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Abstract

This contribution reviews the status of seismic hazard assessment in Continental Asia; the surveyed region
includes China, Nepal, Northern India and Pakistan, Mongolia and parts of the former USSR territory. The
area is characterized by intense and catastrophic seismic activity; about 80% of worldwide continental

activity takes places in this area.

1. Introduction

Continental Asia is region with a high lev-
el of seismic hazard. Statistics of global earth-
quakes from 1900 to 1985 indicate that 13 per-
cent of shallow-depth earthquakes (Ms = 7)
occurred in the interior of continents (intra-
plate). Eighty percent of these continental
earthquakes occurred in Continental Asia
(Feng Hao, 1989). In China, for example,
there have been 9 great earthquakes (Ms = 8)
and 80 large earthquakes (8 > Ms = 7) be-
tween 1900 and 1985, which account for more
than 1/3 of the total amount of earthquakes
that have occurred in Continental Asia be-
tween 1900 and 1986 (fig. 1).

Although only 13 percent of all global
earthquakes occur in the interior of continents,
the resulting social and economic impact is no
less than that from the other 87 percent earth-
quakes occurred along the plate boundaries
which commonly occur offshore as subduction
zone, middle ocean ridge, and trasform fault
earthquakes. The continental earthquakes
cause widespread loss of life, property dam-
age, and social and economic disruption. For
example, the nine Ms > 7 earthquakes that
successively struck China from 1966 to 1978
(Ma Zongjin et al., 1989) are a tragic example
of seismic disasters in Continental Asia. These
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nine earthquakes occurred in densely populated
areas and caused approximately 300 000 casu-
alties and more than 2 billion US dollars in
economic damage. The tragedy caused by the
1976 Tangshan earthquakes is still fresh in our
memory even 16 years after the event. Major
earthquakes in Iran, Turkey, regions of the
former USSR, India, Burma, and other coun-
tries in Continental Asia also caused great loss
of life and economic disaster. Thus. seismic
hazards pose a major threat to the social and
economic development of most countries in
Continental Asia, most of which are develop-
ing nations.

In this review, I will first describe the na-
ture of seismic hazards in Continental Asia,
then review status of seismic hazard assess-
ments, and finally discuss problems and future
directions in seismic hazard assessment in
Continental Asia.

2. Nature of seismic hazard in Continental
Asia

Unlike earthquakes that occur along plate
boundaries, continental earthquakes are widely
distributed over large regions (fig. 2) and typ-
ically have shallow focal depths, in the range
of 10 to 25 km beneath the surface (fig. 3).
Major continental earthquakes usually occur
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Fig. 1. Bar diagram showing numbers of shal-
low-depth continental earthquakes distributed in
different countries.

along seismically active faults, which individ-
ually have very long recurrence intervals (in
the range of several thousand years). Howev-
er, the recurrence interval for major earth-
quakes in a particular region is much shorter
(a few decades). Although our understanding
of the spatial and temporal behavior of conti-
nental earthquakes is still at a very prelimina-
ry level, general characteristics of continental
earthquakes are elucidated below.

2.1. Distribution of continental earthquakes

Late Quaternary deformation of Continen-
tal Asia is distributed over a vast region, and
includes a full spectrum of deformational
styles and structural orientations. Much, if not
all, of the deformation can be attributed to the
collision and subsequent penetration of the In-
dian plate with respect to Eurasia (for exam-
ple, Molnar and Tapponnier, 1975, 1978; Tap-
ponnier and Molnar, 1977; 1979). The occur-
rence and distribution of strong earthquakes
are the manifestation and result of these wide-
spread and varied styles of deformation. The
locations of earthquakes, especially large
earthquakes is not uniformly and randomly

distributed - rather they cluster in several belts
and regions of prominent late Quaternary tec-
tonic activity (fig. 2).

Since the present boundary between the In-
dian and Eurasian plates is approximately
along the Himalaya front thrust fault zone,
south of the Tibetan Plateau, and the Indian
plate continues to move north under the Eur-
asian plate (Lyon-Caen and Molnar, 1985),
strong compression and major thrust-faulting
earthquakes characterize the modern seismic-
ity along the arcuate belt that extends from
Burma, Bangladesh, India, Pakistan, Iran, and
west to Turkey and Greece. This long zone of
compressional tectonics is commonly referred
to as the Himalaya seismic belt. Seismic haz-
ards in this seismic belt will be reviewed by
Gupta (this volume).

