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Glossary of Terms, Symbols, and Abbreviations

A Area of fault dislocation or earthquake rupture zone.

Aftershock . ...... ... Secondary, smaller magnitude earthquakes following a
mainshock.

Aseismic slip.........co i The occurrence of fault motion without earthquakes.

ASPETILY oo Area of geometric complexity, or increased strength, on a
fault surface.

Body wave.............. e Seismic waves transmitted through the interior of the
Earth, e.g. P and S waves.

L Radioactive isotope of Carbon used for radiometric dating.

Characteristic earthquake ................. .. ... An earthquake which repeatedly ruptures a fault segment,
and whose dimensions define that fault segment.

Coeflicient of variation ......................... The ratio of the standard deviation, o. to the mean, pu.

Conditional probability......................... Probability of an event to occur within a specific time

interval, conditional upon the event not having occurred
prior to the beginning of that time interval.

Convergent margin.......................o.... Zone of plate collision, resulting in subduction, earthquakes,
volcanism, and mountain building.

Coseismic displacement ........................ Amount of movement on a fault surface during an earthquak

COR. .o Compressional outer-rise earthquake.

Dendrochronology ................. ... oo Tree ring dating.

Earthquake cycle........... ... ... ..l The process of strain accumulation bewteen
two characteristic earthquakes.

Forecast time window .............ccouuieiinn.. +90% confidence interval about Te,.

Great earthquake .......... ... ... oL Earthquake with Mg, Mw > 7.7.

IDNDR ... International Decade of Natural Disaster Reduction.

Interplate earthquake ................. ... ... Earthquake occurring along the edge of a plate boundary.

Intraplate earthquake .......................... Earthquake occurring in the interior of a plate.

Large earthquake ............. ... ... .. ... ..., Earthquake with 7.0< Mg <7.7.

Lognormal distribution................. ... ... Probability distribution that is normally distributed about
the mean in log space.

MM Intensity ..., Modified Mercalli intensity, a subjective scale with ratings
from I to XII, which describes the effects of an earthquake.

Magnitude . ...... ... o i A measure of energy release in an earthquake.

Tl e e e Body-wave magnitude.

Mg . ............ e Surface-wave magnitude.

M, Tsunami-wave magnitude.

Mw o Seismic moment magnitude.

Major earthquake ............ ... ... ... ... ..., An earthquake with Mg > 7.0.

Moo oo Seismic moment.

7 Shear modulus.

17 XS P Mean of lognormal distribution.

Plate . ... ... One of the mechanically independent lithospheric segments
comprising the outermost layer of the Earth.

Poisson distribution............................ Probability distribution that is exponentially distributed

about the mean.
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Repeat time ............. ... i,

SEISIMIC BAP « . ettt

Time interval between two events of similar location,
mechanism, and magnitude.

Segment of a simple plate boundary with a history of
either large or great earthquakes, ahd no similar occurrence
within the last 30 years.

Estimate of conditional probability for a seismic gap.
Variability of median recurrence estimates.

Intrinsic, global variability of recurrence times, up=0.215.
Total variability of recurrence estimate, o3, = &%+ 0%,
Individual recurrence interval for a fault segmeht.

Median recurrence interval.

Average recurrence interval for a fault segment.

Date of last earthquake.

Estimated recurrence time.

Predicted date of recurrence.

Radioactive isotope of Thorium used for radiometric dating.
Earthquake recurrence models which account for the

time since the last event.

Earthquake recurrence models which do not account

for the time since the last event.

Earthquake recurrence model where the repeat

time is proportional to the size of the preceeding event.
Zone of horizontal motion between plates.

Tensional outer-rise earthquake.

Average coseismic displacement.
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Executive Summary

The International Decade of Natural Disaster Reduction comes at a time when many
nations are faced with the inevitability of natural disasters and the harsh realities of re-
stricted economic resources. The prudent development of disaster mitigation and reduction
prograins for specific locations, within socially beneficial time frames, requires an under-
standing of when and where natural disasters are to occur.

