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groundwater. The findings are significant as the area falls 
in the potential mining and industrial belt of Chhattis-
garh, emphasizing a large population may be at potential 
risk. The rock and water interaction with accompanying 
ion exchange processes in micas and clay minerals appear 
to be the primary mechanism for high concentration of  
F– in groundwater. Systematic study needs to be under-
taken in the Gondwana rocks in the surrounding area, 
with an emphasis on the coal-bearing Barakar Formation, 
to delineate unsafe zones. 
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Gujarat is prone to earthquake hazard of different 
levels from moderate to high, assigned as zones II–V 
in the seismic zoning map of India. Many multistorey 
buildings collapsed in Ahmedabad city at a distance of 
225 km from the location of the 2001 Bhuj earth-
quake. Gandhinagar falls in zone III where an intensity 
of VII or VIII from the regional large earthquakes or 
local earthquakes of magnitude 6 can be expected; 
which can damage single and multistorey buildings. 
Thus, there is a need for site characterization and 
seismic hazard mapping of the area. Shear-wave  
velocities were measured using the MASW technique at 
63 sites in and around Gandhinagar. Based on Vs30 in 
most of Gandhinagar the soils have been classified as 
D-type (180–360 m/s) in accordance with the NEHRP 
provision, except the northern part of the city (sites 
27, 51, 53 and 54), where Vs30 values larger than 
360 m/s qualify the area as a NEHRP class C-type soil 
(360–760 m/s). However, nearly the whole of Gandhi-
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nagar soil has Vs > 250 m/s, that is considered to be 
strong. Further for the estimation of site amplification 
of the study area, we have used earthquake as well as 
microtremor records. Site amplification up to 4.4 was 
observed in the frequency range 0.4–2 Hz. The fre-
quency range 3–10 Hz shows amplification up to 2.4 
times at some sites. The frequency range 0.4–2.0 Hz 
falls in the natural frequency range of multistorey 
buildings with more than three floors. It is inferred 
from shear-wave velocity measurements and site  
amplification that multistorey buildings of more than 
three floors in this region require careful designing. 
 
Keywords: Earthquake, seismic hazard mapping, shear-
wave velocity, site amplification. 
 
GUJARAT has experienced great earthquakes in the past, 
the last being on 26 January 2001 that struck Bhuj. The 
Bhuj earthquake (Mw 7.7) was one of the most destructive 
intraplate earthquakes of India, killing about 20,000 peo-
ple and injuring many more1. An intensity of XI close to 
the epicentre has been estimated2 on a Modified Mercalli 
Intensity (MMI) scale. The earthquake caused severe 
damage not only in the epicentral region, but spread over 
350 km, including major cities like Ahmedabad, Bhuj, 
Rajkot, Anjar, Gandhidham, Morbi and Surendranagar. 
The whole of Gujarat region is prone to earthquake haz-
ard of different levels from moderate to high, assigned as 
zones II–V in the seismic zoning map of India. Gandhi-
nagar area lies in zone III where an earthquake of magni-
tude 6 can be expected, which can damage single or 
multistorey buildings. Also, there is danger to multistorey 
buildings from the future great earthquakes in Kachchh 
seismic zone. Medium to high seismic risk exists at Gan-
dhinagar from the local and regional strong earthquakes. 
 Several earthquakes like Mexico (1985), San Francisco 
(1989) and Los Angeles (1995) have established the fact 
that local site conditions play a significant role in the  
amplification of ground motion, especially in the areas 
that are located on unconsolidated young sedimentary 
materials3. The intensity of ground motion is a function 
of earthquake magnitude and distance from the seismic 
source, as well as local soil condition, topography and 
geological condition, etc. In general, softness of the sur-
face layer not only tends to amplify ground motion at cer-
tain frequencies, but also extends the duration, which 
may cause further damage during earthquakes. The fun-
damental phenomenon responsible for the amplification 
of motion over soft sediments is the trapping of seismic 
waves due to the impedance contrast between sedimen-
tary deposits and the underlying bedrock. 
 The damage due to an earthquake is generally large 
over soft sediments than on firm bedrock outcrops. It is 
also a well-known fact that in most cases site amplifica-
tion/shaking is stronger in low shear-wave velocity areas. 
Mapping the seismic hazard at local scales to incorporate 
the effects of local ground conditions is the essence of 

