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NTEGRATION OF GEOLOGICAL AND SEISMOLOGICAL DATA FOR
THE ANALYSIS OF SEISMIC HAZARD: A CASE STUDY OF JAPAN

By S. G. WESNOUSKY,* C. H. ScHOoLz, K. SHIMAZAKI, AND T. MATSUDA

ABSTRACT

. Seismic hazard analyses are associated with large uncertainties when histor-
. jcal data are insufficient to define secular rates of seismicity. Such uncertainties
" may be decreased with geological data in areas where seismicity is shallow and
. produced by Quaternary faulting. To illustrate, we examine intraplate Japan.
Large intraplate earthquakes in Japan characteristically produce surface ruptures
. along mappable Quaternary faults and show a systematic relation between
seismic moment, M, and rupture length / (log M, = 23.5 + 1.94 x log /). It is
~ observed that, within the bounds placed by geologically assessed slip rates, the
mean regional moment release rate M, resulting from slip on mapped Quaternary
faults is in accord with estimates of M, determined with the 400-yr record of
" seismicity. Recent work also shows that when the repeat time T of earthquakes
" on Quaternary faults in southwest Japan is assumed to equal Mo/M,? (where M,
is estimated for rupture extended over the entire fault length and M,° is the
- geologically assessed moment release rate of each fault), the moment frequency
distribution of earthquakes predicted from the geologic record is virtually identical
. to that seen with the 400-yr record of seismicity. These observations indicate
 that the geologic record of Quaternary fault offsets contains sufficient information
~ to predict both the spatial and size distribution of intraplate earthquakes in Japan.

A contour map of the average recurrence time of ground shaking of JMA intensity
2V is thus computed using an empirical relation between seismic moment and
- the areal distribution of seismic intensity and assuming that the repeat time T of
earthquakes on each Quaternary fault equals M,/M,°. The map demonstrates
how Quaternary fault data may be used to assess long-term seismic hazard in

. areas of active faulting where historical records of seismicity are relatively short
~ or absent. Another shortcoming of conventional seismic hazard analysis is that
* hazard is not considered a function of the time since each fault in a region last
. ruptured. A simple procedure is used to demonstrate how the time-dependent
. nature of the earthquake cycle affects the evaluation of seismic hazard. The

. distribution of seismic shaking characteristic of large interplate earthquakes

~ offshore of Japan is estimated from published isoseismal maps. The observed

. average repeat times of ruptures along specific segments of the plate boundaries

" then provide the basis to make probabilistic estimates of the next expected time

of seismic shaking due to plate boundary earthquakes. When data are too few

~ to document the average repeat times of rupture, the estimates of probability are

" calculated with data relating to the relative coseismic slip during past earthquakes

and the rate of interseismic strain accumulation, interpreted within the framework

of the time predictable model of earthquake occurrence. Results are displayed

as maps of instantaneous seismic hazard: the probability that seismic shaking

- will occur conditional to knowledge of where in time each fault in a region

- presently resides with respect to the earthquake cycle.

INTRODUCTION

' A fundamental input to analyses of seismic hazard is an estimate of the average
occurrence rate of earthquakes of different magnitude in a region of interest. Such

‘ * Present address: Seismological Laboratory, California Institute of Technology, Pasadena, California
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estimates are conventionally made with earthquake frequency statistics based upoi
data listed in historical catalogs of seismicity. Conventional forms of seismic hazar
analysis are, as a result, associated with large uncertainties when historical data ar
insufficient to define secular rates of seismicity. Uncertainties, for example, will'k
large when the repeat time of large earthquakes on given faults in a region ar
greater than the length of the existing historical record, which is the usual case. I
contrast to historical data, the geologic record of Quaternary fault offsets contain
information on the occurrence of earthquakes through periods of time many order
longer than the average repeat time of large earthquakes on individual faults, an
orders of magnitude greater than periods covered by historical records. It is noy
also recognized that moderate to large earthquakes of shallow depth commonl
produce surface ruptures along faults that show evidence of prior Quaternar
movements (e.g., Allen, 1975; Matsuda, 1977). A number of studies have furthe;
shown a near coincidence between fault offset rates determined from instrument
seismic moment sums and slip rates calculated with geologic or plate tectoni
methods (Brune, 1968; Davies and Brune, 1970; Anderson, 1979; Doser and Smith
1982; Wesnousky et al., 1982). It follows that the geologic record of Quatern:
fault offsets, rather than the historical record of seismicity, is better suited fo
estimating long-term rates of seismicity, and hence, seismic hazard in regio
characterized by shallow seismicity, Quaternary faulting, and a relatively short
recorded history (e.g., Allen, 1975).
A separate but equally important shortcoming of conventional methods of seismi
hazard analysis is that seismic hazard will generally be a function of time. As ar
example, consider a region where tectonic stress is released during earthquakes on
a single fault. It is now generally understood that fault behavior is well approximated
by the elastic rebound theory (Reid, 1910; Imamura, 1930; Fitch and Scholz, 1971
Kanamori, 1973; Shimazaki, 1974; Scholz and Kato, 1978). This well-known theory
simply states that strain along faults accumulates slowly through time and upon
reaching a critical level is released as sudden slip during an earthquake. The repeated
buildup and seismic release of strain on a fault is the earthquake cycle. A din
consequence of the earthquake cycle is that seismic hazard particular to a fault
be dependent on the occurrence time of the previous earthquake on the fault. The
seismic hazard, or probability of another large earthquake, excluding possible
aftershocks, should be lowest during the period immediately following a major
earthquake; the time when accumulated strain is minimal. Accordingly, the relative
hazard should increase with time as strain accumulates along the fault. Similarly,
in areas characterized by many faults, seismic hazard will be a function of
occurrence time of the event that last ruptured each fault. Conventional methods
of seismic hazard analysis do not as a general rule take this behavior into account.
Rather, conventional analyses approximate the occurrence of earthquakes in a
region as a stochastic or, more specifically, a Poisson process (e.g., Cornell, 1968;
Algermissen and Perkins, 1975; Algermissen et al., 1982). Probabilistic estimates of
seismic hazard made with this approximation are necessarily independent of the
recent history of earthquakes on each fault in the region of interest. ,
Conventional methods of seismic hazard analysis are thus commonly character-
ized by two deficiencies. The first of these is the large uncertainty involved in
estimating long-term average rates of seismicity, and hence, seismic hazard from
insufficiently short historical records. Failure to accurately consider the time:
dependent nature of the earthquake rupture process is the second. The purpose o
this work, then, is to discuss and present some simple ideas that work to alleviate