In the past 30 years, great strides have been made in the fields of seismology and
geophysics towards understanding the nature of large and great earthquake occurrence
along simple plate boundaries. More recently, these advances have led to the development
of long-term earthquake forecasts for specific fault zones. Proof that these techniques and
ideas are applicable to at least some areas of the circum-Pacific region was demonstrated by
the successful forecast of the great (Mg 7.8) 1985 Valparaiso, Chile earthquake (Nishenko,
1985). The locations of other successful earthquake forecasts and predictions since 1940
are shown in Figure 1. At present, national earthquake prediction programs in the United
States (Parkfield, California) and Japan (Tokai district) have identified these specific areas
for intensive study based on regularities in the pattern of historic earthquake occurrence
and the expectation of similar sized events in the near future. On a broader scale, The
Working Group on California Earthquake Probabilities (1988) report represents one of the
first national probabilistic forecasts for earthquake activity.

This report summarizes the known seismic history for more than 119 seismic gaps
around the circum-Pacific region, and describes the potential for future large and great
earthquake activity in terms of conditional probability for the next 10 years (1989-1999).
These results are presented in the map “Seismic Potential of the Circum-Pacific, 1989-
1999” (Plate 1.) The level of reliability associated with these forecasts varies from region
to region, and is influenced by the completeness of the historic earthquake record and our
present understanding of the mode of earthquake rupture in these regions. Presenting
these data in a probabilistic framework accounts for individual variations in recurrence
time along a specific fault segment, as well as errors in our determination of the repeat
time, and provides a basis for uniform comparison of seismic hazard between segments
which have differing recurrence times.

One advantage of studying such a broad and diverse area is that many seismic regions
have relatively short recurrence times. The short observed recurrence times, 20 to 60 years,
compared to 100 to 200 year intervals observed at many other plate boundaries, allows
for the evaluation of earthquake forecasts in a relatively small amount of time. This rapid
“turn around” time for scientific evaluations in turn can lead to a better understanding of
longer-term processes occurring at other regions and the overall improvement of strategies
for implementing disaster mitigation programs.

Based on our assessment of the seismic potential of more than 119 gaps around the
circum-Pacific region, we have compiled a list of the sites most likely to experience a large
or great earthquake within the next 10 years (see Table 1). Large or major refers to those
earthquakes with surface wave magnitudes (Mg) between 7.0 and 7 3/4. Great earthquakes
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are those events with seismic moment-magnitudes (Mw) larger than 7 3/4. The southwest
Pacific region, including the islands of New Guinea, Vanuatu, and Tonga, presently con-
tains the majority of high probability gaps. High potential gaps near population centers
presently include Jama, Ecuador and southeastern Guatemala. This list does not preclude
large or great earthquakes occurring in other segments with lower probabilities, however.
Many segments of Central America have gaps, that while presently assigned intermediate
probabilities for the next 5 years, will become areas of high concern within the next 10
or 20 years. Table 2 lists all of the high (i.e. > 50%) probability regions for a 20 year
window (1989-2009) and is of use for long-term planning. The 30 highly ranked gaps in
Table 2 represent 1/4 of the total number of gaps studied. Many of these gaps are near
urban centers and represent a potential future threat. The Appendix contains a list of all
of the gaps studied, their coordinates, the date and magnitude of the most recent large or
great earthquake, and probability estimates for 5, 10, and 20 year windows (i.c. 1989-1994,
1989-1999, and 1989-2009).

The assessment of long-term seismic hazard for the simple plate boundaries of the
circum-Pacific region is an active and rapidly developing field. The time-dependent nature
of these forecasts necessitate that these results be regularly updated. In addition, new data
for other seismogenic regions and improvements in the model on which these assessments
are based will lead to revision and refinement of the seismic hazard forecasts presented
here. Development of reliable intermediate-term forecasts, which cover time intervals of
years to months, will also need to be included in this assessment. These intermediate-term
data can narrow the earthquake forecast time window, and provide additional motivation

for increased awareness and action.
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Table 1. Top Seismic Gaps
Gaps with > 50% Conditional Probability for
Recurrence During 1989-1999

Location Magnitude Last Event Probability
1. Parkfield, California my, 6.0 1966 93%
2. Delarof Is., Aleutians Ms 7.5 1957 (85%)
3. Vankolo Is., Vanuatu Ms 7.5 1980 83%
4. Jama, Ecuador Ms 7.7 1942 (66%)
5. S. Santo Is, Vanuatu Is. Mg 7.1 1971 60%
6. E. New Britain, New Guinea Ms 8.0 1971 59%
7.  W. New Britain, New Guinea Mg 8.0 1945 (58%)
8. Central Tonga Mg 8.0 1948 58%
9. N. Bougainville, New Guinea Mg 8.0 1971 53%
10. S.E. Guatemala my 7.5 1915 51%

Probability values in parentheses reflect less reliable estimates.



