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A SEISMIC HAZARD MAP OF INDIA AND ADJACENT AREAS
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ABSTRACT

Khattri, K.N., Rogers, A.M., Perkins, D.M. and Algermissen, S.T., 1984. A seismic hazard map of India
and adjacent areas. Tectonophysics, 108: 93-134.

We have produced a probabilistic seismic hazard map showing peak ground accelerat-ions in rock for
India and neighboring areas having a 10% probability of being exceeded in 50 years. Seismogenic zones
were identified on the basis of historical seismicity, seismotectonics and geology of the region. Procedures
for reducing the incompleteness of earthquake catalogs were followed before estimating recu.rrence
Parameters. An eastern United States acceleration attenuation relationship was employed :%fte'r it was
found that intensity attenuation for the Indian region and the eastern United State.s was sn@lar. The
largest probabilistic accelerations are obtained in the seismotectonic belts of Kirthar, Hindukush,
Himalaya, Arakan-Yoma, and the Shillong massif wheré values of over 70% g have been calculated.

INTRODUCTION

Many parts of the Indian subcontinent have historically high seismicity. F l.gureh1
shows all the epicenters of the historical shallow (k< 70_ km) earthquakes l; the
region and Fig. 2 illustrates epicenters of the intermedxate-depth'eve;lnts. fv:
Catastrophic earthquakes of magnitude greater than 8 have.oc:.turred m eSBves er’
northern, and eastern parts of India and adjacent.countr.xes in the plast. ) yien;
Peninsular India, by contrast, is relatively aseismic, h:«mng had only 1n trfiqwith
earthquakes of moderate intensity. The main seismogenic belts are aslsocxa ?hiCh -
the collision plate boundary between the Indian and the Eurasian p a'tesr ;; <
marked by the Kirthar Sulaiman, Himalaya and Ar akan-Yoma mc;.uma:n stu§ .the

Scientists of the Geological Survey of India were among the first oﬂizeol );arly
destructive effects of earthquakes (e.g., Oldham, 1899?’ and it was recorg“ of urban
that potential seismic hazards should be considered in tl.le (%eVC]OP“;e o5 which
centers located within areas of high seismicity. Various seismic ey : olr)ies The
have been produced for the Indian region can be classified into two categones.

0040-1951 /84,/803.00 © 1984 Elsevier Science Publishers B.V.
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first category consists of those maps that assign seismic hazard to zones without
attaching any probabilities to the ground-motion parameter (Auden, 1959; Tandon,
1956; West, 1937; Krishna, 1959; Mithal and Srivastava, 1959; Guha, 1962; Gubin,
1968; Gaur and Chouhan, 1968; ISI, 1975 and Srivastava, 1976; Kaila et al., 1972,
Kaila and Rao, 1979). The second category consists of probabilistic hazard maps
(Basu and Nigam, 1977, 1978; Sinvhal et al., 1976; Khattri et al., 1978; Hattori,
1979; and Basu and Srivastava, 1981).

A general drawback of the hazard map belonging to the first category is that
heavy emphasis is placed on the sites of the past great earthquakes without
generalization for the underlying geodynamic process. Sites of past great earth-
quakes have been encircled by contours showing highest seismic hazard. If great
earthquakes, however, eventually fill all parts of the plate boundary, areas consid-
ered as having low seismic hazard on the first type of map will be found to be in
error.

In addition to identifying areas subject to earthquake damage, however, add:-
tional information is required for designing modern, major structures in seismic
areas. In order to economically provide suitable earthquake resistance to civil works,
it is important to estimate the likelihood with which certain specified ground-motion
parameters (e.g., intensity, peak acceleration, etc.) will be exceeded or, alternatively.
the probability with which they will not be exceeded in a given time.

Maps in the second catagory incorporate statistical models of the earthq“ffke
process (Cornell, 1968; Algermissen and Perkins, 1976). These procedures combmle
information about earthquake occurrence in time and space, based both on ge"l‘)_g"
cal and historical data, and attenuation of ground-motion intensity with source—'sﬂe
distance, to provide probabilistic statements about the seismic hazard at a 1003{“’“’
Although probabilistic maps have been produced for this region or subregions
before, this paper seeks to improve upon previously published seismic zoning maps
of India and adjacent areas by taking into consideration the following aspects: )

(1) Identification of seismic source zones that have the same generalized geolog”
cal features and similar seismogenic processes. )

(2) Computation of frequency-magnitude relations for the source regions usité
data with thF longest possible time base and correcting the data in each magnitudé

quakes as line rupture sources along fault lineaments !
soutrce zones.

@ Use'of AN appropriate acceleration-attenuation function for the Indian regio®

(5) Taking into account the hazard due to intermediate-depth earthquakes

FO; Ithe purpose of statistical analysis in this study, an earthquake catalogue w;
assembled and partitioned into subsets corresponding to source zones. The subse

. 0
of reported earthquakes for cach source zone were further subdivided into ™’

classes: (1) shallow focus earthquakes with depths less than 70 km. and (!
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Fig. 1. Epicenters of shallow-focus earthquakes (# < 70 km). Sources of seismicity data are (1) NOAA's National Geophysical and Solar Terrestrial Data Center Catalog from

1900 through 1975. (2) the catalog compiled by Roorkee University (unpublished) for the period prior to 1900.
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1nter@ediale-depth earthquakes with depths greater than 70 km. Surface-wave
magnitudes were used in the analysis. For recent earthquakes for which the NOAA
or USGS report body-wave magnitudes, Richter’s relation (Richter, 1958) was used
to convert them to surface-wave magnitudes. The incompatibility of body-wave
m.agmludes in the Richter relation and those of NOAA-USGS woJld lead to some
differences in the converted magnitudes for events after 1963 and for smaller
carthquakes (Bath, 1977). This effect is not expected to seriously affect our hazard
calculations.

The principal elements of a seismic hazard map are: (1) the statistical model
el'nPIO)’t?d; (2) the ground-motion parameter mapped and its attenuation with
distance as a function of magnitude and depth of focus; (3) the definition of SCIsMIC
source zones; (4) the recurrence intervals of earthquakes in each magnitude class;
and (S).the maximum magnitude for each source zone. Each of these items, except
the statistical model which has been described by Algermissen and Perkins (1976)
and Algermissen et al. (1982), will be discussed below.