microzonation. Shallow shear-wave velocity structure to 
a depth of 30 m is a key parameter to evaluate the near-
surface stiffness and for characterizing the given site. The 
classification of sites based on Vs30 is given by the  
National Earthquake Hazard Reduction Program (NEHRP)4 
and Uniform Building Code5, USA. These codes were de-
veloped after strong earthquakes occurred in USA, Japan, 
Europe and other countries. In general, the parameters 
describing the site effects in seismic codes are expressed 
through soil characterization and spectral amplification 
factor. 
 Multichannel Analysis of Surface Waves (MASW)6,7 is 
a non-invasive method developed to estimate shear-wave 
velocity profile from surface wave energy. Measurements 
of phase velocity of Rayleigh waves of different frequen-
cies can be used to determine a velocity depth profile. 
 Gandhinagar falls in zone III in the seismic zoning map 
of India where intensity VII or VIII from the regional large 
earthquake or local earthquake of magnitude 6 can be  
expected; this can damage single to multistorey buildings. 
There is a need for site characterization and seismic  
hazard mapping of the area. For this, we have carried out 
the MASW test at 63 sites for 2D shear-wave velocity 
measurements in and around Gandhinagar. Further, site 
amplification for this study region has been computed  
using the earthquake records (at 9 sites) and microtremor 
records (at 30 sites). We have used broadband seismo-
graphs (BBS) for recording earthquakes and microtremors 
at a sampling rate of 100 samples/s. Microtremors were 
recorded for 4 hours at each site. 
 Gandhinagar is situated on the western bank of Sabar-
mati, which is a non-perennial river. The city is oriented 
parallel to the Sabarmati River cutting through the allu-
vial plains of the Cambay graben. Surface deposits are 
recent sediments filled up in the graben structure. The  
average thickness of the Quaternary sediments up to the 
Tertiary clay varies between 400 and 500 m. Geomor-
phologically, the city is situated on the meanders of the 
Sabarmati River. Floodplains cover the entire Gandhina-
gar region, where the silty sediments and sand are  
exposed on the surface. 
 The MASW technique is employed to utilize the dis-
persive properties of Rayleigh waves for imaging the 
subsurface layers. The entire process of MASW consists 
of three major steps: (i) acquisition of ground roll data 
(Rayleigh surface waves); (ii) construction of a disper-
sion curve, a plot of phase velocity versus frequency, and 
(iii) inversion of the shear-wave velocity (Vs) profile 
from the calculated dispersion curve. Integrating the 
MASW technique with common mid point (CMP) style 
data acquisition permits the generation of laterally con-
tinuous 2D cross-section of the shear-wave velocity  
profile6. In seismic surveys, when a compressional wave 
source is used, more than two-thirds of the total seismic 
energy is imparted into Rayleigh waves8, the principal 
component of ground roll. 
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 The advances in surface wave analysis that have come 
with the development of the MASW method permit con-
fident estimates of shear-wave velocities (Vs). The practical 
application of MASW has provided reliable correlations 
to drill data9. The MASW method can be applied to seis-
mic characterization of pavements10,11, to study Poisson 
ratio12, seismic study of sea-bottom sediments12,13, map-
ping bedrock surface14, and detecting dissolution fea-
tures15. Sinkholes and related subsidence features, 
obscured by suburban development and not detectable  
using other geophysical methods because of power-line 
and mechanical noise, reinforced concrete, and non-
invasive testing requirements, were identified in a resi-
dential area in western Florida15. 
 MASW being a relatively recent technology in geo-
technological engineering and engineering geophysics, is 
gaining greater importance in the recent past. It attracted 
the attention of earth scientists because this method is a 
powerful, rapid and cost-effective tool for estimating  
accurate shear-wave velocity of structures. This method 
is also useful to a scientist, a geotechnical engineer or a 
seismologist who needs a quick assessment of site char-
acterization or a reliable velocity structure, which is used 
in earthquake ground motions. 
 MASW is a geophysical method which generates a 
shear-wave velocity (Vs) profile (i.e. Vs versus depth) by 
analysing Rayleigh-type surface waves on a multichannel 
record. The term ‘multichannel record’ indicates a seis-
mic dataset acquired using a recording instrument with 
multiple channels. A 48 channel Geode Seismograph and 
Seismodule Controller Software (SCS), Geometrics Inc.,  
 
