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Site response in the Sikkim Himalayas is studied using
digital accelerograms recorded by a seven-station-
strong-motion network, established to monitor the
earthquakes in the region in an effort to microzone the
area. Depending on the criterion that signal-to-noise
ratio must be > 3, out of more than fifty earthquakes
recorded during May—August 1999, only fifteen events
are chosen for the non-reference-receiver-function-
type estimate of the site amplification factors. Site res-
ponse curves (with * 2 standard deviation uncertainty)
at all the seven sites and the contour maps at central
frequencies 1, 3, 5, 7, 9 and 11 Hz show station to sta-
tion variation of the site factors at different frequen-
cies, reflecting the changes in geologic/geotectonic/soil
conditions. The nonlinearity of the site factor is also
observed due to its strong frequency dependence.
Results of this investigation reveal the significance of
site response studies in the microzonation for seismic
hazard assessment.

Introduction

THE fight against damage, destruction, loss of property
and life from earthquakes continues. Efforts for prediction
of earthquakes for over the last 100 years have not
enabled researchers to effectively predict the location,
time and size, so as to save loss of life and property. Even
if the prediction of individual large earthquakes was pos-
sible, it would be of questionable utility. People would
still be living in regions of higher earthquake risk, leaving
the task of ensuring their safety to engineers and earth
scientists.

The severe consequences of sediment amplification of
ground motion during an earthquake are being dem-
onstrated ever since the great 1891 Japan earthquake'.
The experience continues even today with the earthquakes
at Armenia (1988)°, Loma Preita (1989)°, North Ridge
(1994)* and Kobe (1995)’. Numerous studies on these
earthquakes amply demonstrated large concentration of
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damage in specific areas due to site-dependent factors
related to surface geologic conditions and local soils
altering seismic motions®® and hence the engineering
designs. The important observed effects include predomi-
nant periods of vibration of soil in situ, large amplifica-
tion of ground motion in the form of site factors in certain
frequency ranges, semi-resonance or resonance of certain
building types and consequent deformations or collapses
of structures, etc. As a result, site effects need to be given
an important consideration in the seismic hazard assess-
ment of an area. The early seismic hazard maps by
Algermissen and Perkins'', which covered the entire
United States, were based on regional estimates of seismic
activity and soil conditions. These maps grouped large
areas into uniform rating units with little consideration
given to the conditions at specific site locations. Thus,
these initial studies were concerned primarily with pre-
dicting overall regional earthquake response without
much concern for the behaviour at specific locations.

Microzonation'” is the mapping of seismic hazards,
expressed in relative or absolute terms, on an urban
block-by-block scale, based on local conditions (such as
soil types) that affect ground shaking levels or vulnera-
bility to soil liquefaction. Seismic microzonation involves
division of a region into sub-regions in which different
safeguards must be utilized during future earthquakes. It
accounts for the diversity of earthquakes on a local scale,
requiring detailed information on local geology and soil
profile, topography, depth of water table, nature of earth-
quake source and characteristics of strong ground motion
and their interaction with man-made structures. Seismic
microzonation consists of several sub tasks, namely study
on seismotectonic setting of a region, ground failure sus-
ceptibility analysis, spatial variation of ground motion
through both weak and strong motion recordings, estima-
tion of site amplification factor and shear wave quality
factor analysis.

India is one among the countries which are most vul-
nerable to a variety of natural disasters. Perhaps, due to
their relatively higher frequency, hazards due to floods,
droughts and cyclones are managed in a more professional
manner. As far as earthquakes are concerned, the level of
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preparedness among engineers, administrators and pro-
perty owners needs improvement. As the population of the
country is getting agglomerated in the form of urban clus-
ters and cities, the risk of economic and human loss due to
seismic hazard is increasing every year. In this paper, we
present the example of microzonation of the Sikkim
Himalayas, a fast growing but seismically vulnerable part
of India, using a strong motion network. Although con-
strained by logistical problems and limitations of data, we
believe that our study will provide a useful beginning to
initiate similar studies in other parts of the country.