DISTANCE-ATTENUATION LAWS

umental observations of strong ground motion

Because of a lack of adequate instr
region is not available. Fortunately, a

in India, a suitable attenuation law for the
n'umber of investigations have mapped intensity of shaking for major and medium-
sized earthquakes (Oldham, 1883, 1899, 1926; Middlemiss, 1910 Stuart. 1920: Gee.
1934; Auden and Ghosh, 1934; West, 1937; Ramchandra, 1953: Gupta ¢t al.. 1969,

1972; Singh et al., 1976; Gosavi et al.. 1977). Intensity, which describes the effects of
ground motion on humans, construction, and the earth’s surface. has often been
itigation of hazard hy

used as a parameter to estimate seismic hazard. Where mi
structural design is desired, however, a better parameter for hazard estimation is
peak acceleration or peak velocity. For this reason a number of attempts have been
made to correlate intensity with acceleration (Gutenberg and Richter, 1956} how.
ever. at present, there is a difference of opinion among <cientists regarding the use of
intensities for estimating maximum ground acceleration (Neumann. 1954; Housner,
1965). Often the peak acceleration does not correlate well with the ohwenved

intensity, particularly in the far field.

In the present analysis, we adopted an approach in which the MMI (Modified
Mercalli intensity)-versus-distance relations for the India region were compared with
those for the eastern and western parts of the United States 10 determine f
similarities exist. We assumed that if the intensity for Indian carthquakes attenuates
in a similar fashion to either of the United States regions, then it 18 reasonable o

assume that the acceleration-attenuation relation for that area of the United States
could be applied in the Indian study.
ssi-Forel intensity scales. The reports of

Early studies utilized the Oldham and Ro : P
these studies covered the great earthquakes and contained a copious description of
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damage and also a comparison of the Oldham scale with the Rossi-Forrel scale. This,
detailed information has enabled the present authors to approximately transform
early intensity maps into the MMI scale. The intensity maps for earthquakes since
the great 1950 Assam earthquake were prepared using the MMI scale.

Figure 3 shows the intensity (MMI) versus geometric mean distance for 7 Indian
earthquakes ranging in magnitude from 7.1 to 8.7. The distance for each intensity
level was determined by computing the equivalent radius of a circle equal in area to
that contained within the isoseismal. The intensity attenuation curves for the easter
United States (EUS), Cordillera, and San Andreas areas of the U.S. are also plotted
(Howell and Schultz, 1975). From these data it is clear that, on average, MMI for
Indian earthquakes attenuates like that in the EUS. Because the EUS intensity
attenuation fits the Indian earthquakes well, we have selected the acceleration-dis-
tance curves developed for the EUS in rock by Algermissen and Perkins (1976), for
the seismic hazard analysis in the Indian region (Fig. 4). These curves are employed
without accounting for variability in the attenuation-distance relation. The effectof
including such variability in estimating seismic hazard would be to raise the mapped
peak acceleration levels in the range of 4-40% g by about 25-40% and larger
mapped accelerations by greater percentages (Algermissen et al., 1982).

The focal depth of the earthquake is a major variable affecting surface ground:
motion distribution. The depth of focus affects the epicexitral intensity as well as the
near-field rate of attenuation with increasing epicentral distance. A ﬂ“mt?er of
workers have investigated this problem and proposed relationships between Inten-
sity, epicentral distance, and focal depth (Gutenberg and Richter, 1956; Medvedet,
1959). Unfortunately, little information on intensity for intermediate-depth eartlr
quakes for the Indian region is available, although a number of the intermediate-de

gl —— EASTERN USA
—~— CORDILLERA

il SAN ANDREAS
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FOR EACH INTENSITY LEVEL AN :
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o eed, 1973; Algermissen and Perkins, 1976). The eastern United Sta
y.

pth earthquakes, which occur in the northwestern and eastern parts of the region

have produced damage (Gutenberg and Richter, 1965).

_In the absence of empirical data and 2 firm theoretical
fationale was developed to derive acceleration—distance attenuation curves for
m.lermediate-depth earthquakes from the curves for surface-focus earthquakes of
l? ig. 4. The intermediate-depth earthquakes would contribute little to the accelera-
tion return periods if the energy focus of the earthquakes was assigned to the known
hypocentral depths. Because it is known that some of these earthquakes cause
damage, we assume that these energy foci on average have a shallower depth of
focus than the hypocenter, i.e., that the earthquakes rupture toward the surface in a

manner analogous to the behavior of shallow-focus earthquakes (McCann et al.,
akes (depth 70-200 km) were

1979). Accordingly, all intermediate-depth earthqu

assigned an effective depth of 100 km (fault length). In the absence of a magnitude-

versus-fault relationship appropriate for intermediate-depth earthquakes, the fault

lengths were estimated using a relationship for shallow focus earthquakes given by

Bonilla and Buchanan (1970). Using the effective depth, source-site hypocentral

distances were calculated corresponding (o various epicentral distances. The values
g to the calculated

of acceleration were read off the graphs of Fig. 4 correspondin

analysis. a heuristic
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energy center distances and replotted at the
produce the desired acceleration-epicentral
Fig. 5. These curves show the expected behavi

corresponding epicentral distances o
distance attenuation curves shown in
or, viz., a slow decay of ground motion
ble to that for shallow-focus events at
for intermediate-depth events has been
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c. We have followed these general
The historical seismicity of the
arizing the main
he basis of

Of_most recent movements, young volcanoes, et
principles to demarcate seismic Zones in this study.
region is shown in Figs. 1 and 2. A generalized tectonic map summ
features of the region is shown in Fig. 6, and the source Zones chosen on ¢

these data are shown in Fig. 7. N ‘
The Indian region may be classified into three main subd§V'|sxons on the‘bams of
general geological and physiographical features. The mountain ranges constitute the
first subdivision and consist of the Sulaiman and Kirthar ranges on the northwest.
for a distance of

the Himalaya mountains on the north extending from east 1o west
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2500 km, and the Arakan-Yoma mountains ranging from north to south into the
island arc system consisting of the Andaman Nicobar, Sumatra, and Java Islands
The average elevations in this subdivision range between 1000 and 4500 m. The
second subdivision consists of the vast alluvial plains of the rivers Sindhu (Indus)
and Ganga (Ganges) with an average elevation of about 200 m. The hills and coastal
plains of the Indian peninsular shield comprise the third subdivision with an average
elevation of about 600 m, although ranges are present within this region having
elevations in excess of 2500 m.