 

 
 

Figure 1. Contour map of Vs30 and site characterization in the study 
area, Gandhinagar, Gujarat, India. 

USA, has been used to acquire data in this study. Data 
were acquired using standard CMP roll-along technique 
to achieve a continuous shot gather. Vertically stacked 15 
impacts of a 10 kg hammer on a metal plate were used as 
a source to generate seismic waves. These waves were 
recorded by 24 vertical geophones/receivers of 4.5 Hz 
planted at a 2 m interval along the profile line. 
 The MASW test was carried out at 63 locations in the 
study area. Locations of the testing sites are shown in 
Figure 1. An effective result of MASW depends on sig-
nal-to-noise ratio (S/N) of surface waves. The optimum 
field parameters such as the source to the first and last  
receiver, receiver spacing and the spread length of survey 
lines were selected in such a way that the highest S/N  
ratio and required depth (more than 30 m) of information 
could be obtained. Typical shotgather record using source 
to first receiver distance of 4 m with record length of 
0.5 s is shown in Figure 2. 
 The generation of a dispersion curve is an important 
step in the MASW method. A dispersion curve is gener-
ally displayed as a function of phase velocity versus fre-
quency. Each shotgather generated one dispersion curve. 
Care was taken to ensure that the spectral properties of 
the t – x (t is the time and x the offset) data (shotgathers) 
were consistent with the maximum and minimum f – Vc 
values ( f is the frequency and Vc the phase velocity of 
surface waves) contained in the dispersion curve. The 
lowest analysed frequency in this dispersion curve is 
around 5 Hz and the highest frequency of 35 Hz has been 
considered. A typical dispersion curve is shown in Figure 
3. Each dispersion curve obtained for the corresponding  
 

 
 

Figure 2. Typical 24-channel shotgather recorded in the study area. 
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locations has a very high S/N ratio of 0.85 and above. 
Each dispersion curve was individually inverted into an 
x – Vs(z) trace (Vs(z) is shear-wave velocity variation 
with depth at location x). Gathering all x – Vs(z) traces 
into a shot station in sequential order results in a 2D grid 
of the shear-wave velocity profile. A typical 2D velocity 
profile is shown in Figure 4. Multi-channel records were 
analysed with SurfSeis (a propriety software package of 
the Kansans Geological Survey, USA), which facilitates 
the use of MASW with a continuous profiling technique. 
 The shear-wave velocity was averaged over the top 
30 m layers (surface to a depth 30 m) and computed using 
the formula 
 

 

1,

3030 ,

i N

Vs
di

Vsi=

=
∑

 (1) 

 
where di is the thickness of the ith layer (in m), Vsi the 
shear-wave velocity in the ith layer (in m/s) and shear-
wave velocities of N layers exist in the top 30 m. Modern 
seismic codes like NEHRP4, Federal Emergency Manage-
ment Agency16, Uniform Building Code5 and International 
Building Code17 use Vs30 for site characterization. Vs30 
for all the sites was calculated using eq. (1), and was 
found to range from 230 to 450 m/s for the study region. 
 Site amplification for the study region has been com-
puted using the earthquake records (at 9 sites) and  
 
 

 
 

Figure 3. Typical dispersion curve. 
 