Tibetan Plateau. There have been more
than 30 Ms = 7 earthquakes in the interior of
the Tibetan Plateau, and five of them are of
magnitude 8 or larger. Fault plane solutions of
the earthquakes show normal and strike-slip
mechanism with consistent T-axes oriented
between east — west and northwest — south-
east (Chen and Molnar, 1983; Molnar and
Lyon-Caen, 1989). Active fault studies in the
central Tibet Plateau also reveal normal and
strike-slip faulting as ongoing tectonic pro-
cesses (Armijo et al., 1986). Since this region
is sparsely populated, these earthquakes are
considered a lesser risk than those in the den-
sely populated areas of Eastern and Southern
China.

Northern and eastern margin of the Tibe-
tan Plateau. Crustal shortening is the predom-
inant late Cenozoic tectonic process is this ar-
ea as the Tibetan Plateau is apparently being
overthrust to the north and to the east. Active
reverse faults and reverse faults with a strong
strike-slip component are predominant in this
belt of deformation. Fault plane solutions of
earthquakes also show thrust faulting with
strike-slip component (Molnar and Lyon-Caen,
1989). Earthquakes in this belt are concentrat-
ed along major active reverse faults. Several
great earthquakes have caused tremendous
damage and loss of life. For example, the
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Fig. 2. Simplified active tectonic map of Continental Asia. Large circles represent epicenters of earth-

quakes of magnitude = 8. Small circles are epicenters

of earthquakes of magnitudes between 7.0 and 7.9.

Thick lines with solid triangles are active reverse and thrust faults; thick lines with ticks are active normal

faults; thick lines with arrows are active strike-slip faults; other thick lines are other active faults. A, B, C,
D,E, F, G, and H represent seismic belts or seismic regions of Himalaya, Tibetan Plateau, northern, and
eastern margin of the Tibetan Plateau, Yunnan - Sichuan - Burma, Southern China, Northern China,
Tianshan - Mongolia - Baikal, and Turan discussed in the text respectively.

1920 Haiyuan earthquake caused 200 000
deaths and destroyed thousands of towns and
villages (Zhang et al., 1987). This earthquake
had a surface-wave magnitude of 8.6 and
formed about 300 km of surface ruturing
(Zhang et al., 1987).
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Yunnan — Sichun — Burma region. This re-
gion is tectonically characterized by major
strike-slip faults, since the penetration of India
into Eurasia has already passed this region,
and continuing penetration has resulted in a
predominantly strike-slip environment. The
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Fig. 3. Depth distribution of earthquakes

(Ms>3) occurred in China between 1970 and 1985.

large earthquakes are mainly controlled by
these strike-slip faults. Sixteen earthquakes of
magnitude > 7 have occurred in the Yun-
nan — Sichun — Burma region since the be-
ginning of this century.

South China region. This region is charac-
terized by relatively low seismicity compared
to other seismic regions in China. Three earth-
quakes of magnitude > 7 and one of magni-
tude > 8 have occurred in this region during
the past 1300 years. Since this region is dense-
ly populated and economically developed,
earthquakes of magnitude 6 or larger could
cause considerable damage.

North China region. This is a region of
high seismic hazard. Strike-slip and normal
faults are the predominant active structures in
the North China region, which imply a large
component of extension. The extension is
probably caused, in part, by southeastward ex-
trusion of Southeastern Asia with respect to
Eurasia (Tapponnier and Molnar, 1977; Peltzer
et al., 1988). There have been 6 earthquakes
of M > 8 and 16 earthquakes of M > 7 in this
region during the past 2000 years. Major
earthquakes generally occur along major ac-
tive faults that bound large basins. Fault-plane
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solutions of earthquakes are commonly strike-
slip with normal dip-slip component. Although
recurrence intervals along an individual fault
are relatively long (usually in the range of
several thousand years), the composite recur-
rence interval for the whole region is in the
order of a few decades. The region is densely
populated, and is the cultural and economic
center of China. Every earthquake of magni-
tude = 6 has the potential for causing serious
loss of life and economic damage. The 1976
Tangshan earthquake is a tragic example of
the nature of seismic hazard in this region.

Tianshan — Mongolia — Baikal belt. This
seismic belt is situated in the interior of Con-
tinental Asia. Late Quaternary deformation in
the Tianshan Mountain is dominated by re-
verse faulting and crustal shortening and asso-
ciated conjugate strike-slip faulting north of
the Tianshan. The structural convergence in
Tianshan is also attributed to India’s penetra-
tion into Eurasia (Nelson et al., 1987). Neotec-
tonics in Mongolia is characterized by strike-
slip with thrust dip-slip component. The 1955
Gobi Altai (M=8) was associated with 8 m
left-lateral displacement and about 5 m verti-
cal offset (Tapponnier and Molnar, 1979).
Lake Baikal is tectonically an intracontinental
rift system which is predominated by normal
faulting and crustal extension. There have
been nine earthquakes of M = 8 and 22 earth-
quakes of M = 7 in the Tianshan — Mongol-
ia — Lake Baikal seismic belt. Fault plane so-
lution of earthquakes shows east-trending re-
verse faulting in the Tianshan, strike-slip
faulting in Mongolia, and normal faulting in
Baikal, which are consistent with results of
late Quaternary deformation in this belt (Chen
and Molnar, 1977; Tapponnier and Molnar,
1979; Molnar and Deng, 1984; Nelson et al.,
1987).

