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A comprehensive analytical as well as numerical treatment of seismological, geological, geomorphological and geotechnical concepts has been implemented through microzonation projects in the
northeast Indian provinces of Sikkim Himalaya and Guwahati city, representing cases of contrasting geological backgrounds – a hilly terrain and a predominantly alluvial basin respectively. The
estimated maximum earthquakes in the underlying seismic source zones, demarcated in the broad
northeast Indian region, implicates scenario earthquakes of MW 8.3 and 8.7 to the respective study
regions for deterministic seismic hazard assessments. The microzonation approach as undertaken in
the present analyses involves multi-criteria seismic hazard evaluation through thematic integration
of contributing factors. The geomorphological themes for Sikkim Himalaya include surface geology,
soil cover, slope, rock outcrop and landslide integrated to achieve geological hazard distribution.
Seismological themes, namely surface consistent peak ground acceleration and predominant frequency were, thereafter, overlaid on and added with the geological hazard distribution to obtain
the seismic hazard microzonation map of the Sikkim Himalaya. On the other hand, the microzonation study of Guwahati city accounts for eight themes – geological and geomorphological, basement
or bedrock, landuse, landslide, factor of safety for soil stability, shear wave velocity, predominant
frequency, and surface consistent peak ground acceleration. The ﬁve broad qualitative hazard classiﬁcations – ‘low’, ‘moderate’, ‘high’, ‘moderate high’ and ‘very high’ could be applied in both the
cases, albeit with diﬀerent implications to peak ground acceleration variations. These developed
hazard maps oﬀer better representation of the local speciﬁc seismic hazard variation in the terrain.

1. Introduction
India stands highly vulnerable to seismic hazards
owing to the burgeoning population and extensive developmental investments. In the past, the
country has experienced several devastating earthquakes namely 1897 Shillong, 1905 Kangra, 1950
Assam and 1934 Bihar–Nepal earthquakes, 1993
Latur, 1997 Jabalpur, 1999 Chamoli, 2001 Bhuj
and 2005 Kashmir. At the regional level, hazard
zonations of the country has been provided by
BIS (2002) and the Global Seismic Hazard Assessment Program (GSHAP, Bhatia et al 1999). The

four zones demarcated by BIS, namely, zone II,
III, IV and V have been respectively assigned hazard factor of MSK intensity of VI (or less), VII,
VIII and IX (or above) with the corresponding
zone factors designated as 0.10 g, 0.16 g, 0.24 g, and
0.36 g respectively. However, it has been understood in recent times that the variation of seismic
hazard could be large even at local levels implying
a need to incorporate the site conditions such as
site response, surface geology, geomorphology, soil,
topography, etc. along with geotechnical secondary
hazard factors leading to seismic microzonation
(Nath 2005).
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Figure 1.

A seismic microzonation framework for earthquake hazard mapping.

Seismic microzonation is subdivision of a region
into smaller zones that have relatively similar exposures to various earthquake eﬀects. The underlying
concept arises from the fact that the eﬀects of
surface geology on seismic motion could be considerably large. Several studies on devastating earthquakes have demonstrated a large concentration
of damage in speciﬁc areas due to site-dependent
factors related to surface geologic conditions and
local soils altering seismic motions (Borcherdt
1970; King and Tucker 1984; Aki 1988; Field et al
1992; Nath et al 2000, 2002). A framework for
typical quasi-probabilistic/deterministic approach
is depicted in ﬁgure 1. It involves a large scale
seismicity analysis for seismic source zone classiﬁcation and estimation of maximum earthquake
magnitude or maximum credible earthquake to be
used for seismic scenario generation. The various
inputs include earthquake catalogues, information
about lineaments, neo-tectonics and active faults,
and geological and geotechnical aspects that can include: (a) bedrock topography, (b) subsoil proﬁle,
(c) soil site classiﬁcation, (d) peak ground acceleration (PGA), (e) liquefaction potential mapping,