3
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h of these deficiencies. Specifically, we shall initially examine the assumptions
| problems that are intrinsic to the incorporation of Quaternary fault data into
uantitative evaluation of seismic hazard. A method is presented that utilizes data
cribing the average slip rates of Quaternary faults, rather than the historical
ord of seismicity, to determine the average spatial and size distribution of
hquakes in a region through time. The method, when coupled with empirical
ations between earthquake strength and strong ground motion, provides a basis
;quantitatively evaluating the long-term seismic hazard, defined here as the
age expected repeat time of seismic shaking of specific intensity at a certain
e. The latter section of this paper is then devoted to incorporating present
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Fig. 1. Intraplate earthquakes in Japan (excluding Hokkaido) of M > 6.9 during the period 1581 to
080 (data from Wesnousky et al., 1982). The Nankai Trough (N.T.), Japan Trench (J.T.), Sagami
frough (S.T.), and Izu-Bonin Trench (I-B.T.) are shown schematically.

nderstanding of the earthquake cycle into a method to evaluate instantaneous
gismic hazard; the probability that a site will be seismically shaken conditional to
owledge of where in the earthquake cycle each fault in a region resides at the
present time.

The techniques we present are developed for the islands of Honshu and Shikoku,
part of the Japanese island arc system (Figure 1). Data for Japan describing
historical seismicity and Quaternary faulting are the most extensive presently
available. The region thus allows us to compare predictions of seismicity based on
Quaternary fault data to seismicity actually observed during the last 400 yr, the
period over which the history of large earthquakes is considered complete (Wes-
nousky et al., 1982). The groundwork for this analysis has been laid in two previous
studies. This work will as a consequence draw heavily from the data and results
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presented in Wesnousky et al. (1982, 1983). To illustrate the potential use of th
techniques developed, maps are produced to display both the long-term and instan
taneous seismic hazard due to intraplate and plate boundary earthquakes in Japal

SEISMICITY AND FAULTING IN JAPAN

A description of seismicity and faulting in Japan is provided in Wesnousky et
(1982). The characteristics essential to the following development are briefly e
counted here. The Japanese island arc lies along the eastern edge of the Eurasiz
plate and is bounded to the east and south by the Pacific and Philippine sea plate
respectively (Figure 1). The majority of earthquakes, particularly the largest (
8), occur along the Japan Trench and Sagami and Nankai Troughs. Earthqus
along the plate boundaries generally show low-angle thrust mechanisms and a
interpreted to indicate that the Pacific and Philippine sea plates are subductin
beneath the Eurasian plate (Fitch and Scholz, 1971; Kanamori, 1971a, 1972; Ando
1974, 1975; Abe, 1977; Scholz and Kato, 1978). Seismicity is also observed to occu

F1G. 2. Distribution of active intraplate faults in Japan. Faults mapped by marine seismic reﬂect
surveys are denoted by thinner lines. Adjacent plate boundaries are represented as thick stippled lines
(Data are adapted from Research Group for Active Faults of Japan, 1980a, b). i

within the Eurasian plate (Figure 1). Earthquakes within the Eurasian plate ai
here referred to as intraplate seismicity and generally show focal depths less than
about 15 km (Oike, 1975; Takagi et al., 1977; Watanabe et al., 1978; Wesnousk:
al., 1982). The largest intraplate events are generally about a magnitude unit
(7 < M < 8) than the great interplate earthquakes, but they nonetheless constitute
a significant source of seismic risk because of their proximity to major centers of
population. §

The level of intraplate seismicity (Figure 1) shows a positive correlation with the
concentration of Quaternary faulting (Figure 2). Abundant focal mechanism data
further show that the orientation and displacement of Quaternary faults closely
mimic movement observed in recent earthquakes (Research Group for Active Faults,
1980a, b; Wesnousky et al., 1982). Similarly, large intraplate earthquakes in Jap'
commonly produce surface ruptures along the entire mapped length of Quaternary
faults (Matsuda, 1977). The surface displacements registered in these earthquakes
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e in the same sense, although less than, the total geologic offset documented
oss the fault. The data thus strongly support the concept that the total displace-
ent documented on Quaternary faults in intraplate Japan is the cumulative result
the repeated occurrence of earthquakes through the Quaternary period (Sugimura,
67, Research Group for Quaternary Tectonic Map, 1977; Wesnousky et al., 1982).

