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PREFACE
uring the year 2012 an important project “Seismic Hazard Assessment for the proposed 13-story 

VS Hospital building at Paldi, Ahmedabad” was completed. Satisfactory progress has been made 

on Seismic Microzonation of Dholera Special Investment Region, Gandhinagar and Ahmedabad as well 

as on the project “Assessment of Seismic and tsunami Hazard on Installations in Coastal Gujarat”. With 
the induction of 9 regular positions some of the sections got much needed manpower support and the 

work improved. However, still much greater number of regular positions is required to carry out the work 

efficiently and also to take up new projects. Fixed salaries being meagre in ad hoc positions of scientists 

and the research scholars, attrition is high and many experienced persons are leaving every year. At the 

end of 2012 some 28 Scientists and JRF out of a total 48 are recruited in 2012 only.

Nevertheless the scientists who stayed back worked doubly hard and increased the number of SCI 

research papers and external cash flow. About 25 research papers in SCI Journals and 4 research papers 

in non-SCI Journals, 10 Technical Reports and 62 abstracts were published and papers were presented by 

ISR Scientists in Seminars/Symposia during 2012. The new projects undertaken include three from 
ISRO, one from MoES and a few small projects from NPCIL and Assam State Disaster Management 

Authority.

The Institute pursued varied studies on earthquake science which can be categorized into five areas: (i) 

Study of Physics of the Earthquake Processes, (ii) Crustal Structure, (iii) Earthquake Hazard Assessment 

and Seismic Microzonation and (iv) Earthquake Prediction Research. For initial few years, ISR is 
concentrating over the Gujarat region. Several new studies were started during last year and I am 

confident that significant findings from these studies will help in understanding physical processes of 

earthquake phenomenon and seismic hazard assessment in Gujarat.

Gujarat seismic network of 60 Broadband Seismographs and 50 Strong Motion Accelerographs has 

operated smoothly during 2012. Data of 36 broadband stations connected by VSAT to ISR were 
processed in real-time round the clock. Information of epicenter and magnitude of earthquakes was 

processed and disseminated within minutes of arrival of the seismic waves with the help of auto-location 

program.

Aftershock activity of the 2001 Bhuj earthquake continued and some other faults in Kachchh experienced 
low level activity. An earthquake of magnitude 5.0 occurred about 40km north of Bhachau on June 20, 

2012 along a NE trending Khadir transverse fault.

I n s t i t u t e
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Seismic, gravity, magnetotelluric, resistivity, GPR and other geophysical surveys were carried out for 
study of crustal structure and faults. Detection of active faults and pre-historic earthquakes in Kachchh 

continued through paleoseismological studies. ISR has pioneered a technique of 3D fault mapping by 

magnetotelluric investigation.

Crustal deformation study is being carried out through GPS measurements in seismically active belts of 
Gujarat. Twenty-two permanent GPS stations were setup in Gujarat and eleven campaign mode GPS 

stations were deployed in the Kachchh region. InSAR studies indicate significant uplift around the 
Kachchh Mainland Fault.

Earthquake Research Center at Bhachau and three multi-parametric geophysical observatories for 

earthquake prediction research in Kachchh were run smoothly. Precursory signals were observed in 
radon, gravity and magnetic fields.

As per our OUTREACH PROGRAM we helped a number of Universities in Gujarat in many ways like 

training their students in geology, geophysics, geotechnical investigations in our rich labs and field 

surveys, delivering lectures in their special courses. We train some 50 students annually for dissertation 

work for durations of months to a year and in summer / winter training programs for which students 
come from all corners of the country.

Many investigations were undertaken for matters of societal importance like: (i) Pilot Project on 

Extraction of Uranium from Nuclear Waste for BARC using the magnetic separator in the OSL lab and 

(ii) Investigation of the reporting of Cracks in houses in Faradi Village of Mandvi taluka in Kachchh by 
means of Rapid Visual Screening with Geological & GPS Survey.

ISR buildings (20,000 sq.m built up area in 12 hectares land) were constructed and most of the 

instruments were procured with World Bank Loan through GSDMA in 2008. MoES grants were made 

available for a few projects for which ISR thanks its Secretary as well as Head and Scientists of its 

Seismology Section. ISR is indebted to the Gujarat Chief Minister, Sc. & Tech. Dep’t., GSDMA, GIDB, 
GSPC, SSNNL and various other Departments of GoG, like Finance and General Administration as well 

as ISRO, NPCIL and National Geophysical Research Institute for their contribution towards the 

development of ISR.

Dr. B. K. Rastogi, 
Director General
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CONTENTS OF ISR ACTIVITIES DURING 2012

CHAPTER 1 EARTHQUAKE MONITORING AND SEISMICITY PATTERNS IN GUJARAT
1.1 SEISMIC NETWORK

1.2 EARTHQUAKES IN GUJARAT DURING 2012

CHAPTER 2 PHYSICS OF THE EARTHQUAKE PROCESS
2.1 MECHANISM OF THE 20 JUNE (19 JUNE UT) 2012 M5 EARTHQUAKE AND ITS AFTERSHOCKS

2.2 CMT SOLUTION FOR 2010 M4.4 EARTHQUAKE USING REGIONAL STATIONS DATA

2.3 COULOMB STRESS CHANGES IN KACHCHH AND NORTH SAURASHTRA REGION 
SURROUNDING THE 2001BHUJ MW7.7 EARTHQUAKE

2.4 GLOBAL SEISMIC CYCLICITY AND POSSIBLE ENHANCED SEISMICITY SINCE 2001

2.5 CRUSTAL HETEROGENEITIES BENEATH THE 2011 TALALA, SAURASHTRA 
EARTHQUAKE, GUJARAT, INDIA SOURCE ZONE AND ITS SEISMOTECTONIC IMPLICATIONS

CHAPTER 3 LITHOSPHERIC STRUCTURE
3.1 ELECROMAGNETIC, MAGNETO-TELLURIC AND RESISTIVITY IMAGING

3.2 GRAVITY STUDIES

CHAPTER 4 : LONG-TERM EARTHQUAKE PROGNOSIS FROM CRUSTAL DEFORMATION STUDIES
BY GPS AND INSAR MEASUREMENTS AS WELL AS ACTIVE FAULT STUDIES

4.1 CRUSTAL DEFORMATION STUDIES BY GPS MEASUREMENTS

4.2 POST-SEISMIC DEFORMATION IN THE BHUJ EARTHQUAKE ZONE AS OBSERVED 
IN GPS STATIONS

4.3 CRUSTAL STRAIN ANALYSIS DERIVED FROM GPS

4.4 COULOMB STRESS CHANGES IN KACHCHH AND NORTH SAURASHTRA REGION 
SURROUNDING THE 2001BHUJ Mw7.7 EARTHQUAKE

4.5 INTERFEROMETRIC SYNTHETIC APERTURE RADAR (INSAR) STUDIES BY ISRO AND ISR

4.6 TRIGGERED SEISMICITY IN KACHCHH AND SAURASHTRA

4.7 PALEOSEISMOLOGY AND ACTIVE FAULT INVESTIGATION IN KACHCHH BASIN

CHAPTER 5 : EARTHQUAKE HAZARD ASSESSMENT
5.1 FREQUENCY CHARACTERIZATION MAP OF KACHCHH, GUJARAT

5.2 ASSESSMENT OF VULNERABILITY OF INSTALLATIONS NEAR GUJARAT COAST 
VIS-A- VIS SEISMIC DISTURBANCES

5.3 SHEAR-WAVE VELOCITY ESTIMATES IN DIFFERENT PARTS OF GUJARAT 
FROM MASW AND PS LOGGING PGA AND SA MAPS FROM PSHA ANALYSIS 
CONSIDERING SITE CONDITIONS AT 2% PROBABILITY OF EXCEEDANCE IN
50 YEARS FOR THE GUJARAT REGION

5.4 SEISMIC HAZARD ASSESSMENT OF NUCLEAR POWER PLANT SITES

5.5 GENERATION OF SITE SPECIFIC GROUND MOTION (SPECTRA) WITH DUE 
CONSIDERATIONS OF SHEAR WAVE VELOCITIES AND SOIL CONDITIONS FOR 
INDUSTRIAL SITES OF THE BHUJ REGION

5.6 DEFINITION OF SEISMIC AND TSUNAMI HAZARD SCENARIOS BY MEANS OF 
INDO-EUROPEAN E-INFRASTRUCTURES

5.7 A REVIEW OF STRONG MOTION STUDIES IN GUJARAT STATE OF WESTERN INDIA

5.8 PROBABILISTIC SEISMIC HAZARD MAP OF INDIA

CHAPTER 6 : SEISMIC MICROZONATION
6.1 INVESTIGATIONS OF SEISMIC MICROZONATION OF AHMEDABAD CITY

6.1.1 GEOTECHNICAL INVESTIGATIONS IN AHMEDABAD

6.1.2 SHEAR-WAVE ESTIMATES BY MASW AND PS-LOGGING METHODS IN 
AHMEDABAD CITY, GUJARAT

6.2 INVESTIGATIONS FOR SEISMIC MICROZONATION AT GANDHINAGAR

6.2.1 GEOTECHNICAL INVESTIGATIONS IN GANDHINAGAR:
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CHAPTER 7 EARTHQUAKE PREDICTION RESEARCH
7.1 SHORT TERM PREDICTION OF KACHCHH EARTHQUAKE THROUGH CLUSTER ANALYSIS