(f )geomorphological characterization, and (g)probabilistic/deterministic seismic hazard scenario.
Seismic microzonation is accordingly achieved
through integration of the thematic layers pertaining to the various hazard components, following
a multi-criteria evaluation technique such as Analytical Hierarchical Process (AHP, Saaty 1980).
The technique employs a hierarchal structure via
pair-wise comparison based on forming judgements between two particular elements rather
than attempting to prioritize an entire list of elements. A matrix of pair-wise comparison between
the factors is thus built on a scale in a process
of allocating weights in the participatory mode
in which a group of decision makers may be
encouraged to reach a consensus opinion about
the relative importance of the factors. The various features within each theme are then assigned
ranks or scores, normalized to ensure that no
layer exerts an inﬂuence beyond its determined
weight.
Sikkim Himalaya comes under high seismic hazard zone designated as Zone IV, while Guwahati
city is placed within the highest level of seismic
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hazard – the Zone V according to seismic hazard
zonation of India (BIS 2002). GSHAP predicts
high hazards in terms of PGA to the tune of
0.3 g (1 g = 980 gal) in the Sikkim region and as
high as 0.35 g in the Guwahati region. Sikkim
consists of the Himalayan hilly terrains; while on
the other hand, Guwahati city represents a case
of well-formed basin with deep sediments and
alluvial geology. The city experienced earthquake
damages inﬂicted by the 1897 Great Shillong earthquake on its southwestern frontier. Newly developed areas are rapidly emerging in these high
earthquake prone regions towards developing its
natural resources and improving the quality of life
of the inhabitants. In recent times, rapid growth
in demographic distribution as well as expanding
structural developments has led to huge implications on the vulnerability to earthquake hazards
and the associated risk. Furthermore, the earthquake susceptibility is greatly enhanced due to the
underlying complex tectonic and topographic features. The case studies as presented here formulate
amalgamation of diﬀerent perspectives of seismic
scenario through the development of diﬀerent thematic layers depicting spatial distribution of various contributing attributes, and integration thereof
on Geographical Information System (GIS). In
the present studies, the mapping and the vector union operations of the thematic layers have
been achieved with the ArcGIS/ArcMap 9.1
software.
2. The regional seismicity
The high seismicity of the northeast Indian region
has been attributed to a complex tectonic province
displaying juxtaposition of the E–W trending
Himalaya and the N–S trending Arakan Yoma
belt. The major tectonic background includes the
eastern Himalayan structures, the Mishmi massif,
the Indo Myanmar arc, the Brahmaputra valley,
and the Shillong plateau. The Himalayan structures mainly consist of the thrust planes namely
the Main Central Thrust (MCT), Main Boundary thrust (MBT), Main Frontal Thrust (MFT),
and their subsidiaries (Nandy 2001). The movement along the Po Chu fault, in the northeastern part of the region, is believed to have
caused the 1950 Great Assam Earthquake of MW
8.7 (Ben-Menahem 1974; Thingbaijam et al 2008).
The Shillong plateau has been implicated with a
pop-up tectonics associating the 1897 Great Earthquake of MW 8.1 (Bilham and England 2001). The
southern end of the Kopili fault is believed to
have generated the 1869 Cachar earthquake of MW
7.4. The Indo-Myanmar arc, sidelined by PatkoiNaga-Manipur-Chin hills, has been associated with
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1988 Manipur Earthquake of MW 7.2. Overall,
seismic activities in the region have been quite
signiﬁcant.
Thingbaijam et al (2008) developed a consistent MW catalogue for the northeast Indian region,
and carried out the subsequent seismicity analyses, leading to the demarcation of seismic source
zones in the region. The catalogue derived from
the International Seismological Center earthquake
catalogue (ISC 2007) and the Global Centroid
Moment Tensor (GCMT) database covers a period
of 1906–2006, and the region bounded within the
latitude–longitude: 19◦ N, 85◦ E and 32◦ N, 101◦ E.
The seismicity analysis in the region delivered
the spatial distribution of seismicity parameters b-value and the correlation fractal dimension,
DC . The seismicity patterns as quantiﬁed by the
parameters in conjunction with the underlying tectonic network and the observed seismicity has been
used to broadly classify four seismic source zones –
Eastern Himalayan Zone (EHZ), Mishmi Block
Zone (MBZ), Eastern Boundary Zone (EBZ) and
Shillong Zone (SHZ) as depicted in ﬁgure 2. The
region exhibits assorted earthquake mechanisms –
predominantly normal in EHZ, strike slip in MBZ
and SHZ, and oblique reverse in EBZ. The Shillong
Zone has been associated with a pop-up tectonic
model (Bilham and England 2001). On the other
hand, albeit that EHZ exhibits normal mechanisms
to the north, the trend to the south especially on
the MBT could be seen with strike-slip motions.
The assessment of mmax in the four seismic
source zones of the northeast Indian region has
been carried out by Thingbaijam and Nath (2008).
A maximum likelihood method for mmax estimation referred to as Kijko-Sellevoll-Bayesian (K-S-B;
Kijko 2004; Kijko and Graham 1998) has been
applied to each of the cases. The technique employs
a Bayesian-based frequency magnitude distribution equation. The empirical magnitude distribution is implicated to be deviated moderately
from the Gutenberg–Richter relation following an
exponential tail of a Gamma function at the larger
magnitudes. The aftershocks were removed from
the sub-catalogues through the method employed
by Knopoﬀ et al (1982) to create Poissonian
distribution amongst the events recorded. Each
sub-catalogue has been segregated according to
the temporal data completeness. The estimated
b-value for the long term seismicity in the source
zones corresponds to 1.05 (±0.06), 1.32 (±1.36),
1.17 (±0.04), and 1.00 (±0.09) for EHZ, MBZ,
EBZ, and SHZ respectively. EHZ, MBZ, EBZ
and SHZ have been designated with mmax of
MW 8.35 (±0.59), 8.79 (±0.31), 8.20 (±0.50) and
8.73 (±0.70) respectively. Accordingly, the scenario
earthquake magnitude (SEM) for deterministic
hazard analysis applicable to Sikkim Himalaya and
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Figure 2.