Turan region. The Turan seismic region is
located north of the Tianshan Mountain in
Central Asia. The predominant structures in
this regions are right-lateral strike-slip faults.
The region is tectonically a transition area
from active mountain building zone to the sta-
ble Russian platform. Seismicity in this region
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is medium. Two earthquakes of M > 7 have
been documented.

Distribution of earthquakes in Continental
Asia is intimately tied with patterns of region-
al late Quaternary deformation. The tectonical-
ly active regions, such as the Yunnan — Si-
chun — Burma and the northern and eastern
margin of the Tibetan Plateau, are regions
with a high level of seismicity. The Turan and
South China region, which tectonically are
less active, coincide with a relatively low lev-
el of seismicity. Fault plane solutions of earth-
quakes in a seismic region show the same
style of deformation as indicated by active
tectonics of that respective region. Occurrence
and mechanism of earthquakes are indicators
of the style of contemporary deformation of a
region.

2.2. Temporal and spatial clustering of
continental earthquakes
On the basis of studies of active faults in
the Basin and Range province of the United
States, Wallace (1984) suggested a long-term
pattern of temporal clustering behavior for

major surface rupturing earthquakes (M =
6.5) along an individual fault zone or a seis-
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mic region. The recognition of a temporal
clustering pattern implies that displacement on
fault occurs in a pulse of activity for a limited
period in localized belts or subprovinces,
while other areas remain relatively quiet in
seismicity. After a pulse of major activity in
one belt or area, activity shifts to another belt
or area in the same tectonic province in some
unknown sequence, but does not return to the
first belt or area for long time (Wallance,
1984).

The modern seismicity in Continental Asia
also shows apparent periodicity (temporal
clustering); that is, the occurrence of strong
earthquakes in a seismic region clustered in a
period of time which is followed by a period
of seismic quiescence. Analysis of historical
earthquakes in China reveals this kind of pat-
tern, with earthquake sequences having ap-
proximate return times of 300 years (McGuire,
1979; Ma Zongjin, 1984).

Several episodes of seismic activity can be
further recognized within a given period of
seismic activity (Ma Zongjin, 1984).

Earthquakes (Ms = 6.0) in Continental
China since the beginning of this century
clearly reveal the pattern of clustering/quies-
cence as showing by seismic energy release
distribution as a function of time (fig. 4).
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Fig. 4. Distribution of annual seismic energy release as a function of time from 1900 to 1980. The
dashed line represents the normal annual seismic energy release. The shadowed bars above the dashed line
are the annual seismic energy release in excess of the normal annual seismic energy release. Four episodes
of seismic activity can be identified.
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Fig. 5a) and b). Spatial distribution of earthquakes during the four episodes of seismic activity in
China. The shadowed areas are the regions of major earthquakes during each episode of seismic activity.
a) Shows the first episode from 1897 to 1912; b) shows the second episode from 1920 to 1934.
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Fig. 5c) and d). Spatial distribution of earthquakes during the four episodes of seismic activity in
China. The shadowed areas are the regions of major earthquakes during each episode of seismic activity.
¢) Shows the third episode from 1944 to 1957; d) shows the last episode from 1966 to 1976.
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The normal annual seismic energy release
is defined as the average annual release over
this century. The time episodes when the an-
nual release of seismic energy successively
exceeds the normal annual release are recog-
nized as active episodes of seismicity. There
have been 4 active episodes of seismicity in
Continental China since the beginning of this
century (fig. 4). These episodes occurred from
1897 to 1912, 1920 to 1934, 1944 to 1957, 1966
to 1976 with intervals that persist for an aver-
age of 13 years. Several earthquakes of M =
8 occur in each episode of activity.

Great earthquakes in an episode of seismic-
ity mainly concentrate in one or two seismic
belts or regions. In the succeeding seismic
episode, earthquakes primarily occur in anoth-
er (different) seismic belt and region. This
pattern and behavior is similar to the long-
term tectonic activity that Wallace (1984,
1987) recognized in the Basin and Range
province.

