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1. Introduction 
It is now well known, and widely accepted amongst the earthquake engineering community, that the 
effects of surface geology on seismic motion exist and can be large. Two "famous" examples of such 
effects are San Francisco and Mexico City. In San Francisco, local amplifications over unconsolidated 
sediments have been shown to be responsible for intensity variations as large as two degrees (MM 
scale) during both the 1906 "big" San Francisco earthquake and the more recent 1989 Loma Prieta 
event. In Mexico City, there exist very soft lacustrine clay deposits underneath the downtown area of 
the city. These led to very large amplifications, which caused a high death toll and large economic 
losses during the distant Guerrero Michoacan earthquake of 1985. Nearly all recent destructive 
earthquakes (Spitak, Armenia 1988, Iran 1990, Philippines 1990, Northridge 1994, Kobe 1995, 
Armenia, Columbia 1999, Turkey 1999...) have brought additional evidence of the dramatic 
importance of site effects. Accounting for such "site effects" in seismic regulations, land use planning 
or design of critical facilities thus became one goal of earthquake hazard reduction programs. 
 
1.1 Seismic Bedrock and Engineering Bedrock 
The seismic waves are generated due to the shear dislocation of the seismic source fault, suffer the 
influences of the materials through which they propagate and arrive at the ground surface. In general, 
the earthquakes of the larger magnitude and of the shorter distance from the seismic source to 
observation site cause the stronger ground motion. Suppose that there is a buried interface in that we 
can approximate the up-going waves vertical and laterally homogeneous in practically useful extent. 
One of the two parts of the complex phenomenon is the source effects with the influence of 
propagation path that gives the input wave to the interface. Another is the influence, i. e., amplification 
in the shallower sedimentary layers. The mentioned interface is called "Seismic Bedrock" in general. 
The following two conditions are required for the interface. 

• The interface has a practically useful lateral extent and the physical properties of the underlying 
stratum are not varied along this interface. 

• The strata deeper than this interface is much more homogeneous in comparison with the layers 
shallower than the interface.  

As the shear wave velocity of upper earth crust is as homogeneous as from 3000 to 3500 m/sec, the 
upper interface of the upper earth crust having 3000 m/sec of the shear wave velocity is called 
"Seismic Bedrock" as shown in Figure 1. 
In the viewpoint of Earthquake Engineering, it has been proposed, based on the followings, to use the 
shallower interface of which underlying stratum has from 300 to 700 m/sec of the shear wave velocity. 
This interface is called "Engineering Bedrock". 
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1.2 General Rules: 
• Assessment of Ground Motion 
• Assessment of Liquefaction Potential 
• Assessment of Geotechnical Hazard      & Integration for Microzonation 

1.2.1 Assessment of Ground Motion  
• Assessment of ground motion is the first step of earthquake damage assessment, and generally 

consists of two processes as shown in Figure 2.  
• The first process is assessment of ground motion on engineering bedrock. 
• The second process is assessment of site effects.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1

Figure 2 Schematic illustration of wave propagation through Engineering 
bedrock and soil surface 
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• When both processes are calculated, ground motion at surface can be evaluated. 
• The 1st Process: Wave propagation in engineering bedrock. 
• The 2nd Process: Wave propagation in soil surface 

1.2.2 Site Effects 
• Effects of soft surface layers 
• Topographic effects 

1.2.3 Effects of Soft Surface Layers 
It has been recognized that earthquake damage is generally larger over soft sediments than on firm 
bedrock outcrops. This is particularly important because most of urban settlements have occurred 
along river valleys over such young, soft surface deposits. Many large cities located in earthquake 
prone areas may be given as examples: Los Angeles, San Francisco, San Salvador, Caracas, Lima, 
Bogota, Tokyo, Osaka and Kobe, Katmandu, Manila, Lisbon, Thessaloniki, Izmit, and Mexico City. 
Mid-size, recently developed cities, especially in moderate seismicity areas might be the place for 
future, heavily damaging events, due to the combination of site effects and urban development. 

1.2.4 Topographic effects  
It has been often reported that buildings located at hill tops suffered much more intensive damage than 
those located at the base. There is also very strong instrumental evidence that surface topography 
considerably affects the amplitude and frequency contents of ground motion: reviews of such 
instrumental studies and results may be found in Géli et al. (1988), Faccioli (1991) and Finn (1991). 
The number of instrumental studies about topographic effects is extremely low compared to studies 
dealing with soft soil amplification, so that it remains impossible to derive any statistics from the 
existing data. Theoretical and numerical models also predict a systematic amplification of seismic 
motion at ridge crests, and, more generally, over convex topographies such as cliffs. Correspondingly, 
they also predict de-amplification over concave topographic features, such as valleys and the base of 
hills. The amount of those effects has been shown (Pedersen et al., 1994) to be rather sensitive to the 
characteristics of the incident wavefields. Theory also predicts complex amplification and de-
amplification patterns on hill slopes, resulting in significant differential motions. Very often, 
measurements show larger effects than what is predicted by simulations. A possible explanation is that 
in many cases weathered rock is found at the top of hills that reinforces the topographic effect 
(Pedersen et al., 1994).  

1.3 Estimation of Site Response Using Different Methodologies  
• Site Amplification Factor by Horizontal-to-Vertical-Spectral Ratio (HVSR) or Receiver 

Function Technique  
• Site Amplification Factor through Generalized Inversion (GINV) 
• Reference Station Spectral Ratio (SSR) Estimate of Site Amplification Factor  
• Network Averaging   

1.3.1 Estimation of Site Response Using Different Methodologies  
Site Amplification Factor by Horizontal-to-Vertical-Spectral Ratio (HVSR) or Receiver Function 
Technique  
The receiver function HVSRij(fk) can be computed at each j site for the ith event at the central 
frequency fk from the root mean square average of the amplitude spectra as, 
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where,        Hij(fk)|NS   - Fourier spectra of the NS component, 
    Hij(fk)|EW  - Fourier spectra of the EW component and  
    Vij(fk)      - Fourier spectra of the vertical component. 
Finally the event average receiver function (Field and Jacob, 1995) is computed at each j site for the 
kth frequency to consider the contribution of all the seismic events recorded at that station. 

1.3.2 Site Amplification Factor through Generalized Inversion (GINV)  
The propagation path term can be expressed as, 

where G(rij) accounts for geometrical spreading, Qs(fk) and β are S-wave frequency-dependent 
quality factor and velocity, respectively. We assumed β = 4.06 km/sec as an average shear-velocity on 
the basis of the velocity models for the Garhwal Himalaya assuming α/β = 1.73 (IMD, 2000), where α 
is the P-wave velocity. Following Ordaz and Singh (1992), Castro et al. (1996), and others, we 
considered, to take into account possible arrival of surface waves in the windowed data. 

or,      for  r <100 km 
 
        

for  r >100 km  
  
We have treated Qs as predetermined in the inversion procedure. The relation used is,  
 

The equation (2) can further be written as,  

Where        is the spreading and attenuation corrected amplitude spectrum.  