The four seismic source zones in the northeast Indian region.

Guwahati city has been implicated to be MW 8.3
and MW 8.7 respectively. The former corresponds
to EHZ and the later to SHZ. Sikkim Himalaya
falls in the province of EHZ while Guwahati city
is within SHZ. The great earthquakes of 1897 in
the SHZ and 1950 in MBZ are far-ﬁeld events for
Sikkim Himalaya considering the near-ﬁeld eﬀects
from the hazard potential view of the eastern
Himalayan zone. On other hand, the historical
perspective of the earthquake hazard from 1897
Shillong earthquake, which occurred quite close to
Guwahati city as compared to the 1950 Assam
earthquake, presents a rather singular but the
highest hazard threat to the city.
3. Site response studies in Sikkim
Himalaya and Guwahati city
Techniques used widely to quantify site response
(SR) from strong motion data include the traditional spectral ratio and the generalized inversion
approach (GINV, Boatwright et al 1991). In case
of weak motion data, a simple technique for estimation of site response is Horizontal-to-Vertical
Spectral Ratio method (HVSR, Nath et al 2005;
Lermo and Chávez-Garcı́a 1993). The method also
estimates frequencies and amplitude of fundamental resonance peaks. The traditional spectral ratio
method employs a reference site – rock site with
response assumed to be close to 1. On the other
hand, the GINV technique does not involve any
reference site but employs inversion approach in

solving a kind of over-determined problem. In the
case of an alluvial region, site response can also
be computed from geotechnical data. Combining
wave propagation theory with the material properties, the expected ground motion can be computed
at the site of interest. Several software (SHAKE,
SHAKE2000, WESHAKE, ShakeEdit, etc.) are
available for seismic response analysis for horizontally layered soil deposits in which recurrent and
circular soil behavior can be simulated using linear
equivalent model (Kramer 1996).
The geological characteristics of Sikkim
Himalaya and Guwahati city represent two contrasting features – hilly terrains and alluvial basin
respectively. In the hilly regions, most of the contribution in the site ampliﬁcation of ground motion
comes from the radiation pattern and topography
of the area while in the ﬂat terrains, soil thickness and near surface low velocity stratigraphy
attributes to ground motion ampliﬁcation. The
ampliﬁcation of ground motion over soft sediments
occurs fundamentally due to the trapping of seismic waves and the resulting impedance contrast
between sediments and the underlying bedrock.
These trapped waves interfere with each other
to produce resonance patterns, the shape and
the frequencies that are correlated with the geometrical and mechanical characteristics of the
structure.
Site ampliﬁcation in the Sikkim Himalaya has
been attributed mainly to diﬀerent source radiation patterns, scattering, diﬀraction and undulating topographic eﬀects. Soil thickness in the
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Figure 3. (a) Site response distribution map corresponding to the predominant frequencies, and (b) predominant frequency
distribution maps of Sikkim Himalaya.

region is insigniﬁcant thereby rendering relatively
higher shear wave velocity due to rock exposure.
Site ampliﬁcation study in the region with HVSR
and GINV techniques by Nath et al (2005) is
based on 80 local earthquakes (3 ≤ ML ≤ 5.6)
recorded during 1998–2003 with good signal-tonoise ratio (≥ 3) by IIT Kharagpur Sikkim Strong
Motion Array (SSMA) comprising of nine stations

across the terrain. The azimuthally dependent site
response at all the stations from two diﬀerent
techniques exhibited similar trends with minor or
no variation in the amplitude of the respective
site response curves. Accordingly, the distribution
of site response and the corresponding predominant frequency could be achieved as depicted in
ﬁgure 3(a) and (b).
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On the other hand, Guwahati city is covered
with recent alluvium with some Archean hillocks
exposed at places. The area falls in the Lower
Assam valley, which consists of crystalline rocks
that are covered by gently dipping Tertiary and
younger sediments. The sediment thickness varies
from ten to few hundred meters in the region,
which is the likely contributor of site speciﬁc
ground motion ampliﬁcation. Nath et al (2008)
estimated the site response distribution in the
region from the geotechnical data at 200 boreholes
across the region as well as strong motion data of
ﬁve events (4.8 ≤ mb ≤ 5.4) that occurred during
2006. The strong ground motion data analyses were
achieved through the HVSR technique at diﬀerent
source azimuths for various sites. The geotechnical analyses were performed through SHAKE 2000
(Ordonez 2004) at all the 200 borehole locations.
It has been seen that the estimated site response
obtained from both the analyses shows reasonable agreement. Predominant frequency distribution in the region, as depicted in ﬁgure 4(a), has
been assessed through ambient noise data analysis
(Nakamura 1989) at 141 locations by Nath et al
(2008) and is found to have a reasonable correspondence with the results of the geotechnical and
strong motion data analyses. Figure 4(b) depicts
the site response distribution in the city.
4. Deterministic peak ground
acceleration in Sikkim Himalaya
and Guwahati city
A two-tier approach for the ground motion
assessment involves the assessment at engineering
bedrock and thereafter incorporation of the site
eﬀects to provide ground motion at the surface.
In the deterministic hazard computation, actual
ground motion is simulated taking a source (fault
parameters), a path (crustal structure), and site
(weathering layer properties) for an extreme condition, and the peak ground acceleration (PGA) is
estimated therefrom. The present case studies are
conﬁned to the stochastic methods only. The stochastic approaches provide expedient methods of
synthesizing strong ground motion and is modeled
as Gaussian noise with a spectrum that is either
empirical or physical (Hanks and McGuire 1981;
Boore 1983; Boore and Atkinson 1987; McGuire
et al 1984). The stochastic method with ﬁnite fault
model proposed by Beresnev and Atkinson (1997)
divides a fault into several sub-sources that individually act as point source. The method has been
further enhanced by Motazedian and Atkinson
(2005) through incorporation of dynamic corner
frequency. In the present analyses, a FORTRAN
code EXSIM for dynamic ﬁnite fault simulation