Table 2. Top Seisinic Gaps
Gaps with > 50% Conditional Probability for
Recurrence During 1989-2009

Location Magnitude Last Event Probability
1. Parkfield, California myp 6.0 1966 >99%
2. Vankolo Is., Vanuatu Mg 7.5 1980 99%
3. Delarof Is., Aleutians Ms 7.5 1957 (98%)
4, Nicoya, Costa Rica Ms 7.4 1978 93%
5. Jama, Ecuador Mg 7.7 1942 (90%)
6. E. New Britain, New Guinea Mg 8.0 1971 92%
7. S. Santo Is, Vanuatu Mg 7.1 1971 91%
8. N. Bougainville, New Guinea Mg 8.0 1971 90%
9. Central Tonga Mg 8.0 1948 84%
10. W. New Britain, New Guinea Mg 8.0 1945 (84%)
11. Santa Cruz, Vanuatu Mg 8.1 1966 82%
12. Loyalty Is., Vanuatu Mg 7.2 1980 80%
13. SE Guatemala mp 7.5 1915 79%
14. Shumagin Is., Alaska Ms 7.7 1917 75%
15. Ometepec, Mexico Mg 7.3 1950 74%
16. C. Oaxaca, Mexico Ms 7.8 1928 (72%)
17. Guadacanal, Solomons Mg 7.5 1988 71%
18. San Cristobal, Solomons Ms 8.0 1931 (71%)
19. E. Oaxaca, Mexico Mg 7.8 1965 70%
20. Unimak Is., Alaska Mg 7.4 1946 (67%)
21. Fox Is., Aleutians Ms 7.4 1957 (67%)
22. Colima, Mexico Mg 7.5 1973 66%
23. West Oaxaca, Mexico Mg 7.4 1968 64%
24. Kamchatsky Pen., U.S.S.R. Mg 7.5 1971 61%
25. S. Valparaiso, Chile Ms 7.5 1906 59%
26. Papagayo, Costa Rica Mg 7.5 1916 (55%)
27. Tokai, Japan Mg8.0 1854 (53%)
28. Urup Is., Kuriles Mg 8.5 1963 (52%)
29. C. Guerrero, Mexico Ms 7.8 1899-1911 (52%)
30. C. Guatemala Ms 7.9 1942 50%

Probability values in parentheses reflect less reliable estimates.
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Introduction

It is generally known which population centers and sites of critical facilities around
the circum-Pacific region have experienced destructive large (Mg 7.0-7.7) and great (My,
7.7-9.3) earthquakes in the historic past. These same localities are also candidates for
the inevitable recurrence of similar earthquakes and tsunamis at some time in the future.
Hence, while it is of academic interest to know how long it has been since a prior destructive
earthquake at a particular location; it is more important from a societal perspective to
know when the nert damaging event will occur. In an attempt to address these social
concerns, the utilization of recent advances in seismology and geophysics have enabled
the identification of specific areas around the circum-Pacific region that are thought to be
the most likely sites of large and great earthquakes in the immediate futurc. This report
represents, for the first time, a comprehensive survey of the likelihood of 119 seismic gaps
around the circum-Pacific region to produce either large or great earthquakes during the
next 10 to 20 years. The 10 year interval (1989-1999) overlaps the International Decade
of Natural Disaster Reduction (IDNDR).

The portrayal of seismic hazards around the circum-Pacific region involves comparison
of many fault segments, or portions of plate boundaries, that exhibit varying recurrence
times, earthquake magnitudes, and tectonic regimes. Presenting these data in terms of a
probabilistic earthquake forecast, which describes the conditional probability for an event
to occur within some future time window (i.e. the next 5, 10, or 20 years) provides a
framework for this type of global comparison. While not funded under this contract, this
report also includes results, using the same statistical methodology, for the western and
northern coasts of North America. We have incorporated these additional results to present
a comprehensive survey of seismic potential in the circum-Pacific region.