The first subdivision Tepresents a tectogene formed by the collision of the Indian
and the Eurasian plates (LeFort, 1975). The middle to late Tertiary rock structures
in this subdivision are highly folded and thrusted, have numerous nappes (Wadis,
1957, Gansser, 1964; Krishnan, 1968;: Valdiya, 1973), and a high level of seismicity.
The fault plane solutions indicate a general northward underthrusting of the Indian
plate on the Himalaya front and an €astward underthrusting in the Arakan Yom:
region in the east. The tectonics of the Kirthar-Sulaiman ranges is influenced by
transcurrent faulting. Eleven seismic source zones (Nos. 7-10, 12, 14, 16, 18, 19, 24)
have been identified within this subdivision on the basis of seismotectonics. '

The Sindhu-Ganga (second) subdivision consists of the autochthonous zone in
which the Precambriap rocks of the Indian shield are downwarped and plunge under
the mountains towards the northwest, north, and east forming the foredeep and
marginal depression south of the Himalaya tectonic zone. Major subsurface ba§e-
ment faults have been mapped in the area bordering the Himalaya mountains, wl?lch
reflect the continuation of the tectonic features mapped in the peninsular shield
(Eremenko and Neg;, 1968; Valdiya, 1973, Sengupta and Khattri, 1975). Infrequent
earthquakes occur in this subdivision and are clustered in a few localities. This
subdivision, could Possibly sustain tensjonal earthquakes, such as observed in 0cca
trenches (e.g., Stauder, 1968), anywhere along its length due to flexure of the Indla.n
plate under the Eurasian plate (Molnar et al., 1973). On the basis of this geodynam
model, it might be preferable to define 5 single source zone paralleling the Himalay?
Mmountains and encompassing the clusters of earthquakes observed histoﬁca{ly' In
the present study, however, an alternative model was adopted wherein emphasis %%
Placed on historica] seismicity, and, accordingly, source zones 15, 20, 21, and 2.2
were demarcated. As , consequence of this choice, the estimates of seismic hazard it
these source zoneg will be higher Compared to areas that are herein treated as z00¢
of background seismicity.

Sou.rce zone 10 in the northeastern region occupies a special position in the
tectonic framework of India. This zone encompasses the narrow Bramphapu!
sif and has a record of very high seismicity. This 208 ihlz
north at the Himalayan front and to the southeast in ;
e oty o O 0 o e i nd

ird subdivision Except for source zone 3 lying ©
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western coast, the seismic activity in these source zones is weak compared to
seismicity in the first subdivision. Although some of the fault plane solutions of
earthquakes in this subdivision suggest north—south directed compressive stresses
(Chandra, 1977) which may be generated by the plate collision in the Himalaya
region, the seismotectonics locally may be governed by regional geologic structures
defining particular zones. In the peninsula, a number of isolated earthquakes have
been reported that lie outside the source zones drawn there. Detailed seismological
and geological studies of the areas of isolated earthquakes are needed for investigat-
ing the possibility of incorporating additional source zones into the analysts.

The trans-Himalaya area in Tibet has been identified as a single large source zone
(number 23) in the present study. Sri Lanka has not been included in any seismic
source zone because there is a lack of reported seismicity, although one great
earthquake (M > 8, 12/31, 1881, unpublished earthquake catalogue of the Univer-
sity of Roorkee) occurred in an offshore area of Sri Lanka. Aseismicity in this area
appears to be real because the WWSSN station at Kodai Kanal (KOD) would have

reported earthquakes if they had occurred.

SOURCE ZONES AND CHARACTERISTIC SEISMICITY

Source zone 1. This zone is comprised mainly of the eastern coastal belt and
includes parts of the Mahanadi and Godavari grabens. The major part of the zone
consists of Archean rocks and Precambrian fault systems. The general tectonic trend
in this zone is in an east-northeast direction. It swings in a southerly direction to
parallel the curvature of the eastern margin of the Cuddapah basin (79°E. 15°N)
and again turns to assume a north-easterly alignment in the area south of Mad'ras
(80.3°E, 13.1°N.) (Eremenko and Negi, 1968; Valdiya, 1973). The coastal' margins
bear evidence of Mesozoic and Tertiary block faulting along so‘uthf:a'st str?ke's.. The
zone is characterized by diffuse low magnitude shallow focus sexsm.lcny. Significant
association of historical seismicity with mapped geological fatflts is not apParent.
The area has experienced an occasional carthquake of magnitude 5.‘(” “’“hh‘he
largest reported magnitude of 6. Fault plane solutions }.mve been obta:,ned for ‘;c ;ee
earthquakes which occurred, respectively, near denaplif (83-0. E, 21.{ h a)j
Bhadrachalam (80.6°E, 17.9°N) and Ongole (80.'1°E. 15.6°N). US}‘:‘% P"e.e”t i
solutions, all these events display one nodal plane with noz:theasb—soutv “eftr:i?;zr;
tion, paralleling the lineaments in the area, along which there was le

ST ; resterly direc-
strike-slip motion. The orthogonal nodal plane 15 ahgn.ed ﬂll a “:::;::?:; |}ending
tion. An alternative set of solutions showed thrust faulting along

fault planes (Chandra, 1977). . . tht
Source zone 2. The western coast of India extending from 1;0)’:;:: ;f;; s::omg:
Ahmedabad on the north has occasionally had ?Meratzseage;Zn Traps) of late
. . nown ’
of the region features extensive lava flows ( tain great thickness (1000 m or

Mesozoic—early Tertiary age which, at places, at
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more) (Raju, 1968; Avasthi et al., 1971). On the north, a north-northwest-trending
(Cambay) graben is filled with thick Tertiary sediments and Tertiary and Quaternary
synsedimentary faulting. A major tectonic feature of lower Miocene age called the
Panvel flexure runs in a northerly direction extending from latitudes 16°N to 21°N.
A series of hot springs are located along this flexure which parallels the ancient
Aravalli trend inferred to underlie the area (Krishnan, 1968). Burke and Dewey
(1973) suggest that the tectonic framework of the area has been influenced by a hot
spot or a mantle plume in the Mesozoic. The associated doming and uplift of the
crust has continued at least up to the Quaternary (Gubin, 1968). These tectonic
features are related to the rifting and subsequent transport of the Indian landmass
from Gondwanaland. Another major lineament, the nearly east-trending Narmada
rift (Auden, 1969), intersects this source zone on the north. Near Broach, Tertiary
age normal faulting along this lineament is recognized (Mathur et al., 1968). The
most recent significant earthquakes in zone 2 have been the Koyna dam earthquake
of December 1967 (M = 6.2) and the Broach earthquake of 1970 (M = 5.4). Other
notable earthquakes are the Bombay earthquake of 1618 of intensity IX (?), the
Bombay-Surat earthquake of 1856 of intensity VII, the Mahabaleshwar earthquake
(73.3°E, 17.9°N) of 1764 of intensity VII, and the Ahmedabad earthquake (728°E
22.3°N) of 1864 (1, = VII) (Chandra, 1977). The Broach earthquake (73.0°E
21.7°N) was located on the intersection of the Narmada rift and Cambay graben.
One of the nodal planes was parallel to the Narmada rift trending in an eaS““'.CSt
direction (Gupta et al., 1972). The 1967 Koyna earthquake (73.7°E, 17.5°N), which
may have been induced by filling a reservoir, displayed a north-northeast ii.ﬂd
northwest-trending pair of nodal planes with dominant left-lateral strike-slip motion
(Chandra, 1977). The north-northeast-trending plane is the preferred fault plas®
The seismicity in this zone is confined to shallow crustal depths. ..