(Motazedian and Atkinson 2005) has been used to
simulate peak ground acceleration.
The scenario earthquake of MW 8.3 has been
designated to be nucleating from the hypocenter
of the earthquake that occurred on December 2,
2001, ML 5.6, the largest amongst 80 signiﬁcant
events recorded by SSMA. This event occurred just
below MBT at a depth of 26.3 km with a composite fault plane solution having 310◦ strike and
35◦ NNE dip. The fault area has been computed
by the relation given by Beresnev and Atkinson
(2001). The average stress drop can be derived from
strong motion data recorded in the area as suggested by Motazedian and Atkinson (2005). Singh
et al (2002) have taken 60 bars for the simulation
of big earthquakes on MBT in the northwestern
Himalaya. However, considering the distribution of
stress drop with magnitude, a value of 65 bars has
been found to be quite appropriate for the present
deterministic hazard simulation. The quality factor, Q, has been derived from the analysis of all
earthquake data (Nath et al 2005). A tapering windowing function of Saragoni and Hart (1974) has
been employed. The simulation parameters have
been listed in table 1. The site response at each
strong motion station has been incorporated in the
analysis. The synthetic accelerograms for the scenario earthquake of MW 8.3 at Jorthang is depicted
in ﬁgure 5(a) and (b) respectively. The PGA distribution map of the region as presented in ﬁgure 5(c)
depicts a maximum value of 1.02 g in the Lesser
Himalaya while 0.15 g has been found in the Higher
Himalaya.
On the other hand, the Great 1897 Shillong
Earthquake source has been considered for the
deterministic seismic hazard scenario generation in
the Guwahati region. The strike and the dip of
the fault have been taken as 292◦ N and 40◦ ESE
respectively (Bilham and England 2001). A fault
dimension of 330 × 150 km has been modeled for
the simulation considering the extended fault in
the region with a stress drop of 159 bars that
has been observed for a slip of 16 m during the
earthquake. The stress drop from the slip value has
been computed using relation given in Beresnev
and Atkinson (2001). Pulsating area for the computation has been taken equal to 25% of the rapture
area (Motazedian and Atkinson 2005). The quality
factor has been adapted from Nath et al (2008).
Accordingly, the simulation parameters have been
listed in table 1. Taking into consideration the
source, site and path eﬀects, PGA values have been
computed at all the 200 borehole locations. The
geotechnical site response has been considered for
the purpose. Figure 6(a) and (b) depicts the simulated accelerograms for the scenario earthquake at
a borehole located close to AEC. The PGA distribution map of the region as depicted in ﬁgure 6(c)

Figure 4. (a) Predominant frequency and (b) site response distribution maps of the Guwahati region.
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Figure 4. (Continued)
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Table 1. The parameters used for ground motion simulation for the scenario earthquake
MW 8.3 for the Sikkim Himalaya and MW 8.7 for Guwahati region.
Scenario source
Parameters
Strike
Dip
Focal depth (km)
Source (Lat, Long.)
SEM
Fault length (km)
Fault width (km)
Sub-faults along strike
Sub-faults along dip
Shear wave velocity (km/s)
Crustal density (g/cm3 )
Stress (bars)
QS
Geometrical spreading
Windowing function
Ampliﬁcation

Guwahati
◦

Sikkim

292 N
40◦ ESE
35
26◦ N, 91◦ E
8.7
330
150
11
5
3.25
2.7
159
342f 0.72
1/R(R < 100 km)
1/R0.5 (R > 100 km)
Saragoni and Hart
Geotechnical site response