Methodology

In this study, we have attempted to quantitatively describe the seismic hazards as-
sociated with the future recurrence of large and great earthquakes along segments of the
circum-Pacific seismic zone. These events are termed interplate earthquakes and reflect
motion at the boundary of and between crustal plates. Most of the cumulative seismic
encrgy release, seismic moment, and cumulative seismic slip along major plate boundaries
occurs in large or great earthquakes. The strain energy that is released in shallow large
or greal earthquakes is believed to be built up slowly along simple plate boundaries for
tens to hundreds of years. This strain comes from the movement of the plates, which
varies from 2 to 12 c¢m/yr for the major plate boundaries discussed here. Friction along
plate boundaries prevents many niajor seismic zones from moving continuously on a scale
shorter than tens to hundreds of ycars. Once stresses build to a critical level, the plate
interface moves suddenly about I to 20 m during the rupture associated with a large or
great earthquake. The other class of carthquakes, not covered in this report, are intraplate
earthquakes, which reflect deformation within plate interiors.

Many analyses of earthquake hazards around the circum-Pacific region have been
based on the seismic gap hypothesis, i.e. the idea that segments of simple plate boundaries
that have not ruptured in a large or great earthquake in many decades are the most likely
sites of future large or great events (Fedotov, 1965; Mogi, 1968; Sykes, 1971; Kelleher et
al., 1973; McCann et al., 1979; Nishenko and McCann, 1981). For a segment of a plate
boundary to be considered a seismic gap, it must have a history of prior large or great
earthquakes and not have ruptured in a large or great event in at least 3 decades (McCann
et al., 1979). Given the present large number of seismic gaps around the circum-Pacific,
additional information is necessary to differentiate between those gaps which may be sites
of large or great shocks in the immediate future (i.e. the next 5 to 10 years) and those
which may remain dormant for longer time intervals. Hence, in addition to knowing when
the last event occurred at a particular location, information on the repeat times of large
and great earthquakes, the local rates of fault motion and strain accumulation, and the
size of the expected earthquake are essential for completely describing the seismic hazard.

Descriptions of interplate seismic potential are presented in terms of estimates of the
expected repeat time for large and great earthquakes in this region, and the corresponding
time-dependent conditional probability for time intervals of 5, 10 and 20 years duration
from the present (i.e. 1989-1994, 1989-1999 and 1989-2009). Estimates of earthquake
repeat times are based on 1) recurrence intervals from the historic and instrumental record,
2) radiometric dating (i.e. *C and 23°Th) of uplified marine terraces, coral heads, and
offset Holocene deposits, and 3) direct estimates based on the size of the most recent
earthquake and the local rate of plate motion. Presenting these data in a probabilistic
framework accounts for variations in recurrence time along a specific fault segment, as well
as errors in our determination of the repeat time, and provides a basis for the comparison of
seismic hazard between segments which have differing recurrence times. The flow chart in
Table 3 presents the procedure used to estimate seismic potential or conditional probability.
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Table 3. Flowchart of Earthquake Recurrence Time
and Conditional Probability Calculations

HISTORIC GEOLOGIC DIRECT
Dates of historic Dates of prehistoric Estimates of coseismic
earthquakes earthquakes+o displacement & rates of
fault motion +o?
Y Y Y
Observed Observed Estimated
Average Repeat Time Average Repeat Time Repeat Time
Tave T(L'UC T
y v y
Compute T and Te(;p
U
Date of last event (t,)
Y
Tpred = (to + Te:z:p)
Y

Year and window length
for probability estimates

4

Lognormal Distribution

4
Conditional Probability Estimates

Notes:

. For prehistoric earthquakes, o; is a measure of 4C dating uncertainties and other
errors if known.

. For direct estimates, o, is a measure of the uncertainties in coseismic displacement
(01) and rates of fault motion (o), where o; = \/m.

. InT = In(Tave) + pp, and Topp = Tek0+734/2) where pp = 0.0099, o = 0.215, and
om = \/0% + 0%, See text for additional details.




The individual steps in this procedure will be explained more fully in the following sections.
One approach to probabilistic hazards assessment has been to lump all known recur-
rence information for a specific magnitude class into one data set for analysis of regional
recurrence statistics. Pooling data from large regions is necessary because well determined
or robust estimates of recurrence times and probabilities require more data than are usu-
ally available for individual fault segments. This approach, of pooling the available data,
was attempted by Rikitake (1976) for a number of individual seismic zones using a Weibull
function as the preferred statistical distribution. The amount of time elapsed since a prior
large or great shock in each segment is an intrinsic factor for the hazards estimate. The
probability, or likelihood for a large or great earthquake is low immediately following the
occurrence of a similar sized event, and grows as a function of the time elapsed since
the last event. This approach to hazards forecasting is termed time-dependent, and is
fundamentally different from approaches that assume random or Poisson distributions of
earthquake recurrence times (see Figure 2). In the latter case, the Poisson model leads to
estimates of conditional probability that are independent of the amount of time elapsed
since the last event. In both cases, averaging recurrence information over a geographic
and seismically diverse region usually results in a reduced ability to differentiate distinct
segments, each of which may have their own characteristic recurrence behavior.