LONG-TERM SEISMIC HAZARD

Intraplate earthquakes. Two requirements must be met if Quaternary fault data
¢ to provide the basis for quantitatively evaluating seismic hazard. It must first
established that the average rates of slip, and hence, seismicity on faults has
¢en steady during the Quaternary period, and further, are representative of present
tes. Second, the capability must exist to predict the average rate of seismicity on
Quaternary fault as a function of the geologically assessed parameters of fault
i gth and slip rate. Each of these requirements are the subject of detailed study in
lesnousky et al. (1982, 1983). A synopsis of those analyses is presented here.

The seismic moment M, is a more fundamental measure of earthquake strength
han is magnitude M. M, and M can each be measured with instrumental data. M,,
owever, may further be related to physical parameters that describe the fault
ource, whereas M cannot, except indirectly through its empirical relation with M,
8., Hanks and Kanamori, 1979). For shearing on a fault, M, is equal to uuA,
e u is the rigidity, u the average slip on the fault, and A the fault area (e.g.,
ki and Richards, 1980). Thus, the average rate of seismic moment release M, for
single fault or a distribution of many faults can be computed when either
pstrumental seismic moment sums or geologically estimated slip rates of faults are
yailable (Brune, 1968). Average rates of seismic activity can thus be quantified in
erms of M, the seismic moment release rate. Wesnousky et al. (1982) determined
seismic moments of large intraplate earthquakes in Japan from the literature or, in
he case of historical earthquakes, from seismic intensity data. The data were used
) estimate M, in intraplate Japan during the last 400 yr. Similarly, Quaternary
aults with geologically estimated slip rates (Research Group for Active Faults,
980a, b) were described in terms of their average rate of slip and utilized to
termine M, during the late Quaternary period. The values of M, obtained for the
ifferent time periods were then used as the basis for deciding whether or not the
ate of seismicity has been steady during the late Quaternary. The data set used for
hat study is located in “Active Faults in Japan: Sheet Maps and Inventories”
hereinafter referred to as the “active faults book”; Research Group for Active
faults of Japan, 1980a, b). The active faults book provides estimates of the “degree”
p rate for each fault: degree “A”, 1 to 10 mm/yr; degree “B”, 0.1 to 1 mm/yr;
e “C”, 0.01 to 0.1 mm/yr. It was found that, within the bounds placed by the
eologically assessed slip rates, M, determined from mapped Quaternary faults is
e same as M, determined from the 400-yr record of seismicity. Further, running
jerages of M, computed with the historical data suggest that M, for Japan is
elatively steady when averaged over periods as small as 200 to 300 yr (Figure 3). It
was thus interpreted that the rate of seismicity in intraplate Japan has been steady
uring the late Quaternary, and relatively free from secular variation when averaged
ver periods greater than a few hundred years. Similar results, based upon fewer
lata, have also been reported for regions of California and Utah (e.g., Anderson,
979; Doser and Smith, 1982).

‘Quantitative evaluation of long-term seismic hazard is generally based on a
parameter we define as Ts, the average expected time interval between seismic
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shakings of a given strength at a specific site. T's is thus a function of the averag
repeat time T of earthquakes on each fault in an area that may cause a certain level
of ground shaking at the site of interest. Estimation of T for a geologic fault,
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F1G. 3. Earthquakes of M > 6.9 as a function of time for intraplate Japan plotted beneath
(sn}all circles) and 200-yr (solid circles) runnmg averages of the seismic moment release rate (10% dyne
cm/yr).

T of one maximum magnitude M™* earthquake on a fault, some fault slip is als
accommodated by the occurrence of smaller earthquakes that obey equation (1) u
to the limiting value of M™2*, This behavior is schematically illustrated in Figur
4a as a plot of the expected number of events versus magnitude on a fault du
the repeat time of one M™* event. The relative number of lesser events is
determined by the b value of the fault. This mode of fault behavior is here refe
to as the “b value” model. A strongly dissimilar view, generally implied in the wor!
of geologists (e.g., Allen, 1968; Wallace, 1970; Matsuda, 1977), is that faults or fa
segments generate earthquakes of a characteristic size that is a function of fau
length and tectonic setting, and that these events together with their foresh
and aftershocks account for all seismic slip on a fault. This concept is illustrat
Figure 4b as the expected frequency distribution of earthquakes on a fault di
the repeat time of one characteristic event. The magnitude of the characteris
event is M™*, the maximum expected earthquake on the fault. The largest afte
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jock M* is usually one to two magnitude units less than M™, and in accord with
servation (e.g., Utsu, 1971) the sequence of aftershocks is assumed to obey
uation (1). The total slip registered by aftershocks is generally less than about 5
cent of that occurring in the main shock M™* (Scholz, 1972). For convenience,
bel this the maximum magnitude model. Confidence in maps of T's computed
th Quaternary fault data is critically dependent on our understanding of which
the two models best depicts the true behavior of faults.