What is site response and how is it estimated?

It has long been known that each soil type responds dif-
ferently when subjected to ground motion from earth-
quakes. Usually the younger softer soils amplify ground
motion relative to older and more competent soils or bed-
rock. One of the goals of engineering seismology has been
to try and measure this amplification of ground motion
(SR) throughout the regions in earthquake-prone areas
and include it in the assessment of seismic hazard and
hence the microzonation of an area.

There are many factors that influence the way a site will
respond to earthquake ground motion®''*. These include:
(i) the source location, (ii) the prevalence of energy
focused or scattered from lateral heterogeneity and
(iii) the degree to which sediments behave nonlinearly,
which causes the response to depend on the level of input
motion. However, the site effects in the assessment of
seismic hazard follow a simple approach wherein, for
the potential sources of earthquake ground motion in a
region, the unique behaviour of one site in relation to
others is calculated.

The greatest challenge in estimating site response from
earthquake data is removing the source and path effects.
Borcherdt® introduced a simple procedure to divide the
spectrum observed at the site in question by the same
observed at a nearby reference site, preferably on a com-
petent bedrock. The resulting spectral ratio constitutes an
estimate of the site response if the reference site has a
negligible site response. Andrews'® introduced a genera-
lized inverse technique to compute site response by sol-
ving data of a number of recorded events for all source/
path effects and site effects simultaneously. These tech-
niques for computing site response depend on the availa-
bility of an adequate reference site (on competent
bedrock) with negligible site response. Boatwright et al.'®
suggested a generalized inversion scheme where shear
wave spectra are represented with a parameterized source-
and path-effect model and a frequency-dependent site
response term for each station. Another non-reference-
site-dependent technique involves dividing the horizontal-
component shear wave spectra at each site by the vertical-
component spectrum observed at that site'”. This method
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is analogous to the so-called receiver function technique'®
to study the upper mantle and crust from teleseismic
records.

The receiver function analysis exploits the fact that
teleseismic P waves that are incident upon the crustal sec-
tion below a station produce P to S conversions at crustal
boundaries as well as multiple reverberations in the shal-
low layers. By deconvolving the vertical-component sig-
nal from the horizontal-components, the obscuring effects
of source function and instrument response can be
removed, leaving a signal composed of primarily S wave
conversions below the station. The deconvolved horizon-
tal component called receiver function trace is a best rep-
resentative of the site response as the local site conditions
are relatively transparent to the motion that appears on the
vertical component.

In this study, we have followed the non-reference
method of estimating site response by receiver function
analysis using a seven-station-strong-motion network at
Sikkim Himalayas. The extent to which nonlinear effects
are significant remains a controversial issue. Neverthe-
less, even if the nonlinear effects are influential for
stronger motions, the present study is a new step towards
seismic microzonation in Sikkim Himalayas from site
response analysis.

General setting of the study area

The study area is located in the earthquake-prone part of
the eastern Himalayas along Darjeeling—Sikkim tract,
where fast and unplanned urbanization is still active with
the records of a good number of earthquakes (M > 4.0) in
this terrain. Therefore, a digital network of accelerographs
has been installed at various sites of Sikkim (Table 1)
to estimate the site response of Sikkim Himalayas
(Figure 1 a)".

Regional geologic setting

It has been suggested that the tectonothermal evolution of
the Himalayas reflects events that accompanied collision
of the Indian and Eurasian plates during the Eocene
(~ 50 Ma)'". About 2500 km of post-Eocene shortening
has been mainly accommodated through crustal stacking,
along a system of intra-continental thrusts and internal
deformation of the Indian plate®'. The pioneering work
of Gansser”” in Darjeeling—Sikkim has attracted many
geologists to work in the Darjeeling—Sikkim Himalayan
region. Most workers have divided the Himalayas into a
series of longitudinal tectonostratigraphic domains, such
as, (1) Sub Himalayas, (2) Lesser Himalayas, (3) Higher
Himalayas, and (4) Tethys Himalayas (Figure 1 a)",
which are separated by major dislocation zones.