In an attempt to rigorously describe the time-dependent recurrence behavior of in-
dividual fault segments, Nishenko and Buland (1987) used the ratio T'/T,,. for a num-
ber of segments along simple plate boundaries with well known recurrence histories. For
each individual fault segment, T}, is the observed average recurrence interval and T is
the observed individual recurrence interval. By utilizing a priori information about the
underlying distribution of earthquake recurrence intervals, more accurate descriptions of
recurrence behavior are possible than using a few available data alone.

Probability density functions for earthquake recurrence time, f(t), where t is the
time elapsed since the last characteristic earthquake, form the basis of the time-dependent
probability approach. These density functions and their associated measures of variability
- the standard deviation, o, and the coefficient of variation, ¢ /mean, define the degree of
temporal resolution and hence, the information content of the recurrence interval data. An
important result of the T /T,,. analysis of Nishenko and Buland (1987) is that the standard
deviation of the lognormal distribution appears to be a fixed fraction of the recurrence
interval. The coefficient of variation of the lognormal recurrence distribution, cp = 0.215
and is approximately constant over a wide range of recurrence times and seismic moments
in a variety of tectonic environments. It is this property, when used in a normalized time
frame, that permits a “generic ” description of the underlying probability density function
for earthquake recurrence studies and calculations of conditional probability. The marginal
time-dependent probability density function, f(7°), defined by Nishenko and Buland (1987)
and Buland and Nishenko (1989), and used in this study is:

1 = 2 2
TN - — —(In(T/T)-np)" /203, 1
ST) = ot )
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—~ Valparaiso, Chile Earthquake Forecasts
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Figure 2. Comparison of time-dependent and time-independent conditional proba-
bility estimates. Curves compare the lognormal (time-dependent) and Poisson (time-
independent) conditional probabilty estimates for the Valparaiso, Chile seismic zone.
Time-dependent models, which account for the regularity in characteristic earthquake
occurrence, are low immediately following a large or great earthquake and grow as a
function of the time elapsed since the last event. In contrast, Poisson models, which
assume random earthquake recurrence behavior, are constant as a function of the time
elapsed and are time-independent,.
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where InT = In(Tave + 1p). The mean and standard deviation of f(T) are up = -0.0099
and op = \/0% + 0%, respectively. The standard deviation, op, defines the intrinsic
variability of recurrence intervals based on the global analysis of Nishenko and Buland
(1987) discussed above and is equal to 0.215, the second standard deviation, o g, describes
the uncertainty in our estimates of the median recurrence interval. The complete joint
probability density function, which describes the variability in the actual recurrence time,
and our estimates of the median recurrence time is shown in Figure 3.

For historic earthquakes, values of 7,,., T and o are estimated from observations of
T, the individual recurrence times. How well the median recurrence time can be estimated
is described by op , and depends on both the number and quality of observations of 7. In
other words,

N 1
2 _
9B = ; o?/T? + 0% (2)

In equation 2, the ¢?/T? term, where the subscript ¢ denotes an individual recurrence
interval, accounts for the uncertainty in measuring a recurrence time. For historical data,
there i1s generally little or no uncertainty as to when the events in question occurred
and this term is set equal to 0. Hence, o is only a function of the number of historical
recurrence intervals observed and the intrinsic variability of those intervals. For geologically
based estimates, the o;/T; term is included in equation 2 to account for the additional
uncertainties in the geologic data (i.e. the +1o values for the '*C dates). Hence, the
resolution in estimating recurrence times from geologic data is a function of both the
errors in dating previous events and the intrinsic variability of the recurrence intervals, the
latter being independent of age-dating uncertainties. For direct estimates of recurrence
time, the o,/T; term in equation 2 is used to account for the the +10 uncertainties in the
rate of fault motion and coseismic displacement, and the direct recurrence time estimate
itself is set equal to T.