Wesnousky et al. (1983) presented an empirical test to resolve which of the two
ult models best represents the actual behavior of faults. It was initially assumed
| that study that the occurrence of earthquakes on a fault is described by either
e maximum magnitude model or the b value model. The two fault models were
cast in terms of seismic moment so that the occurrence rate of seismicity on a
ult could be expressed as a function of the length and geologic slip rate of each
ult. Each of the idealized fault models together with data describing the slip rates
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FiG. 4. Seismicity on a fault described by the (a) b value and (b) maximum magnitude models of

ault behavior.

nd lengths of Quaternary faults in southwest Japan (Research Group for Active
aults, 1980a, b) were then employed to compute the seismicity for each fault and
he resulting moment-frequency distribution resulting from earthquakes on all faults
uring a 400-yr period. For the computations, the maximum expected earthquake
or each fault was assumed to be proportional to the mapped fault length. The
,umptlon was based on the observation that large intraplate earthquakes in Japan
ommonly rupture over the complete length of preexisting, mapped faults (Matsuda,
77) M, for each mapped fault was thus estimated from an empirical relation
gtween seismic moment and rupture length (log M, = 23.5 + 1.94 X log [) developed
or recent Japanese intraplate earthquakes by Wesnousky et al. (1983). The repeat
mes T of M ™ events and, when assuming the b value model, smaller earthquakes
‘f- taken to be inversely proportional to the moment release rate M of each
”t which in turn is simply a function of the geologically assessed slip rate of the
ult. Hence, for example, the average expected repeat time T' of M ™ events on a
ault that behaves according to the maximum magnitude model is approximated to
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equal M,™**/M£. Comparison of the number of earthquakes predicted from th
Quaternary fault data with each fault model to the seismicity actually observ
during the last 400 yr provided the test to decide which fault model most accuraf )
depicts the gross characteristics of fault behavior. The results of that comparist
are repeated here in Figure 5 as a plot of the cumulative number of earthquak
versus log Mo. The 400-yr record of seismicity for southwest Japan is displayed
open symbols. Data for events of log M, > 26.0 (open circles) are from the 400
record of seismicity presented by Wesnousky et al. (1982). Data describing even
of log M, = 26.0 (open triangles) are from recent catalogs that describe only ¢
last 100 yr of seismicity (Utsu, 1979; Japan Meteorological Agency, 1958, 19
1968, and monthly volumes thereafter). For Figure 5 then, the number of event
with log My, = 26.0 recorded during the last 100 yr has been multiplied by 4
Magnitudes of events listed in these recent catalogues are converted to M, with th
relation log My = 1.5 M + 16.1. This relation is representative of a large suite
earthquakes (Thatcher and Hanks, 1973; Purcaru and Berckhemer, 1978; Hank
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Fi16. 5. Cumulative number of events per 400 yr predicted from the geologic data with the maximu
magmtude (solid circles) and b values (shaded region) models of fault behavior. The observed 400:
record of seismicity (open symbols) is shown for comparison. 5

and Kanamori, 1979) and is in general accord with the data set of Japanese intrapls
earthquakes (Wesnousky, 1982). The close agreement between the seismicity
dicted with the maximum magnitude model (solid circles) and the observed
micity (open symbols), as compared to the poorer fit to the observed data pre
by the b value model (shaded region), was interpreted to support the maximt
magnitude model of fault behavior. 4
Briefly reiterating, the study of Japan presented in Wesnousky et al. (1982
analyses in other regions of the world (e.g., Brune, 1968; Anderson, 1979; Dose
Smith, 1982) are consistent with the idea that, in areas characterized by shi
seismicity and surface faulting, geologically determined slip rates of Quate
faults are representative of present day rates of seismicity. Wesnousky et al. (
further provided evidence for the maximum magnitude model of fault beh
whereby the average repeat time of earthquakes on a fault can be approximated
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T= Momax/MOg (2)

ears, where M ™ is the seismic moment of the maximum expected earthquake
nd M is the geologically determined moment release rate of the fault. The studies
hus provide an initial foundation on which we may begin to base estimates of long-
erm seismic hazard on knowledge of Quaternary faulting in a region. Specifically,
jith empirical relations between seismic moment and the areal distribution of
trong ground motions, the maximum magnitude model and data describing the

max
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Fic. 6. Expected average shaking interval for JMA intensity Z V in Japan induced by (a) intraplate
earthquakes, (b) plate boundary earthquakes, and (c) both intraplate and plate boundary earthquakes.

length and average slip rate of faults in an area may be used to compute, for any
site within the area, the average expected time interval T's between seismic shakings
of a given strength. Ts, for a site location j, is defined by the relation

1
(Ts);

Mz

1
T (3)

[
ful

where T is the average repeat time of earthquakes at source location (fault) i
capable of producing a specific strength of strong ground motion at site location j.
To avoid confusion with the average repeat time T, we shall subsequently refer to
_3s as the average shaking interval. As an illustration of the method, we have used
an empirical relation between seismic moment and the areal distribution of Japanese
Meteorological Agency (JMA) intensity V (Wesnousky et al., 1982) and the as-
sumption that isoseismals are distributed radially about the epicenter, to compute
or intraplate Japan a map of T's", the average expected shaking interval for JMA
intensity = V (Figure 6a). JMA intensity V is approximately equivalent to Modified
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Merecalli intensity VIII (Trifunac and Brady, 1975). The measure of seismic intensity
is used here as a convenience. With similar relations between seismic moment
ground acceleration, and source-site distance (e.g., Hanks, 1976; Kanamori, 1979),
the technique could just as readily be used to map the expected recurrence interval
of specific levels of strong ground acceleration.