1.3.3 Reference Station Spectral Ratio (SSR) Estimate of Site Amplification Factor  
The traditional spectral ratio is estimated with respect to a ‘reference site’. Suppose, we have a 
reference site (j=R) that is assumed to have a negligible site response (lnSR=0) and if the interstation 
spacing is too small compared to the epicentral distances, so that                               , then the site 
response at each seismological station can be estimated from, 
 
 
 
The equation constitutes the geometric average spectral ratio. If the reference site has a non-negligible 
site response, then the spectral ratios become relative site-response estimates or site amplification 
factor.  

1.3.4 Network Averaging 
The network average for i sites and for each j event is computed at the frequency fk as, 
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The conditional SF at each i site for the jth event can be written as, 

1.4 Numerical methods 
When the geotechnical characteristics of the site or of the area are known, site effects can be, in 
principle, estimated through numerical analysis.  
The prerequisite of a sufficient geotechnical knowledge generally implies that such ground response 
analyses be made on a site by site basis, but the density of boreholes and geotechnical information in 
some large cities may be sufficient to allow a numerically-based zoning. Such an approach requires an 
in-depth understanding both of the analytical models and of the numerical schemes that are used. 
When the required expertise is lacking, it may occur that sophisticated numerical analyses lead to less 
reliable results than simpler and cruder, but more robust, approximations.  

1.4.1 One-dimensional Response of Soil Columns  
There exist a number of simple analytical methods which allow computation of the seismic response 
of a given site with only the help of a small personal computer. Amongst these, the most widely used 
makes use of the multiple reflection theory of S waves in horizontally layered deposits, very often 
referred to as "1- D analysis of soil columns". Such a soil column is excited by an incoming plane S 
wave, generally considered as vertically incident, and corresponding to a surface bedrock motion 
representative of what is likely to occur in the area.  

1.4.2 Advanced Methods 
Although all numerical methods have the same base – i.e. the wave equation – many different models 
have been proposed to investigate several of the various aspects of site effects, which involve complex 
phenomena. For example, one has to consider various types of incident wave fields (near-field, far-
field, body waves, surface waves). The structure geometry may be 1-D, 2-D or 3-D; or the mechanical 
behavior of earth materials may encompass a very wide range (viscoelasticity, non-linear behavior, 
water-saturated media, liquid domains, etc.). Typically, these advanced methods may be classified into 
four groups:  
♦ Analytical methods, which can be used only for very simple geometries, are extremely valuable 

as benchmarks. 
♦ Ray methods, which are basically high frequency techniques. It is uneasy to use them when 

wavelengths are comparable to the size of heterogeneity, a situation which is generally the most 
interesting one. 

♦ Boundary based techniques (including all kinds of boundary integral techniques, or those based 
on wave function expansions), which are the most efficient when the site of interest consists of a 
limited number of homogeneous geological units. 

♦ Domain based techniques (such as finite-difference or finite-element methods), which allow to 
account for very complex structures and material behavior, but are very heavy from a 
computational viewpoint.  

1.4.3 Empirical and semi-empirical Methods  
Empirical Attenuation Laws  
Many empirical attenuation laws have been derived on the basis of available strong motion recordings. 
They all relate a given ground motion parameter (pga, pgv, Sa, duration, Arias intensity, etc.) to the 

)(
)(

)(
k

kij
kij fNAv

fO
fSF = (8) 



Microzonation 

 

14

magnitude and distance of the seismic event, and they also very often take into account a site 
parameter. Very often this site parameter is simply a binary descriptor, such as "rock" and "non-rock". 
Only rarely is the site geology characterized in a more refined manner, for instance with distinction 
between thin and thick deposits, or with S-wave velocity values: the reason is that detailed information 
on strong motion recording sites is generally missing.  
It is possible to modify the ground motion parameters according to the site geology. 

1.5 Liquefaction Maps 
There are three types of liquefaction hazard maps. The first type is a liquefaction susceptibility map. 
This type of map indicates the inherent relative susceptibility of the soils to liquefaction. The 
determination can be based on several types of data including geologic mapping (G), historical 
information on liquefaction in the area (HIS), groundwater depth (GW), soil boring data (B), analysis 
of standard penetration test (SPT) blow counts, and analysis of cone penetration test (CPT) resistances. 
Generally, susceptibility maps indicate areas of low, moderate, and high susceptibility to liquefaction. 
Some maps show additional categories such as very low or very high.  
A second type of liquefaction hazard map is a liquefaction potential map, which incorporates 
considerations of both the susceptibility of the soils and the earthquake potential in a region. One kind 
of liquefaction potential map expresses the likelihood of liquefaction in the various geologic deposits 
for one or more selected regional scenario earthquakes. A second kind of potential map expresses 
either the likelihood of liquefaction of the geological deposits during a certain time period (for 
example, 10% probability of liquefaction in 50 years) or a return period for liquefaction (for example, 
average 500-year return period for liquefaction occurrence).  
A third type of liquefaction hazard map is a liquefaction-induced ground failure map. These maps 
attempt to characterize permanent ground displacements associated with liquefaction. Conceptually, 
these maps may be either of the scenario earthquake type or the probabilistic type, similar to the 
liquefaction potential maps summarized above. The most common type prepared to date is called a 
Liquefaction Severity Index (LSI) map, which expresses estimated maximum amounts of ground 
displacement due to lateral spreading in gently sloping, highly liquefaction-susceptible deposits for 
selected probabilities of exceedance and time periods.  

1.6 Assessment of Geotechnical Hazard  
Assessment of Slope Instability Criteria to assess Slope Instability induced by Seismic Ground 
Motion  

Assessment of Ground Failure in Reclaimed Land  
The state of the art is such that it is now possible to perform "present day" microzonation studies. The 
results of microzonation studies are intended for use by local authorities, city planners, land-use 
specialists and civil engineers, whose technical background and preparation differ greatly. Programs 
recently launched in several countries will eventually clarify the methodologies required for this 
important goal.  

1.7 Quantification of the Ground Motion  
Frequently peak ground acceleration is used to determine the maximum horizontal forces that can be 
expected. Determining the spatial variation of peak ground acceleration is not adequate, because peak 
acceleration often correspond to high frequencies, which are out of range of the natural frequencies of 
most structures. The largest amplification of the soil will occur at the lowest natural frequency or its 
fundamental frequency (eqn.9). The period of vibration corresponding to the fundamental frequency is 
called the characteristic site period (eqn.10).  
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The characteristic site period, which only depends on the soil thickness and shear wave velocity of the 
soil, provides already a very useful indication of the period of vibration at which the most significant 
amplification can be expected. When the variation in soil thickness (or depth to base rock level) and an 
average shear wave velocity are known, the spatial variation in the characteristic site period can 
readily be modeled in a raster-based GIS approach. The response of a building to shaking at its base 
depends on the design quality of the construction. The very important factor is the height of the 
building. All objects or structures have a natural tendency to vibrate. The rate at which it wants to 
vibrate is its fundamental period or natural frequency. High rise building (with a low natural 
frequency) reacts totally different than smaller building (with a much higher natural frequency).  