7.2 OPERATION OF MULTI-PARAMETRIC GEOPHYSICAL OBSERVATORIES FOR EARTHQUAKE PREDICTION RESEARCH

7.2.1 PROCESSING OF DATA OF SUPER CONDUCTING GRAVIMETER

7.2.2 OBSERVATION OF SOIL RADON GAS EMISSIONS AS EARTHQUAKE PRECURSORS

7.2.3 SEISMO-MAGNETIC OBSERVATIONS IN THE KUTCH REGION

7.2.4 WATER LEVEL OBSERVATIONS

CHAPTER 8 PROJECTS OF SOCIETAL IMPORTANCE AND ADVICE TO IMPORTANT 
DEVELOPMENT ACTIVITIES

8.1 PILOT PROJECT ON EXTRACTION OF URANIUM FROM NUCLEAR WASTE

8.2 INVESTIGATION FOR REPORTING OF CRACKS IN HOUSES OF MANDVI, KACHCHH

CHAPTER 9 NATIONAL AND INTERNATIONAL SCIENTIFIC COLLABORATION
9.1 INDO-ITALIAN PROJECT

CHAPTER 10 SOCIETAL OUTREACH
10.1 DISSEMINATION OF INFORMATION ABOUT EARTHQUAKES

10.2 HELP TO THE UNIVERSITIES

10.3 TRAINING TO STUDENTS

CHAPTER 11 PUBLICATIONS
11.1 BOOKS/CHAPTERS:

11.2 PAPERS PUBLISHED IN SCIENTIFIC CITATION INDEX (SCI) JOURNALS DURING 2006 TO 2012

11.3 PAPERS PUBLISHED IN NON-SCI BUT REFERRED JOURNALS 2012

11.4 PAPERS PUBLISHED IN SYMPOSIUM PROCEEDINGS DURING 2012

11.5 ARTICLES / LECTURE NOTES 2012

11.6 TECHNICAL REPORTS 2012

11.7 ABSTRACTS FOR 2012

11.8 SEMINARS ATTENDED

11.9 INVITED LECTURES BY ISR SCIENTISTS

11.10 LECTURES IN TRAINING COURSES

CHAPTER 12 HUMAN RESOURCE AND DEVELOPMENT
12.1 HONORS/ RECOGNITIONS/AWARDS TO ISR SCIENTISTS FROM OTHER AGENCIES

12.2 PHD AWARDED

12.3 DEPUTATIONS ABROAD

12.4 TRAINING OF ISR STAFF OUTSIDE

12.5 SEMINAR TALKS BY ISR SCIENTIFIC STAFF

12.6 LIST OF STAFF THAT JOINED DURING 2012

12.7 LIST OF STAFF THAT RESIGNED FROM ISR DURING 2012

CHAPTER 13 : BUDGET, PROJECTS AND FUNDS

CHAPTER 14 : INSTRUMENTS / COMPUTERS/ ACCESSORIES AND SOFTWARE PROCURED

CHAPTER 15 : SEMINARS, SYMPOSIA, SPECIAL EVENTS ORGANISED
15.1 ISR FOUNDATION DAY CELEBRATIONS

15.2 CULTURAL PROGRAM AND DINNER FOR THE SUMMER EXPERIENCE OF APPLIED GEOPHYSICS / GEOLOGY

15.3 SEMINARS ORGANIZED

15.3.1 INDO-US WORKSHOP ON INTRAPLATE SEISMICITY

15.3.2 IGU 49TH CONVENTION, OCTOBER 29-31, 2012

15.3.3 INDO-GERMAN WORKSHOP ON MAGNETOTELLURICS, NOVEMBER 1-3, 2012

15.3.4 2nd INTERNATIONAL SYMP ADVANCES IN EARTHQUAKE SCIENCE, FEBRUARY 1- 2, 2013

15.3.5 INDO-ITALIAN TRAINING COURSE ON EARTHQUAKE HAZARD ASSESSMENT, FEB 3-4,'13
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CHAPTER 1
1. EARTHQUAKE MONITORING AND SEISMICITY PATTERNS IN GUJARAT

(Santosh Kumar, A.P. Singh, P. Mahesh and K. S. Roy)

1.1 Seismic Network

Gujarat State Seismic Network being maintained by Institute of Seismological Research, Gandhinagar 
since July 2006 (Fig. 1.1) functioned well with 60 Broadband Seismograph Stations (BBS) spread 
throughout the state and neighboring areas. Total 39 of which (including two very broadband 
seismographs) are connected via VSAT to ISR and the rest are offline. Some 54 Strong Motion 
Accelerographs (SMA) are also deployed. The network has detectibility of M2.0 in the Kachchh active 
area and M2.5 in other areas of Gujarat.

Fig. 1.1: Seismograph stations in Gujarat Net including 39 online Broad Band Seismographs (includes 2 Very Broad Band 
Seismographs), 10 offline Broad Band Seismographs and 54 Accelerographs.

Planning of installation of 10 no. Strong Motion Accelerographs at Navagam dam, Kevadia colony, 
SSNNL is being done presently. In the year 2012 new VSAT systems were installed at 8 seismic stations 
namely Kanthkot, Chadvada, Shivlakha, Dhamkada, Chobari, Bandhadi, Bhimasar and Radhanpur in 
Kachchh to receive seismic data online in near real time. Out of these 8 seismic stations, 4 were running 
in offline mode in Kachchh region. Also 2 new offline stations were installed in Saurashtra at Babra 
(Amreli) and Jamkandorana (Rajkot) and soon new VSAT systems will be installed at these stations.

Data at CRS, ISR was coming using ku-band and Xc-band VSAT systems. During monsoon and cloudy 
season data from ku-band was not being received. To receive data during rain and clouds, and to make 
the whole ISR seismic network homogeneous, the ku band VSAT systems were replaced with new Xc-
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band VSAT systems in year 2012. Now data from all the seismic stations comes via Xc- band VSAT 
systems.

1.2 Earthquakes In Gujarat

Epicenters of earthquakes of M>2 from 1668 to 2012 in Gujarat excluding foreshocks and aftershocks 
are shown in Fig. 1.2 and listed in Appendix-1. The Gujarat region is at the tri-junction of three failed 
rifts: Kachchh, Cambay and Narmada, with several active faults (Biswas 1987). These rifts were formed 
by rifting along major Precambrian trends. The rifting occurred at successive stages during the northward 
movement of the Indian plate after the breakup from Gondwanaland in the Late Triassic or Early Jurassic 
(Mesozoic era at about 184 Ma). The Kachchh rifting took place in the Late Triassic-Early Jurassic, 
Cambay rifting in Early Cretaceous, and Narmada rifting in the Late Cretaceous. The rifting ceased in the 
Late Cretaceous era during the pre-collision stage of Indian plate. Post-collision, the Kachchh and 
Narmada rifts became zones of compression giving strike-slip and thrusting. Kachchh and Narmada rifts 
have E-W trending major faults which are active, while, the Cambay basin has N to NNW trending 
marginal faults which are less active. Kachchh has two major faults viz. Kachchh Mainland Fault and 
Island Belt Fault with its westward extension as Allahbund fault. Medium grade faults are South Wagad 
and Katrol Hill Fault while minor ones are Gedi, Banni and Gora Dungar Faults. There are some smaller 
transverse strike-slip faults in Kachchh. South of Kachchh, in the Deccan volcanics of Saurashtra, the 
NW and NE trending smaller strike-slip faults are also activated in the form of moderate earthquakes in 
response to the plate-tectonics stress. Magnitude distribution of the mainshocks in Gujarat is listed 
below:

Magnitude 7.7, 7.8 6, 6.3 5 -  5.9 4 -  4.9 3 -3.9 2-2.9 Total

No. 2 2 27 68 89 18 206

STRONG MOTION ACCELEROGRAPH DATA

In the year 2012, some 47 shocks of M0.5-5.0 were recorded on strong motion accelerographs. Out of 
which 3 shocks (in Kachchh) were recorded on 2 or more stations (Table 1.1 & Figure 1.3). Remaining 
shocks were recorded on only 1 SMA station (Appendix 2). Out of these 32 aftershocks of Talala region 
having M0.5-2.2 were recorded on Hirenvel SMA Station. In Kachchh 15 shocks were recorded in one 
of the accelerographs. In Kachchh a tremor on 14th April 2012 of M4.1 which occurred 8km NW of 
Bhachau in Wagad area was recorded on 6 SMA stations. A moderate earthquake of M5.0 which 
occurred, 20 km SSE of Dholavira on 20th June. 2012 at 00:44 IST was recorded at 16 SMA stations 
(BDR, BHA, CHO, DESH, LOD, KHA, RAP, VAM, KAN, ANJ, DAY, MAN, RAD, RAJ, SUR, 
MOR). Tremor on 8th Dec. 2012 of M4.1 which occurred 28km NW of Bhachau was recorded at 2 SMA 
stations.

Table 1.1: List of earthquakes of M~4 or more and no. of SMA stations triggered
DD HR MM Sec Lat Long Dep M NST

(SMA)
Area

14:04:12 3 22 59.1 23.391 70.537 18.9 4.1 6 20 km NE of Bhachau
19:06:12 20 14 0.4 23.645 70.283 11.1 5.0 16 20 km SSE of Dholavira
08:12:12 7 6 9.1 23.134 70.422 21 4.5 2 19 km SSE of Bhachau
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Fig.1.2: Significant faults and epicenters of earthquakes of M2 or greater from 1684 to 2012 excluding aftershocks. The Proterozoic 
age Aravali trend branches off in three directions. In Kachchh it becomes E-W along which faults might have been formed

Earthquakes during 2012

Maishocks of M>2 during 2012 are listed in Table 1.2 and distinctly shown in Fig. 1.4 along with 
historical seismicity. All the recorded shocks during 2012 of M>0.5 are shown in Fig. 1.5. During 2012 
three M>4 earthquakes occurred in Kachchh: M4.1 on 14.4.2012 along SWF, M5.0 on 30.6.2012 along 
KTF and M4.5 on 8.12.2012 in Kandla. Kachchh experienced 62 shocks of M>3 and 1359 shocks of 
M<3. In Saurashtra the seismicity was subdued compared to heightened period of 2006 to 2011. In 
Jamnagar during 2012 seismicity was negligible with one M3 shock and only a few other small shocks. 
Seismicity in Talala was also much less during 2012. The area experienced shocks of M3.2 on 26.1.2012 
and 25.2.2012 and 18 shocks of M2-2.9. Surendranagar cluster had 537 shocks of M>0.5 with Mmax2.7.
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Fig. 1.3: Earthquakes of M~4 or more which occurred in Kachchh and recorded on SMA at two or more stations