Great earthquakes in the first recorded ac-
tive episode of seismicity in China mainly oc-
curred in Central Asia along the seismic belts
of Pamier, Tianshan, and Mongolia (fig. 5a).
In the second seismic episode, earthquakes oc-
curred along the northern and eastern margin
of the Tibetan Plateau seismic belt and along
the Himalaya seismic belt (fig. 5b). Earth-
quakes in the third episode of activity were
distributed in the seismic region of Southern
and Eastern Tibet, and several large earth-
quakes also occurred in the Pamier and Mon-
golia seismic regions (fig. 5¢). In the most re-
cent seismic episode, the North China seismic
region was the primary target for occurence of
large earthquakes — the last disastrous earth-
quake in this episode was the 1976 Tangshan
earthquake (fig. 5d).

The 1985 Wugia earthquake (Ms = 7.4) in
the Tianshan seismic belt probably marks the
onset of the fifth, and current, active episode
of seismicity. If the duration of past seismic
episodes is an indicator, the current episode
might persist until 1995 or 2000, and we
would anticipate one or more great earth-
quakes in this time period.
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3. Data bases for seismic hazard
assessment

Seismic hazard assessment has been a pri-
mary target of seismic hazard reduction activ-
ities in China during the past few decades. In
1970, the State Seismological Bureau (SSB)
was established to organize nation-wide stud-
ies with a goal of reducing seismic hazards.
Work conducted by SSB personnel includes
earthquake monitoring and prediction, collect-
ing earthquake data from various historical
documents, coordinating national seismotec-
tonic studies, conducting seismic intensity in-
vestigations, and compiling various maps for
seismic hazard assessment including national
seismic zonation maps.

It is well known that China has a rich his-
tory of earthquake recording. The earliest doc-
umented pre-instrumental event is the 1831
B.C. Tianshan earthquake. A relatively com-
plete documentation of earthquakes in China
began probably after 1300 A.D. during the
Ming Dynasty (1368-1644). At this time most
counties started to record historical events, in-
cluding major earthquakes, and the document-
ed events are relatively credible since this
time. A total number of 757 historical earth-
quakes have been collected from various his-
torical chronicles and the maximum modified
Mercalli intensities (between VI and XII) have
been assigned to the events on the basis of
damage reports. Magnitude of these pre-instru-
mental events were estimated from the intensi-
ties using an empirical relation derived from
instrumentally recorded earthquakes that oc-
curred during the 20th century. Although the
location and magnitude of these events con-
tain large uncertainty, they nevertheless depict
the general pattern of seismicity in China dur-
ing that time period.

In 1966, China began to set up a modern
national network of seismic stations. At the
present time there are 727 seismic stations
that are capable of monitoring M > 2 earth-
quakes in China and its vicinity. China pub-
lished a national earthquake catalogue in 1983
(Gu, 1983). Since that time, a data base of his-
torical and instrumental seismicity has been
assembled. This data base is now available for
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assessing seismic hazard in Continental Asia
and has been used in the new national seismic
zonation map of China.

Although there are some strong ground
motion records available in China, they are
not enough for assessing seismic hazard.
However, China has abundant seismic intensi-
ty data from investigantions of historical
earthquakes. These intensity data can therefore
be used to establish empirical relations for
seismic attenuation of intensity with distance.

The occurrences of earthquakes in Conti-
nental Asia are mostly controlled by active
faults. Considerable progress in active fault
studies has been made in Continental Asia
during the past two decades, including studies
of late Quaternary slip rate, paleoseismicity,
and fault segmentation that can be directly
used in assessing seismic hazard. China has
started a project to systematically map major
active faults across the nation, and the data
base of active faults will soon be assembled to
provide significant geological and seismolog-
ical input for making seismic hazard assess-
ments.

4. Current status in national seismic
zonation

Seismic zonation is a fundamental step to-
ward reduction of seismic hazards. It is the
basis for introducing low-cost earthquake-re-
sistant building design and construction. The
work of national seismic zonation conducted
in China and the former USSR can be traced
to early 1950’s. The early work was mainly
guided by two important principles proposed
by the Russian seismologist Gorshkov: 1) that
earthquakes of similar magnitude will recur
where they have been previously and 2) re-
gions of similar tectonic structure would be
subject to similar seismic potential. Both Chi-
na and the former USSR had compiled their
first national seismic zonation map in the
1950’s early based on these two principles. In
1977, China finished a new national seismic
zonation map based on available seismic and
seismotectonic data, and the predicted maxi-
mum seismic intensity for the time period of
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one hundred years (State Seismological Bu-
reau, 1981). This map has been used to devel-
op a new national building code for China. In
1978, the former USSR published a second
edition of its national seismic zonation map.
This map depicts probability of expected max-
imum seismic intensity. The return time of ex-
pected maximum seismic intensity is divided
into three categories: «once every hundred
years», «once every thousand years», and
«once every ten thousand years». This map
has been used in national building code revi-
sions for Russia and other former USSR re-
publics.