 

 
 

Figure 4. Typical 2D velocity profile. 

microtremors (at 30 sites) records. We have used BBS for 
recording the earthquakes and microtremors at a sampling 
rate of 100 samples/s. Microtremors were recorded for 
4 hours at each site. The sites are well distributed in and 
around Gandhinagar, so that site amplification computed 
from them will represent the whole study area. In H/V 
method, the assumption is that only the horizontal and not 
the vertical component is amplified. Hence the H/V ratio 
gives site amplification. 
 In the present study, H/V was calculated using earth-
quake records and microtremor data. FFT was applied to 
the signal of the three components to obtain three spectral 
amplitudes. The spectra were then smoothed following 
Konno and Ohmachi18, with a bandwidth parameter of 40 
and arithmetical average was applied to the three spectral 
amplitudes. The mathematical formulation of the H/V  
ratio method is based on a spectral ratio (Rhv) between the 
smoothed horizontal components and the smoothed verti-
cal component: 
 

 
2 2 1/2

NS EW{( ( ) ( ) ) / 2}
.

( )h
s f s f

R
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ν

+
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where sNS( f )2 is North-South component, sEW( f )2 East-
West component and sν ( f ) vertical component of BBS. 
 In order to obtain a site response, a resultant horizontal 
component was calculated for the two horizontal compo-
nents (sNS( f ) and sEW( f )) and divided by the vertical 
component (sν ( f )) using eq. (2). Thus, for each of the n 
windows the distribution of log10(H/V) was obtained as a 
function of frequency. The average H/V (H/Vavg) overall 
selected windows (n) was obtained using the formula 
 

 10
avg

windows

log ( / )
/ .

H V
H V

n
=  (3) 

 
For the microtremor, a time window of 70 s was used. 
For earthquake records 10.5 s time window starting from 
0.5 s before S-wave phase arrival was used for all com-
ponents. This time-window length was chosen to best 
contain most of the high-amplitude of S-wave energy of 
earthquake records. As pointed out by Bonilla et al.19,  
using longer time results in better spectral resolution at 
the cost of including the scattered and reflected energy as 
well as surface waves in the spectra. Bonilla et al.19 and 
Field and Jacob20 found no statistical variation in site  
response computed with spectra of different time windows. 
However, Castro et al.21 suggested that S-waves could be 
contaminated by surface waves at larger epicentral dis-
tance, which demands variable time windows for the  
estimation of the H/V spectral ratio using S-waves. Bonilla 
et al.22 drew attention to the fact that a significant site  
response can be associated with the vertical component 
resulting from S to P-wave conversion at the weathered 
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Table 1. Site amplification using earthquake records 

 Amplification in frequency range 
 

Site location 0.1–1 Hz 1–3 Hz 3–10 Hz Peak amplification Vs30 (m/s) 
 

Site-4 1.0–3.0 1.4–3.4 0.5–1.0 3.4 295 
Site-8 0.8–1.9 1.0–3.8 0.7–1.5 3.8 288 
Site-17 0.2–4.0 0.9–4.4 0.7–1.3 4.4 246 
Site-18 1.2–3.3 1.0–3.3 0.4–1.1 3.3 330 
Site-24 1.2–2.6 1.3–3.4 0.5–1.9 3.4 317 
Site-30 1.3–1.8 0.8–3.6 0.8–2.0 3.6 320 
Site-31 1.6–4.4 1.6–2.6 0.4–1.1 4.4 260 
Site-32 2.0–3.0 1.1–3.1  1.0–1.5 3.1 320 
Site-33 0.9–1.9 1.1–2.7 0.4–1.1 2.7 343 

 

 
Figure 5. Site amplification (H/V) computed by Nakamura method using microtremors at nine sites. a, Site-4;  
b, Site-8; c, Site-17; d, Site-18; e, Site-24;  f, Site-30; g, Site-31; h, Site-32 and i, Site-33. 
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Figure 6. Site amplification (H/V) by Nakamura method using earthquake records at nine sites. a, Site-4; b, 
Site-8; c, Site-17; d, Site-18; e, Site-24;  f, Site-30; d, Site-31; g, Site-32 and h, Site-33. 