Source zone 3. The Kutch region is a major zone of shallow-focus seismic activit}
second in activity only to the active plate boundary zones. The major tecton
features align in a west-northwest direction and within these features block faultin?
}%as formed a system of nearly east-trending grabens and ridges. This tecto™
lineament is almost orthogonal to those existing in adjacent source ZODes and W&
formed in the late Mesozoic or Tertiary,

A severe earthquake (Z,=XI) that occurred in 1819 was accompanied by the

ff)rmation of a ridge near Lakhpat (68.7°E, 23.7°N) trending in an easterly o
tion. The ridge was 24 km wi

meters (Oldham, 1883). An
23.0°N) in 1956, with M=61 and I, =1IX.

St'mr-cg zone 4. This zone is associated with the northeast-trending Arravali ;angf:
consmtmg.of rocks of the Archean Arravali and Delhi systems. The seismicity )
-zone C_Onsxsts of low magnitude shallow-focus events. An earthquake with epicel”
intensity of VI wag Teported in Mount Abuy in 1848. An earthquake having s :
occurred near Mt. Abu (72.4°F, 24.8°N) in 1969. The fault-plane solution for

other significant earthquake occurred at Anjar (10
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shock displayed a northwest- and east-northeast-trending pair of nodal planes. The
latter' trend, which is nearly parallel to the Arravali fault system exhibits a thrust
solution with a component of left-lateral strike-slip motion (Chandra, 1977).

Source zone 5. This zone encloses the Narmada-Tapti rift, a system of deep-seated
faults of regional significance (Naqvi et al., 1974). Considerable vertical movements
on these faults have created wedges of basement that are surrounded by younger
geological formations. Although the rift is of Precambrian age (McConnell, 1974),
segments; for example, in the Broach area
ed into the Pleistocene (Auden, 1959).
alley earthquake (81.0°E, 23.5°N) of
°N) of 1938 (M = 6.3) and the
ty is confined to

there may be young faulting along some
(western extremity) faulting may have continu
The more notable earthquakes are the Son V
1927 (M = 6.5), the Satpura earthquake (75.7°E, 21.5
Balaghat carthquake (80°E, 22°N) of 1957 (M = 5.5). The seismici
shallow crustal depths.
The great 1934 Bihar earthquake (M =8.4) occurred near the junction of this
'zone and zone 12 in Himalaya. This earthquake had three zones of maximum
m.tensity XI1I, one of which was in zone 12. We have associated this event with
seismic zone 12, the principal seismic zone of the Himalaya tectonic province.
Source zones 6, 7, and 8. Geologically, the Andaman-Nicobar Islands were
developed due to the convergence of the Indian and Burmese crustal plates,
producing an anticlinal welt with faults parallel to the island structure. A simple
plate model, however, does not account for all the facets of the modern seismicity
(Sinvhal et al., 1978). The fault plane solutions indicate normal faulting such that the
V-shaped area between source zones 7 and 8 forms a graben (Fitch, 1970, 1972;

Ichikawa et al., 1972).

The seismicity of this island arc s vided into three zones. Zone 6
defines the outer margins of the seismic belt that consists of only shallow-focus
events. The seismicity is also somewhat less intense in this zone compared to the
central portion, which is designated zone 7, where both shallow and intermediate-
depth earthquakes occur. A distinct band of seismicity trending in a north-northeast

direction on the inner side of the island arc system has been delineated as zone 8.

Here, too, only shallow-focus earthquakes are reported.
There have been several major earthquakes in this area, t
the great earthquake of 1941 (M =8.7) in zone 7. Seven shallow € ; :
five deep earthquakes with magnitudes in the 7-8 range have been repo.rted in this
zone. By comparison, in zone 6 in the present century, only three major shallow

earthquakes (7 < M < 8) have occurred, of which the largest was M =177 The

largest earthquake in zone 8 had a magnitude of 6.7.

Source zone 9. The highly seismic region of the Arakan Yoma ol ‘
large thicknesses of Mesozoic and Tertiary rocks intruded by granitic and u'ltra b.as1c
rocks (Krishnan, 1968). The arcuate northerly-trending geo.logl‘cal province is a
highly folded allocthonous zone. It is the northward continuation into the Contmer.xt
of the Andaman, Nicobar, Sumatra, and Java island arc system (Sunda arc) and is

ystem has been di

he most significant being
arthquakes and

fold belt consists of
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laced with thrust zones and other faults that have been produced by the collision of

the Indian and Burmese plates (Deshikacher, 1974; Verma et al., 1976). In this areg ‘

there is a Benioff zone dipping towards the east with earthquake hypocenters
ranging in depth down to about 250 km. The fault-plane solutions indicate
cast-west-directed thrusting and confirm the concept of a plate collision boundary
(Chandra, 1977). Some fault-plane solutions also indicate strike-slip motion (..
Verma et al., 1976). The largest recorded earthquakes in this zone have had

Source zone 0, The Brahmaputra valley constitutes one of the most seismically
active areas on the subcontinent. It js bordered on the north by the front!
Himalayan ranges and to the southeast by the Schuppen belt of the Naga Hills and
the Arakan-Yoma ranges. To the east the lower Bramhaputra valley is characterized
by recent alluvia] cover that conceals considerable thickness of Tertiary sediments
The Shillong massif is an'important geologic unit in this area and is believed to }.IBYC
been uplifted in the Miocene (Krishnan, 1953). The structure of this massif is
characterized by systems of east-, northwest, and north-trending basement faults and
fractures, Although the area is traversed by faults with diverse strikes, the most
Prominent among them are the Dauki fault demarcating the southern edge of the
massif, the Haflong fracture zone, and the Naga thrust directed towards the
8¢ of the Bramhaputra valley (Geological Survey O.f

inion exists as to the nature of slip on the Dauki
fault, According to Evans (1964), it is a strike-slip fault with dextral motion, wherezs

Murthy et a1, (1969) believe it 1o be a vertical fault without a horizontal compone
Chandra (1978) has obtaineq fault-plane solutions of two earthquakes on this faul
System and hag interpreted g northward underthrusting along a east-trending fault
plane. The great ‘Assam earthquake of 1959 had been interpreted to have &
considerable strike-slip component along a west-northwest-trending fault p 1ane'(B€’?
Menahem et al,, 1974). Another tectonic feature is the northwest-trending Mish!
thrust on the northeastern edge of (he Tegion near the Himalayan syntaxis. Ther®
w"fls reactivation opn these faults during the Pliocene as a result of the intense E&*
Himalayap Orogeny (Geological Survey of India, 1974).