Buildings have a high probability to achieve (partial) resonance, when the natural frequency of the 
ground motion coincides with the natural frequency of the structure. Resonance will cause increase in 
swing of the structure and given sufficient duration, amplification of ground motion can result in 
damage or destruction. Specific ground conditions may result in resonance and large amplification of 
the seismic signal, but if the frequencies for which this occurs lie far outside the natural frequency 
range of our building, this may not have significant effects. It is essential to determine the spectral 
acceleration, i.e. the amplification of the seismic signal for different frequencies or periods. For 
different site conditions, this can be done by carrying out response spectra analysis, which is currently 
the standard method for ground response analysis. If building codes exist in a specific country or 
region, the calculated response spectra can be compared with the response spectra of the building in 
that area. The spatial variation of the calculated spectral acceleration in the GIS, it will be possible to 
outline these hazardous areas for buildings with those specific natural frequency characteristics.  

2. Earthquake Hazard Zonation of Sikkim Himalaya on GIS Platform 
The entire Himalayan region is a 2500 km long belt from Kashmir in the west to Arunachal Pradesh in 
the east. It can be divided into several seismotectonic blocks, including Darjeeling-Sikkim, where 
numerous moderate magnitude earthquakes (M ≥ 5.0) had been recorded in the past. By 2002, the 
Bureau of Indian Standards (BIS) mapped four seismic zones in India, namely (i) Zone-V: Peak 
Ground Acceleration (PGA) of 0.4g with 10% probability of exceedance in 50 years and MMI of IX, 
covering about 12% of the country, (ii) Zone IV: PGA 0.25g and MMI VIII, covering 18% of the 
country, (iii) Zone III: PGA 0.2g and MMI VII, spreading out at  26% of the country, and (iv) Zone II:  
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Figure 3: Microzonation Framework for Earthquake Hazard Mapping
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PGA 0.1g and MMI VI. However, the design values for these zones cannot reflect with certainty what 
ground acceleration will act on the structures situated in those zones. It is the level of ground 
acceleration, coupled with site-specific effects, which actually buffet buildings due to the impact of an 
earthquake. Casualties and economic losses caused were mainly due to buildings collapsing in an 
earthquake. 
Earthquake hazard zonation is the first and most important step towards seismic risk analysis for 
planning strategy in densely populated regions. One would like to quantify the spatial variation of the 
subsurface response on a typical earthquake that can be expected in the area. The process involves 
incorporation of geological, seismological and geotechnical concerns into economically, 
sociologically and politically justifiable and defensible landuse planning for earthquake effects so that 
architects and engineers can site and design structures that will be less susceptible to damage during 
major earthquakes.  
Earthquake hazard mapping essentially requires (a) Bedrock topography, (b) Subsoil profile, (c) Soil 
site classification, (d) PGA and Peak Ground Velocity (PGV) mapping, (e) Liquefaction potential 
mapping, (f) Geomorphological characterization, and (g) Probabilistic /Deterministic seismic hazard 
scenario on Geographic Information System (GIS) that is usually adopted as a primary working tool . 
A typical earthquake hazard zonation framework is depicted in the roadmap given in Figure 3. The 
GIS framework allows one to account for added levels of details and complexity.  
For ease of study the data attributes in the present analysis are subdivided into two major groups, a) 
Geomorphological and b) Seismological Attributes. It is very important that the relevant data layers be 
consistent in their level of detailing in order to successfully combine and cross analyze those at a later 
stage of integration. The complex spatial analysis associated with earthquake hazard microzonation 
necessitates GIS technology to data dissemination and its management through linking of databases by 
maintaining one-to-one relationship on end-user defined common identification index or code (Marble 
and Pequet, 1983; Korte, 1997; Hohl, 1998). 
In the present work the geomorphological and seismological themes are reclassified as the first level 
geohazard and subsequently to final hazard zonation wherein the geohazard and seismological themes 
for the scenario of a magnitude Mw 8.3 are combined through a fuzzy logic methodology aided by 
multicriteria evaluation technique and Analytic Hierarchy Process (AHP) to achieve operational 
simplicity in the evaluation of hazard model. Scenario Earthquake assumed to be nucleating from the 
hypocenter of the seismic event of ML 5.6 largest amongst 80 significant events with focal mechanism 
indicating 3100N strike and 350NNE dip occurring just below the Main Boundary Thrust (MBT) as 
recorded by IITKGP Sikkim Strong Motion Array (SSMA) at 9 stations with hypocentral distance 
varying between 27 to 59km at an elevation variation of 400 to 3800m. McHarg (1969) introduced 
Multi-Criteria Evaluation technique for a systematic landuse planning. The idea of multi-criteria 
decision making was based on simple matrix system for determining the degree of compatibility. AHP 
uses hierarchal structure via pair-wise comparison based on forming judgments between two particular 
elements rather than attempting to prioritize an entire list of elements (Saaty, 1980). A matrix of pair-
wise comparison between the factors thus get 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.  

2.1 Seismicity of the Region 
The Sikkim Himalayan territory is characterized by an intense micro-seismic activity. The earthquakes 
of magnitude ML 3.0 – 5.6 recorded by IIT Kharagpur Sikkim Strong Motion Array (SSMA) during 
1999 to 2002 for a span of three years have been presented on the IRS-1C LLSS III map of the Sikkim 
region as shown in Figure 4(a). It is evident that the earthquakes have distributed occurrences but the 
hypocentral depths are reasonably well constrained in the eastern and southern Sikkim Himalaya. 
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They are generally shallower than 35km but exhibit a clustering within the depth range of 10 - 25km 
as depicted in the N-S depth section of Figure 4(b).  

A data catalog is derived from the International Seismological Center (ISC, 2007) covering the entire 
northeast Indian region bounded within 19ºN 85ºE and 32ºN 101ºE for the  period 1906 - 2006. 
Several magnitude scales are found in the ISC catalog of which the body wave magnitude mb,ISC the 
surface wave magnitude MS,ISC and local magnitude ML,ISC are predominant. Acronym specifying the 
data source is added as an additional subscript to the usual label of the magnitude scales for the sake of 
identification. Only 6 events are found to have the moment magnitude MW,ISC. The correlation between 
mb,ISC and MS,ISC with the entries of both the magnitudes of the same event across the catalog yields the 
following relationship, 

mb,ISC=0.595 (±0.0471) MS,ISC +  2.035 (± 0.19),    (11) 
       for mb,ISC ≤ 6.2, MS,ISC ≤ 6.8. 