Table 1.2: List of minshocks recorded in Gujarat during 2012

Year MN DD HR MN Sec Lat Long Dep M Reg.
2012 1 26 14 1 43.5 21.109 70.518 8 3.2 Talala
2012 2 19 11 13 1.1 21.118 72.29 22.1 3.2
2012 3 21 14 50 29.1 21.716 72.405 15 3 Bhavnagar
2012 4 11 13 23 36.8 21.684 72.05 7 2.6 Surat
2012 4 14 23.39 70.54 19 4.1 SWF
2012 5 10 13 47 30 22.487 71.549 3.1 2.4
2012 5 26 21 23 5.5 21.854 74.16 23.2 3.3
2012 6 8 3 25 52 22.259 69.93 10.4 3.7
2012 6 19 20 14 0.4 23.645 70.283 11.1 5.0 W of chobari
2012 7 30 8 3 49.1 21.213 72.826 9.8 3.6
2012 7 30 8 3 49.1 21.213 72.826 9.8 3.6
2012 8 24 21 17 2 25.336 70.561 27.5 3.3
2012 8 28 14 26 13.5 20.629 70.457 9.5 3
2012 9 1 14 36 3.8 22.074 70.103 8.2 2.7
2012 10 9 22 7 20.2 21.127 70.57 3.1 2.3
2012 11 15 18 43 54.7 21.598 72.796 9.6 2.4
2012 11 16 0 23 12 22.201 72.537 9.8 2.4
2012 12 8 7 6 9.1 23.134 70.422 21 4.5 Kandla
2012 12 16 4 13 42.3 24.474 71.887 3.2 2.8

A n n u a l  R e p o r t  2 0 1 2 - 1 3



I n s t i t u t e  o f  S e i s m o l o g i c a l  R e s e a r c h , G a n d h i n a g a r

Patan
Sabarkantha

Gandhinaagr

ojSurendranagar'
Da hod

A  Jamnagar Vadodara

Bhavnagar

Junagadh

Navsari

Legend 

2012 Events 
o 0.5-1.9 

2.0 -2.9 
A 3.0-3.9
•  4.0-4.9
★  >=5.0

4 *  <A

200

Fig. 1.5: Epicenters of earthquakes in magnitude range 0.5 to 5.0 in Gujarat during 2012

Description of Earthquakes in Different Parts of Gujarat During 2012

Magnitude-wise distribution of earthquakes in the three regions of Gujarat during 2012 is given in Table 
1.3. In the Kachchh region 1424 shocks were located of M0.5- 5.0 (65% of total in Gujarat). In the 
Saurashtra region 718 shocks were located of M1.0- 3.4 (33% of total in Gujarat). In the mainland 39 
shocks were located of M1.0 -  3.2 (2% of total in Gujarat).

Table 1.3: Regional Distribution of Earthquakes Located in Gujarat during 2012
Region <2.0 2-2.9 3-3.9 4-4.9 5-5.9 Total

Kachchh 1058 301 62 2 1 1424
Saurashtra 650 62 6 - - 718
Mainland 26 9 4 - - 39
Total 1734 372 72 2 1 2181

(Kindly note that due to the detectibility in Kachchh being better, the % age of the earthquakes of this region will be a 
little less in real sense).

During 2012, the network recorded nearly 2337 shocks of magnitude 0.5 to 5.0 out of which hypocentral 
parameters of 2181 shocks were located (Fig. 1.5). Additional 64 regional earthquakes were recorded 
from Madhya Pradesh, Maharashtra, Rajasthan, Delhi and Himalaya with a significant shock of M5.0 
near Delhi on 5th march 2012. Some 172 distant earthquakes of M4.0 or greater were recorded including 
M8.6 Sumatra earthquake on 11th April 2012.
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Table 1.4: Monthly number of located shocks in three regions namely Kachchh, Saurashtra and Mainland 
of Gujarat in year 2012.

Month
Region

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Total

Kachchh 102 101 93 100 145 156 144 160 65 121 119 118 1424
Saurashtra 68 77 83 75 71 67 58 34 27 50 60 48 718
Mainland 2 5 1 3 3 3 5 6 4 3 3 1 39

Fig. 1.6: Histogram showing monthly no. of located shocks in three regions namely Kachchh, Saurashtra and Mainland of Gujarat 
during 2012

Seismicity in Kachchh

This year there were 1058 shocks of M0.5-1.9, 301 shocks of M2.0-2.9, 62 shocks of M3.0-3.9, 2 shocks 
of M>4.0, and 1 shock of M5.0 was recorded. Shock of M5.0 occurred on 19th June 2012, 20 km SSE of 
Dholavira. Total 912 aftershocks were recorded from the same area of M0.7-3.8 till Dec. 2012 (Appendix 3).

Table 1.5: Magnitude wise distribution of Dholavira aftershocks from 19th June 2012 to 31st December 2012.
Magnitude Range No. of earthquakes
0.5-1.9 696
2.0-2.9 168
3.0-3.9 48
5.0-5.9 1
Total 913

Focal depths of Kachchh earthquakes for M>3.0 which occurred in the year 2012 are depicted in Fig. 1.7.

Fig. 1.7: Focal depths of the earthquakes of M>3 in Kachchh during 2012.
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The Seismicity in Kachchh:

Seismicity in Kachchh has consistently been lower since 2008 (Fig. 1.8 and Table 1.6) with about 60 
shocks of M>3/y. However, one M5 earthquake in 2012 has reminded its continuance to moderate level.

Histogram Showing the eartquakes from 2001 to 10-12-2012 which occurred in 
1200 Kachchh of M>3.0

1 2  3 4 5 6 Ye7ar 8 9 10 11 12

Fig. 1.8: Annual no. of shocks in Kachchh during 2001 to 2012. The green colour does not represent actual no. of shocks for M>5.0 in 
Kachchh. Total no. of shocks (M>5.0) in year 2001, 2006 and 2012 are 20, 4 and 1, respectively. Shock of Mw5.6 in GEDI in 
the year 2006 caused slight damage

Table 1.6: Showing the no. of earthquakes of M>3.0 which occurred in Kachchh between 2001 to 2012
Year
M

200 1 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012

3.0-3.9 877 135 98 99 267 405 143 66 73 52 62 56
4.0-4.9 186 15 3 6 16 20 6 5 4 1 3 2
>5.0 15 0 1 0 0 4 0 0 0 0 0 1

Seismicity in Saurashtra

Epicenters of earthquakes of magnitude 0.5 to 3.4 in Saurashtra during 2012 are shown in Fig. 1.9. A 
shock of Mmax.3.4 was recorded on 19th Sept. 2012, 44km ESE of Rajkot near Kamalpur. During 
August 2006 to December 2012, 120 earthquakes have occurred of M3-3.9, 7 earthquakes of M4-4.9 and 
2 earthquakes of M5.0 & M5.1 in Saurashtra (Tables 1.7, 1.8, 1.9 & Figure 1.10)._Tremors were recorded 
from previously active areas such as Talala (M>5.0 on 6th November 2007 and on 20th Oct. 2011), near 
Surendranagar (Mmax 3.9) and near Rajkot (Mmax.3.4 on 19th Sept. 2012). Seismicity near Jamnagar was 
negligible and this year shocks were not noticed in Bhanvad- Adwana area. Focal depths of shocks in 
Saurashtra are from near surface to about 10km. Surendra Nagar area showed a large no. of 
mcroearthquakes, M<2 are 512 and M2-2.9 are 21.

Table 1.10 lists earthquakes of M1-3 (in three magnitude ranges) during 2012 in different parts of the 
Saurashtra region. Table 1.11 lists Monthly no. of located shocks in different parts of Saurashtra region 
during 2012.

Seismic Activity in Talala of Junagadh District:

In the year 2012, some 77 shocks of M0.6- 3.2 were recorded from Talala area. Earthquake of Mmax.3.2 
occurred on 26th Jan and 25th Feb. 2012, 4 and 6 km, respectively, NNW of Talala.
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In year 2011, an earthquake of Mw5.1 occurred, 12 km WNW of Talala in Gir on 20th Oct. An aftershock 
of M4.1 that occurred about 9 hours after the mainshock on 21st Oct. and another of M4.0 on 12th 
November were also strongly felt.

Table 1.7: Seismicity of M> 3.0 from Aug. 2006 to December 2012 in the Saurashtra region

Magnitude Range No. of earthquakes
3.0-3.9 120
4.0-4.9 7
>5.0 2

Fig. 1.10: Number of earthquakes in Saurashtra during Aug. 2006-Dec. 2012 in three magnitude categories.
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Table 1.8: List of earthquakes with magnitude M> 4.0 in the Saurashtra region during August 2006 and 
December 2012.

S. No. YY:MN:DD HR:MIN Lat Long Dep. M Reg-
1 2006:09:30 00:16 22.30 70.20 5 4.0 Jamnagar
2 2007:11:06 00:27 21.11 70.51 8.5 4.8 Talala
3 2007:11:06 09:38 21.16 70.54 6 5.0 Talala
4 2008:10:05 11:33 21.16 70.54 12 4.3 Talala
5 2008:03:31 21:23 21.13 70.59 9.2 4.0 Talala
6 2011:05:23 23:43 21.10 70.53 3.9 4.0 Talala
7 2011:10:20 17:18 21.10 70.45 5.0 5.1 Talala
8 2011:10:21 03:07 21.11 70.50 6.1 4.1 Talala
9 2011:11:12 07:01 21.14 70.57 9.7 4.0 Talala

(After 2007, an earthquake of M >5.0 was recorded on October 20, 2011 in the Saurashtra region)

Table 1.9: Annual number of earthquakes of M 0.5 to 5.1 in different areas of the Saurashtra region 
during 2007 to 2012.

Year 2007 2008 2009 2010 2011 2012
Rajkot 7 12 20 33 21 12
Surendranagar 39 174 325 314 311 533
Talala 361 375 67 113 465 77
Jamnagar 87 25 29 182 24 8
Total 494 586 441 642 821 630

Fig 1.11: Histogram showing the year wise seismicity variation in Jamnagar, Talala (Junagarh), Surendranagar and Rajkot district of 
Saurashtra.