The tectonic regime can be Summarized as 5 south-directed overthrusting frofﬂ
the north ang a northwest-directed overthrusting from the southeast. These

;lnassx{; prod.uced acceleratiopg in excess of1g (Oldham, 1899). In addition. me::

ave been six other major carthquakes with magnitudes in excess. of 7, $0M¢
which causeq widespreag destryc
upper 80 km,

: edtothe
tion. The earthquakes are generally confined 0%
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Soche zone 11. This zone consists of an alluvium-covered geosynclinal basin. Due
toa tthlf section of sedimentary cover, no structures are apparent on the surface.
Geop.hyswal surveys have revealed a system of normal faults in the sediments
trending in a north-northeast direction with a hinge zone passing close to Calcutta
(Sengupta, 1966). The current seismicity is relatively low, although the area seems to
h.ave been more active in previous centuries. The highest reported epicentral intensi-
ne.:s are X in 1737, IX in 1842, VII in 1866 (Oldham, 1883). A damaging earthquake
with M = 5.7 occurred in the area in 1969.

y }S'lource zones' 12 a.nd {4. The. Himalaya tectonic unit, comprising the world’s

1g est mountain chains, is contained in source zones 12 and 14. Although much of
this area has a low population density, the importance of considering these zones
stems from the large hydroelectric and other developmental projects undertaken
there and in adjacent territories in recent times.

Str.ucture within the Himalaya orogenic zone is dominated by numerous east-
tren.dmg thrusts (Gansser, 1964; Valdiya, 1973; LeFort, 1975; Geological Survey of
India, 1979). Three of these thrusts, namely the Counter Thrust or Indus Suture
zone, the Main Central Thrust, and the Main Boundary Fault (MBF). extend

west. Transverse faults cutting across the Himalaya
align parallel to and in

he peninsular shield on

continuously from east to
tecto.nic province have also been recognized. These generally
continuation with the ancient tectonic lineaments present in t
the south (Valdiya, 1973). Thrust faulting, indicated by fault plane solutions. occurs
along planes dipping gently towards the north and northeast in consonance with the
convergent movement at this plate boundary (€.8- Chandra, 1978). Fault plane
solutions generally indicate a northeast-directed compressional axis that conforms to

the plate model.

The seismic activity in this province occurs in two
arcuate mountain belt. The main locale of seismicity (zone 12) follows the Central

Himalaya ranges close to the Main Central thrust. It is interpreted to be associated
with the Main Boundary thrust and related thrust faults. Zone 14, a zone of weaker
seismic activity, occurs to the north of zone 12 and is likely caused by the same
underlying thrust forces. The main criteria defining these zones is the intensity of
historical seismicity. The main seismic zone, which we have designated source zone
12, continues along the entire length of the Himalaya tectonic province. Zone 14 has
been drawn to encompass the secondary seismic belt to the north. The seismic
activity in this zone decreases towards the west.

the 1905 great Kangra earth-

In zone 12, several major earthquakes, including ) '
quake (M = 8.6), have occurred. The meizoseismal area was associated with the

MBF. The great 1934 Bihar earthquake (M — 8.4), about 1300 km to the east.
occurred at the southern boundary of this zone near zone 5. The occurrence of a
large earthquake near the junction of tectonic lineaments suggests an increase in

seismic hazard in these locales (Gorshkov, 1974).

narrow zones which follow the
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Six other very large earthquakes (7 < M < 8) are also reported in the historical
data. The largest earthquakes seem to be associated with the southern margin of the
Source zone, which is characterized by the MBF discussed above.

Seismic source zone 14 is, by comparison, only moderately active, with magni-
tudes of historical earthquakes being less than 6.75. On the northwest and southeast
extremes of these zones, significant intermediate-focus seismic activity also occurs,

Source zone 15. This zone is defined by a narrow linear belt of low magnitude
earthquake foci parallel to and south of zone 12 in the westernmost sector. The area
is covered with alluvium, which conceals thick Miocene sediments overlying- t‘he
basement complex. The maximum magnitude reported here is 4.3. This seismicity
may be produced by thrust faulting parallel to the thrusts in the Himalaya. .

Source zones 16, 18 and 19. These three source zones occupy the Kirthar.—SuIzu-
man mountain ranges in the northwest part of the Indian subcontinent. Epicentral
zones follow the folded belt characterizing the area. The ranges consist of numerous
Mesozoic and Tertiary arcuate faults and imbricated structures (Krishnan, 1968). A
major fault system known as the Chaman fault, that is active along its entire lenglh,
runs in a general north-northeast direction. This region has been subdivided into
three source zones on the basis of the intensity of historical seismicity. Of the th'n‘:e
Source zones, zones 18, which spans the arcuate ranges, and 19 are the most active.
The maximum magnitude events in source zones 16, 18, and 19 are 6.4, 7.5, and 8-2
respectively. Only shallow-focus seismicity occurs in zones 16 and 18, while zone
contains both shallow- and intermediate-focus earthquakes. The geodynami
Processes in these source zones are much more complicated than those of the
Himalaya province. In contrast to the tectonic style in the Himalaya, where the
dominant mode of tectonics is
has a major influence on the tectonics of this region. hat

Source zone 17. This zone corresponds to a localized group of earthquakes .
extends in a northeast direction from zone 18. The zone is an alluvial-covered i1

. 'tudC
characterized by shallow infrequent earthquakes. The maximum reported magn!
reported here is M — 6.4.

Source zones 20, 21 and

. fault
thrusting, transcurrent motion on the Chaman

22. These three source zones are at the northern edgeezsf
the Indian shield and are adjacent to the Himalaya tectonic province. These arga
are for the most part blanketed by alluvium and sediments of the Sindhu ngzz
basin; however, the geology is exposed towards the southwest. Zones 21 a0 The
coincide with the northeast end of the north-northeast-trending Aravalli rogks;;l ya
ontinuity of these Archean rocks is intersected by the Hi :its
mountains. These rocks form the basement and are characterized by comp }ex'fa
and folds of Precambriap age. The zones have had relatively low seismicity mone
past, with the largest reported event having a magnitude of about 6. Similarly, ? -
20 is also characterized by low-magnitude seismicity and is associated with 2%
cast-trending faults ip the basement that have been delineated by geop_h ys‘
mapping techniques (Sengupta ang Khattri, 1973). These areas are of Siog
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importance because they are at the intersection of major tectonic lineaments. Such
knots are believed to be zones particularly susceptible to major earthquakes in areas
of active tectoncis (Gorshkov, 1974). These zones, therefore, are believed to have
considerable seismic potential.