310◦ N
35◦ NNE
26.3
27.25◦ N, 88.46◦ E
8.3
250
80
12
4
4.0
2.7
65
167f 0.47
1/R(R < 100 km)
1/R0.5 (R > 100 km)
Saragoni and Hart
HVSR

shows a variation from 0.22 g to 1.27 g. The
high PGA zones have been observed at those
sites where site response is considerably higher
which could be attributed to reverberations of the
trapped energy in the low velocity near-surface soil
layer.
5. Seismic microzonation of
Sikkim Himalaya
The microzonation procedure, undertaken in
Sikkim Himalaya, follows an initial hazard classiﬁcation based on the geological hazard components
to obtain ‘Geohazard’ theme, and thereafter the
theme is integrated with the seismological themes
to achieve the ﬁnal hazard zonation.
Three geomorphological attributes namely –
surface geological units, soil taxonomy, site classiﬁcation, rock outcrop and landslide have been taken
in consideration. The corresponding thematic
layers have been adapted into the present study
from Nath (2004). The major datasets include
IRS–1C LISS III digital data, toposheets from
Survey of India, geographical boundary for the
state of Sikkim, surface geological maps, soil
taxonomy map from National Bureau of Soil
Survey (NBSS 1994) and seismic refraction proﬁles. The surface geology (GE) of the region has
been depicted in ﬁgure 7(a). The soil taxonomy
(SO), in the region, based on composition,
grain size and lithology constitutes IB (S-wave
velocity, β > 1500 m/s), IC (β = 700–1500 m/s),

Figure 5. (a) Time domain simulation of accelerogram at
Jorthang for the scenario earthquake of MW 8.3 designated
to be nuclearing from the hypocenter of the earthquake that
occured on December 2, 2001, ML 5.6. (b) The corresponding accelerogram represented in the spectral domain.
(c) PGA distribution map of Sikkim Himalaya for the scenario earthquake of MW 8.3.
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Figure 5.

II (β = 350–700 m/s) and III (β = 180–350 m/s)
classiﬁcations. The per cent slope (SL) mapping
has been done with Triangulated Irregular Network
(TIN) on GIS. Rock outcrop (RO) and landslide
(LS) scarp region had been identiﬁed and vectorized into two separate polygon coverage. The
landslide zones have been introduced to highlight the relevant hazard conduced from seismic
activities rather than landslide hazard zonation
through elaborate geotechnical detailing, which is
not envisaged in the present study.
The weights assigned to each of the themes
along with the normalized ranks assigned to each
feature of individual themes for the geological
hazard estimation as well as ﬁnal the seismic microzonation layers preparation are listed in tables 2
and 3 respectively. The geohazard map is obtained
through the integration technique following AHP
accounting for all the geomorphological coverages
via the following equation,
(GEw · GEr +SOw · SOr +SLw · SLr
+LSw · LSr +ROw · ROr )

.
Geohazard =
w
(1)

(Continued)

Additional subscripts have been added to the
notation assigned to each theme to indicate
weight and normalized rank with ‘w’ and ‘r’
respectively.
The geohazard index are suitably categorized
into three classes with values ranging between 0.0
and 0.35 quantitatively termed as low hazard, 0.35
to 0.55 termed as moderate hazard, and greater
than 0.55 assigned a qualitative deﬁnition as high
hazard. The geohazard map of Sikkim Himalaya
is presented in ﬁgure 7(b), wherein the high
hazard region is seen to dominate the lesser
Himalaya, moderate and intermediate hazard
region in the terrain between the lesser and higher
Himalaya Crystalline (ﬁgure 7a) just above MCT,
while the higher Himalaya exhibits low geohazard
index.
The vector union operation is subsequently performed on the seismological themes. The seismological attributes (detailed in section 3) considered
for thematic mapping include predominant frequency (PF) as depicted in ﬁgure 3(b) and surface consistent peak ground acceleration (PGA) as
depicted in ﬁgure 5(c). A holistic earthquake hazard model evolved in this analysis delivering the
output seismic microzonation theme follows the
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relationship,

(PFw PFr + PGAw PGAr
+GEw GEr + SOw SOr + SLw SLr
EHI =

+LSw LSr + ROw ROr )

w

(2)

where EHI stands for Earthquake Hazard Index.
The seismic hazard microzonation map as depicted
in ﬁgure 8 classiﬁes the Sikkim Himalayan territory into six broad hazard zones. Qualitatively,
we termed this classiﬁcation – ‘low’ with hazard index less than 0.2, ‘moderate’ between 0.2
and 0.4, ‘moderately high’ between 0.4 and 0.6,
‘high’ between 0.6 and 0.8, and ‘very high’ greater
than 0.8 encompassing Gangtok, Singtam, Aritar,
Jorthang, Gezing, Melli, Padamohen, and touching Mangan and Lingza as well. The average PGA
has been drawn for each classiﬁcation with ‘low’,
‘moderate’, ‘moderately high’, ‘high’, and ‘very
high’ corresponding to 0.18 g, 0.23 g, 0.33 g, 0.50 g,
and 0.82 g respectively. Although the present PGA
speciﬁcations are surface consistent unlike the BIS
provision that are provided for bedrock level, it
can be seen that the zones – ‘low’, ‘moderate’, and
‘moderately high’ falls in the zone IV of the BIS
nomenclature, according to the PGA ranges identiﬁed for the BIS zones by Jaiswal and Sinha (2007).
‘High’ zone corresponds to the BIS zone V while
the average PGA for ‘very high’ zone is seen higher
than the maximum speciﬁed for the zone V.
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depicted in ﬁgure 9(a) depicting the major aggradational units identiﬁed as active ﬂood plain and
Levee deposits, and the Digaru, Bordang, Sonapur,
and Pediment surfaces respectively. The basement
(BM) or bed rock formations map for the region
has been prepared by examining the results of
vertical electrical resistivity sounding surveys carried out by Geological Survey of India (GSI) during
1986–88 and 2002–03, and the data obtained from
30 boreholes. The LU map has been derived from
the land use pattern from the SOI toposheets of
1986–87 along with recent satellite imageries of the
area. LS zones as depicted in ﬁgure 9(b) have been
demarcated in the region using slope angle, lithological structures, relative relief, landuse cover,
hydrological correlation, seismicity, rainfall, and
landslide incidences. As in the previous case, the
LS zones present the relevant hazard due to seismic
activities. The shear wave velocity VS30 distribution
has been obtained from Standard Penetration Test
(SPT) data at 200 borehole sites across the region
(Nath et al 2008). The variation of VS −30 from 200
to 360 m/s as observed in the region falls under