(a)

M = 5.6, (USGS)
Strike 310°, Dip 35 ° NNE

M = 5.4,
Strike 287°, Dip 32 °

(b)

Figure 4 (a) Sikkim Strong Motion Array (SSMA) network on IRS-1C LISS III FCC and 
(b) Depth Profile along N-S
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Global Centroid Moment Tensor (GCMT) database (http://www.globalcmt.org) is consulted to 
establish correlations between different magnitudes mb,ISC, MS,ISC and ML,ISC with MW,GCMT reported by 
GCMT. The correlation of MW,GCMT and MS,ISC yields the following relations, 

 MW,GCMT= 0.629 (± 0.06) MS,ISC + 2.209(±0.30),    (12) 
   for 4.1 ≤ MS,ISC ≤ 6.1. 

and    
 MW,GCMT= 0.738 (± 0.22) MS,ISC + 1.604 (±1.48),    (13)  

for 6.1 ≤ MS,ISC ≤ 7.4. 
The correlation between MW,GCMT and mb,ISC is found to be 
MW,GCMT = 0.3513(± 0.2183) mb,ISC

2 -2.837 (± 2.397) mb,ISC + 10.697(± 6.551),      (14) 
           for 4.5 ≤ mb,ISC ≤ 6.6. 

Equation (14) is seen to have significant dispersions and hence not preferred in the present analysis. 
With the consideration of the applicable range and using Equation (11) mb entries in the catalog have 
been scaled to MS and subsequently to MW. The correlation between MW,GCMT and ML,ISC entries is 
found to have higher scatterings, thereby ruling out a suitable model fit.  As such in the earlier case 
(Nath et al., 2005) below magnitude 5.5, ML and MW were considered almost equivalent. A thorough 
examination of the catalog reveals that during the period 1964-2006, the maximum magnitude was 6.6 
in mb,ISC, 5.0 in ML,ISC and 6.9 in MS,ISC. Four entries in the catalog have mb,ISC values > 6.2, that 
scaling by Equation (13) is not applicable.  For the events of the year 1988, the corresponding MW 
values are obtained from GCMT database. The 1970 event is assigned Mw 6.8 correlating with that of 
event on August 20, 1988. The event of 1955 is not found in the GCMT database. The value of mb 6.3 
is assigned MW 6.6 correlating with an event of mb 6.3 and MW 6.6 that occurred on  
February 03, 1996. 
The largest earthquake record in the catalog is the Great Assam Earthquake of 1950, MS 8.6. 
Kanamori (1977) placed it as MW 8.6. Brune and Engen (1969) assigned a seismic moment of 
4.31x1021Nm to this earthquake. However later workers associated higher value of seismic moment of 
21.0x1021Nm (Ben-Menahen et al., 1974) and 9.5x1021Nm (Chen and Molner, 1977). The average 
magnitude computed with the later values from the seismic moment magnitude relation (Hanks and 
Kanamori, 1979) would be MW 8.715 implicating a value of MW 8.7 to the earthquake in this study. 
The Great Nepal Bihar Earthquake of 1934 in the central Himalaya with MS 8.3 is associated with MW 
8.1-8.4 (Bilham and Ambraseys, 2005; Nath et al., 2005; Lavé et al., 2005).This earthquake is beyond 
the spatial scope of the present study as we focus on the eastern and northeastern Himalaya.  The 
earthquake of 1951 with MS 8.0 is connected with MW 7.8 correlating with the one in the Chinese 
catalog (Rong, 2002). Large earthquakes with MS 7.5 – 8.0 whose corresponding MW equivalents are 
not correlated in any catalog are assigned values using the global relation by Scordilis (2006); 

MW =0.99(±0.02) MS + 0.08 (±0.13),                 (15) 
for 6.2 ≤ MS  ≤ 8.2.  

The recorded events improved significantly from 1964 onwards as observed in Figure 5(a). We 
employ a sub catalog from 1964 to 2006 with coordinate bounds of 86ºN to 100ºN and 19ºE to 31ºE to 
estimate b value and spatial fractal correlation Dimension DC distributions. The b value is the slope of 
the GR frequency magnitude distribution (FMD) (Gutenberg and Richter, 1944) given as, 
   log10 (N) = a-bm,         (16) 
where N is the cumulative frequency of occurrence of magnitude, m in a given earthquake database. 
A square window of 2° x 2° is rolled to cover the entire region with a slide of 0.5 degree every time. 
The magnitude of completeness, mt is estimated with the methodology described by Wiemer and Wyss 
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(2000) which assumes the power law fit as the best fit for FMD at 90% confidence level. The 
estimation of mt is done in such a way that at least 100 events could be employed.  
The b value and DC are estimated only if a minimum of 50 events are found within the mt limit, and 
thereby is assigned to the centroid of the window. The 50 events’ criterion is essential for a 
meaningful statistical analysis (Utsu, 1965).The estimation of b value is done by maximum likelihood 
method (Aki, 1965; Bender, 1983; Utsu, 1999) as, 
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where mMean is the average magnitude and Δm is the magnitude bin size. 
The spatial correlation dimension of the earthquakes is implied as a power law exponent relating 
distance and the number of pair of points of either epicenters or focal depths within the distance 
(Kagan and Knopoff, 1980; Kagan, 2007). The correlated pair of points may be quantified by the 
correlation integral given by Grassberger and Procaccia (1983) as, 
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where H(x) is the heaviside step function whose value is 0 if x < 0, otherwise 1. N is the total number 
of points in the query. Coordinates of the location of points are given by yi and yj. C(N, r) counts the 
number of points which are at a distance less than or equal to r with respect to total number of pairs of 
all the points. Great circle distances between the epicenter positions are used in the present study. The 
fractal correlation dimension is given as, 
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A plot of log10(C(N, r)) against log10(r) is used to estimate Dc as the slope of the curve in its linear 
bound for a specific range of r. In case of an infinite two-dimensional distribution of the epicenters, 
the plot of log10C(N,r) against log10(r) is a straight line. But practically for larger values of r a state of 
saturation is attained thereby decreasing the gradient. For smaller values of r, an increase in the 

(a) (b)