 

granite boundary, and that this violates the basic assump-
tion behind the H/V method. Nevertheless, the H/V 
method has been widely used to estimate a site response 
of many areas. 
 It has been observed that shear-wave velocities meas-
ured using MASW correlate well with geological set-
tings. It is evident from the site study that the soil is stiff 
from the surface to 12 m depth (Vs ~ 180–360 m/s), fol-
lowed by dense soil to a depth of 30 m (velocity ranging 
from 360 to 500 m/s). In most of the study areas of Gan-
dhinagar Vs30 falls in the range 250–350 m/s, except the 

northern portion (north of sites 26–30) which has velocity 
of 360–430 m/s. Based on Vs30 of the soils, a major por-
tion of the study area is predominantly classified as  
D-type (180–360 m/s; Figure 1) in accordance with the 
1997 NEHRP provision. Sites located in the northern part 
of the city (sites: 27, 51, 53 and 54) have Vs30 values 
larger than 360 m/s, thereby qualifying the soils as 
NEHRP class C-type (360–760 m/s; Figure 1). 
 Site response ranges are given in Tables 1 and 2 for 
the frequency ranges 0.2–1 Hz, 1–3 Hz and 3–10 Hz. 
These frequency ranges are considered based on the fact 
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that the natural frequencies of multistorey buildings (3–
10 floors) range between 1 and 3 Hz, whereas the natural 
frequencies for 1–3 storey buildings vary from 3 to 
10 Hz. The frequency range 0.1–1 Hz is the natural fre-
quency of more than 10 storey buildings (10–50 floors). 
 Site amplification has been computed using earthquake 
records at nine sites in the study area (Table 2 and Figure 
6). Site amplification by microtremor records was com-
puted at 30 sites. Results from nine sites are shown in 
Table 1 and Figure 5 for comparison with amplification 
computed by earthquake records at the respective sites. 
Results for the remaining sites are not given, as they 
show similar kind of amplification. 
 Site amplification in the frequency range 0.2–1 Hz,  
1–3 Hz and 3–10 Hz using earthquake (microtremor)  
records for the study region are as follows: 0.8–4 (0.8–2), 
0.8–4.4 (0.8–1.5) and 0.5–2 (1–1.7) respectively. Site 
amplification by microtremor records (Figure 5) show 
lesser amplification than that obtained from the earth-  
 
 

Table 2. Site amplification using microtremor records 

 Amplification in frequency range 
 

Site location 0.1–1 Hz 1–3 Hz 3–10 Hz 
 

Site-4 0.8–2.2 0.6–2.0 0.7–1.3 
Site-8 0.5–2.3 0.7–1.0 0.6–2.4 
Site-17 0.4–3.5 0.5–1.0 0.9–1.1 
Sitet-18 0.7–2.6 0.9–1.4 1.1–1.5 
Site-24 0.9–2.3 0.7–1.1 0.6–2.1 
Site-30 0.5–2.6 0.7–2.6 0.9–2.3 
Site-31 0.5–3.3 0.6–1.2 0.8–1.3 
Site-32 0.4–2.4 0.8–1.5 0.7–2.0 
Site-33 0.4–2.4 0.7–1.3 0.7–1.7 

 
 
 

 
 

Figure 7. Site amplification versus Vs30. 