The shortest average shaking intervals in Figure 6a are found in central Japa L
This is in accord with the observation that central Japan is characterized by the
greatest concentration of Quaternary faults. In northeast Japan, average shaking
intervals on the Japan Sea coast are shorter than predicted along the Pacific coast.
This reflects the expected occurrence of earthquakes resulting from slip on 1ntra“
plate faults located in and near the Sea of Japan. The longest predicted average
shaking intervals are found in the region immediately northeast of the Izu Peninsula
(Kanto district), along the Pacific coast of northeast Honshu, Shikoku, and western
Honshu. The Kanto district is a large subsiding sedimentary basin. The large
average shaking intervals in this area may thus result from an incomplete active -
fault data set. The low hazard in the Kanto district suggested by the long shaking
intervals should further be viewed with caution because portions of this area are
characterized by high levels of seismicity at moderate depths of about 60 to 80 km
that are not associated with surface faulting, and not examined in this analysis. In"
contrast, the longer intervals between shaking predicted along the Pacific coast of
northeast Honshu, Shikoku, and western Honshu are a consequence of the low
concentration and low rates of slip of faults in these regions. ‘

The data presented in Figure 6a may also be presented in a probabilistic format.
The map in Figure 6a is based on estimates of the average repeat time of earthquakes
on each fault in intraplate Japan. The relatively brief period covered by the historical
record, with respect to the average repeat time of earthquakes on intraplate faults,
precludes identification of the time that each fault last ruptured. For this reason,
we are restricted from estimating the next expected time that each intraplate fault
will again rupture, and hence, produce a certain intensity of ground shaking at a
site of interest. We are thus constrained to describing the occurrence of ground
shaking due to intraplate earthquakes as a Poisson type process, in which case the
occurrence of JMA intensity ZV ground shaking is appropriately described with
the exponential probability density function g(t) = we™* where  is the inverse of -
the predicted average shaking interval T's¥. Maps showing the probability that
intraplate earthquakes will cause JMA intensity =V shaking during 20-, 50-, 100-,
and 200-yr periods are provided in Figure 7. It should be emphasized that the values
of probability in Figure 7 are not a function of the time of the last occurrence of
seismic shaking and thus contain no true predictive value. The maps in Figure 7,
as ought to be expected, show patterns similar to the map of T’ in Figure 6a. The
regions in Figure 6a with the shortest T'sV show the highest probability for future
seismic shakings and the probabilities increase as longer time periods are sampled.

Interplate earthquakes. An estimate of long-term seismic hazard in Japan is
incomplete unless the contribution of hazard due to interplate earthquakes is also
considered. A number of investigations have shown that plate boundaries generally
break along specific segments and that rupture of the segments occurs cyclically
(e.g., Kelleher, 1970, 1972; Ando, 1975; Sykes and Quittmeyer, 1981). Relative ratesj:
of plate convergence along the Japanese plate boundaries are high, ranging from
about 3 to 10 cm/yr. Consequently, the repeat time of large events along given
segments of plate boundary are lower (many 10s to 100s of years) than along
intraplate faults (many 100s to 1000s of years), where maximum slip rates are on
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the order of millimeters per year. Thus, unlike intraplate faults, the historical record
for Japan is generally sufficient to estimate the average repeat times T of rupture
along major segments of the plate boundaries. Both the expected severity and extent
of seismic shaking resulting from plate boundary events may further be identified
with published isoseismal maps of historical earthquakes. The average shaking
interval T's due to interplate events can thus also be defined with equation (3). A

map showing T's" due to interplate earthquakes is shown in Figure 6b.
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- Fi16. 7. Probability that intraplate earthquakes will cause ground shaking of JMA intensity ZV during
(a) 20-, (b) 50-, (c) 100-, and (d) 200-yr periods of time.

' Computations of T's due to interplate earthquakes are, of course, constrained by
the quality of historical data. The data and interpretation employed to identify the
average repeat times T of rupture for each rupture segment along the Japanese
plate boundaries are reviewed in Wesnousky (1982). Isoseismal maps from Usami’s
(1975) catalog that are used to define the areas that will be shaken by rupture of
‘each segment are also presented in that same study. The main intent of this paper
is to present methodology, and hence, the interplate data set is not re-examined in
‘detail here. A summary of estimates of T for the rupture segments of the Japanese
plate boundaries is, however, given in Table 1. Figure 8 further provides an index
map, sufficiently detailed for the purposes of this discussion delineating the general
location of the historical ruptures listed in Table 1. The map of Ts" in Figure 6b
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TABLE 1. PLATE BOUNDARY EARTHQUAKES

Zone History YeTars YZ:rs Ye(;rs Rp Class
1. Tokachi-Oki 1677 97 97 11 2065 AD 1
1763
1856
1968
2. Aomori-Oki* 1739 69 50
1763
1901
1945
3. Sanriku-Oki .
(a) 1611 143 93 25 1990 A.D. 248
1793
1897
(b)t 1933
4. Miyagi-Oki 1616, 1646 40 40 11 2018 A.D. 1
1678, 1731
1770, 1835
1861, 1897
1936, 1978
5. Shioya-Okif 1938 1000 1000 67 2938 A.D. 3
6. (a) Boso-Oki 1703 1500 1275 475 2978 A.D. 3
(b) Kanto 1923 200 200 20 2023 A.D. 3
7. Nankai Trough§
ABCDE 1707 340
AB 1854 170
1946
CD 1944 340 63 17 2007 A.D. 2
CDE 1854 340 !
E (Tokai Gap) (1707) 90 24 1944 A.D. 2
(1854 g

earthquakes is assumed to obey a Poisson process.
T Tectonic interpretations of the 1933 earthquake indicate the event represents, not interplate thri

(Wesnousky, 1982) and is not incorporated into calculation of risk maps.