China has recently finished its newest
(third) national seismic zonation map, which
represents major advances in seismic hazard
assessment for China (State Seismological Bu-
reau, 1992). The new national seismic zona-
tion map was compiled at a scale of
1:4 000 000. The probabilistic approach of
seismic hazard analysis, which was initiated
by Cornell (1968), is applied instead of the de-
terministic approach utilized in the previous
two versions. The map shows intensities with
exceedence probability of 10% under average
site conditions for a period of 50 years. The
flow chart shown in fig. 6 indicates the meth-
od and procedure in compiling this map.
Some of the rationales and techniques used to
formulate the map are briefly elucidated in the
following sections.

4.1. Seismic source zone delineation

Delineation of seismic source zones is a
fundamental step in probabilistic earthquake
hazard analysis. Seismic source zones are de-
fined as areas that share common seismolog-
ical, tectonic, and geological attributes under
the assumption that these areas also share
seismotectonic origins of seismicity that can
be described by a unique magnitude-frequency
relation (Thenhaus, 1986). This definition im-
plies that seismicity in a seismic source zone
is uniformly distributed throughout the zone
and future earthquakes may occur everywhere
in the zone. Observations of modern patterns
of seismicity and paleoseismology studies,
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Fig. 6. Flow chart showing methods and procedures used in national seismic zonation of China (mod-

ified from State Seismological Bureau, 1992).

however, reveal irregular pattern of earthquake
distribution in both time and space (e.g.
Sykes, 1971; McGuire, 1979, 1981; Ma Zong-
jin et al., 1984; Wallace 1984, 1987). The pre-
viously described nature of seismic hazard in
Continental Asia also shows deviation from
the premise of the seismic source zone. There-
fore, to realistically assess seismic hazard, the
temporal and spatial variations in seismic po-
tential ought to be incorporated in the delin-
eation of seismic source zones.
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In the conventional method of probabilistic
seismic risk analysis (Cornell, 1968) the pa-
rameters of earthquake activity in a seismic
source zone are determined by the statistics of
its historical seismicity. This statistical ap-
proach precludes the seismic source zone from
being delineated in enough detail to depict
spatial irregularity of earthquake distribution
because the earthquake catalogue would be in-
adequate for statistical analysis and the rate of
earthquake activity would not represent the fu-
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ture earthquake potential. Also, if the seismic
source is too large, the irregularities of earth-
quake potential would be averaged out and the
probability of earthghake recurrence would be
diminished. To reconcile this contradiction
and to reduce uncertainty in delineation of
seismic source zones, Liu (1987) suggested a
two-level delineation of seismic source zones
that has been used in the new national seismic
zonation of China.

The first level of seismic source zone de-
lineation is a seismic belt (or seismic region),
which is shown by «A» in fig. 7. The size of
a seismic belt is large enough to encompass
adequate earthquake data for statistical analy-
sis. Although the seismic belt may consist of
several sub-seismic sources of different

strength and behavior, the rate of earthquake
activity is a constant that represents average
earthquake potential over the entire belt in the
future period of interest. The Shanxi graben
seismic belt in China (fig. 8), and the Central

Aj

Nevada — Eastern California seismic belt in
USA (Wallace, 1984; Zhang et al., 1991) are
typical examples of this level of seismic
source zone. They consist of ‘several surface
ruptures associated with historical earthquakes
and segments of active faults, which share
common tectonic origins and seismic attri-
butes. The purpose for delineating this level
seismic source is to ensure enough historical
earthquakes for statistical treatment and to ob-
tain reliable parameters of earthquake activity
characterizing future average seismic potential.

The second level of seismic source zone is
termed a seismic source, which is illustrated
by «B» in fig. 7. Delineation of seismic sourc-
es is, in fact, a further subdivision of first-
level seismic belt based on geological, geo-
physical, and seismological information of the
belt. Each seismic source within a seismic belt
may differ in terms of geometry, maximum
earthquake magnitude and recurrence interval,
and rate of earthquake activity. This level of

Fig. 7. Diagram showing the two level delineation of seismic source zones used in national seismic
zonation map of China (modified from Liu Huixiang, 1987).
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Fig. 8. Simplified map of active faults along the Shanxi graben system of Northern China. Dotted
areas are Quaternary basins. The very thick lines with ticks are surface ruptures associated with historical
earthquakes; the medium thick lines are major active faults; the thin lines are sedimentary boundaries of
basins. Large circles are epicenters of earthquakes of magnitude = 8; small circles are epicenters of
earthquakes between 7.0 and 7.9.
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delineation illustrates spacial irregularity of
earthquake distribution so that weighting fac-
tors could be assigned to each seismic source
in distributing the total probability of earth-
quake recurrence over the first level of seis-
mic source zone. Using the Shanxi graben
system and the Central Nevada and Eastern
California seismic belt as examples, the seg-
ments of active faults, no matter whether they
ruptured in the historical time or not, are seis-
mic sources of the belt. Obviously, the total
rate of earthquake activity of the seismic belt
is not uniformly distributed in each seismic
source (each segment) of the belt although the
annual rate of earthquake activity is a constant
for the whole graben system or the whole
seismic belt. In other words, the seismic po-
tential in different segments of either the
Shanxi graben system or the Central Nevada
and Eastern California seismic belt is different
during the next 50 or 100 years in the future.
The segments that have historically ruptured
are unlikely to rupture again in the next 50 or
100 years, and segments that have not yet rup-
tured historically are the sites with high poten-
tial for the near future earthquakes.