Source zone 23. The trans-Himalayan zone, extending up to latitude 38° on the
north and longitude 100° on the east, has been treated as a single source zone. It is
recognized that this vast region consists of varying geotectonic provinces and
associated seismicity. However, in view of the remoteness of this source zone from
population centers and from the area of primary concern in this work, greater
subdivision would require a detailed investigation and was considered beyond the
scope of the present study. The area is quite active seismically and has experienced
as many as eighteen earthquakes with 7 <M <8 in the past hundred years; the
largest event had a magnitude of 7.9.

Source zone 24. The Pamir knot, well known for intense shallow and intermedia-
ted-depth, seismic activity, constitutes source zone 24. The area is characterized by
the junction of several tectonic provinces having very complicated geodynamic
relationships: the Himalaya, the Tien-Shan, and the Kara Korum. The area has been
shaken by four great earthquakes of magnitude in excess of 8, the largest being 8.6.

SELECTION OF THE PROJECTED MAXIMUM MAGNITUDE OF AN EARTHQUAKE IN EACH

SOURCE ZONE

The choice of the maximum magnitude of an earthquake that can occur in a

source zone can have an important effect on the peak accelerations expected in
certain cases. For example, although at a given return period peak acceleration (a;)
is strongly dependent on the choice of maximum magnitude (M, ) for intermediate
values of M, (6), a, is largely insensitive to M, for large M., (8 +) (Perkins,
1978). In this study many source zones have high M,,,.. and, consequently, varia-
tions in M, _, in these cases, are not expected to significantly affect a, at a given
return period. The rationale followed in assigning the maximum magnitude of an
earthquake depends on several factors, including the maximum magnitude carth-

quake experienced in the past, the tectonic history, and the geodynamic potential for
agnitudes of earthquakes for all

generating earthquakes. The projected maximum m !
the source zones are listed in Table 2 (p- 126) The maximum magmtud.e f‘f"
intermediate-depth earthquakes has been assumed to be equal to the largest histon-
cal earthquake in the respective zone. A discussion
shallow earthquakes follows.

In source zone 1, the maximum reporte
projection of 7 is based on the existence of basin-
case of source zone 2, historical data show that t

here was only IX(?). The geological data. however,
view of the tectonic framew

of the maximum magnitude for

d magnitude is 6. while the maximum

producing Tertiary tectonics. In the

he maximum intensity experienced

ndicate that there has been

i
ork, a -maximum expected

recent tectonic activity. In
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REGION 12 SHALLOW FoCus EARTHQUAKE

10 100 1000
TIME PERIOD, T (YEARS)

tion
rents (s,) as a func
Fig. 8. Standard deviation of the estimate of the mean of the annual number of events (5,

of sample length (T) and magnitude (M).

rojected
magnitude of 8 has been chosen for this source region. The obSer‘;lde: ;i:d i The
magnitudes are the Same as reported in historical times for source Z'th e historical
maximum magnitude projected for source zone 5 is 8 compifl’_ed W‘f he deep-Sea‘ed
observed value of 6.5. This increase was chosen in recognition o
nature of the Narmada rift and its repeated reactivation. . magnitude earth-
A marginal upgrading of the value of the projected maxlml('imf ¢ source zones b
qQuake as compared to the maximum observed has been assumed fo
7,8,9,10, 12, 18, 19, and 24. i historically reported
Maximum magnitude earthquakes, significantly higher than ‘Sd 52 These 201
earthquakes have been selected for source zones 15, 17, ?O’ 21, an o'neS represent
lie to the south of the main Himalaya seismogenic province. These Zd of the crust
locales where new fractures can take place by the bending'downwar i; e mannet
on account of the convergence of the Indian and the Eurasian plates r et al., 1973
of the tensional carthquakes that occur in subduction zones (Molna

higher
. ) . : s. A value
Furthermore, zones 21-22 lie near the intersection of tectonic trend The
than the historical

maximum magnit
assumed on the
Provinces that are

5.
. in these case
magnitude, therefore, seems to be appropriate in nd 23 has beet
ude of the earthquakes in source zones 14, 16, a of seismogen®
basis that these source zones lie in the midst

Capable of Supporting great earthquakes.

PARAMETERS FOR RECURRENCE RELATIONS

he

ted by

The catalog of earthquakes maintained by NOAA and SUPP!em?ihe analysis
earthquake catalog prepared by Roorkee University forms the basis o
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of recurrence relations. Although the historical data go as far back as the late 16th
century, the reporting is not homogeneous. The records for source zones 1, 2, 3, 9,
10, 11, 12 and 22 span a relatively long time period (from the 16th century), whereas
for other zones the record is comparatively short, going back only as far as 50 years
or s0.

Earthquake catalogs are often biased due to incomplete reporting for both smaller
ear'lhquakes and also for large earthquakes having very long return periods. The
estln}ates of recurrence parameters a and b can be in considerable error if due
consideration is not given to these limitations of the data. In this study, an attempt is
made to use the rates associated with that portion of the data set that is homoge-
neous by comparing observed seismic rates with the expected properties of a
homogenous data set (Stepp, 1973). Figure 8 illustrates an example of this process
for source region 12 for shallow earthquakes where a complete record would plot
with a slope of 1/VT in each magnitude range and have a constant offset between
magnitudes. Here it is seen that M = 4 may not be complete; M =5 is complete for
the last 50 years; M = 6 is complete for the last 70 years; M =7 is complete for the
entire period; and the completeness for M = 8 cannot be determined.

After correction for completeness, insofar as possible, the interval-recurrence
relation was determined for each source zone; and from this relation, the cumulative
recurrence curve was established (Herrmann, 1977). Although other methods have
been suggested for deriving the cumulative recurrence curve (Bath, 1978, 1981). the
method used here seems to be adequate for our data set. The results of this analysis
are listed in Table 1.

One difficulty encountered in the present study is the low level of seismicity for
some of the source regions. Most of these source regions occur in the relatively stable
Peninsular shield; although the historical seismicity shows that these areas have
definite potential for seismic hazard, the sparse data preclude an individual statisti-
cal analysis for each region. In the absence of a better solution, the historical
seismicity data for source zones 1-5, 11, 15, 17 and 20-22 were merged for the
purpose of estimating coefficients appearing in the recurrence relation. The rationale
behind this procedure is that because all these source zones characterize intraplate
earthquakes (with the possible exception of zones 15 and 17), it is assumed that they
respond to similar stresses in the same fashion. In the same manner. 4 combined
analysis was also performed for regions 6, 8, and 9, and for 16, 18 and 19 for shallow
earthquakes and for 10, 12, 14 and 19 for intermediate-focus events. o

After a recurrence relation was determined for the merged'da!a. thfe se.xsmscuy
represented by the relation was redistributed to each source region entering into the
analysis. In this process, it is assumed that t me in all the

he b value remains the sa
regions and only an appropriate @ value is to

be assigned. Although a number of
alternative procedures for performing this redistributed were investigated. we chose
the following one.