quake records (Figure 6). Two peaks were observed in 
the site amplification obtained from the earthquake  
records, one at about 0.6 Hz and another at about 1.5 Hz. 
The peak at about 0.6 Hz was also observed in H/V  
obtained from the microtremor records. Generally, site 
amplifications estimated using microtremors are less reli-
able than those obtained from earthquake records. Micro-
tremors provide a rough approximation of an earthquake 
site amplification23. 
 The peak amplifications are related to sharp impedance 
contrast between layers and reveal the fundamental fre-
quencies of layers below the recording site. The depth of 
the impedance contrast (H) is related to the short-wave 
velocity (Vs) and frequency of amplification f by 
H = Vs/(4 f ). According to this equation, the peak ampli-
fication at 0.6 and 1.5 Hz is related to impedance contrast 
at greater and shallower depths respectively. 
 We have plotted maximum site amplification versus 
Vs30 in Figure 7. The plot shows good correlation, with 
site amplification increasing with decreasing Vs30. Site-
wise Vs30 and site amplification at three different fre-
quency ranges, viz. 0.1–1, 1–3 and 3–10 Hz are listed in 
Table 1. Site-17 and site-31 show higher site amplifica-
tion (4.4 times) as these sites have the lowest Vs30 (about 
250 m/s). The lowest amplification of 2.7 is found at site-
32, which has the highest Vs30 (343 m/s) among sites of 
the study area. The remaining six sites show amplifica-
tion in the range 3.4–3.8 times, where Vs30 is found in 
the range 288–330 m/s. From these observations, it is  
inferred that Vs30 is a proxy for site amplification. 
 Amplification up to 4.4 was observed in the frequency 
range 0.4–2.0 Hz which falls in the natural frequency 
range of multistorey buildings (more than three floors). 
This may lead to severe damage for such buildings in the 
study region if a strong regional earthquake or local 
earthquake of magnitude 6 occur. It is inferred from Vs 
measurements and site amplification that multistorey 
buildings of more than three floors in this region require 
careful designing. 
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Gabbro and noritic rocks are of particular interest to 
lunar scientists because they stratigraphically repre-
sent the deeper zones of the lunar crust. This commu-
nication reports reflectance spectra under 350–
2500 nm for lunar analog rocks like gabbro and norite 
and a comparison with mineralogy and chemical com-
position. The gabbro and norite distinctly vary in 
terms of albedos of reflectance spectra. However, 
these rocks have common absorption bands in the 
visible–near infrared and SWIR spectral range. Norite 
has pyroxene absorption at 1072 nm, whereas this ab-
sorption is absent in gabbro. Similarly, the broader 
absorption band at 1200 nm in gabbro is probably due 
to overlapping absorption by crystalline plagioclase 
feldspar and the presence of pyroxene. Overall, minor 
variation in absorption bands, percentage of albedos 
and band depth are the diagnostic features useful for 
remote mapping of similar rock types on the lunar 
surface.  
 
Keywords: Gabbro, norite, reflectance spectra, lunar 
analog.  
 
A WIDE variety of rock types exist throughout the near-
side crust of the moon. Major rock types identified from 
the reflectance spectra include noritic, anorthositic,  
gabbroic and troctolitic composition1. The lunar crust  
exhibits noritic composition with different amounts of 
pyroxene and/or brecciation alteration. Materials repre-
senting stratigraphically deeper zones (5–15 km) of the 
lunar crust are dominated by gabbros, anorthosites and 
troctolites, with less than a quarter of the areas exhibiting 
noritic composition1. The noritic character of lunar brec-
cias and glasses was recognized during the study of 
Apollo 11 and 12 samples2,3. It is assumed that the lunar 
crust is stratified into distinct upper anorthositic and 
lower noritic layers4. The dominant rock type noticed 
across the interior of the South Pole-Aitken basin is of 
noritic composition5, representing  lower crust mafic 
suite. The lunar highland region comprises of >90% pla-
gioclase (anorthite). In some cases between 10% and 
22.5% mafic composition (orthopyroxene, clinopyroxene 
or olivine) with the remainder plagioclase (noritic anor-
thosite, gabbroic anorthosite and troctolitic anorthosite); 
or between 22.5% and 40% mafic with the remainder 
plagioclase (anorthositic norite, anorthositic gabbro and 
anorthositic troctolite), and more than 40% mafic (norite, 