Figure 5 (a) a time series of the events in the ISC catalog indicates significant and stable recording from 
1964 onwards. However the recording of events with magnitude greater than 5.6 is seen to be stable from 
1924 onwards. (b) The spatial distribution of b value contours on the Dc value Zoning 
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gradient is induced indicating a state of depopulation (Narenberg and Essex, 1990). The specific range 
of r is projected from bounds of the saturation and depopulation limits. The spatial distribution of Dc 
value overlapped with b value contours is depicted in Figure 5(b). 
The tectonic regime, spatial seismicity patterns: b value and Dc distributions are considered to define 
four potential seismic source zones covering the region as presented in Figure 6(a). The four zones are 
Eastern Himalayan Zone (EHZ), Mishmi Block Zone (MBZ), Eastern boundary Zone (EBZ) and 
Shillong Zone (SHZ). EHZ encompassing the eastern Himalayan structures lies within the coordinates 
87°13.2’E, 31°N, 93°19.8’E, 31°N, 93°19.8’E, 27°30’N, 92°12’E, 26°48’N and 87°13.2’E, 26°48’N. 
The coordinates demarcating MBZ are 93°19.8’E, 30°.15’N, 98°06.6’E, 30°15’N, 98°06.6’E, 27°30’N 
and 93°19.8’E, 27°30’N. EBZ is bounded within 95°48’ E, 27°30’N, 98°06.6’E, 27°3’N, 94°24’E, 
21°N and 91°48’E, 23°06’N while the coordinates of SHZ are 88°07.8’E, 26°48’N, 92°12’E, 26°42’N, 
93°19.8’E, 27°30’N, 95°48’E, 27°30’N and 91°48’E, 23°06’N. The focal mechanism borrowed from 
GCMT database for moderate to large magnitude earthquakes in EHZ and its immediate neighborhood 
has been presented in Figure 6(b) in order to highlight the type of tectonism associated with 
earthquakes occurring in this seismic territory of the Himalaya.  

The Great Shillong Earthquake of 1897 occurred in the neighboring seismic zone – the Shillong Zone 
(SHZ) but at a considerably larger distance away representing this earthquake mechanism as a far- 
field source effect so far as Sikkim is concerned. As such Himalayan earthquakes are likely to be more 
devastating as evident by the destructions caused to the Sikkim terrain by the Nepal Bihar Earthquake 
of 1934, MW 8.4 and the  Bihar Nepal Earthquake of 1988 MW 6.8 on the Himalayan terrain  
(Nath et al., 2005). 

3. Methodology and Results  
Earthquake hazard zonation employs the following methodologies: 
(i). Geomorphological characterization  

(a) Geology (GE), 
(b) Soil (SO), 

(a) (b) 

Figure 6 (a) Four classified seismic source zones on the seismotectonic map prepared with the catalog 
covering a period from 1906 to 2006 (b) The eastern Himalaya zone with the fault plane solutions from 
GCMT database. 
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(c) Slope (SL), 
(d) Rock Outcrop (RO), and 
(e) Landslides (LS). 

(ii). Seismological characterization 
(a) (a)Prognosis of Maximum Earthquake 
(b) Site-specific ground motion studies, namely estimation of Site Effects (SR), Predominant 

Frequency (PF), Peak Ground Acceleration (PGA), Peak Ground Velocity (PGV) and 
Response Spectra. 

 
3.1 Geomorphological Thematic Mapping and Attribute Generation 
The geomorphological inputs include IRS–1C LISS III digital data of March 2000, topo-sheets from 
Survey of India, geographical boundary of the State of Sikkim, surface geological maps, soil 
taxonomy map in 1:50,000 scale from National Bureau of Soil Survey (Report, 1994) and seismic 
refraction profiles. All the maps and topo-sheets are scanned at 200 dpi with a resolution of 6m for a 
scale of 1:50,000 and rectified with a common base using Everest Polyconic projection system. A 
second-degree polynomial surface fitting during the rectification process removes any distortion in the 
scanned image. The respective features on each rectified raster image are digitized for conversion to a 
vector layer/coverage using ARC/INFO GIS software. The IRS-1C LISS III data are converted to 
False Color Composite (FCC) for the generation of multi-spectral images, which are also rectified to 
the same base. The themes thus generated are geographical boundaries of Sikkim and its districts, 
geomorphological attributes, namely, surface geological units, soil taxonomy, site classification, rock 
outcrops and landslides.  

3.1.1 Regional Geology of the Sikkim Himalaya 
The Sikkim region is located in the earthquake-prone territory of the eastern Himalaya along 
Darjeeling-Sikkim tract, where fast and unplanned urbanization is still active with the record of a good 
number of moderate earthquakes in this terrain. Most workers have divided the Himalayas into a series 
of longitudinal tectono-stratigraphic domains, such as, (1) Sub Himalayas, (2) Lesser Himalayas, (3) 
Higher Himalayas, and (4) Tethys Himalayas as shown in Figure 7(a), which are separated by major 
dislocation zones. In the Sikkim region, different lithological units are disposed in an arcuate regional 
fold pattern (Gansser, 1964). In the surface geological unit layer of the geomorphological themes the 
significant attribute comprises of Sub Himalayas, Lesser Himalayas, Higher Himalayas, and Tethys 
Himalayas as shown in Figure 7(b). 

3.1.2  Slope 
Since, the study region belongs to the rugged terrain of the Himalayan territory; topography is also 
coming into consideration. Triangulated Irregular Network (TIN) was prepared for the percent slope 
mapping as shown in Figure 8(a) with the help of other geomorphological data, namely, IRS–1C LISS 
III digital data, Survey of India Topo-sheets and administrative boundary of the State of Sikkim.  All 
the maps and topo-sheets are converted into vector coverage data through ERDAS Imagine and Arc/ 
INFO software. 

3.1.3  Rock Outcrop and Landslide  
Rock outcrop and landslide scarp region had been identified and vectorized into two separate polygon 
coverage. Ground truthing was also done for the logistically accessible region. The rock outcrops 
mapped into bi-colour and the landslide zones encircled based on their aerial extent on the IRS 
imagery are shown in Figures 8(b) and Figures 8(c) respectively. 
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3.1.4 Soil 
Since soils are basically weathered products of rocks, there is a wide variation in the soil 
characteristics of Sikkim. According to the National Bureau of Soil Survey, soils of Sikkim are 
broadly grouped under five physiographic zones. 
As far as the genesis of soil of Sikkim is concerned, rocks of the Daling group contribute the most. 
The physiographic zones of soil of Sikkim are vectorized and stored as the soil taxonomy coverage. 
Using the soil classification based on composition, grain size and lithology, the site classification is 
done as sites IB (S-wave velocity, β > 1500 m/s), IC (β = 700-1500 m/s), II (β = 350-700 m/s) and III 
(β = 180-350 m/s) by combining polygons of same broader taxonomy. 

 

Figure 7 (a) Generalized Geological map of the 
Himalayas, showing different geotectonic domains and 
lithological units. Inset shows the location of the Sikkim 
Himalaya. MBT, Main Boundary Thrust; NP, Nanga 
Parbat; ND, Nanda Devi [after Gansser, 1964]. (b) 
Schematic Geological map of the Sikkim Himalaya 
displaying detail petrographic provinces, morphotectonic 
features and drainage patterns. The location of strong 
motion stations are shown as solid triangles. 