Table 1.10: List of earthquakes region wise with magnitude M1.0-3. in the Saurashtra region in 2012.
Region < 2.0 2.0-2.9 3.0-3.9 Total
Lalpur 5 2 1 8
Adwana (Porbandhar) 1 0 0 1
Talala (Junagadh) 58 17 2 77
Bhavnagar 32 8 0 40
Rajkot 10 2 0 12
Surendranagar 512 21 0 533
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Table 1.11: Monthly number of earthquakes in different parts of Saurashtra during 2012.
No. of earthquakes in the month of

Region Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Lalpur 2 0 0 0 2 1 0 1 1 0 1 0
Adwana
(Porbandhar)

0 0 0 0 0 0 1 0 0 0 0 0

Talala 10 20 12 7 2 8 9 1 3 3 3 5
Bhavagar 7 3 6 8 7 2 1 0 3 0 2 1
Rajkot 1 4 0 1 3 1 0 1 0 1 1 0

Seismic activity around Rajkot: In the year 2012, 13 shocks were recorded with M0.9-3.4. Shock of 
Mmax.3.4 was recorded on 19th Sept. 2012, 44km ESW of Rajkot district.

Seismic activity around Surendranagar:

In the year 2012, 533 shocks of M0.9-2.7 were recorded. Shock of Mmax.2.7 was recorded on 24th June 
2012, 30 km SSW of Surendranagar.

Earthquakes in Mainland Gujarat

In the year 2012, 76 shocks of M1.0-3.2 were recorded from mainland region. Out of these 2 shocks are 
of M>3.0. Shock of Mmax.3.2 occurred on 3rd July 2011, 35 km SW of Surat in South Gujarat. 2nd shock 
of M3.1 was located 73 km NNE from Palanpur in North Gujarat on 30th Nov. 2011.

10 A n n u a l  R e p o r t  2 0 1 2 - 1 3



I n s t i t u t e  o f  S e i s m o l o g i c a l  R e s e a r c h , G a n d h i n a g a r

CHAPTER 2
PHYSICS OF EARTHQUAKE PROCESS

2.1 Mechanism of the 20 June (19 June Ut) 2012 Mw5.1 Earthquake and its Aftershocks

The Mw5.1 earthquake of 19 June 2012 occurred about 30km north of Bhachau and 20 km south of 
Dholavira (Figs. 2.1.1, 2.1.2a,b) along the NE trending Khadir (Ekal -  Amrapar) Transverse Fault. The 
fault displaces the Island Belt Fault east of Dholavira (eastern side of Khadir Is.) and extends south to 
west of Chobari. The transverse faults are generaaly not expected to give major earthquakes. The 
location of mainshock (70.288 E 23.654E, focal depth 8.2km) is about 15 km north of the aftershock 
zone of 2001 earthquake. A few shocks had occurred in this area in 2011. More than 100 aftershocks of 
M1-3.5 were recorded from the same area until June 2013 (Tables 2.1.1, 2.1.2). Depth section 
(Fig.2.1.2c) indicates nearly vertical fault with dip towards east.

Fig. 2.1.1: Location of the 20 June 2012 Mw5.1 earthquake w.r.t. 2001 mainshock on the Geological map of the Kachchh region

Fig. 2.1.2a: Epicenters of the mainshock of June 19, 2012 (IST June 20) (Mw5.1) and aftershocks which have occurred along the Khadir 
(Ekal-Amrapar) Transverse fault
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Fig.2.1.2b: Epicentral map of June 19, 2012 Mw5.1 epicentre and aftershocks of M1.5- 3.8. Wagad area is in SE whose boundary is 
shown. EAF: Ekal-Amrapar Fault
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Fig. 2.1.2c: E-W Depth plot for the aftershocks of M1.5-3.8 of Dholavira earthquake of 19th June 2012 of Mw 5.1

Table 2.1.1: List of earthquake showing no. of shocks which occurred in Dholavira region from 19-06-2012 to 
17-06-2013.

M No. of shocks
<2.0 74
2-2.9 25
3-3.9 8
4-4.9 Nil
5-5.9 1
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Table 2.1.2: List of earthquake which occurred in Dholavira region from 19-06-2012 to 17-06-2013.
S.No. YEAR MN DD HR MM SEC LAT LONG M

1 2012 6 19 20 14 0.4 23.645 70.283 5.1
2 2012 6 19 20 19 55.6 23.651 70.278 2.5
3 2012 6 19 20 26 47.6 23.667 70.282 2.9
4 2012 6 19 20 32 38.5 23.661 70.287 2.9
5 2012 6 19 20 37 40.5 23.647 70.273 1.7
6 2012 6 19 20 42 12.7 23.642 70.283 3.1
7 2012 6 19 20 45 37.1 23.653 70.276 2.9
8 2012 6 19 21 3 2.1 23.654 70.277 2.5
9 2012 6 19 21 8 51.9 23.65 70.282 1.5

10 2012 6 19 21 11 8 23.654 70.275 2.9
11 2012 6 19 21 15 56.7 23.665 70.282 2.8
12 2012 6 19 21 26 1.2 23.645 70.287 1.8
13 2012 6 19 21 44 17.2 23.644 70.277 1.9
14 2012 6 19 21 46 22.8 23.65 70.265 2
15 2012 6 19 22 20 51.2 23.678 70.29 1
16 2012 6 19 23 26 39.7 23.65 70.279 1.7
17 2012 6 19 23 32 47.5 23.641 70.277 1.3
18 2012 6 19 23 35 21.6 23.667 70.291 1.3
19 2012 6 19 23 39 33.9 23.676 70.289 1
20 2012 6 19 23 47 3.7 23.658 70.288 2.5
21 2012 6 20 0 11 53.1 23.675 70.286 1.7
22 2012 6 20 0 28 57.9 23.665 70.275 2.3
23 2012 6 20 1 27 55.6 23.66 70.278 1.7
24 2012 6 20 2 28 27 23.663 70.302 2.3
25 2012 6 20 4 26 44 23.662 70.286 1.5
26 2012 6 20 7 20 50.4 23.644 70.286 2.8
27 2012 6 20 8 15 32.8 23.659 70.283 1.7
28 2012 6 20 8 40 45 23.646 70.29 2.3
29 2012 6 20 14 8 22.8 23.631 70.27 2.2
30 2012 6 20 14 39 58.9 23.676 70.298 1.8
31 2012 6 20 15 33 49.9 23.679 70.284 1.3
32 2012 6 20 16 15 24.8 23.66 70.297 1.2
33 2012 6 20 18 3 53.2 23.644 70.277 1.7
34 2012 6 20 20 1 57.7 23.639 70.269 1.7
35 2012 6 20 20 5 15.4 23.64 70.296 1.4
36 2012 6 20 20 12 30 23.664 70.274 0.9
37 2012 6 20 20 48 31.7 23.655 70.274 1.6
38 2012 6 20 21 57 56 23.638 70.264 1.3
39 2012 6 21 4 53 57.4 23.64 70.269 2.7
40 2012 6 21 11 33 2.6 23.652 70.279 1.8
41 2012 6 21 16 44 13.7 23.642 70.285 1.3
42 2012 6 21 20 5 20.5 23.649 70.287 2.7
43 2012 6 21 22 18 59.6 23.68 70.298 1.1
44 2012 6 23 16 4 39.1 23.657 70.271 1.9
45 2012 6 23 21 38 13.5 23.652 70.288 1.8
46 2012 6 24 18 53 33.9 23.68 70.29 1.4
47 2012 6 24 19 24 37.1 23.644 70.277 1.8
48 2012 6 25 9 17 50.7 23.623 70.27 1.5
49 2012 6 25 10 24 21.6 23.643 70.291 2
50 2012 6 25 11 30 33.7 23.655 70.272 1.9
51 2012 6 25 12 31 17.5 23.657 70.272 1.7
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S.No. YEAR MN DD HR MM SEC LAT LONG M
52 2012 6 25 21 1 33.1 23.672 70.283 3.1
53 2012 6 27 7 56 22 23.658 70.276 2.5
54 2012 6 27 22 42 24.5 23.652 70.27 1.4
55 2012 6 27 22 52 51.3 23.66 70.279 1.2
56 2012 6 28 23 6 1.1 23.644 70.298 1.5
57 2012 6 29 14 5 20.7 23.632 70.294 1.9
58 2012 6 29 15 29 53.2 23.635 70.272 1.9
59 2012 6 29 23 7 47.3 23.678 70.292 0.9
60 2012 7 1 6 26 0.5 23.633 70.273 1.9
61 2012 7 1 14 49 34.9 23.625 70.274 2.5
62 2012 7 1 18 7 58.8 23.653 70.292 1.9
63 2012 7 2 12 0 44.1 23.615 70.284 1.5
64 2012 7 2 12 19 21.8 23.627 70.278 2.5
65 2012 7 2 13 56 33 23.634 70.291 1.7
66 2012 7 3 8 28 19.3 23.631 70.275 1.7
67 2012 7 6 8 41 16.4 23.615 70.259 1.5
68 2012 7 8 8 58 25.4 23.632 70.283 3.5
69 2012 7 9 16 42 50.1 23.635 70.281 1.9
70 2012 7 10 0 45 41.7 23.619 70.283 1.5
71 2012 7 11 11 41 30.8 23.615 70.278 1.9
72 2012 7 15 16 1 36 23.622 70.267 1.1
73 2012 7 16 10 55 11.8 23.63 70.277 2.8
74 2012 7 17 0 8 52.2 23.62 70.279 1.3
75 2012 7 20 5 32 14.8 23.613 70.276 1.9
76 2012 7 21 5 9 51.8 23.632 70.287 1.5
77 2012 7 25 8 23 35.3 23.611 70.267 1.9
78 2012 7 26 6 9 6.5 23.614 70.286 2.8
79 2012 7 26 12 26 49.5 23.603 70.264 1.6
80 2012 7 27 7 50 33.5 23.633 70.3 1.5
81 2012 7 29 5 40 10.6 23.617 70.278 1.2
82 2012 8 2 23 2 12.4 23.616 70.317 2.3
83 2012 8 7 15 38 34.1 23.61 70.272 1.7
84 2012 8 11 10 38 12.2 23.618 70.275 1.3
85 2012 9 2 23 29 20.4 23.622 70.286 3.3
86 2012 9 4 0 36 54.6 23.619 70.283 3
87 2012 9 10 8 0 57 23.62 70.282 1.7
88 2012 10 2 3 39 29.8 23.622 70.271 1.7
89 2012 10 18 8 6 6.1 23.62 70.264 1.5
90 2012 10 30 14 38 49.3 23.626 70.306 3.1
91 2012 11 4 14 52 0.4 23.626 70.306 1.8
92 2012 11 8 18 30 60 23.611 70.303 1
93 2012 11 9 23 49 29.7 23.622 70.279 1.5
94 2012 11 13 7 11 56.5 23.605 70.292 2
95 2012 11 18 2 21 34.1 23.621 70.282 1.3
96 2012 11 20 23 12 27.1 23.618 70.301 1.6
97 2012 11 25 0 8 54.6 23.616 70.271 1.6
98 2013 2 27 4 31 12 23.623 70.29 1.8
99 2013 3 9 0 38 34.6 23.607 70.289 1