4.2. Seismic source zone characterization

The new national seismic zonation map of
China (State Seismological Bureau, 1992) uses
the following parameters to characterize seis-
mic source zones and seismic sources:

1) effective magnitude, the minimum mag-
nitude of earthquake that may cause strong
ground motion at a site;

2) maximum earthquake magnitude, deter-
mined by maximum magnitude of historical
earthquake, maximum magnitude of pale-
oearthquake if data exist, and seismotectonic
analogies;

3) b-value of Gutenberg-Richter relations,
obtained from statistics of earthquakes in a
seismic source belt;

4) rate of earthquake activity, annual num-
ber of earthquakes of magnitude larger than
the effective magnitude that occurred in the
seismic belt;
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5) spatial and temporal distribution func-
tion of earthquake activity, carrying informa-
tion on temporal and spatial variation of earth-
quakes in the seismic belt.

The rate of earthquake activity is a very
important parameter in seismic hazard analy-
sis. The idea of characterizing the temporal
and spatial irregularity is to let the rate of
earthquake activity in each seismic zone (area
«A» in fig. 7) remain a constant, but irregular-
ly redistribute into different seismic sources
(area «B»s in fig. 7) within the belt using a
weighting function (Liu, 1988). In practice, a
two-step determination of earthquake activity
parameters is employed. The first step is to
determine effective earthquake magnitude,
maximum earthquake magnitude, b-value, and
annual rate of earthquake activity for the
whole seismic belt. The second step is to de-
termine the rate of earthquake activity for
each of the seismic sources by means of the
distribution function (weighting function) of
earthquake activity. Figure 7 illustrates the
concept of the two-step characterization of
seismic sources.

The critical question is how to determine
the weighting function for each seismic source
within a seismic belt. To characterize the spa-
tial irregularity the following factors are con-
sidered in each seismic source: recency of the
last earthquake, lithological and structural
property, degree of tectonic activity, reliability
of seismic source obtained from pattern recog-
nition study, and size of seismic source. A
weighting coefficient is assigned to each seis-
mic source based on evaluation of the above
factors.

Temporal variation of seismicity is charac-
terized by periodicity of seismic activity in a
seismic province. Four phases of activity can
be recognized from a periodicity of seismicity
based on analysis of Chinese earthquake cata-
logue up to 1989 (Liu, 1987), namely, the
phase of energy accumulation (marked by the
quiescence in activity); the phase of increasing
energy release (marked by moderate earth-
quakes); the phase of intense energy release
(marked by major earthquake events); and the
phase of complete release (marked by gradual
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decreasing in activity). By observing the pre-
sent phase in the seismic periodicity, it is pos-
sible to make a choice of the seismic parame-
ter for the future time span of interest. For
example, if the activity of a seismic zone in
the future time span of interest is going to be
the phase of intense energy release, the rate of
earthquake activity for that future time span
should be larger than that obtained from sta-
tistics of earthquakes occurred in previous
phases. In practice, this is achieved by assign-
ing a weight coefficient to increase or de-
crease the rate of earthquake activity of a seis-
mic source zone.

4.3. Ground motion attenuation and seismic
recurrence model

The new national seismic zonation map of
China is mapped in intensity grade rather than
physical parameters, such as peak ground ac-
celeration and peak ground velocity. The rea-
sons for doing so follow Liu Huixiang (1987).
The state-of-the-art of seismic hazard assess-
ment in China remains at a low level, it is
impossible to give the strong ground motion
in crisp values of the physical parameters.
Since it is not feasible to install strong ground
motion instruments all over China in the near
future, evaluation of the severity of earth-
quakes will still depend on a descriptive in-
tensity scale (Modified Mercalli). China has a
wealth of descriptive earthquake data but only
a handful of strong ground motion records.
For engineering use, intensity grade is more
flexible than certain physical parameters be-
cause the intensity grade could be correlated
to any physical parameter, and earthquake
countermeasures are much more feasible to
formulate according to intensity grade than to
be physical parameters (Liu, 1987).

