN ISLANDS

by
Joseph A. Fischer
Geoscience Assoclates, Inc.

Milington, New Jersey 07946

INTRODUCTION

This paper gives a report on the status of an ongoing study of earthquake
hazards in the Virgin Island and the potential vulunerability of critical
facilities on St. Croix, St. John, and St. Thomas. (Refer to Appendix B for
the meaning of terms that are used in this paper.) The results of this
vulnerability study will be utilized in the hazards mitigation planning and
response activities of the Virgin Islands Disaster Program Office (DPO) and
the Federal Emergency Management Agency (FEMA). (Refer to papers by Pamela

Johnston and Philip McIntire in this proceeding for specific information.)

Definition of Vulnerability- Prior to any discussion of the '"vulnerability" of

a specific Virgin Island structure, piece of equipment, roadway or process, it

is useful to define the term vulnerability and to explain the purpose of the

"Vulnerability Study" in the Virgin Islands. Vulnerability, as used herein,
is the susceptibility of any facility to damage or disruption of use at some

specified level of earthquake hazard (usually the ground shaking hazard).

Philisophy of a Planning Scenario- From the definition of vulnerabilty it is

obvious that the vulnerability of a specific facility depends upon the

magnitude or epicentral intensity of the carthquake selected for the scenario

(this carthquake is also called a design basis earthquake in some engineering
applications). These parameters affect the level of ground shaking and are
the key physical parameters nceded to define the level of hazard in the
scenario. An example of the selection of a hazard level that would be an
absurdity in the case of the Virgin Islands would be to postulate an

carthquake having an epicentral intensity (given in terms of the Modified



Mercalli Intensity (MMI) scale) of XIL as the scenario or design cvent. The
MMI XII corresponds to complete destruction. Thus, there is no planning or
recovery scenario that could function satisfactorily if post-earthquake use of
critical facilities in the Virgin Islands was a requirement. A Virgin Islands
planning scenario using the occurrence of a great earthquake (magnitude of 8
or greater) centered near Guadeloupe would be at the other end of the
philisophical spectrum if one were evaluating the vulnerability of critical
facilities in the Virgin Islands. While the use of a large magnitude event
may sound conservative, the hazard level of such a shock in the Virgin Islands
would be no more than about MMI V (i.e. no damage). A rough analogy is
planning for a plane crash at the airport. Plans derived for responding to a
plane crash at the airport work because the infrastructure is still intact.

We can see, therefore, that the selection of the size of the scenario event
requires not only technical judgement, but also an appreciation of local needs

and economics.

A Natural Hazards Planning Council, composed of representatives of the private
and government sector of the Virgin Islands was formed to provide realistic
technical input for this vulnerability study. The work of the council is
complex because, once the scenario event is selected, the nature of the threat
to each crtical facility must be evaluated. An earthquake not only damages a
structure as a result of vibratory ground motion (the most destructive
hazard), but a major earthquake can also cause fault rupture, tsunami,
liquefaction, and landslides. Both the physical properties and dimensions of
the subsurface materials underlying a facility will influence the damage
pattern. Once the scenario event and the hazard level is established, the
next step is to understand and quantify all the potential earthquake effects

at all the sites of interest.

The final requirement in evaluating the vulnerability of a facility is to
estimate, measure, or calculate the capability of the facility to withstand
the postulated severity of the secismic induced forces which are expected to

occur in the event selected for the planning scenario.

The following sections will discuss the tectonics, seismicity, geology, and
construction practices in the Virgin Islands, the physical basis for defining

the hazard.
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LEVEL OF HAZARD

Tectonic Setting and Seismicity- Dr. McCann's paper (contained in this

proceedings) describes the tectonic setting of the Virgin Islands and the
rationale for considering the areca to be susceptible to damaging

carthquakes. Studying this type of information led to the definition of five
carthquake source zones (see Figure l). However, any attempt to define the
largest possible earthquake, source parameters, depth, and location for ecach
source zone is fraught with difficulty and speculation. It is even more
dangerous if one extrapolates the relatively short instrumental record of
seismicity with the intention of predicting the time and size of future
events. So, what do we do? "...the future is only the past entered through
another gate." This homily 1s useful in seismicity evaluations as well as in
literary allusions. We can attempt to establish an understanding of the
seismic potential of these source zomes by reviewing their earthquake history
in light of current knowledge of regional tectonics. As a first step we
should estimate, or record, (if instrumental data are available), the largest
earthquake experienced in each source zone. Table 1 presents the results of
such an evaluation. In addition, Table 1 also gives the largest events

postulated by various authors who have studied the area.

The record of seismicity in the Virgin Islands region was cexamined to aid in
developing realistic measures of earthquake frequency versus size of
earthquake. These data (shown in Figure 2) were used by the Natural Hazard
Planning Council of the Virgin Islands. The examination of earthquake
frequency was performed using curreat knowledge of regional tectonics and the
historical seismicity record. MMI was used as a parameter because of the lack

of instrumental data to assign reliable values of magnitude.

The history of Caribbean shocks dates back to about 1530. There is a
possibility that even an earlier event was noted, but the records are not
clear. From a review of the historical record a plot of carthquake intensity
data for St. Thomas versus time intervals was made (see Figure 2 and Table 2).
These data indicate that a recurrence of the level of motion believed to have

been experienced in the 1867 carthquake could be expected about once every 100
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Figure 1. TIdentification of scismic source zones in the Virgin Islands

region.
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Figure 2. Estimate of recurrence intervals for carthquakes in the vicinity of
St. Thomas, Virgin Islands. Recurrence 1s given in 