100 2013 5 18 20 40 56.6 23.622 70.285 1.5
101 2013 1 18 16 42 12.2 23.666 70.251 2
102 2013 2 27 4 31 12 23.623 70.29 1.3
103 2013 3 9 0 38 34.6 23.607 70.289 1.6
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S.No. YEAR MN DD HR MM SEC LAT LONG M
104 2013 5 18 20 40 56.6 23.622 70.285 1.6
105 2013 5 29 12 25 36.9 23.598 70.281 1.6
106 2013 6 7 21 46 6.5 23.595 70.263 1.7
107 2013 6 9 9 31 4.4 23.596 70.25 3.5
108 2013 6 17 3 35 56 23.591 70.302 3.1

The fault plane solution from first motion directions indicates a NE trending and east dipping fault with 
combination of strike-slip and thrust movement (Fig. 2.1.3 and 2.1.4). A similar mechanism is obtained 
with worldwide data (Fig. 2.1.5).

Fig. 2.1.3: The first motion focal mechanism solution of the 20 June 2012 Mw 5.1 earthquake using seven-station network around the
epicenter

Fig 2.1.4: Focal mechanism obtained by first motion for the Dholavira earthquake of 19th June 2012, Mw 5.1 using local and regional
data sets.
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Moment Tensor Solution by Geo Forshung Centrum, Postdam, Germany

The focal mechanism is obtained to be nearly same by GFZ (Fig. 2.1.5) as given by first motion 
directions. Focal depth is estimated to be 11 km and moment magnitude Mw 5.1.

GFZ MOMENT TENSOR SOLUTION, 12/06/19 20:14:03.55, Southern India

Epicenter: 23.67 70.30, MW 5.1, Depth 11 No. of sta: 24

Moment Tensor; Scale 10**16 Nm

Mrr= 0.12 Mtt=-2.80

Mpp= 2.69 Mrt=-1.16

Mrp= 0.07 Mtp=-3.75

Principal axes:

T Val= 4.66 Plg= 7 Azm=242

N 0.24 76 120

P -4.91 11 334

Best Double Couple: Mo=4.8*10**16

NP1: Strike=108 Dip=87

501IIc/5

NP2: 18 77 -2

------------------------ ###
-------------------------------- # ## ## # #

-------------------------------------- # # # # # # # #
---------------------------------------# # # # # # # # # #
-----------------------------------------# # # # # # # # # #

-----------------------------------------# # # # # # # # # # #
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###############-------##############
###################-#############
##################-------------- #######
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Fig. 2.1.5 Moment-Tensor Focal Mechanism Solution from GFZ, Potsdam

Moment-Tensor Focal Mechanism Solution Using Local Data:

Moment tensor analysis has been carried out for Dholavira earthquake (ML 5.0), Kachchh region, that 
occurred on 19th June 2012 at 20:14:0.1 (GMT). For present analysis, good signal to noise ratio velocity 
data of ten 3-component stations with epicentral distance ranging from 33.8 to 365.8 km and azimuth 
varying from 63o to 301o have been used. Full waveforms containing the body waves and surface waves, 
amounting to several seconds of each trace are low-pass filtered by a 2-pole butterworth filter in the 
frequency range of 0.03 -  0.08 Hz, to remove the high frequency noise. After that, cut waveforms are 
rotated, integrated and re-sampled at 1 Hz to obtain the displacement seismograms.
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The Green’s functions are then computed using the approach of Takeo (1987), which uses a combination 
of the generalized reflection-transmission matrix method (Kennett, 1974, 1980) and the discrete wave 
number summation method (Bouchon, 1981). Synthetic seismograms are then generated and matched 
with observed waveform by using moment tensor inversion method of Kikuchi and Kanamori (1991), 
slightly modified for the near field earthquakes by Kosuga (1996). A simple triangular pulse is 
approximated for the source time function. The observed and synthetic waveforms are then matched 
using the cross-correlation approach with the criterion of obtaining minimum mismatch error. Waveform 
matching obtained in the study is depicted in Fig.1. Similar fault trend is indicated by fault-plane solution 
by first motion directions (Fig. 2.1.6). Also, the results are validated by MTS solution given by GFZ 
agency.

EQ 19 JUNE 2012

23.632N, 70.287E, 6.1km, M=5.0

Time (sec) Time (sec) Time (sec)

Fig. 2.1.6: Waveform inversion result for the Dholavira earthquake of 19th June 2012, ML 5.0, using the inversion approach of Kikuchi 
& Kanamori (1991). The waveform match between the observed (red) and synthetic (blue) filtered displacement seismograms 
is shown along with the source time function and focal mechanism obtained.
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Recorded PGA at various SMA stations for 19-06-2012 Dholavira shock of M5.0 are listed in Table
2.1.3 and their decay with distance is shown in Fig. 2.1.7. Fig. 2.1.8 shows the recorded strong motion 
time histories and their response spectra for Dholavira M5 earthquake.

Table 2.1.3: Recorded PGA at various SMA stations for 19-06-2012 Dholavira shock of M5.0
STN Epi-D Hypo-D PGA Local

subsurface
CHO 16.175 19.561 0.19 Soil
VAM 28.699 30.734 0.03 Hard Rock
BHA 39.37 40.882 0.01 Hard Rock
RAP 39.37 40.882 0.06 Soil
BDR 39.619 41.118 0.04 Hard Rock
DESH 42.72 43.853 0.005 Hard Rock
LOD 43.856 45.214 0.03 Hard Rock
ANJ 59.856 60.879 0.081 Soil
KHA 60.958 61.943 0.01 Hard Rock
KAN 68.48 69.36 0.02 Soil
MOR 108.839 109.394 0.007 Soil
MUD 115.45 115.97 0.006 Soil
MAN 130.16 130.63 0.004 Soil
RAD 137.3 138 0.005 Soil
DAY 143.512 143.933 0.0098 Soil
RAJ 150.4 151.32 0.002 Hard Rock
SUR 167.37 167.74 0.004 Hard Rock

Fig. 2.1.7: for the Dholavira earthquake of 19th June’2012, ML 5.0
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Fig. 2.1.8: Recorded strong motion time histories and their response spectra for Dholavira M5 earthquake
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2.2 Cmt Solution for 2010 M4.4 Earthquake Using Regional Stations Data
(Nagabhushana Rao, B  K  Rastogi and Purnachandra Rao)

An earthquake of M 4.4 occurred on September 2, 2010 along a EW fault, near Patan in Cambay Basin 
(Fig. 2.2.1 and 2.2.2). CMT shows thrust movement along a EW trending plane (Fig. 2.2). The pressure 
axis is oriented in N direction. The source time function indicates half source duration of 4.5 sec and 
maximum slip of 10 cm. The focal depth is indicated to be 12km.

Fig. 2.2.2: CMT solution for September 2, 2010 Patan, Cambay Basin earthquake of M 4.4 that occurred along a EW faultr shows 
thrust faulting. The first motion Data also matches with the mechanism. Circle represents compression while Triangle 
represents Dilatation

Fig. 2.2.1: Wave form matching for an earthquake of M 4.4 that occurred on September 2, 2010 along a EW fault, near Patan in 
Cambay Basin
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2.3 Global Seismic Cyclicity and Possible Enhanced Seismicity Since 2001
(B. K. Rastogi and Jyoti Sharma)

Over the years global seismicity and seismic moment release patterns have been studied by various 
researchers including Benioff (1951, 1954), Davies and Brune (1971), Mogi (1974, 1979), Kagan and 
Jackson (1991), Pacheco and Sykes (1992), Bufe (1997). On the basis of previous studies, it has been 
observed that the temporal clustering of the large earthquakes followed by relative quiescence (stress 
shadow), is a characteristic seismic cycle’s pattern along the plate boundaries. For the present study, 
Pacheco-Sykes catalog is used for the period 1900-1989 and from 1989 onwards Global Centroid 
Moment Tensor (GCMT) catalog is used, except for the magnitudes of 1960 Chile and 2004 Sumatra 
earthquakes. Pacheco and Sykes (1992) have provided a high quality homogeneous seismic-moment 
catalog for large shallow earthquakes (1990-1989). Moreover, Pacheco and Sykes (1992) have described 
the pattern of global seismic moment release for M > 7.0 shallow (z < 70 km) earthquakes. Earthquakes 
of M > 7.0 have been considered to produce homogenous (1900-1989) catalog based on the assumption 
that the worldwide rate of occurrence of smaller (M < 7) earthquakes does not change systematically 
over time. Dziewonski and others at Harvard (Dziewonski et al., 2001) have provided Centroid Moment 
Tensor solutions and Seismic Moment Release for worldwide earthquakes since 1977. In the present 
study, for 1960 Chile earthquake a lower value of 2000 *1020 Nm and Mw 9.5 (Kanamori and Anderson, 
1975a, Bufe and Perkins, 2005) is used. The Pacheco and Sykes have reported the seismic moment 3200 
x102° Nm, M 9.6 (Cifuentes and Silver, 1989). The Sumatra earthquake is considered of Mw 9.3 with 
seismic release of 1200x1020 Nm (Tsai et al., 2005, Stein and Okal , 2007) as compared to estimate of 
Mw 9.0 by GCMT and USGS. Here, our main focus is on the larger events of Mw > 8.2 as tabulated in 
Table 2.3.1 and represented in Figure 2.3.1, that dominate the history of the moment release. Further, 
from Table 2.3.1 and Figures 2.3.2 - 2.3.4, clustering of the larger earthquakes and high moment release 
is noticed during 1950s to 1960s followed by extended period of low-moment release until 2003. 
Subsequently, heightened moment release since 2004 has been observed, which represents one seismic 
cycle. Fig. 2.3.1 shows the locations of large earthquakes of the world. Fig. 2.3.2 shows the decadal 
moment release, Fig. 2.3.3 the decadal number of large earthquakes while Fig. 2.3.4 shows the 
Cumulative moment release for all the earthquakes. Fig. 2.3.5 demonstrates that 52% of the 10yr moment 
release was during the decades of 1950s and 1960s and 34% during the decades of 2000s and 2010s 
(there are still several years left in the last decade).