The general form of seismic intensity at-
tenuation relation used world-wide is

I=a,+aM-anR +R))
where the coefficients a,, a,, a,, R, are ob-

tained from regression of isoseismal values for
historical earthquakes, I is seismic intensity,
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M is earthquake magnitude, and R is epicen-
tral distance in km. Based on characteristics of
earthquakes in China, ellipsoid shape is used
to model attenuation of intensity with dis-
tance. Both the long- and short-axes are mod-
eled respectively. To keep the variables used
in the regression independent of each other,
the magnitude of earthquakes was determined
by instrumental data, and their isoseismal (or
intensity) values were observed directly from
field investigation. Since the eastern and west-
ern parts of China differ in geology, seismol-
ogy, and active tectonics, different attenuation
relationships are used in calculating seismic
hazards.

Eastern China:

Long Axis

1=6.046 + 1.480Ms — 2.081In(R + 25); S = 0.49
Short Axis

1=12.617 + 1.435Ms — 1.441In(R + 7); S = 0.56

Western China:

Long Axis

[=5.643 +1.538Ms — 2.109In(R + 25); S = 0.64
Short Axis

1=2.941+ 1.363Ms — 1.494In(R + 7); S = 0.61

In the equations, Ms is surface-wave mag-
nitude, and S is standard deviation.

On a worldwide basis, two kinds of models
of earthquake recurrence are often used in the
recent seismic hazard assessment: stationary
Poisson model and other non-stationary mod-
els. The Poisson model represents a non-mem-
ory process, which implies that the occurrence
of a future event is independent from the past
event. This obviously deviates from our cur-
rent understanding of processes of earthquake
generation. However, the Poisson model is
widely used in current seismic hazard assess-
ment for its simplicity, which satisfies the
availability of current data. Non-Poisson mod-
els, such as Markov, renewal (real time), and
time-predictable, seem to be more realistic
than the stationary model currently used.
However, these non-stationary models require
estimation of many constants and parameters
that are currently either not known or for
which the data base is too small to be estimat-
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ed with any confidence. Therefore, a station-
ary Poisson model was adopted in compiling
the new national seismic zonation map of Chi-
na.

5. Problems and future directions

The problems that prevent us from realisti-
cally assessing seismic hazards result from
two sources: small data bases of quality seis-
mic data and limited understanding of the
process of earthquake generation. First, the
history of earthquake recording around the
globe is too short to represent the real behav-
ior of seismicity either in an area or along a
particular fault. Even though China has more
than a two thousand year old history of earth-
quake documentation, most of the earthquake
data are only general descriptions of the earth-
quake hazard and are far from complete. Re-
currence intervals of continental earthquakes
are generally from several thousand years to
more than ten thousand years (Wallace, 1984).
Thus, the time window for making statistical
analysis of rates of seismicity is usually only
a few decades, at best. It is very difficult to
estimate confidence levels for statistical re-
sults based on such a small data base. Second-
ly, earthquakes comprise a very complex proc-
ess of rupture. At present, our knowledge on
the processes of earthquake generation is still
in a young stage of development. The degree
to which seismic hazard can be adequately as-
sessed depends in part on our ability to cor-
rectly describe processes of earthquake gener-
ation and to realistically establish models of
seismic hazard that incorporate such process-
es.

As mentioned above, a great deal of un-
certainty is involved in each step of a seismic
hazard analysis that is based primarily on
earthquake frequency statistics obtained from
historical catalogues of seismicity. The uncer-
tainty in such analyses is particularly large
when the historical record is too short to de-
fine secular rates of seismicity, which is the
usual case. Probabilistic approaches rather
than deterministic approaches, have been
widely used to account for the uncertainties in
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the size, timing, location and attenuation of
seismic events. However, we should all recog-
nize that probabilistic models of nature do not
in themselves increase our information, and
that they at best help us organize our know-
ledge in a useful way (Cornell, 1986). Since it
is not feasible to obtain enough additional
earthquake data to increase our data base in
the near future, we have to look for other
ways to improve our ability in assessing seis-
mic hazard. The following discussion centers
on three of the issues that need improvement.

1) Incorporation of more geological and
geophysical information. To some extend, his-
torical records of seismicity are of minimal
value for determining the recurrence interval
between large events because of the short his-
tory of seismic recording and the uncertainty
of earthquake location versus causative fault
(Crone, 1987). Under the best circumstances
in very active areas, such as China, the histor-
ical records are incomplete and subject to vary-
ing amounts of interpretation. Where earth-
quake recurrence is measured in tens of thou-
sands of years, such as the Basin and Range
province of the United States, the historical
record is essentially useless (Crone, 1987).
Geological records of Quaternary offset con-
tain information on the recurrence of earth-
quakes through periods of time many orders
longer than the average repeat time of large
earthquakes on individual faults and orders of
magnitude greater than periods covered by
historical records. Observation such as these
led a number of investigators to argue that ge-
ological information of fault slip rates may be
used to reduce uncertainties associated with
estimation of long-term seismicity, and in
turn, seismic hazard (e.g., Allen, 1975; Ander-
son, 1979; Molnar, 1979; Youngs and Cop-
persmith, 1985; Wesnousky, 1986). The use of
geological information in each procedure of as-
sessing seismic hazard is illustrated in fig. 9.