6. Seismic microzonation of
Guwahati city
The microzonation study of Guwahati city, as
pointed out earlier, presents a case of basin geology in contrast to the hilly terrains of Sikkim
Himalaya. We have considered the following eight
hazard themes:
(i)
(ii)
(iii)
(iv)
(v)
(vi)
(vii)
(viii)

Geological and geomorphological (GG),
Basement or bed rock formations (BM),
Landuse (LU),
Landslide (LS),
Factor of safety (FoS),
Shear wave velocity (VS30 ),
Predominant frequency (PF), and
Surface consistent Peak Ground Acceleration (PGA).

The various thematic layers have been presented by Nath et al (2007). The GG map as

Figure 6. (a) Time domain simulation of accelerogram for
the scenario earthquake of MW 8.7 at a borehole located
close to AEC. (b) The corresponding accelerogram represented in the spectral domain. (c) PGA spatial distribution
of Guwahati region for the scenario earthquake of magnitude
MW 8.7.
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Figure 6. (Continued)
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(a) Surface geological and (b) the geohazard maps of Sikkim Himalaya respectively.

site class III (Nath et al 1997), which is further
categorized into four subclasses with variation of
40 m/s. This consideration has been entirely local
speciﬁc to enable highlighting the variation, however minor it is, into the integration process. As

such the sub-classiﬁcation has been seen to have
a reasonable correlation with the geological traits
across the study region. Furthermore, the shear
wave velocity contribution is evident from the signiﬁcant variation associated with the predominant
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Table 2. Normalized weights and ranking assigned to the geomorphological attributes of
the Sikkim Himalayan region for thematic integration to compute geohazard distribution.
Theme

Weight

Geology (GE)

0.3333

Feature

Rank

Biotite and Tourmaline Granite,
Daling Metapelite, Buxa Dolomite
and Gondwanas
Streaky Biotite granite Gneiss and
Darjeeling Gneiss
Tsolhamo Series and Chungthang
Calc-Granulite
Kanchenjunga Gneiss
Mt. Everest Limestone and Everest
Pelitic Series

1.0000

0.7500
0.5000
0.2500
0.0000

Soil/site class (SO)

0.2666

IB
IC
II
III

1.0000
0.6667
0.3333
0.0000

Per cent slope (SL)

0.2000

≥ 75
60–75
45–60
30–45
15–30
< 15

1.0000
0.8000
0.6000
0.4000
0.2000
0.0000

Landslide (LS)

0.1333

Present
Absent

1.0000
0.0000

Rock outcrop (RO)

0.0666

Present
Absent

1.0000
0.0000

Table 3. Normalized weights and ranking assigned to the seismological and
geohazard attributes of the Sikkim Himalayan region for thematic integration to
achieve seismic microzonation.
Theme

Weight

Feature

Rank

Simulated peak ground acceleration
(PGA) in g

0.5000

0.40–1.0
0.25–0.40
0.20–0.25
< 0.2

1.0000
0.6667
0.3333
0.0000

Predominant frequency (PF) in Hz

0.3333

<4
4.0–5.0
5.6–6.0
6.0–7.0
7.0–8.0
8.0–9.0
9.0–10.0
10.0–11.0
11.0–12.0
12.0–13.0
13.0–14.0
14.0–15.0
15.0–16.0
16.0–17.0
> 17.0

1.0000
0.9285
0.8571
0.7857
0.7143
0.6428
0.5714
0.5000
0.4286
0.3571
0.2857
0.2143
0.1428
0.0714
0.0000

Geohazard

0.1667

> 0.55
0.35–0.55
< 0.3

1.0000
0.5000
0.0000

Earthquake hazard in Northeast India

Figure 8.