f T and Tr are assigned values of 1000 yr for this rupture segment based on the observation that;
other events of comparable size are documented in this zone during the last 1000 yr, the approxim:
period of time covered by historical records of seismicity. An arbitrarily high standard deviation of ¢
670 yr is assigned to reflect the poor constraint on these estimates. :

§ Nankai Trough is divided into five distinct rupture segments A through E, based on Ando (19‘
and a historical review presented by Ishibashi (1981). For comiputation of Figure 11, it is assumed t]
segment AB will rupture simultaneously with next rupture of segment CD.

e

reflects the distribution of plate boundary earthquakes in both space and time
Average shaking intervals are lowest along the coastal regions bounding the Pacil
and Philippine seas. Results also indicate that many areas along the northern an
western coasts (i.e., the Japan Sea coast) will be unaffected by plate boundar
earthquakes for levels of ground shaking greater than or equal to JMA intensity V
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" Comprehensive description of long-term seismic hazard. We have thus far com-
uted maps displaying long-term seismic hazard arising from either intraplate or
late boundary seismicity. The two data sets are combined in Figure 6¢ to show the
verage shaking interval of JMA intensity 2V expected from all earthquake sources.
The components of hazard that comprise this map can be seen upon comparison of
jgure 6, a and b. In general, the greatest long-term hazard (regions of lowest
haking intervals) in Japan is imposed by rupture of intraplate faults. The regions
ost frequently affected by plate boundary seismicity are located along the Pacific
oast of northeast Honshu.

INSTANTANEOUS SEISMIC HAZARD

An estimate of seismic hazard that is conditional to where each fault in a region
esides in the earthquake cycle at the present time is a measure of instantaneous
seismic hazard. Let us first consider only a single fault or fault segment. We assume

Fic. 8. Index map showing general location of plate boundary earthquakes listed in Table 1.

the fault last ruptured at time R; and further define T, for this fault as the expected
time interval from R, until the next expected rupture of the fault. The expected
date R, of the next rupture event is then R;+ T.. T, may presently be estimated in
one of several manners. If a fault has been observed to rupture cyclically and the
average repeat time 7" of rupture is empirically defined, a reasonable assumption is
that T, is equal to T. Recent studies also provide some evidence that the time
interval between two successive earthquakes on a fault is proportional to the amount
of slip that occurred during the preceding earthquake (e.g., Bufe et al., 1977;
Shimazaki and Nakata, 1980; Sykes and Quittmeyer, 1981). This observed regularity
is in accord with the elastic rebound theory and is now often described as the time-
predictable model of earthquake occurrence (e.g., Shimazaki and Nakata, 1980).
The time-predictable model provides us a working hypothesis to determine T, for a
fault when both the time interval between, and the relative amount of coseismic
slip during, the two most recent ruptures of a fault are known. The time predictable
‘model indicates that

_(u '
T = (U) T @
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where T, is the repeat time between the two most recent events and U, and Uy
are the coseismic slip during the most recent and preceding ruptures, respectively
Similarly, if the date and coseismic slip are only known for the most reces
earthquake, an estimate of 7, may be obtained if an independent measure of thi
rate of strain accumulation on the fault is available. For such a case, T, may
estimated to equal the amount of time necessary to accumulate strain equal to ths
released in the previous earthquake (e.g., Scholz and Kato, 1978; Sykes and Q
meyer, 1981). In practice, estimates of T}, and hence R, computed with the aboy
methods are associated with some uncertainty and will not be precise. If concernej
with hazard from a single fault, the uncertainty may aptly be expressed by a simpl
error bar. To assess the instantaneous seismic hazard due to number of faults, it:
of greater practical benefit to represent confidence in predictions of T, in terms g
a probability function.
Few data exist to quantify the distribution of errors that accompany estlmates of
T,, and hence, R, computed with the time-predictable model. It is difficult, ',
example, to characterize the errors brought about by uncertainties in estimates of
coseismic slip during past earthquakes, particularly when coseismic slip is calculated
with historical, preinstrumental data. For the purposes of this paper, we 31mp
assume that estimates of T, will distribute normally about the actual observe
recurrence time, when 7, is determined with either the time-predictable model o
knowledge of the average repeat time between ruptures of a particular fault or fauli
segment. Estimates of T, and hence, R, are thus assumed to be adequately described
with a normal probability density function, specifically

_z(t—&)z
e 2\ ¢ .

© =—
SN
The standard deviation o is a measure of the confidence given to predicted values
of R,. Briefly deferring discussion of how we may compute o, efforts are prese
directed at demonstrating how, with equation (5), the time-dependent behavior o
fault rupture can be incorporated into an analysis and expression of instantaneous
seismic hazard. :
A correct representation of seismic hazard due to a fault will take into accoun
the time elapsed since the most recent rupture. In effect, we are interested in
determining the probability that the rupture time R of a fault will occur during
next At years conditional to ¢ years having elapsed since R. We may write
conditional probability as

t+At
n(t) dt
PUER<t® At|B ol = —m———
f n(t) dt

t

The conditional probability [equation (6)] is schematically illustrated in Figure ¢
for a fault assigned an arbitrary value of R, and n(t). In accord with pre
knowledge of the earthquake cycle, the probability of an earthquake in the
period immediatgly following R, is minimal and increases as a function of t
Hence, equation (6) provides a reasonable tool for expressing seismic hazard on &
fault, if a Gaussian distribution of repeat times is appropriate. '
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Now consider the instantaneous seismic hazard at a site located within a network
many active faults. The conditional probability that the site will have a specific
el of strong ground motion during the next At years, resulting from rupture of
ne or more of the j faults or fault segments that are capable of producing the
e ified ground motion, is 1 — [P;(0) x P5(0) x - - - x Py(0)], where P(0),i=1, ...,

10—

P(t<R<t+At|R>1)

| toteAt | } TIME,

(0] 5 10 15

"FIG. 9. The conditional probability that a fault will rupture at time R during the period ¢ to ¢ + At
s conditional that ¢ years are past since the time of last rupture (R, = 0), for the arbitrary case where
o, and At are taken to equal 10, 2, and 1, respectively. The standard normal probability density
function n(t) for the same set of parameters is also shown.