The new tools of paleoseismology and con-
cepts of fault segmentation in active fault
studies are especially important in assessing
seismic hazard (Crone, 1987; Schwartz, 1988).
Paleoseismology is the study of the age, fre-
quency, and size of prehistoric earthquakes
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Fig. 9. Flow chart showing application of geological information in each procedure of seismic hazard

assessment.

(Wallace, 1981). It provides a means to ex-
pand the limited view of earthquakes offered
by the historical and instrumental record and
helps us understand the long-term behavior of
seismogenic faults (Wallace, 1981). Through
studies of individual prehistorical seismic
events, we hope to characterize the coseismic
behavior of seismogenic faults, to identify vari-
ations in the spatial and temporal distribution
of earthquakes, and to detect patterns of long-
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term and regional seismicity (Crone, 1987).
The independent behavior of fault segments
has important implications for seismic hazard
evaluation. Segmentation models of active
faults or a seismic belt, when well con-
strained, provide a physical basis for delineat-
ion of seismic sources («B»s in fig. 7) within
a seismic belt and for selection of rupture
length used in the calculation of maximum
earthquakes. Also, if a fault is segmented, the
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potential hazard posed by each segment may
be different. For example, variability in seg-
ment length will mean variability in the size
of maximum credible earthquake. Moreover,
recognition of segments and of the difference
in the behavior of each will be extremely im-
portant for long-term earthquake forecasting.
Information on the difference in the elapsed
time and the recurrence intervals for each seg-
ment can help assess where the next major
event will most likely occur along a fault zone
and to calculate the probability of occurrence
for that event. This type of data would pro-
vide the basis for distributing the rate of
earthquake activity among the seismic sources
within a seismic belt through the use of
weighting factors.

2) Improving seismic models to realistical-
ly describe the physics of earthquake gener-
ation process. Probabilistic seismic hazard as-
sessment provides estimates of the probability
of future earthquake occurrence through the
use of earthquake hazard models with assump-
tions based on a physical and statistical under-
standing of the earthquake process. The Pois-
son process may not be compatible with the
physical processes of earthquake generation in
terms of strain accumulation and release, but
it has been widely used for its simplicities.
Other seismic models, which are believed to
be more realistic than the Poisson model, have
been available for many years, but have not
had a major impact on seismic hazard assess-
ment (Cornell, 1986; Schwartz, 1988) owing to
a lack of robust data. The pressing need is
therefore to develop more physical, mechani-
cal, and practical models on the basis of avail-
able data to realistically describe the process
of earthquake generation.

3) Using multiple approaches. «Approach-
es» are general ways of assessing seismic haz-
ard. There are more than one set of data, more
than one model, and more than one method
that can be used in each step of seismic haz-
ard assessment (delineation, characterization,
modeling, and computation of seismic haz-
ards). Since earthquake processes are not well
understood at present, and there is no single
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technique that can be applied without uncer-
tainty, multiple approaches result in more re-
liable estimates of seismic hazard than the ap-
plication of any single approach. In this way a
wide range of fault behavior information can
be included in the analysis, and the resulting
hazard estimates will be those that are sub-
stantiated by the-available data (Coppersmith,
1982). Thus, the use of multiple approaches in
each step of assessing seismic hazard are
strongly encouraged.

6. Conclusions

Major earthquakes are widely distributed
over Continental Asia and are intimately tied
with style of late Quaternary regional defor-
mation. Observations in the modern pattern of
seismicity and paleoseismological studies re-
veal irregularity of earthquake distribution in
both time and space. To realistically assess
seismic hazard, the temporal and spatial vari-
ations in seismic potential ought to be incor-
porated in each step of seismic hazard assess-
ment. The method of a two-level delineation
and characterization of seismic source zones
used in Chinese new national seismic zonation
is one of the ways to treat the temporal and
spatial clustering of the earthquakes. A great
deal of uncertainty, however, is still involved
in each step of a seismic hazard analysis ow-
ing to small data bases of quality seismic data
and limited understanding of the process of
earthquake generation. To increase our ability
in assessing seismic hazard, we need to incor-
porate more geological and geophysical infor-
mation, to improve seismic models to describe
the physical process of earthquake generation,
and to use multiple approaches in each step of
seismic hazard assessment.
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