The seismic moment release of Mw > 8.2 earthquakes for the past 11 decades is dominated in Pacific as compared to 
anti-Pacific region. During the decade of 1950s some energy was released in Assam-China region in anti-pacific 
hemisphere, but the 2000 decade is exception. In the decade of 2000s, 92% of energy is released in anti pacific -  
hemisphere. Till 2000 around 95% of the global moment release occurred in the pacific hemisphere bounded by 
longitudes 115°E and 65oW. From the decade of 2000 the seismic moment release has increased tremendously, and 
with the start of 2010 decade globally seismic moment release rate has tremendously increased just like 1960 
decade. Moreover, just in last 3.5 years globally seismic moment release has crossed half of the value of 2000 
decade. This increase in global-moment release rate in both the Pacific and anti-Pacific hemispheres may be related 
to the recent change in moment of inertia and shape of the earth (Cox and Chao, 2002). Dickey e t  a l .  (2002) 
attribute the observed increase to subpolar glacial melting and mass shifts in the oceans. The observed global- 
moment release pattern (large event clustering, with acceleration before and deceleration after the mainshock) 
suggests that Earth, over many decades, may also respond as a coherent, nonrandom, nonlinear system of stress 
redistribution.

Table 2.3.2 and Fig. 2.3.6 show the earthquake cycle of Alpide-Himalaya-Andaman belt. Seismicity was 
high during 1897 to 1916, low during 1917 to 1933, high again during 1934 to 1951 and low during
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1952-2000. It may be possible that since 2001 large earthquakes include 2001 Bhuj Mw 7.7, Andaman- 
Sumatra 2004 Mw9.3 and Iran 2012 Mw 7.8 indicate enhanced seismicity in Alpide-Himalayan Belt for 
M>7.7 earthquakes. It matches with global cycle of enhanced seismicity for M>8.2 earthquakes. It has 
been observed that during the periods when there are no great earthquakes in Himalaya, the Peninsular 
India has more number of M>6 earthquakes (Fig. 2.3.7). Since 1960s Peninsular India has unusually 
experienced a large number of M>6 earthquakes.Since 1960s Peninsular India has unusually experienced 
a large number of M>6 earthquakes when there are no M8 earthquakes in Himalaya.

Table 2.3.1: Extended Pacheco-Sykes 2001 catalog (Bufe and Perkins, 2005) of events Mw > 8.2, 1900-2001 
and subsequently from 2001 onwards by following GCMT catalog.

Event Date Origin Lat Long Depth Mox Mw Location
Nos. Time (km) 1020

YYYY-MM-DD Hr:Mn (Nm)
1 1905-07-09 09:40 49.0 99.0 35 55.0 8.5 Mangolia
2 1905-07-23 02:46 49.0 97.0 35 50.0 8.4 Mangolia
3 1906-01-31 15:36 01.0 -81.3 33 80.0 8.6 Colombia-Ecuador
4 1906-08-17 00:40 -33.0 -72.0 33 66.0 8.5 Chile
5 1917-06-26 05:49 -15.5 -173.0 33 70.0 8.5 Tonga Islands
6 1918-08-15 12:18 05.7 123.5 33 25.0 8.2 Philippines
7 1918-09-07 17:16 45.5 151.5 33 22.0 8.2 Kurile Islands
8 1919-04-30 07:17 -19.0 -172.5 33 27.1 8.3 Tonga Islands
9 1920-12-16 12:05 36.6 105.4 33 30.0 8.3 Kansu, China
10 1922-11-11 04:32 -28.5 -70.0 33 140.0 8.7 Chile
11 1923-02-03 16:01 54.0 161.0 33 70.0 8.5 Kamchatka
12 1924-06-26 01:37 -55.0 158.4 33 30.2 8.3 Macquarie Ridge
13 1933-03-02 17:30 39.3 144.5 30 43.0 8.4 Japan
14 1938-02-01 19:04 -05.5 131.5 40 52.0 8.4 Banda Sea
15 1943-04-06 00:00 -31.0 -71.3 20 25.0 8.2 Chile
16 1950-08-15 14:09 28.7 96.6 30 95.0 8.6 Assam
17 1952-11-04 16:58 52.8 159.5 33 350.0 9.0 Kamchatka
18 1957-03-09 14:22 51.6 -175.4 33 100.0 8.6 Aleutian Islands
19 1958-11-06 22:58 44.4 148.5 32 44.0 8.4 Kuril Islands
20 1960-05-21 10:02 -37.2 -73.0 33 20.0 8.2 Chile
21 1960-05-22 19:11 -38.2 -73.5 32 2000 9.5* Chile
22 1963-10-13 05:17 44.9 149.6 40 75.0 8.6 Kuril Islands
23 1964-03-28 03:36 61.1 -147.6 30 750.0 9.2 Alaska
24 1965-01-24 00:11 -02.4 126.0 23 24.0 8.2 Banda Sea
25 1965-02-04 05:01 51.3 178.6 35 140.0 8.7 Aleutian Islands
26 1966-10-17 21:41 -10.9 -78.8 21 20.0 8.2 Peru
27 1968-05-16 00:48 40.9 143.4 35 28.0 8.3 Tokachi-oki, Japan
28 1969-08-11 21:27 43.6 147.2 30 22.0 8.2 Kurile Islands
29 1977-08-19 06:08 -11.1 118.5 23 24.0 8.2 Indonesia
30 1979-12-12 07:59 01.6 -79.4 24 29.0 8.3 Colombia-Ecuador
31 1989-05-23 10:54 -52.3 160.6 50 24.0 8.2 Macquarie Ridge
32 1994-10-04 13:23 43.6 147.6 68 30.0 8.3 Kuril Islands
33 1996-02-17 06:00 -0.7 136.6 15 24.0 8.2 Irian, Indonesia
34 2001-06-23 20:34 -17.3 -72.7 30 47.0 8.4 Peru
35 2003-09-25 19:50 41.8 143.9 27 30.5 8.3 Hokkaido, Japan
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Event
Nos.

Date Origin
Time

Lat Long Depth
(km)

Mox
1020

(Nm)

Mw Location

YYYY-MM-DD Hr:Mn
36 2004-12-26 05:08 03.3 96.0 30 1200 9.3# Sumatra
37 2005-03-28 16:09 2.1 97.1 30 105.0 8.6 Sumatra
38 2006-11-15 11:14 46.6 153.3 10 35.1 8.3 Kuril Islands
39 2007-09-12 11:10 -04.4 101.4 34 67.1 8.5 Sumatra
40 2010-02-27 06:34 -36.1 -72.9 22 186.0 8.8 Chile
41 2011-03-11 05:46 38.3 142.4 29 531.0 9.1 Honshu, Japan
42 2012-04-11 08:39 02.2 92.8 40 89.6 8.6 Sumatra
43 2012-04-11 10:43 0.8 92.3 53.7 25.3 8.2 Sumatra
44 2013-05-24 05:45 54.54 153.94 607.4 41.1 8.3 Sea of Okhotsk

* Event no. 21 (1960 Chile earthquake) Mw is consider by following Kanamori and Anderson, 1975, Bufe and Perkins, 2005.

# Event no. 36 (2004 Sumatra earthquake) Mw is consider by following Tsai et al. (2005), Stein and Okal (2005, 2007).

Table 2.3.2: Earthquakes of Mw > 7.7 in Alpide-Himalaya-Andaman-Sumatra belt during 1991-2013.
(Source:USGS)

Event Date Origin Lat. Long. Depth Mw Location
Nos. Time (Km)

YYYY-MM-DD Hr:Mn:Sc
1 1992-12-12 05:29:26 -8.48 121.90 27.7 7.8 Indonesia
2 1994-06-02 18:17:34 -10.48 112.84 18.4 7.8 Java,Indonesia
3 1996-01-01 08:05:11 0.73 119.93 24 7.9 Minahassa Peninsula, 

Sulawesi
4 1996-06-17 11:22:19 -7.14 122.59 587.3 7.9 Flores Sea
5 1998-11-29 14:10:32 -2.07 124.89 33 7.7 Ceram Sea
6 1999-09-20 17:47:18 23.77 120.98 33 7.7 Taiwan
7 2000-06-04 16:28:26 -4.72 102.09 33 7.9 Sumatra,Indonesia
8 2000-06-18 14:44:13 -13.80 97.45 10 7.9 South Indian Ocean
9 2001-01-26 03:16:41 23.42 70.23 16 7.7 Kachchh,Gujarat, India
10 2001-11-14 09:26:10 35.95 90.54 10 7.8 Qinghai,China
11 2004-12-26 00:58:53 3.30 95.98 30 9.3 Sumatra,Indonesia
12 2005-03-28 16:09:37 2.09 97.11 30 8.6 Sumatra,Indonesia
13 2006-07-17 08:19:27 -9.28 107.42 20 7.7 Java,Indonesia
14 2007-09-12 23:49:04 -2.63 100.84 35 7.9 Kepulauan Mentawai 

Region,Indonesia
15 2007-09-12 11:10:27 -4.44 101.37 34 8.5 Sumatra,Indonesia
16 2008-05-12 06:28:02 31.00 103.32 19 7.9 Sichuan,China
17 2010-04-06 22:15:02 2.38 97.05 31 7.8 Sumatra,Indonesia
18 2010-10-25 14:42:22 -3.49 100.08 20.1 7.8 Kepulauan Mentawai 

Region,Indonesia
19 2012-04-11 10:43:11 0.80 92.46 25.1 8.2 Sumatra,Indonesia
20 2012-04-11 08:38:37 2.33 93.06 20 8.6 Sumatra,Indonesia
21 2013-04-16 10:44:21 28.11 62.05 82 7.7 Iran -Pakistan Border 

Region
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Fig. 2.3.1: Global distribution of Mw > 8.2 earthquakes as a function of latitude and longitude by using catalog represented in Table 1.