 

Fig 2b 

(a)
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3.2 Seismological Inputs  
The Seismological attributes considered for seismological thematic mapping are: 
a) Site response (SR) at Predominant Frequencies 
b) Peak Ground Acceleration (PGA) for Hazard scenario with a Scenario Earthquake Magnitude 

(SEM) of Mw 8.3 nucleating from the hypocenter of event no. 50.  

3.2.1 Scenario Earthquake Magnitude (SEM) 
Scenario Earthquake Magnitude (SEM) may be defined as the one that is employed to project a 
seismic hazard scenario. Either large historical earthquake or possible Maximum Earthquake or 
Maximum Credible Earthquake (MCE) is adopted as SEM as situation demands. 
The initial analysis is done with the corresponding sub catalog derived for the source zone covering 
1964 to 2006. The magnitude of completeness, mt is  estimated to be 4.7 (at 90% confidence level) for 
a linear fit of GR law on the FMD plot as depicted in Figure 9(a) which gives a and b value to be 
8.948±0.581 and 1.401±0.086 respectively. MCE is generally estimated from the linear extrapolation 
of the GR law and adopting Poison’s distribution (Nath et al., 2005),  

λte1f(x) −−=            (20) 
where   f(x) is the probability of exceedance, λ is the frequency of occurrence and t is the period in 
years. With the recurrence of 10% probability of exceedance in 50 years which corresponds to a return 
period of 475 years in Equation (19) and Equation (16) give a MCE of magnitude 8.298±0.87. 
The lack of very large earthquakes in the sub catalog allowed the linear extrapolation on the GR law to 
be constrained. However, a linear fit on GR law does not bound the magnitude of earthquakes and 
generally tends to predict extremely high magnitudes. In context of earthquakes as self organized 
criticality (SOC) phenomena (Bak and Tang, 1989), three behaviors may be exhibited: critical, 
subcritical or supercritical (Main, 1995). The linear fit of GR law is seen in the critical behavior. In the 
subcritical situation, the largest events occur lesser than implicated by the GR law. Supercriticality is 
seen with the largest events exhibiting characteristics behavior and more occurrence than implicated 

 

Figure 8 (a) Slope coverage map, (b) Rock outcrop coverage of the Sikkim Himalaya. (c) 
Landslide coverage of the Sikkim Himalaya on IRS-1C LISS III image. Larger circle represents 
greater aerial extent. 

(b) (c) (a) 



Seismic Microzonation Framework… 

 

25

by the GR law. The gamma distribution with power law scaling at the lower and exponential at the 
higher magnitudes has been seen to fit the best in each behavioral case (Main, 1995; Kagan 1993). 

 

(c)

Figure 9 (a) Frequency Magnitude Distribution for EHZ from the corresponding sub catalog covering 
period from 1964 to 2006. (b) The incremental frequency magnitude distribution plots for sub catalog 
covering period from 1924 to 2006 for the source zone EHZ. The thick lines in each plot indicate the best 
fit line. The dash lines give 95% confidence bounds on this fit. The error bars given for each magnitude 
are estimated as F/√N where F is the frequency and N is the number of events used to compute F 
(Koravos et al, 2003). (c) Magnitude against the total seismic moment contribution by each magnitude. 

(a) (b)
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Further examination is carried out involving past records of large earthquakes in the estimation 
process. If we extend the sub catalog backwards for the EHZ seismic zone; the records commence 
from 1924 onwards. The moderate and large earthquakes (magnitude> 5.7) do have stable recording 
from 1924 onwards as observed in Figure 3(a).  We, therefore, consider a sub catalog derived from the 
main catalog for this zone that covers a period from 1924 to 2006.  
Adopting an approach similar to that of Koravos et al. (2003), incremental frequency distribution is 
preferred instead of cumulative one to avoid biasing to the lower magnitudes and overestimation of b 
values. The incremental frequency accounts for the number of events in each magnitude bin, Δm =0.1. 
The frequency function is applied to each unique data point in the data catalog to perceive the gaps in 
the range of values. Following Main et al (1999), a three point running mean is applied to the raw 
frequency data to minimize the effects of empty bins as given by,  

   )N2N(N
4
1N 1ii1ii +− ++=            (21) 

where Ni is each data point.  
The fit of a gamma model on the FMD plot as depicted in Figure 9(b) shows affinity towards super 
critical behavior. The gamma model can be given as,  
   ln N(m) = α - βm - θ exp(Cm+D)                        (22) 
where N(m) is the incremental frequency of earthquake occurrences with magnitude, m. α, β and θ are 
model parameters. The values of C and D are computed as C=c ln(10) and D= d ln(10) respectively, 
where c and d are the constants used in the relation employed to estimate the moment from the 
magnitude;  
   log10(M) = c MW+ d.              (23) 
The b value is given as b=β/ln(10).   
To constrain the estimation of the possible maximum earthquake by seismic moment release, we apply 
characteristic moment distribution for maximum moment given by Kagan (1993) as, 

B)(1
BMMNΩ B

min
B1

maxT −
= −

,               (24) 
where Ω is the annual moment release which we compute from the corresponding catalog and B is 
given by b/c. NT is the annual number of events above a minimum threshold moment, Mmin. Mmax is the 
maximum moment. Equation (23) is valid for B < 1 (b<1.5) and Mmin << Mmax. Main (1995) observed 
that the Maximum Credible Earthquake estimated with physical constraints from seismic moment rate 
are either dependent solely on the exponential tail of FMD or the events near the maximum 
magnitudes. The moment releases due to the lower magnitude earthquakes are negligible compared to 
those of higher magnitudes. The threshold or minimum cutoff magnitude of Mw 6.4 is decided from 
Figure 8(c). The b value is found to be 0.7435 ± 0.182. The individual seismic moment for each 
earthquake is estimated using the empirical relation from Hanks and Kanamori (1979); 
        log10 M0 = 1.5 MW + 9.1,              (25) 
where M0 is in Nm. NT and  Ω  are computed and found to be 0.1429 and 2.0949x1019 respectively. The 
maximum earthquake as estimated from Equations (23) and (24) is found to be 8.34±0.238. 
Finally SEM for EHZ in order to simulate seismic scenario is considered to be Mw 8.3 by rounding 
off the magnitudes estimated in the foregoing analysis to the one place of decimal. This earthquake 
has been designated to be nucleating from the hypocenter of the earthquake occurred on December 2, 
2001, ML 5.6, the largest amongst 80 significant events recorded by SSMA in a span of three years.  
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3.2.2 Strong Motion Data Analysis and Synthesis 
Site Response Estimation 
To evaluate site response several techniques have been utilized and compared in recent studies (Field 
and Jacob, 1995, 1992). Two of the proposed methods, the standard spectral ratio (SSR) (Borcherdt, 
1970) and the receiver function technique (HVSR) (Langston, 1979; Lermo and Chávez-García, 1993; 
Nath et al., 2000, 2002a, 2002b, 2005) are based on a spectral ratio scheme. In both these techniques 
the source and path contributions are removed from the seismic recordings by means of a 
deconvolution operation using a function free of site effects. The accelerograms of the selected events 
were first corrected for the system response. Next the S-wave packets recorded by the accelerograph 
were windowed with a window width containing the maximum amplitude. The window length was 
selected following the results of Seekins et al., (1996). A Hanning taper is applied to the time 
windowed data and then Butterworth bandpass filtered before the amplitude spectra were computed.  
Considering the variation of site response, our consideration for simulation of seismic scenario with 
site response at all the stations for the source azimuth has been used with respect to scenario 
earthquake source nucleating from the hypocenter of magnitude ML 5.6 (Event no. 50) with composite 
fault plane solution exhibiting 3100N strike and 350NNE dip. Site response at different station azimuth 
for predominant frequencies is given in Figure 10(a) and predominant frequency is depicted in  
Figure 10(b). 
 