itude interval in a
We use the estimated b-value to get an a- gnit

value for each ma
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region. Thus, for each region there were as many a-values as there are magnitude
intervals with observed earthquakes. Next, we converted each region’s a values into
total number of earthquakes (M > 0) and took the average to get an average g-value.
The resulting a-values for the regions were then used to calculate the total numberof
earthquakes for a given M for each region. These numbers were used to set the
proportions with which the seismicity for the merged zones was redistributed to the
constituent zone,

By choosing a magnitude interval in which it is expected that reporting would be
reasonably complete, the most reliable estimates of the reapportioned seismicity wil
be made. In the present analysis, therefore, we followed this procedure using three
magnitude interval mid-points at 5.5, 6.5, and 7.5, to obtain an average estimate for
a in each region. )

The regions considered in the analysis have different maximum magnitudes
Therefore, this redistribution process produced different effective a values for
different segments of the magnitude scale for some source zones (see Tablf’- ”;
leading to discontinuous recurrence curves in these instances. This situation is an
artificial one imposed by the necessity of combining various source zones for the
estimation of Tecurrence parameters, but conserves the total number of earthquakes
predicted by the fit of merged-zone data,

The magnitude—frequency laws derived by least-squares regression on the dat2
are illustrated in Fig. 9 for three cases that represent examples of a good data set fo
shallow earthquakes, a poor data set of merged shallow events, and another g@
data set for intermediate~depth events. Analysis of the data in this fashion 5*}"“‘3‘:
that, even after correction for incompleteness, bias due to incomplete reponlni;
earthquakes for M < 6.0 femained for several source regions [(1-5, 11, 15, 17, 20-22)
(6, 8,9), (16, 18, 19), 7 intermediate, 9 intermediate]. Incomplete magnitude class
were excluded from g and p value determinations.

Perkins (1978) has performed simulation studies to evaluate the sensitivity of i
estimates of acceleration hazard to variations in seismicity parameters SuC.h _35 a arz‘f
b-values, the maximum expected magnitude, the grid size used, and the finiteness he
sources. His analysis shows that seismic activity rates are relatively less cri'tlca_] f",tb\_
analysis if the accelerations levels are high. For example, an increase in sexsmncxtioé
a factor of 2 would cauge an increase in accelerations at a given return Per?Od of ré
!l the accelerations are high and 30 if they are low. Similarly, a variation of &
standard deviation (about 0.1) in the b-value causes a 50% variation in acceleratm!;~
at lo.“.’ levels and abour 303 variation at high levels. Therefore, the results are Ir;oa
Sensitive to the b-valye, A somewhat redeeming feature of estimating a- and b3

Ty .. . value 8§
Jointly from empirical data is that an increase in the estimate of the a-vald

accompanied by an Increase in the estimate of the b-value and vice versa. Becau®

- tiop
m;_rease in the a-valye decreases the feturn period of a given level of accelefiw!
w! frle an mcre:ase m the b-valye increases it, the two results are to an ;ep‘
se -Compensating. We note that the g ang b parameters for all zones in the P
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Fig. 9. Three examples of recurrence relations (log ¥V =4 ~ bAT) showing the guality of the data
study have been estimated from the observed data and are m,midcn‘d rc:abk ”:
most cases (except source zones 7 deep. 6. and 8). The cs:xma!;s“af t i f:am
accelerations, therefore, are expected to be relatively ‘_’"“{f“wd 2ng nsensti
errors in a and b, especially in the most seismically active arcas.

FINITE RUPTURE SOURCES

model fault traces
Jerassessment of
of small

es by a series of point sOUrces to
functions leads to an un
tions and an overestimation |
d Perkins, 1976). This defrcomy 3
points and gtihnng attcoua-
her than the epsoenter. The

Representing large earthquak
on the surface and using point attenuation
the frequency of occurrence of large accelera
accelerations near the fault (Algermissen an
corrected by representing sources as lines rather than
tion curves that decay away from the fault trace rat
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1
|
iso-peak acceleration contours in this case align parallel to the fault for a length E
appropriate to the magnitude.

The effect of rupture sources rather than point sources was included by specifying
generic fault lines that were assumed parallel to the regional tectonic lineaments and
were spaced approximately 20 km apart throughout a source zone. In addition, the
known major faults were treated separately in each zone. At the ends of the fault
rupture, semicircles were used to represent the acceleration contours. The seismicity
was distributed among point sources and faults in the following manner. Seismicity
Up to magnitude M < 6.5 was distributed as point sources uniformly in a zone. The
seismicity between 6.5 < M < 7.5 was located on the generic faults, and events with
M >7.5 were assigned to the major important faults. These faults were identified
from the Tectonic Map of India (Eremenko and Negi, 1968), the Geological Map ,Of
Asia and Far East (UNESCO, 1971) and Gansser (1964). ldentification of mf.iJOT
faults was based on age and length of faulting, on the occurrence of major histon.cal
earthquakes in proximity to the fault, and on the potential of a fault for a mflJ."r
earthquake based on knowledge of its tectonic setting. In the calculations, major
faults were treated as fault zones by drawing two or more fault traces parallel to the
mapped fault with a spacing of roughly 20 km. This model greatly increases the
likelihood that a high acceleration will be experienced at a point, as compared 10
that likelihood obtained using point sources.

In source zone 12, located within the Himalaya tectonic province, numeross
thrusts intertwine along the length of the zone. The greatest earthquakes, howev.er'
occur on the southern edge of this zone where the Sindhu-Ganga alluvial plans
abut the Himalaya. This region marks a considerable physiographic elevation changé
that could also produce stress differentials. On this basis, we consider the Maio
Boundary Fault capable of sustaining high stresses and producing great earthQUakei»
The tectonic zone to the north of the Main Boundary Fault is a highly fractured roct
mass that may not accumulate strain in large enough volumes to give ris¢ 10 gme
earthquakes. Although large earthquakes (7 < M < 8) have occurred there. no:fe
larger than M =8 have been reported. For these reasons, in source zone 12
identify the Main Boundary Fault as the major fault. . and the

Major faults in source zone 10 encompassing the Shillong massif an been
Bramhaputra valley in the northeastern region consist of those which have lude
identified on the Tectonic Map of India (Eremenko and Negi, 1968). These in¢ ’ .
the Dauki fault, the Haflong fracture zone and the Naga thrust. Over thff Shlﬂm:;
rpassif three additional fays traces were drawn parallel to the Dauki faul
simulate the high seismic hazard over the entire massif. The great 1897 As?
carthquake caused extreme intensities in the entire area of the massif, termed &
epicentral zone by Oldham (1899).