The expected recurrence time, T,,,,, is based on a number of observations of T for a

specific fault segment and is given by,
Tezl' — Telkp +034/2) (3)

The predicted date of occurrence of the next event (Tp,.q) is simply the sum of the
date of the Jast earthquake (¢,) with either the average or estimated recurrence time of the
next earthquake (7%z;), (i-e., Tpred = to + Tezp). The above recurrence time estimate can
also be presented in terms of a forecast or prediction time window. Following Nishenko
and Buland (1987), the forecast time window used in this study is defined as the time
interval [Tyred — 1, Tpred + 1), where n is defined as the 90% confidence interval for the
estimate of T, and is equal to 1.645 var [Tezl,]]/z, where var|T,,,| = O'MzTezzp.

In addition to estimating the recurrence time for a specific fault segment, we can also
estimate the conditional probability or the likelihood for the event to occur in a given

12



Figure 3. Three-dimensional representation of the lognormal joint probability density
function. Joint probability density amplitude is shown as a function of the variation
in T/T (the ratio of individual recurrence time for a fault segment, T, to our best
estimate of the median recurrence time, T) on the X-axis and the variation of /T
(the ratio of a realization of the median recurrence interval, ¢, to our best estimate of
the median recurrence interval, T) on the Y-axis. The coefficient of variation for the
random variable In (¢/7) is 0.2 (from Buland and Nishenko, 1989).

13



PROBABILITY DENSITY FUNCTION {(T)

Figure 4. Conditional probability for earthquake occurrence. The probability for an
earthquake in the interval T, T + AT, is given by the area of dark shading under the
probability density curve. The probability, conditional on the earthquake not having
occurred prior to 7', is the ratio of the area of dark shading to the sum of the areas
with dark and light shading.
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time interval ¢ + At. This probability is computed from the the ratio of areas under the
lognormal distribution in equation 1 for two different time intervals and is of the form:

e nymyar

1 —ty

- ft?o_t(, f(T/T)dT (4)

Pe

and is conditional on knowing both the expected recurrence time, and that the event has
not happened by time {. (sce Figure 4). By implicitly incorporating the uncertainties in
Tez, into the probability distribution, the functions in equations 1 and 4 become more
broadly distributed with increasing uncertainty in the data and dampen changes of prob-
ability as a function of time. Overall conditional probability values are dependent on
the above uncertainties, and the width of the time window, At, chosen for an individual
forecast. In other words, for a given seismic g: p. the conditional probabilities for a 20
year window are always larger than those for a 10 or 5 year window. The comparison of
probability estimates among various gaps must be done using the same time interval.

The following sections describe the different types of basic data sets used in estimating
the segmentation, recurrence times, and probabilities for the simple plate boundaries of

the circum-Pacific region.

Historical/Instrumental Observations

Initial investigations of the seismicity and tectonic setting of the circum-Pacific region
relied on the aftershock distributions of prior large and great earthquakes and historical
descriptions of damage and felt intensities to define rupture zones and segmentation along
the strike of simple plate boundaries (Fedotov, 1965; Mogi, 1968; Kelleher et al., 1973;
Sykes, 1971; McCann et al., 1979; Nishenko and McCann, 1981). The above earthquake
data provide the basic seismological foundation for defining the recurrence behavior of
individual fault segments in this analysis and will be discussed in more detail in the later
sections. Overall, the limited number of available observations make it difficult to define
the recurrence characteristics for many of the segments around the circum-Pacific.

For individual fault segments, the penalty for few recurrence observations is a large
uncertainty in the estimated recurrence time and associated conditional probability, as
indicated by the 90% confidence limits of T, and the corresponding range of probabilities
for a particular exposure time. For one recurrence interval, the standard deviation, & is
taken to be 21% of 7. As discussed in the previous section, and shown in equation 2, more
recurrence observations can reduce this uncertainty. Overall, the uncertainties in using
historic data are smaller than those in other data sets (i.e. geologic and direct estimates,

see following sections).

Geologic Investigations

Radiometric dating of geologic features produced or altered by coseismic displacements
in previous great earthquakes have greatly extended the recurrence history along sections of
the circum-Pacific seismic zone. Unfortunately, these features have only been identified and
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studied in a few arcas. In Alaska, studies of offset Holocene moraines along the Fairweather
fault (Plafker et al., 1978) and uplifted, wave-cut marine terraces on Middleton Island and
the Cape Yakataga-Yakutat Bay region (Plafker, 1986) have helped constrain the rates
of plate motion and the size and timing of prehistoric great earthquakes in this region.
Radiometric dating of uplifted coral heads on the Vanuatu Islands (Taylor et al., 1988)
has extended the seismic history for this region of the southwest Pacific. In the northeast
Pacific, study of subsided coastal terrains along the coast of Washington and Oregon
(Atwater, 1988) have begun to document the potential for a large or great earthquake
in that region. The offset of sediments during large and greal earthquakes on the San
Andreas fault in southern California (Sieh et al., 1989) and the Chixoy-Polochic fault in
Guatemala (Schwartz, 1985) have been invaluable in documenting the behavior of major
transform faults within the study area.