(b) (a) 

Figure 10 (a) Site response map of the Sikkim Himalaya at predominant frequencies,  
(b) Predominant frequency map of the Sikkim Himalaya
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3.2.3 Synthesis of Strong Ground Motion by Wave Number Integration Method 
Here an attempt has been made to simulate the scenario earthquake of magnitude Mw 8.3. Generally, a 
great earthquake of magnitude MW > 8.0 is expected to generate a finite length rupture when it 
nucleates.  The composite fault plane solution of an earthquake of magnitude ML 5.6 (event no. 50) 
and its proximity to MBT suggests thrust faulting with little strike slip component with a dip of 
35ºNNE striking at 310º as shown in Figure 2(b). This approach is useful if the range of possible fault 
rupture histories is narrow enough to functionally constrain the predicted strong ground motions.  
This approach is useful if the range of possible fault rupture history is narrow enough to functionally 
constrain the predicted strong ground motion as is the case here. For the computation of synthetic 
accelerogram impulsive source has been used as a first approximation for the near-field effect. The 
wave number integration method of Herrmann and Mandal (1986) is then followed. 
The S-wave part of the accelerogram is convolved with site response of each station to obtain the 
response on engineering bed rock. 

3.2.4 Estimation of PGA (Peak Horizontal Acceleration) using Random Vibration 
Theory (RVT) 

Peak ground acceleration can be predicted using random vibration theory (Vanmarcke and lai, 1980) 
without calculating time series. Although we have also generated time series, but using this theory we 
can also avoid reliance on the additional comparison that may be required for calculating time series. 
Here E ( rmsa ) is determined by rmsa  using following relations (Boore, 1983). 

The kth moments km of energy density spectrum of acceleration are defined as  

                                     km   = ωωω
π

dAk 2
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                                                                   (26) 

The rms acceleration is given by  

                                ( ) 2/1
0 /Tmarms =

                                                                                                        (27) 

where T is the duration of accelerogram. For accelerogram in which number N of extrema is less than 
2 it is arbitrarily set equal to 2. If it the value of N exceeds 20 an asymptotic approximation should be 
used for E(amax)(Cartwright and Longuet-Higgins 1956). 
In the PGA calculation, maximum cutoff frequency was taken as 15 Hz since it was the maximum 
predominant frequency of the area as observed by acclerometric data. The simulated PGA map is 
shown in Figure 11 with the spectral acceleration of each station associated with it.  

4. Integrated Simulation of Earthquake Hazard 
In this method, a matrix of pair-wise comparisons between the factors is built using Saaty’s Analytical 
Hierarchy Process (Saaty, 1980, 1990). This matrix is constructed by eliciting values of relative 
importance on a scale of 1 to n, 1 indicates that the two factors are equally important, and “n” 
corresponds to that, which is more important than the other. If one factor is less important than others 
it is indicated by reciprocals of the values ranging from 1 to n (i.e., 1/1 to 1/n). The process of 
allocating weights is a subjective one and can be done in participatory mode in which a group of 
decision makers may be encouraged to reach a consensus opinion about the relative importance of 
factors. 
The matrix developed by pair-wise comparisons between the factors can be used to derive the 
individual normalized weights of each factor. It is performed by calculating the principal Eigen vector 
of the matrix. The weights for each attribute can be calculated by averaging the values in each row of 
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the matrix. Addition of these weights will be ‘1’ and can be used in deriving the weighted sum of 
ratings or scores for each region of cells or polygon of the mapped layers.  
Since the values within each thematic map/layer vary significantly, they are classified into various 
ranges or types, which are known as the features of a layer. These features are then assigned ratings or 
scores within each layer, normalized to ensure that no layer exerts an influence beyond its determined 
weight. Therefore, a raw rating for each feature of every layer is allocated initially on a standard scale 
such as 1 to n (say 8 in this case) and then normalized using the relation, 

minmax

min

_
_

RR
RR

x j
j −
=                        (28) 

Where, Rj is the raw score, Rmin and Rmax are the minimum and maximum scores of a particular layer.  
For earthquake hazard delineation, both geomorphological and seismological themes are broadly 
reclassified into a 1st phase geohazard map and 2nd phase earthquake microzonation map with PGA 
distribution for an SEM of Mw 8.3, PF and SR. 

The geomophological themes include surface geology , soil taxonomy or site class, percent slope, 
Rock outcrop  and landslide, whereas the seismological themes include site response  at predominant 
frequency , predominant frequency and simulated peak ground acceleration for a SEM of Mw 8.3. 
For the initial geohazard integrated model, the geology, site class, percent slope, land slide and rock 
outcrop are scaled in their contributing weights in 5:1, a maximum of rank 5 equivalent to a 
normalized weight 0.3333 has been attached to geology, rank 4 with an equivalent normalized weight 
0.2666 assigned to site class, rank 3 with an equivalent normalized weight of 0.2 being attached to 
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Figure 11 PGA Zonation map of the Sikkim Himalaya estimated through 
simulation of the scenario earthquake magnitude of Mw 8.3 nucleating at the 
focus of event 50 with spectral acceleration at each station associated with it. 