Time (in Decades)

Fig. 2.3.2: Decadal histogram illustrating temporal clustering of global great earthquakes of M > 9.0 (black), M > 8.6 (black _ gray), and 
M > 8.2 (black_gray_white).The bar for the 2010s is a lower bound, because only the first 3 yrs of the decade are represented.
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Fig. 2.3.3: Decadal histogram illustrating seismic moment, Mo (N-m) release of Mw > 8.2 earthquakes by using catalog presented in 
Table 1.

Time (in year)
Fig. 2.3.4: Cumulative global seismic moment release, 1900-2013, for Mw > 8.2 earthquakes by using catalog presented in Table 1.

Fig. 2.3.5. Pictorial representation of the seismic moment release (in percentage of total moment release in 110yr) decade wise of 
earthquakes Mw > 8.2.
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Figure 2.3.6: Seismicity cycles in Alpide-Himalaya-Andaman belt (up to 1981 after Hamada). Opn circles: epicenters away from the 
belt, earthquakes of M> 7.7

EARTHQUAKES IN INDIAN PENINSULA

PENINSULA
M»6.0 

I__ l ............................. ! . . T . t .  . t t t .  . . f t .
HIMALAYA

» M 3.8.0 ’K NK NV  N

Fig. 2.3.7: During the shadow periods when M8 earthquakes are absent in Himalaya (lowermost part), earthquakes are more in SCR 
India and vice-versa
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2.4 Crustal Heterogeneities beneath the 2011 Talala, Saurashtra Earthquake, Gujarat, India 
Source Zone and its Seismotectonic Implications
(A. P. Singh, P. Mahesh and O. P. Mishra o f  SAA RC  Disaster, N ew  Delhi)

In the recent years, Talala area of Saurashtra, Gujarat has witnessed three damaging earthquakes of 
moderate magnitude, year 2007 (Mw 5.0; Mw 4.8) and in the year 2011 (Mw 5.1). A long series of 
aftershocks followed hereafter. The last damaging moderate earthquake of the 20th October 2011 in 
Talala region (21.090°N, 70.45 00E), located at about 200 km south to the devastating 2001 Bhuj 
(23.4120N, 70.2320 E) mainshock (Mw 7.6), jolted the entire Saurashtra region of Gujarat. Hypocenters 
of the aftershocks were relocated accurately using absolute and relative travel time (double-difference) 
method (Fig. 1). The fault plane solution of the mainshock of the 20th October 2011 Talala indicated 
left-lateral strike-slip rupture similar to that of the 2007 Talala earthquake (Rastogi et al., 2012). The b- 
value mapping has been done and the seismic velocities and Poisson’s ratio structures of the upper crust 
beneath the 2011 Talala earthquake source zone are estimated. The 3D b-value distribution along with 
the later two estimates offer a reliable interpretation of crustal heterogeneities and their bearing on the 
geneses of moderate earthquakes and their aftershock sequences beneath the source zone. It is found that 
a high b-value region is sandwiched within the mainshock hypocenter at the depth of 6-9km and low b-
value region above and below the 2011 Talala hypocenter. It is also found that the 2011 Talala
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mainshock hypocenter depth (6km) is located near the boundary of the low and high velocity (Vp, Vs) 
and the source zone is associated with low- a anomalies flanked by the prominent high -a anomalies 
along the active fault zone having a strike-slip motion beneath the earthquake source zone (Fig. 2). The 
pattern of distribution of (Vp, Vs, a) and its association with occurrences of aftershocks provide 
seismological evidence of neo-tectonics in the region having a left lateral strike-slip motion of the fault 
(Fig. 2.4.1). Additionally, the overall b-value is estimated close to 1.05 which reveals that the 
seismogenesis is related to strong heterogeneities, that is supported by Vp, Vs and a structures (Fig. 
2.4.2).
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Longitude Depth (km)
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21*24'  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------ ------------------------- 1------------------------------------------------------------------------------

Fig. 2.4.1: The spatial distribution of seismic rays of 238 earthquakes in lateral and vertical directions. Every path between an epicenter 
and a station is drawn as a straight line. Green triangles show nine seismic stations that recorded the arrival times, while the 
red star denotes the 2011 Talala mainshock.

(c)

Fig. 2.4.2: (a) P-wave velocity (b) S-wave velocity perturbation from the average velocity model in (%) (c) b-values at different depth 
layers beneath the 2011 Talala epicentral region. The scale of the perturba( tbion) i s shown in each of the figures. The figure also 
shows the identified faults and lineaments of the regions ( c )
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CHAPTER 3
3. LITHOSPHERIC STRUCTURE

3.1 ELECROMAGNETIC, MAGNETO-TELLURIC AND RESISTIVITY IMAGING

3.1.1 The 3D Magnetotelluric Survey in Kachchh along with NGRI and Ukrain Geophysicists
(Kapil  Mohan, Suni ta Raika and K  Veeraswamy as well  as Md. A z iz  o f  NGRI)

A 3D magnetotelluric survey was carried out in Kachchh for 2-months period during Nov.-Dec. 2011 to 
delineate the sub-surface nature of the South Wagad Fault, the hidden Samkhiali Fault that was detected 
by 2D MT survey and also the hidden North Wagad Fault which caused 2001 earthquake. This 3D 
survey at close grid for upper crustal structure is pioneering in the World. The work was done under a 
collaborative project between ISR, NGRI and Ukrain scientists under an MoES project. A total 37 long- 
period and short-period sites were occupied during 2011-2012 (Fig. 3.1). Instruments at different sites 
were deployed for 5 to 15 days each.

3.1.2 Identification of Kachchh Mainland Fault and South Wagad Fault from Magnetotellurics

The Kachchh region situated in the central-western part of the Indian subcontinent is a collage of uplifts 
(Wagad, Pachham, Khadir, Bela, Chorar and Nagar Parkar) and intervening basins bordered by E-W 
faults. The area is known for continuous seismicity, as several moderate to large magnitude intra­
continental earthquakes (e.g. 1819 Kachchh and 2001 Bhuj of magnitude 7.8 and 7.7 respectively) have 
occurred. However, exact sub-surface location and orientation of these faults is not known. The Kachchh 
Mainland Fault is most active with known neotectonics and along western part of which Lakhpat 1845 
M6.3 earthquake occurred. The South Wagad Fault is eastward step-over fault of KMF and which 
became active a few years after 2001 Bhuj earthquake. As described below signature of these two faults 
are observed in 2D Magnetotelluric (MT) profiles.

Two magnetotelluric profiles have been conducted east and west of the epicenter of 2001 Bhuj 
earthquake (23026.4’N 70o18.6’, about 15km NW of Bhachau) with station spacing of 1-2 km (Fig.
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3.1.2a). The western profile is 15 km long with Dudhai at its southern end. The eastern profile extends 
northeastward from Sikra and is 22km long. The two profiles are 20km apart. MT data has been acquired 
covering wide frequency range (10+4 to 10-4 Hz) by using Broadband and Long period MT data 
acquisition units. Due to limitation of observation period and presence of wet soils the reliable 
information is obtained till to about 12 km depth in this area. The modeling results indicate considerable 
variation in thickness of the top conducting (<5 Ohm-m) sedimentary layer with maximum of ~3 km, 
followed by resistive (10-50 Ohm-m) and then high resistive (>1000 Ohm-m) basement.

From 1D analysis of the eastern profile of 19 MT stations, the sedimentary thickness is found to be 
varying from 1.5 km to 2.3 km, whereas along the western profile of 8 MT stations, the sedimentary 
thickness is found to be varying from 400m to 1.7km. The 2D inversion analysis of MT data of the 
eastern profile shows a resistive block in the north end corresponding to Wagad uplift The resistive block 
of the Kachchh Mainland is not seen as it is further south of the profile. The KMF is seen shallow 
dipping towards south to about 4km depth in the western profile and to about 12km depth in the eastern 
profile. It is seen meeting the surface at about 2-3 km north of the uplifted area of the Kachchh Mainland. 
SWF is seen steeply dipping north in both the profiles. Its location corresponds to the geologically
mapped location. The SWF seems to be confined to upper crust only as in the Eastern Profile the SWF is 
traced to 16km depth and to only 8km in the western profile.

Fig.

Fig. 3.1.2c: 2D Western Geoelectric depth section to 14km 
depth. The seismicity (M>4 from 2006 to 2012) is 
plotted, C3: KMF, C4: SWF

Fig. 3.1.2(b) 2D Geoelectric depth section (Eastern profile) 
down to 24km. The resistive block beneath site1 
(south end of the profile) is the Kachchh Mainland 
Block and resistive block beneath site 14 is the 
Wagad Block. M>4 hypocenters from 2006 to 2012 
are plotted, C1: KMF and C2: SWF
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3.1.3 Time Domain Electromagnetic Survey Shallow subsurface electrical resistivity mapping in 
central part of the Cambay basin, Ahmadabad using Transient Electromagnetic (TEM) 
method
(G. Pavan Kumai1, Peush Choudary1, A. Manglik2, Kapil Mohan1, A. Navaneeth1, A.P. Singh1 
and B  K  Rastogi1)  1 Institute o f Seismological Research (ISR), Gandhinagar -382009; 2 CSIR- 
National Geophysical Research Institute, Hyderabad- 500606

Shallow or near surface exploration techniques are being widely used to delineate mineral deposits, 
aquifers and also for mapping of stratigraphic sequence/lithology of an area. The Transient 
Electromagnetic (TEM) method is one of the near-surface exploration techniques through which we can 
get electrical resistivity of the subsurface up to 700-800m depth. TEM has been successfully applied to 
delineate stratified structures of geological interest, as well as, in the prospecting of groundwater, 
geothermal bodies, sulfide ores, deep graphite conductors, etc. In addition to the above objectives, the 
TEM data can also be useful for the treatment of “static shift” effects in magnetotelluric (MT) soundings. 
The obtained results from TEM survey can be integrated with other shallow geophysical and/or 
geotechnical data for characterizing the site response in microzonation studies.