In the Sikkim region, the different lithounits are dis-
posed in an arcuate regional fold pattern (Figure 1 5)".
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Table 1.

Station co-ordinates with surface geology and soil type at each site

Station Latitude (°N)  Longitude (°E)

Geological formation

Soil type

Singtam 27.15 88.29

Gezing 27.17 88.15

Jorethang 27.09 88.18

Gangtok 27.21 88.35

Mangan 27.30 88.31

Chungthang 27.35 88.38

Lachen 27.43 88.32

Daling metapelite

Daling metapelite

Daling metapelite

Lingtse granitoid gneiss

Pelitic schist

Pelitic migmatite

Pelitic migmatite

Coarse-grained soil with rock
fragments. Typical Hapludolls
to typic Udorthents.

Excessively  drained coarse
to fine loamy soil with slight
surface stoniness. Entic Hap-
ludolls and typic Haplumbrepts.

Coarse-grained soil with rock
fragments. Typical Hapludolls
to typic Udorthents.

Excessively drained coarse to
fine loamy soil with slight sur-
face stoniness. Entic Hapludolls
and typic Haplumbrepts.

Excessively  drained coarse
to fine loamy soil with slight
surface stoniness. Entic Hap-
ludolls and typic Haplumbrepts.

Excessively  drained coarse
to fine loamy soil with slight
surface stoniness. Entic Hap-
ludolls and typic Haplumbrepts.

Excessively  drained coarse
to fine loamy soil with slight
surface stoniness. Entic Hap-
ludolls and typic Haplumbrepts.

The Lesser Himalayan low-grade metapelites, interbanded
psammite belonging to Daling Group (Proterozoic to
Mesozoic) form the core of the fold. The Lingtse-
granitoid gneiss occurs within the Daling Group of rocks.
The Higher Himalayas are characterized by medium-to
high-grade crystalline rocks of ?Proterozoic age. A
prominent ductile shear zone, the Main Central Thrust
(MCT), separates the two belts. In this region, the MCT is
the southernmost of a number of northward-dipping duc-
tile shear zones within the Higher Himalayan Crystalline
Complex (HHC). Gondwana (Carboniferous—Permian)
and molasse-type Siwalik (Miocene—Pliocene) sedimen-
tary rocks of the Sub-Himalayan Zone (not shown in
the map) occur in the southern part of the region. In the
extreme north, a thick pile of Cambrian to Eocene fos-
siliferous sediments of the Tethyan Zone (Tethyan Sedi-
mentary sequence, Figure 1 ) overlie the HHC on the
hanging wall side of a series of north-dipping normal
faults constituting the South Tibetan Detachment System
(STDS)*. The HHC consists predominantly of high-grade
pelitic migmatites with numerous layers of calc-silicate
rocks and quartzites. Small bodies of metabasites and
granites are also present in HHC.

Soil characteristics of Sikkim

Since soils are basically weathered products of the rocks,
there is a wide variation in the soil characteristics of
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Sikkim. According to the National Bureau of Soil Survey,
soils of Sikkim are broadly grouped under five physio-
graphic zones (Figure 2) as listed below.

Soils on summit and ridge tops

e Steeply sloping (> 30%) surfaces register mostly
coarse-grained soils with rock fragments.

* Moderately steep sloping (30%) surfaces exhibit thick
soil cover. They are well to somewhat excessively
drained, coarse-loamy to fine-loamy soils, with little or
no rock fragments.

e Moderately sloping (15%) surfaces are composed of
well-drained fine-loamy soils with local strewn pebbles
on the surface. They are also associated with coarse
loamy soils at places.

Soils on side slopes of hills

On steeply sloping surfaces (50%) they are excessively
drained coarse-loamy to fine-loamy soils with slight sur-
face stoniness.

Soil on valleys

The direct effect of surface drainage and associated land-
slides has given rise to a wide variety of soil types on
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