The hinge zone ip source
features are associated with ¢
are assumed to be on the Pa

- b 1 e SGCh
zone 11 is assumed to be a major fault sinc

. an - k
rustal movements, Major faults in source zones tztre :
nvel flexure and the Narmada fault. A set of €3S
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ing faults is postulated as major faults in source zone 3. Northeast-trending
basement faults were assumed to be major faults in source zone 21. Major faults in
source zone 16, 18, 19, and 24 were identified from the Geological Map of Asia and
Far East (UNESCO, 1971), which also includes the Chaman fault. In the remaining
source zones, major faults were not identified.

CALCULATION OF SEISMIC HAZARD

A series of master curves has been prepared by Perkins (1978) that is useful in
making rapid preliminary estimates of expected peak accelerations due to point
sources within source zones. These curves were used to estimate seismic hazard over
large areas of the map. Detailed calculations of the seismic hazard were confined to
eleven critical test areas (Fig. 10) that were selected to determine the effects of
line-source seismicity, adjacent source zones and intermediate-depth earthquakes.
The contours in the regions lying between the test areas were drawn on the basis of
the contours in the adjacent areas and estimates obtained from the master curves.
This procedure assumes that unless there is a perturbation in the seismicity rate.
tectonic setting (e.g., in fault trends or major faults), or presence of new source
zones, the trend of the contours could be extrapolated into regions adjacent to test
areas. This procedure provides a fairly reliable description of all the source zones
except in the western part of source zone 19. In this area. the tectonic architecture is
quite complicated and the contours presented in the map are roughly generalized.
Similarly, in source zones 1, 5, and 23 no attempt has been made to estimate peak
accelerations in any detailed sense and average estimates were obtained using the

master curves.

SEISMIC HAZARD MAP

The seismic hazard map for the Indian subcontinent prepared u&if}g 3?‘“"’ hazard
calculations and the master curves as described above, is shown in Fig. 11. The
exposure period for this map is 50 years, and the peak accelerations represented on
the map have a return period of 475 years. The pmbabili(y of cxccﬂliance of these
accelerations in 50 years is 10%. Continuous contours are drawn in those arc:;i
where detailed computer calculations were made. Where master Curves were used.

the con
tours are broken. hield is characterized by pesb

The seismic hazard map shows that the Indian s
. . . ; s show
acceleration values of less than 5% g. Portions of the western coastal area

o
higher expected peak acceleration of about 10% g near B"mb‘?}’ _md a0% 2 ? : n area
farther 1o the northwest. The seismotectonic provinces com'?tmgm e -ﬁ imé':
Karakoram, and Himalaya mountain belts bordering the @ﬁiﬁ*ﬂld(:: ;hehn;zzmt;‘
north, and east have a high seismic hazard that is in ¢¢ nformujf ‘m; | ;ﬁ : ‘?n‘”:;; m
in those areas: the maximum value of estimated peak acceleration s a il TR ¢
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TABLE 2

The relative rate at which 10% g peak acceleration is exceeded for a mapped peak acceleration level

Mapped peak acceleration Relative rate at 10% g _
in percent g which 10% g return period
acceleration is exceeded (years)
5 04 1250
10 1.0 500
20 31 160
0 13.1 37
60 48 10
70 128 4

. i f
the Himalaya (source zone 12). The highest estimated peak acceleration value o

he
(80% g) is obtained in the areas of the Bramhaputra valley (source zone 10) an.d the
Quetta region (source zone 18) in the northwestern part of the Indian SubCf)ﬂ"“em‘
This belt of high seismic hazard continues southward enclosing  the
Andaman-Nicobar Islands. The maximum peak acceleration in the island aress.
however, drops to about 45% 8. k
The Sindhy Ganga plains are characterized by an average of about 109.5 g_Pe:’_
acceleration valyes, The border between the plains and the mourltéli.ns "?d‘m:;’
values of about 20% 8- The average Peak acceleration in the Tibet area is estimated.
using the master curves, to be of the order of 20% g. is
If the relative rate of exceedance of 10% g peak acceleration at a 10% g contou;'l r
assumed 1o be one, thep the relative rates of exceedance of 10% g in areas of Ot:d
Mapped peak acceleration levels are given in Table 2. Using this table, the expect
frequency of €xceedance of 10% 8 peak acceleration (the threshold of damage) ¢t
be estimated for any area, ; the
The seismic hazard map (Case A) presented here is significantly influenced b)- -
presence of major faults to which were assigned all earthquakes with M > 7. i
zones where such faults were used. A seismic hazard map (Case B) could have bc:[-
prepared by distributing all the seismicity on regularly spaced fault lines represe .
ing the tectonic lineament of the source zone. Case A would reflect hi gj?er pti
accelerations jn the vicinity of major fault zone compared to Case B, while a“g,
from a major fault Zone, Case A would reflect lower peak accelerations than Cas¢ g
For example, i source zone 10, near the Daukj fault, Case A accelerations are 2bov

. o fault
0% g, while Case B accelerations are aboyg 45-50% g. Away from this fal
aceelerations are 30-40% g for Case A, while Case B js unchanged.

The hazarg estimates ip

e Jower
o ) Source zones of peninsular India may have lzak:
reliability relatjve 10 other zones dye '0 a lack of well established earthq

g . i
occu.rrer?ce fates. This problem may only be resolved by future detailed et
monitoring and Improved understanding of the neo-tectonics of this region.

{
:
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The up?ertainty in the attenuation-distance law may also impose limitations on
the precision of the hazard map. The departures of actual behavior from the
rf:lat.xc.mships used here in the very near as well as in the far field regions may not be
51gfuf1cant for peak acceleration values having a return period of 475 years (Alge-
rmissen et al., 1982). The map is expected to preserve the proper contrast in hazard,
although the absolute level is not firmly established in the absence of instrumental
records of strong earthquake motion in this region.

The intermediate-depth earthquakes, as modeled here, did not contribute signifi-
ca'ntly to the seismic hazard except in source zones 9 and 24. The main reasons for
this seem to be the significantly lower seismic rates, as well as, lower expected
maximum magnitudes in the intermediate depth zone compared to those for shallow
focus seismicity. Furthermore the larger hypocentral distances for intermediate-de-
pth earthquakes reduced their effect compared to that of shallow-focus earthquakes.

Comparison of this map with those of Basu and Nigam (1977, 1978) show values
of peak accelerations that are lower than ours by factors of 1.5-2 where peak
accelerations are high, e.g., in the Himalaya seismotectonic region. This difference is
probably due to our use of a line source model, which significantly reduces the
return period of high accelerations, compared to their source model.

Finally, it should be noted that the seismic hazard map presents the average value
of expected peak acceleration in rock. The effect of local site conditions should be
accounted for by choosing a suitable site amplification factor t0 modify the peak
acceleration presented in this map. The peak acceleration values shown in the map
can serve as an objective basis for scaling of the design earthquake spectrum.
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