Seismic microzonation map of Sikkim Himalaya.

frequency across the terrain. Table 4 presents the
predominant frequency distribution pertaining to
the various geological attributes.
The factor of safety represents soil stability
against the liquefaction hazard. The Guwahati
region being situated in the Brahmaputra basin,
the pertinent soil conditions are rather hydrologically expansive and well-endowed aquifers. The
parameter is estimated as the ratio of maximum
to actual load sustainability at each of the borehole locations determining safe and unsafe zones.
The maximum load is represented by the earthquake load given by cyclic stress ratio (CSR) while
the actual load is characterized by the in situ parameters obtained from SPT N value assessment
method quantiﬁed as cyclic resistance ratio (CRR).
Following Seed and Idriss (1971) and Seed et al
(1985), CSR can be calculated from the following
equation:

CSR7.5 = 0.65

823

rd amax σo
MSF g σo

between the earthquake moment magnitude (MW )
and MSF given by Idriss (1999).
The SPT N values have been corrected accounting for the eﬀect of hammer energy and eﬀective stress on boring according to suggestions of
Seed et al (1985) along with the consideration of
SPT data correction in sand following Liao and
Whitman (1986) to obtain (N1 )60 values. Thereafter, the cyclic resistance ratio corresponding to
earthquake of MW 7.5 is computed through the
equation given by Idriss and Boulanger (2006),

CRP7.5 = exp

−

(N1 )60
+
14.1

(N1 )60
23.6



3

(N1 )60
126


+

2

(N1 )60
25.4

4


− 2.8 .
(4)

(3)

where CSR7.5 is the CSR for an earthquake of MW
7.5, amax denotes the maximum ground acceleration for the scenario earthquake, g is acceleration
due to gravity, σo is the total overburden pressure,
σo is the eﬀective overburden pressure. The average stress reduction factor, rd , is estimated through
Liao et al (1988) relations that correlate with the
depths below surface. The magnitude scaling factor, MSF, has been obtained from the relationship

The Factor of Safety zonation map, ﬁnally achieved
has been depicted in ﬁgure 9(c).
Eventually, integration of the thematic layers
following AHP is performed to obtain the hazard index representing seismic microzonation for
the region. As with the previous case, weights are
assigned to each of the aforesaid themes according
to their relative importance. The normalized ranks
to each of the features of the individual themes are
also assigned within each theme, as well. The normalized weights and ranks are listed in table 5.

Figure 9. (a) The geological and geomorphological, (b) landslide zonation and (c) factor of safety zonation maps of the Guwahati region respectively.
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Figure 9. (Continued)
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Figure 9. (Continued)
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into zone V. The average PGA for ‘very high’
zone is similarly seen higher than the maximum
speciﬁed.

Table 4. Geological features and the corresponding
predominant frequencies are listed.
Geological feature

Predominant
frequency (Hz)

Active ﬂood plain and levee
Digaru surface
Bordang surface
Sonapur surface
Rocky areas of pediment
Denuded hill

≤ 0.5
0.5–0.8
0.8–2.0
2.0–4.0
4.0–6.0
> 6.0

7. Discussion and conclusions

The seismic hazard microzonation map thus
obtained represents the integration of all the aforesaid themes in the following relation
(GGw GGr + BMw BMr + LSw LSr
+LUw LUr +Vs30 w Vs30 r +PGAw PGAr
EHI =

+PFw PFr + FoSw FoSr )

w

827

.
(5)

The notations have their usual meanings.
The seismic hazard microzonation map as shown
in ﬁgure 10 exhibits ﬁve zones with the EHI corresponding to less than and equal to 0.2, 0.2–0.3,
0.3–0.4, 0.4–0.5 and above 0.5. We termed these
zones as ‘low’, ‘moderate’, ‘high’, ‘moderately high’
and ‘very high’ hazard regions. The ‘very high’ hazard zone covers patches of the western part of the
region wherein active ﬂood plain with Pediment,
Sonapur and Bordang surfaces are the prevailing
geology and the PGA distribution goes from 0.5 g
to as high as 1.3 g. A small zone of ‘very high’ hazard is also seen on the north along the tracts of
the Brahmaputra river. On the other hand, high
hazard zone with PGA distribution of 0.4–0.5 g is
across the areas of ﬂood plain zones, Sonapur surface, water bodies and pediment covering areas.
‘Moderately high’ hazard regions are seen mostly
with water bodies, natural levee, Bordang surface, Sonapur covering areas across the region.
Moderate hazard zone is predominantly Pediment
and Sonapur surface adjoining the hillock areas
with PGA distribution of 0.25–0.40 g. Low hazard zone exhibits relatively low PGA value around
0.20–0.25 g encompassing mostly hillock areas and
some part of the eastern region. The hazard zones –
‘low’, ‘moderate’, ‘high’, ‘moderately high’ and
‘very high’ could be roughly accorded with average
PGA of 0.25, 0.28, 0.53, 0.63, and 0.87 g respectively. As in the case of Sikkim Himalaya, the
zones can be correlated to the BIS provisions with
‘low’ and ‘moderate’ zones falling within zone IV.
‘High’ and ‘moderately high’ can be clubbed