P(t<R<t +At| R>t) =1-[P,(0) x P,(0) - xP,(0)]

R ISOSEISMAL
- -~
—--~v” ~~\/
R N
N COASTLINE
A
L—t+At
—————— ~Res
—————————— ~Re2
—
T
|
E
: II| |2|

- Fi. 10. Space-time plot of hypothetical rupture zones “1” and “2” schematically illustrating the
computation of the conditional probability of seismic ground shaking. ;.

j are the conditional probabilities that fault zones 1 through j will not rupture
during the next At years. This idea is schematically illustrated in Figure 10 as a
space-time plot of two adjacent segments of plate boundary, labeled “1” and “2”,
respectively. Isoseismals (thick dashed lines) characteristic to the rupture of each
segment are displayed along the adjacent coast line. R,; and R, are the estimated
times of the next expected rupture (thin dashed horizontal lines) of “1” and “2”,
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respectively. P;(0) and P,(0) are the conditional probabilities that the rupture
segments will not break during the period ¢ to ¢ + At, respectively. The figure
illustrates that seismic hazard at a site will be a function of the time since past
ruptures as well as the spatial distribution of faults. Hence, in Figure 10, the
instantaneous seismic hazard will always be greater in that area (shaded) which
affected by ruptures of both “1” and “2” than those areas which are shaken by
rupture of either “1” or “2”, but not both. The repeat time of ruptures alo
individual intraplate faults in Japan are as a rule greater than the length of the
existing historical record. An evaluation of the instantaneous seismic hazard due to
intraplate faults in Japan is thus not presently possible. The repeat times of large
Japanese interplate earthquakes are, in contrast, characteristically shorter than
found for intraplate faults. As a result, sufficient data do exist to constrain both
the time and size of past interplate ruptures as well as to estimate the time until
the next rupture of each segment (e.g., Wesnousky, 1982). The historical record of
plate.boundary earthquakes in Japan thus provides us the opportunity to demon-
strate the computation of instantaneous seismic hazard. ‘

The history of ruptures along the plate boundaries of Japan is summarized in
Wesnousky (1982). The data have been used to identify those segments of plate
boundary that have ruptured and further estimate R, and ¢ for each of the respective
segments (Wesnousky, 1982). The results of the analysis are summarized in Table
1 in conjunction with Figure 8. The data available to estimate R, vary greatly from
one rupture zone to another. The accuracy to which R,, and hence, ¢ can be
estimated is strongly dependent on the type, quality, and quantity of data available.
Based on such factors, we assign each rupture zone along the Japanese plate
boundaries to one of three broad classes. Accordingly, a slightly different approach
is used to estimate o in each class of rupture zone. A rupture zone is designated as
class 1 when the historical record shows evidence of four or more earthquakes that"
have occurred at regularly spaced intervals of time. The standard deviation ¢ for
class 1 is taken to equal the standard deviation of the observed repeat times. Class
2 indicates that data are available to determine the date of the last two or more
earthquakes as well as to estimate the relative amount of coseismic slip that occurred
in the two most recent events. Data are thus sufficient to use the time predictable
model to estimate R, but insufficient to warrant assessment of ¢ from data within
the zone itself. As a result, ¢ for class 2 zones is based on the data set of Sykes and
Quittmeyer (1981). Sykes and Quittmeyer (1981) examined the plate boundaries of
the world and found five sites where three or more events are known to have
occurred sequentially along the same segment of plate boundary. For each location,
they used the time-predictable model and information of the relative slip during the
earliest two events to predict the time interval between the two most recent events.:
Their results provide a crude check on the range of errors that can be expected
when using the time predictable model. The ratios of their predicted repeat times
to the observed intervals range from about 0.8 to 1.5, with a standard deviation of
0.27. The standard deviation o for estimates of R, in class 2 zones for Japan are
assumed to equal 0.27 times the predicted time interval T, between R, and R,,. Class ‘
3 zones are those where data are available to document only the date, R, and
approximate coseismic slip u of the most recent damaging earthquake, and the long-
term average seismic slip rate u or, analogously, a measurement of the interseismic
rate of strain accumulation, on the fault. The recurrence time 7’ between R, and R,
is thus determined with the relation T, = u/u. To estimates of R, made in this
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anner, ¢ is assigned on the basis of the quality of data used to define u and u
Jesnousky, 1982).