By taking into account the +10 uncertainties in the radiometric dates for individual
earthquakes, as well as the intrinsic variability of recurrence intervals, geologic data can
be included with and compared to recurrence estimates based on historic data or direct
calculations as shown in equation 2 (see also Nishenko and Buland [1987] and Buland and
Nishenko [1989] for further details and examples).

Direct Estimates

For those fault segments lacking either a historic or geologic record of prior events,
we have estimated recurrence times based on the size of the most recent large or great
earthquake along that fault segment. The principal assumption in this type of calculation
is that the most recent large or great event reflects the typical or characteristic size of
earthquakes in a given seismic gap from cycle to cycle. These direct estimates of recurrence
time are determined by dividing the coseismic displacement, or amount of fault slip, of the
most recent earthquake by the long-term rate of fault motion and assume that no aseismic
slip is occurring. These direct estimates of recurrence time assume the time-predictable
model of Shimizaki and Nakata (1980). For some events, only the instrumentally measured
long-period seismic moment (Mg) is known. For older earthquakes, we can also estimate
the seismic moment by using observations of tsunami wave heights (see Figure 5). In both
cases, average coseismic displacements are calculated using estimates of the rupture area
from aftershock of felt area studies, where U, the displacement = Mo /uA, p is the shear
modulus and A is the fault area. For strike-slip faults, observations of coseismic surface
offsets can be compared to estimates of displacement based on the seismic moment. In
both cases, the degree of resolution in our forecasts of recurrence time and magnitude is
dependent on knowing the distribution of coseismic displacement along the fault surface.
Within a single rupture zone, subsegments that have smaller amounts of displacement may
repeat sooner or more often than those segments with greater amounts of displacement.
In some cases, detailed investigations have outlined heterogeneous slip distributions, so
recurrence estimates can also be attempted for subsections of larger ruptures, as well.

The major sources of uncertainty in our direct calculations of recurrence time are the
rates of plate motion and the amount of coseismic displacement. Overall, the uncertainty
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in the relative rates of plate motion are at the 3 to 8% level (Minster and Jordan, 1978;
Chase, 1978). In this study we use a conservative estimate of 10%. What is more uncertain
however, is the amount of aseismic slip that may be occurring along any one fault segment.
All of the direct recurrence time calculations presented assume no aseismic slip, and hence
represent minimum repeat time and maximum probability estimates. Where available, the
historic record provides a comparison for estimating the ammount of aseismic slip. Estimates
of coseismic displacement vary by a greater amount than the rates of plate motion, and
reflect both the inherent uncertainty in the methods used to measure displacement as well
as the variability in displacement along a fault surface. For each segment, we have used
a variely of displacement estimates (where available) to help bracket the recurrence time.
The variation in displacement (and to a lesser extent relative plate motion) define the
0;/T; values in equation 2. These estimates tend to have the largest ranges in probability,
reflecting 111¢ greater uncertainty in the recurrence time estimates.
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Figure 6. Seismic potential of the Chilean seismic zone: 1989-1999. Colors portray the
level of conditional probability for occurrence of great (Mg 7.7 and larger) earthquakes
during the next 10 years, 1989-1999, and range from dark blue, 0-20%; green, 20-40%;
yellow, 40-60%; and red, 60-100%. Light blue regions are those areas with no historic
record of large or great earthquakes. Specific dates and magnitudes refer to areas with
incomplete historic records. Base map from the Plate Tectonic Map of the Circum-
Pacific Region (1985), see legend at right for additional symbols and information.
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Summary

We have examined and characterized the seismic potential for 119 seismic gaps around
the circum-Pacific region. This report represents the first probabilistic comparison of seis-
mic hazards on this scale, and updates earlier work on seismic gaps by McCann et al. (1979)
by explicitely including earthquake repeat ttmes and the proximity to the next expected
recurrence as a factor in describing earthquake hazards along simple plate boundaries.
Variations in observed earthquake magnitudes, recurrence times, and the completeness of
the historic record for individual plate boundary segments have resulted in a diverse data
set for the circum-Pacific region. The probabilistic framework adopted in this study, in
addition to accounting for uncertainties in the individual data, has provided a common
base for comparing seismic hazards, and being able to rank gaps in terms of those most
likely to rupture in the next 10 and 20 years.