Assessment of earthquake hazards involves persistent and consorted eﬀorts towards regional hazard
perspectives to local speciﬁc observations. Regional
level seismicity analysis performed in northeast
India delivered a broad segregation of four seismic
source zones namely EHZ, MBZ, EBZ, and SHZ.
Application of maximum likelihood method to estimate maximum earthquakes in each of the source
zones presented mmax values of MW 8.35 (±0.59),
MW 8.79 (±0.31), MW 8.20 (±0.50), and MW 8.73
(±0.70) corresponding to EHZ, MBZ, EBZ, and
SHZ respectively. The local speciﬁc seismological
analysis included estimation of predominant frequency, site response, and ground motion simulation to predict peak ground acceleration. The cases
of contrasting geological settings, that of hilly terrains in the Sikkim Himalaya and that of the alluvial basin in the Guwahati city have been examined
and presented.
Microzonation delivers seismic hazard maps on
an urban block-by-block scale which is based on
local conditions that aﬀect ground-shaking levels
or vulnerability to soil liquefaction. The pertaining studies broadly aim to estimate ampliﬁcation diﬀerences of ground motion at diﬀerent
sites.
The study presented ﬁve zones of varying hazard
levels, in Sikkim Himalaya, of which the associated average PGA not only expressed in accordance with the BIS zone V in the region but
also implicated higher PGA than that implicated
by the BIS zonation in the region that otherwise has been placed entirely under zone IV by
BIS codal provision. On the other hand, it has
been seen in Guwahati city, the hazard zonation
highlighted presence of BIS zone IV in the region
which otherwise has been entirely placed under the
highest classiﬁcation of zone V. The region has
been seen with average PGA values much higher
than the BIS provisions. These hazard maps, therefore, deliver enhanced detailing with a better representation of the local speciﬁc seismic hazard
variation0.
The results of the case studies presented here
signify an outlook on seismic hazard assessment
that is local speciﬁc and is based on incorporation
of diﬀerent facets of the seismic hazard. The
implications arising out of these hazard speciﬁcations need to be addressed. The microzonation projects are aimed at the development of
hazard maps that represent a cognizance of the
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Table 5. Normalized weights and ranks assigned to each feature of the thematic maps for thematic
integration to achieve seismic microzonation. The themes and features are presented in descending
order according to the weights and ranks respectively.
Theme

Weight

Feature

Rank

Geology (GG)

0.2222

River, water bodies and swampy area
Active ﬂood plain
Natural levee
Pediment
Sonapur surface
Digaru surface
Bordang surface
Denuded Hills

1.0000
0.8571
0.7143
0.5714
0.4286
0.2857
0.1429
0.0000

Basement (BS)
in metres

0.1944

> 600
500–600
400–500
300–200
200–300
100–200
< 100

1.0000
0.8333
0.6667
0.5000
0.3333
0.1667
0.0000

Landslide (LS)

0.1556

High hazard zone
Medium hazard zone
Low hazard zone
River, sand bar and hazard free zone

1.0000
0.6667
0.3333
0.0000

Landuse (LU)

0.1667

Residential area
Educational, Army/Police Reserve,
commercial area
Sandbars, River Island and swampy
area

1.0000
0.8333

Field/open space and agricultural area
Residential areas in hill
Hill with dense and light forest
River, water bodies/Beel

0.5000
0.3333
0.1667
0.0000

0.6667

Shear wave velocity
(Vs30 ) in m/s2

0.1111

200–240
240–280
280–320
320–360

1.0000
0.6667
0.3333
0.0000

Peak ground acceleration
(PGA) in g

0.0833

1.00–1.30
0.40–0.10
0.25–0.40
0.20–0.25

1.0000
0.6667
0.3333
0.0000

Predominant frequency
(PF) in Hz

0.0556

< 0.5
0.5–1.0
1.0–2.0
2.0–3.0
3.0–4.0
4.0–5.0
5.0–7.0
> 7.0

1.0000
0.8571
0.7143
0.5714
0.4286
0.2857
0.1429
0.0000

Factor of safety (FoS)

0.0278

≤1
>1

prevailing seismic hazards in the study regions.
These maps are useful in areas of landuse planning, structural engineering, development projects,
and action planning speciﬁc to seismic hazard

1
0

mitigation. A major task is to bring forth relevant
local speciﬁc construction codes from the microzonation outputs. The results of these scientiﬁc
eﬀorts should be delivered to society through

Figure 10. Seismic microzonation map of Guwahati region.
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designated government bodies or non-government
organizations. Thus, any microzonation project
should culminate in the dissemination of results for
maximum societal beneﬁts.
It may be noted that microzonation eﬀorts needs
recurrent investment, as such there is always a
scope for further examination with more data
and enhanced techniques. Microzonation projects
involve various experts from geology, seismology,
geotechnical to GIS specializations. Furthermore,
data collection and preparation forms a major part
of the microzonation venture. Therefore, supports
from various public as well as private organizations are required. Consorted eﬀorts and mutual
co-operation must exist in this continual eﬀort
towards enhancing our understanding of the seismic hazard problem, and accordingly, work out the
response spectra of the designated hazard regions
to update the Universal Building Codal provisions
over and above the BIS codal practices for necessary updating of the design spectra for appropriate
urbanization procedures.
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