Microzonation 

 

30

percent slope, rank 2 with an equivalent normalized weight of 0.1333 attached to landslide and rank 1 
with an equivalent weight of 0.0666 attached to rock outcrop. All the geomorphological coverage has 
been prepared for the thematic mapping with built up polygon topology having attributes classified in 
a range of assigned values. The vector overlay operation (Figure 1) was performed with the Arc/ INFO 
software application. Thus the Geohazard map is obtained through the integration technique, 
considering all the geomorphological coverage in account using the following equation.  
GHI = (GE w.GEr +SOw.SO r  + SL w.SL r  + LSw.LSr  +RO w.ROr )/Σw            (29)  
The notations have their usual meanings. 
The holistic earthquake hazard model evolved in this analysis, the output theme being presented in 
Figure 12 follows the relationship  
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⎞
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⎝

⎛
+++++
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= w /

 ROROLSLS   SLSL SOSO GEGE
  PGAPGA .PFPFSRSR
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rwrwrwrwrw

rwrwrw   (30)  

The ultimate earthquake hazard micozonation map as depicted in Figure 12 classifies the Sikkim 
Himalayan territory into six broader hazard zones with the maximum being 0.83 and the minimum 
0.15. Quantitatively, we termed this classification low with hazard index less than 0.2,  moderate 
between 0.2 to 0.25, moderately high between 0.25 to 0.35, high between o.35 to 0.60, very high 
between 0.65 to 0.75 and severe greater than 0.75 encompassing part of Gangtok, Sigtam and touching 
Jorthang as well. Following BIS nomenclature for the seismic zonation map of India (BIS, 2002) with 
PGA being the only major indicator, we could classified the final earthquake hazard map into BIS 
Zone II with PGA less than 0.1g having predominantly “Low” hazard level, Zone III with PGA 0.2g 
having predominantly “Moderate” hazard level , Zone IV with PGA between 0.2g to 0.25g 

Figure 12 Final Earthquake Hazard Zonation map of the Sikkim Himalaya 
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encompassing both the “Moderate and “Moderately High” hazard levels , BIS Zone V(A) with PGA 
between 0.4 to 1.0g predominantly “High” hazard level and BIS Zone V(B) and V(C) (New 
classification ) covering both “Very High" and “Severe” earthquake hazard level in the hazard 
zonation map of Sikkim, while the state has been put in Seismic Zone IV in BIS.  
A further study may be undertaken to generate the damage distribution of Sikkim Himalayan territory 
of India from the past earthquakes namely 1934 Nepal Bihar Earthquake and 1988 Bihar Nepal 
Earthquake for detail vulnerability analysis.  Demography distribution is another very important 
attribute that in combination with earthquake hazard microzonation thematic layers will provide the 
Seismic Risk Map of the region for updating the construction practices in this highly earthquake prone 
Himalayan belt of the country. 

5. GIS Based Thematic Mapping & Seismic Microzonation of Guwahati Region 
Geographic Information System (GIS) platform was adopted as a primary working tool in preparing 
the seismic hazard microzonation map for the Guwahati region. Multitasking functionality of GIS 
makes it ideally suited to seismic microzonation as it enables automation of data manipulation and 
information of maps. The complex spatial analysis associated with seismic microzonation necessitates 
GIS technology to data dissemination and its management. GIS stores spatial and aspatial data into 
two different databases. GIS links the two databases by maintaining one-to-one relationship between 
records of object location in the topological database and records of the object attribute in relational 
database by using end-user defined common identification index or code (Marble and Pequet, 1983; 
Korte, 1997; Hohl, 1998). GIS uses three types of data to represent a map or any geo-referenced data, 
namely, point type, line type, and area or polygon type. It can work with both the vector and the raster 
geographic models. The vector model is generally used for describing the discrete features, while the 
raster model does it for the continuous features (Burrough, 1986; Davis, 1996; Burrough and 
Mcdonnell, 1998). The GIS framework allowed us to account for added levels of details and 
complexity. It is very important that the relevant data layers be consistent in their level of detail, in 
order to successfully combine them and cross analyze them in the pair-wise comparison process.  
Following are the Geomorphological, Geotechnical and Seismological themes considered for the 
microzonation: 

i) Geology and Geomorphology (Base map) 
ii) Effective Shear-wave Velocity (calculated from SPT data) 
iii) Liquefaction Potential 
iv) Landuse Map 
v) Basement configuration and Thickness of Valley Fill 
vi) Landslide Hazard Zonation 
vii) Site Response (considered at Predominant Frequency) 
viii) Predominant Frequency 
ix) Peak Ground Acceleration (PGA calculated using F-K integration)  

For seismic microzonation and hazard delineation of the above themes, both geomophological and 
seismological are reclassified into a 1st phase geohazard map and 2nd phase seismic microzonation 
map with PGA distribution for a SEM of Mw 8.7.  
The geological vector layer that have been used for microzonation are Geology and Geomorphology 
(GG), Basement (BS), Landslide hazard zones (LS) and Landuse (LU), where as the seismological 
themes are Shear wave velocity (Vs

30), Site response (SR), Peak ground acceleration(PGA), 
Predominant frequency (PF) and Factor of safety (FS). 
The geological and seismological themes are in weight scale of 9:1 depending on their contribution to 
seismic hazard, the highest being attached to shear Geological & Geomorphological layer with a 
normalized weight of 0.2000. Basement has got the next weightage with a normalized value of 0.1778; 
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Landslide hazard and Landuse have got the next weightage with normalized value of 0.1556 and 
0.1333 where as the shear wave velocity (Vs

30), Peak ground acceleration (PGA), site response, 
predominant frequency and factor of safety are assigned the values 0.1111, 0.0889, 0.0667,0.0444  & 
0.0222 respectively.  
In this method, a matrix of pair-wise comparisons (ratio) between the factors is built, which is used to 
derive the individual normalized weights of each factor. The pair-wise comparison is performed by 
calculating the principal eigen vector of the matrix and the elements of the matrix are in the range of 0 
to 1 summing to ‘1’ in each column. The weights for each theme can be calculated by averaging the 
values in each row of the matrix. These weights will also sum to ‘1’ and can be used in deriving the 
weighted sum of rating or scores of each region of cells or polygon of the mapped layers.  Since the 
values within each thematic map/layer vary significantly, those are classified into various ranges or 
types known as the features of a layer. These features are then assigned ratings (r) or scores within 
each layer, normalized to 0-1  
The probabilistic seismic hazard zonation map is obtained through the integration of all the above 
themes using the following relation 

PSHI= GGwGG r+ BwBr  + LSwLSr  + LUwLUr +  Vs
30

w Vs
30

r+ PGAwPGAr +SR wSR r    + 
PFwPFr  + FSwFS r  /Σw                (31)  

The notations have their usual meanings. 
Four zones are mapped as shown in Figure 13 where average PSHI index is 0.55, 0.44, 0.35, 0.26 and 
0.16. We termed these zones as very high, high, moderate, low and very low hazard regions.  

The advantage of using GIS for seismic hazard mapping lies in its capability to calculate areas and 
lengths of geometric features. The GIS is used here for hazard management at different levels of 
development planning. At the regional level, it can be used for hazard assessment for resource analysis 
and project identification.  At the local level, it can be used to formulate investment projects, specific 
mitigation and strategic planning. It is hard to conceive a micro-seismic programme without having 
intimate coupling with GIS. The earthquake hazard map presented here may be useful for land use 
planning or for making hazard mitigation decisions. The geologic site condition map is an initial 
model to describe areas that may exhibit different seismic shaking characteristics during future 
earthquakes.  

Figure 13 Seismic Microzonation Map of Guwahati 
 regions (Using PGA computed by F-K integration)
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