The estimates presented in this study are based on conditional probability and the
primary results summarized in Plate 1, Figures 6, 10, 15, 19, 21, 23, 26, and the Appendix
cover the time interval 1989-1999, which overlaps the International Decade of Natural
Disaster Reduction. The Top Ten list (Table 1) is a ranked list of those gaps with greater
than a 50% probability of recurrence within the next 10 years. This list includes 10
zones, or 8% of the total number of gaps examined. The majority of gaps on this list
are characterized by relatively short recurrence times and the 10 year interval (1989-1999)
covers a substantial fraction of possible recurrence times for those gaps. Note, that this
does not preclude other gaps, with less than a 50% chance in 10 years, of also rupturing.
Table 2 presents a ranked list of gaps with a greater than 50% probability of recurrence
in the next 20 years (1989-2009). This list is quite a bit larger, and includes 30 out of
119 gaps, or 25% of our sample. While many of the gaps in Table 2 have longer repeat
times, the combination of time elapsed since the last event, and a larger time window (or
fraction of possible recurrence times) has resulted in more candidates appearing on this
list. Note that many more gaps in Table 2 occur near urban centers. The 20 year list is
useful for longer-term forecasting, and may be a more reliable list in that, at this writing,
we still do not have an appreciation of what threshold percentage, for a given time interval,
constitutes a high or significant hazard level.

One of the basic observations to come from this study is that the variation in repeat
times for characteristic, plate boundary earthquakes is proportional to the average repeat
time. The implication of varying degrees of temporal resolution impacts the planning of
earthquake prediction programs or experiments, hazard mitigation work, and the funding
and expected lifetimes of rescarch programs. Given the inherent large uncertainties in many
hazards estimates, which in some instances cover decades, research and hazard mitigation
programs must be organized with these limitations in mind. Some programs, such as
geodetic, strong motion, and seismological monitoring can be instituted and carried out
for decades. Hence, the long-term estiamtes presented here can be considered a “blueprint”
for future research. Other research programs, which may have shorter life spans, due to
logistical or instrumental reasons, should await deployment untill the expectancy of the
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earthquake matches the lifetime of the project.

Earthquake forecasting is a rapidly developing field, hence in addition to updating
these forecasts, due to the time-dependent nature of the problem, advances due to new
information and understanding of the earthquake process and the recurrence cycle will be
necessary. Further improvements in the direct method of estimating recurrence times are
necessary for areas with one or no observed repeat times. Accounting for variations in the
size of earthquakes from cycle to cycle presently poses a problem. While we are rapidly
gaining experience in estimating the time of occurrence and portraying the overall hazard
level, specific predictions as to the exact size or rupture dimension of a future event are
still uncertain. This uncertainty ultimately effects seismic risk estimates and decisions
concerning the type of mitigation effort needed for urban areas ncar hazardous seismic
gaps.

While this study has summarized the seismic potential for a large number of seismic
gaps around the circum-Pacific area, there are still a number of geographic and seismo-
tectonic regions which need to be included. Additional geographic regions include In-
donesia, the Phillipines, New Zealand, and the countries which surround the Caribbean
basin. The occurrence of shallow, large earthquakes in volcanic valleys (e.g. El Salvador,
Nicaragua, Colombia, and Ecuador) may also be amenable to the techniques used in this
study. Earthquakes in these regions pose an even greater risk to life and property due to
high population densities.

Tsunamis associated with the occurrence of great, shallow plate boundary earthquakes
pose a threat to the entire circum-Pacific community. Knowledge as to when and where
great earthquakes can be expected is invaluable towards developing a tsunami forecast for
the circum-Pacific. This type of forecast would provide a basis for the development of an
active, rather than passive, tsunami mitigation program.

Finally, attention needs to be given to the development of a real-time earthquake
warning and advisory system. The time windows for the forecasts presented here need to
be narrowed, as additional data become available, to realize the ultimate goal of earthquake
forecasting and prediction reasearch, saving lives and property. Advances in the analysis
of seismologic data, coupled with satellite communications, provide the opportunity for
rapid data collection, interpretation, and evaluation. The development of a global, real-
time, seismic hazards network could be a achievement that would outlive the International
Decade of Natural Disaster Reduction.
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