The normal probability density function n(t) for segments of the plate boundary
cated within the regions indexed in Figure 8 is defined by the data in Table 1.
e data in Table 1 and isoseismal maps of the earthquakes listed in Table 1
ovide the basis for computing the cumulative conditional probability that seismic
aking of JMA intensity =V will be induced by major ruptures of the plate
daries during the next 20, 50, 100, and 200 yr (Figure 11). Detailed assessment

INTERPLATE
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8- .89
5-.79
2 .1 - .49
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Fic. 11. Conditional probabilities that Japan will sustain ground shakings of JMA intensity ZV
uring the next (a) 20, (b) 50, (c) 100, and (d) 200 yr due to the occurrence of interplate earthquakes.

the maps in Figure 11 requires comprehensive study of the historical data used
0 compile Table 1 (Wesnousky, 1982). In general, the absolute values of probability
hould be viewed with caution since estimates of ¢ used to establish n(t) for each
upture zone are generally based on few data. Nonetheless, the maps convey the
ime dependent nature of seismic hazard associated with the cyclic occurrence of
plate boundary earthquakes. Note that more regions of high probability occur as
reater time periods are sampled. This reflects the projected occurrence of earth-
juakes along specific segments of the plate boundaries. In particular, the 20-yr map
ndicates highest hazard adjacent to the Tokai gap, the easternmost segment of the
Nankai Trough that is long past its predicted occurrence of rupture (e.g., Ishibashi,
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1981). Figure 11b reflects data that suggest the Nankai Trough and portlons of wl.u
Japan Trench adjacent to the east coast on northeast Honshu will experience
ruptures during the next 50 yr. The 100-yr map projects the occurrence of a n
Tokachi-oki rupture (northeast Honshu), and similarly, the 200-yr map the pro
occurrence of a major earthquake along the Sagami Trough. b
Comprehensive evaluation of seismic hazard. The probabilities that ground shakin
of JMA intensity 2V will be induced by either intraplate or interplate earthquake

COMBINED

8 c) [OOyr

PROBABILITY
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<

L 1= .49
i <.
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F16. 12. Probabilities that either interplate or intraplate earthquakes will cause Japan to experience
ground shaking of JMA intensity ZV during the next (a) 20, (b) 50, (c) 100, and (d) 200 yr.

during the next 20, 50, 100, and 200 yr are presented in Figure 12. Probability of
experiencing JMA intensity =V shaking during the next 20 yrs is highest in central
Japan and adjacent to the eastern end of the Nankai Trough (ie., the Suruga
Trough). This reflects the combined effect of expected short shaking intervals from
intraplate earthquakes (Figure 6a) in central Japan and the projected overdue
occurrence of a major earthquake along the Tokai gap (Figure 11a). The regions of
high probability expand as longer time periods are sampled. Figure 12 indicates that
few regions are expected to be exempt from JMA intensity =V shaking during the
next 200 yr. '
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DiscusSION AND CONCLUSIONS

- Estimates of seismic hazard are generally based on regional magnitude frequency
statistics obtained from data listed in earthquake catalogs. In such analyses,
probabilistic estimates of future strong ground motions are based primarily on the
regional b value and an estimate of the maximum expected earthquake (e.g.,
‘Kawasumi, 1951; Cornell, 1968; Algermissen and Perkins, 1976; Ozaki et al., 1978;
Kitagawa and Ozaki, 1979; Algermissen et al., 1982). Hazard analyses performed in
this manner are generally limited by both the quality and length of the historical
record. Error in estimates of long-term seismicity, and hence, seismic hazard are
probable when based on too short a historical record. Active faults, in contrast,
‘record long-term averages of the rate of slip that takes place during earthquakes.
The results described in this work and Wesnousky et al. (1982, 1983) support the
hypothesis that a complete knowledge of the geologic record of fault offsets in a
region is sufficient to predict both the spatial as well as the size distribution of
earthquakes. This result may be particularly useful for the analysis of seismic
hazard in other areas of active faulting, such as the Western United States, where
historical records of seismicity are relatively short or absent. The map displaying
the average expected recurrence time between seismic shakings of JMA intensity
2V in Japan illustrates how quantitative estimates of long-term average seismic
' hazard may be based primarily on data describing the average slip rates of Quater-
nary faults in a region, rather than the historical record of seismicity.

Sufficient data now exist to leave little doubt that the potential for a major
earthquake on a fault is far less immediately after a major earthquake (excluding
aftershocks and rare cases of multiple main shocks) than it is after a long hiatus
(e.g., McCann et al., 1979). Recent observations also suggest that the length of the
quiescent period between major shocks on a fault can be forecast within certain
bounds with the time-predictable model when adequate data exist to describe the
time and coseismic slip of past ruptures (Shimazaki and Nakata, 1980; Sykes and
Quittmeyer, 1981). These concepts have been incorporated into a methodology to
assess the regional seismic hazard in Japan due to plate boundary earthquakes. The
technique conveys seismic hazard as a time-dependent function with respect to the
recent history of earthquakes along the adjacent plate boundaries. This contrasts
to conventional methods of hazard analysis whereby the occurrence of earthquakes
is described as a Poisson process. A similar description of the seismic hazard from
intraplate earthquakes in Japan is not presently possible because the repeat times
of intraplate faults in Japan are generally on the order of thousands of years or
more. The historical record is consequently too short to document the occurrence
time of the last earthquake on each fault. Recent efforts, however, have shown that
trenching across active faults, (e.g., Clark et al., 1972; Sieh, 1978; Matsuda et al.,
1981) can constrain the date of prehistoric intraplate earthquakes. Such work gives
hope that geologic data may eventually allow us to constrain not only the average
repeat time but also the date of the last major earthquake on a majority of large
intraplate faults in Japan, as well as in other regions of the world. This would
ideally furnish sufficient information to formulate the hazard from intraplate faults
in time-dependent terms in a manner similar to that used for plate boundary
seismicity. Until such data exist, however, we are constrained to describing the
occurrence of ground shaking produced by intraplate earthquakes as a stochastic
process.
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