TEM investigations have been carried out in and around the Ahmadabad region with the objective to map 
the stratigraphic sequence. This region is located in the central part of the Cambay basin comprising both 
Tertiary and Quaternary sediments. Ten fixed in-loop TEM soundings were made with 100m-sided 
transmitter loop to map the conductive and/or resistive zones in the subsurface, as the in-loop TEM 
method is well suited for a layered environment. Secondary magnetic fields produced by subsurface 
geological heterogeneities that result in a decline in voltage have been measured at every TEM sounding 
site. For each loop, the transmitter operated for a sequence of data repetition frequencies ranging from 32 
Hz to 1 Hz. Using robust processing mode, data are accepted or rejected according to the coherency and 
outlier limit tests. The TEM data from some of the sites exhibit polarity reversals at early times (<1 
msec). These cause spurious resistivities because of the apparent instantaneous change in the voltage 
gradient. Polarity reversals can be attributed to polarisation effects from local conductivity anomalies, 
such as 2D structure or shallow inhomogeneity near the receiver coil.

One dimensional (1D) modeling of all soundings was undertaken using an iterating best-fit algorithm to 
minimise the RMS residuals between the observed and calculated resistivities. Inverted resistivity section 
for all the TEM sounding data suggests in-general a three-layered structure (Fig. 1). The upper most layer 
is of 15-20 Ohm.m and 60 m average thickness. The intermediate layer has thickness of about 50 m and 
resistivity of ~10 Ohm.m. The lower most layer of resistivity less than 10 Ohm.m has average thickness 
of 70m. In addition, a vertical block of 20-30 ohm.m resistivity with 50-60m thickness at southern end 
of the profile is also obtained. An array microtremor survey carried out in the same area also suggested a 
three layered stratigraphic sequence. These layers are inferred to be of Holocene (0-60m), Pleistocene 
(60-90m) and Tertiary (100-200m) age from the estimated S-wave velocity structure. The obtained 
information from the TEM field survey may be further correlated with the data obtained from geo­
technical observations like borehole data and detailed stratigraphic sequence of the region could be 
obtained in the form of resistivity distribution.
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TEM 
Line 1

20 m
Fig. 3.1.3: One dimensional resistivity section obtained from the TEM field measurements at Doordarshan Bhavan grounds, 

Ahmadabad

Results from microtremor survey: Major Stratigraphic layers observed in microtremor survey, 
particularly at 40m, 80m and 140m depths are matched well with the electrical resistive layered pattern 
that has been observed in TEM measurements.

Fig. 3.1.4: Shear wave velocity (Vs) profile as a function of depth derived from inverting Rayleigh wave phase velocity for the array size 
100m at Doordarshan Bhavan
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3.2 GRAVITY STUDIES
(R K. Singh, B K . Rastogi, Rakesh Dumka, G Prasad, Sunita Sahoo, Meenakshi Rawat)

3.2.1 Gravity Surveys in Kachchh

During 2012 Gravity observations were taken at about 400 locations in Kachchh (Bhuj-Nakhtarana-Nalia 
area and Loria-Khavda road) and western side of Cambay (near Dholera) and eastern side from 
Gandhinagar to Mehsana and Kalol. So far observations have been made at about 1500 locations. 
Usually observations are made at 1km interval but for detection of faults interval is kept 50 or 100m.

Gravity Studies in Kutch

Delineation of Faults and Basement Structure in Kachchh Using High Resolution Gravity Survey:

The regional gravity surveys were conducted at an interval of 1 km and gravity stations were fixed over 
permanent land marks available in the area. The locations of gravity survey points are shown in Fig. 3.1. 
The Bouguer Anomaly contour map was prepared at 1mgal interval for Kachchh rift basin (Fig. 3.2) and 
used to decipher the nature of known faults and some hidden faults. The leveling work of gravity stations 
were done by RTK (GPS) with excellent accuracy.

It is popularly believed that KMF is terminating very close to Bhachau and SWF is a displacement branch 
of KMF. The signature of bouguer gravity anomaly map (drawn at an interval of 1 mgal) shows that KMF 
is ending at Bhachau but it is meeting a NNE-SSW trending Ekal-Amrapar fault which extends possibly up 
to IBF and is responsible for separating two big islands of Bela and Khadir. The nearly E-W trending faults 
SWF and North Wagad fault (NWF) are abutting against the Ekal-Amrapar fault. The said transverse fault 
acts as a border line between Banni plane (gravity high) and Wagad upliftment (gravity low).

Another equally important feature is an intrusive body known as Fatehgadh high (27 mgals high) which 
is supported by Gedi fault in the north and NWF in the south. After visualizing the crowding nature of 
gravity contours, it can be said that the Gedi fault is associated with wide fracture zone. Kachchh and 
Wagad upliftments which are shown in Bouguer gravity map as “gravity low” may be occupied by thick 
sediments over the subsided basement. The Banni and Samkhiali areas are shown as gravity highs due to 
lesser thickness of sediments. The Bhuj fault which is seen as en-echelon fault on the ground surface has 
no gravity signature in Bouguer gravity map. So by gravity data, it is clear that Bhuj fault is of very 
shallow nature.

Fig. 3.2.1: Gravity lines covered by ISR at intervals of 1km or less. Gravity Stations have been located over permanent landmarks 
available in Survey of India, degree sheet No 41 I & 41 E
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Fig. 3.2.2: Bouguer Gravity Contour Map of part of Kutch. Gravity Stations have been located over permanent landmarks available in 
Survey of India, degree sheet No 41 I & 41 E at 1km or less interval.

The Kachchh basin is dipping towards SE and basement is rising towards NW stepwise.

The Bouguer Gravity Contour Map reflects the following features:

O Basement of the Kachchh basin is dipping towards SE stepwise.

O An E-W trending Zero Contour from Dudhai to Bhachau is representative of KMF.

O This Zero Contour meets a NW-SE trend from Vamka to Chobari, which may be the Manfara 
fault and has clustering of earthquakes.

O Beyond Chobari the NNE trend of the Zero Contour matches with the Ekal- Amarapar Fault.

O The South Wagad Fault is reflected from Chitrod to Vamka.

O The North Wagad fault is reflected west of Rapar and south of Fatehgadh High. In the Banni 
plains it is not reflected may be due to its depth being deeper than 8km.

O Wagad and Kachchh Mainland upliftments, reflected by gravity lows, may be due to thick 
sediments, and not with any kind of Basement upliftment.

O The en-echelon Bhuj Fault exposed on the surface does not show any gravity anomaly. Hence, it 
is interpreted to be of very shallow nature, and as such may not become the source of a major 
earthquake.

O The northern periphery of Fatehgadh high (27 mm/s2) is associated with crowding of gravity 
contours and reflects presence of Gedi Fault.

O The Vigodi fault in Kachchh Mainland (Fig. 3) indicates subsidence of the basement towards 
southwest.
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Gravity Observations in Kachchh Mainland

Profiles in Kachchh Mainland (Fig. 3.3) which cross the Vigodi fault indicate sudden change. The 
basement appears to have subsided on southwestern side (Fig. 3.4).
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Fig. 3.2.3: Gravity lines covered by ISR in Kachchh during 2012 and faults on taluka map
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Gravity Observations in Banni Area (Loriya to Khavda)

Profile Loriya to Khavda does not show any major fault
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Fig. 3.2.7: Gravity observation points in Cambay basin on Gandhinagar & Mehsana Dit. map
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Fig.3.2.8: Gravity observation points shown on Google map in Cambay basin.

Fig. 3.2.9: Gravity profile east to west indicates presence of the East Cambay Fault. Central high is also indicated near Mehsana may be
due to pillow lavas at depth formed at rift-shoulders during rifting.
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CHAPTER 4
4. LONG-TERM EARTHQUAKE PROGNOSIS FROM CRUSTAL DEFORMATION 

STUDIES BY GPS AND INSAR MEASUREMENTS

4.1 CRUSTAL DEFORMATION STUDIES BY GPS MEASUREMENTS
(Rakesh Dumka)

To understand the tectonic process from deformational pattern of different faults/thrust systems in the 
Gujarat region a long term GPS study is being carried out by ISR with 22 permanent GPS stations 
across different faults (Fig. 4.1.1).

For processing of the GPS data at first, the raw data were converted into the RINEX (Receiver 
Independent Exchange) format using the program TEQC (translation, editing and quality control) 
which is distributed on the Internet by UNAVCO (University NAVSTAR Consortium). This program 
is used for general data preprocessing and it offers a command line DOS or UNIX system interface. 
This program provides a summary that contains L1/L2 tracking status for each SV, session’s start and 
end time, data logging interval, list of satellite observed and missing observations, clock drift 
rate/gaps, number of cycle slip and session length. This information is useful to decide or select the file 
for post -  processing. The data were post-processed using GAMIT-GLOBK software, developed by 
MIT, USA (King and Bock, 2010) to create constrained solution (H-) files of parameter estimates and 
covariances. In GAMIT, Zenith tropospheric delay for each station was estimated by incorporating a 
linear model with stochastic constraints for the signal delay due to troposphere. The basic input for 
GAMIT are the observation files of permanent/IGS stations in the RINEX format, orbit file or g-files 
(sp3 /g-files) and the Global Navigation files (brdc). The orbit and IGS-RINEX files are available at 
Scripps Orbit and Permanent Array Centre (SOPAC) and brdc files are available at Continuously 
Operating Reference Stations. The IGS Stations used for present study are IISC (Bangalore, India), 
HYDE (Hyderabad-India), KIT3 (Kitab-Uzbekistan), LHAZ (Lhasa-China), DGAR (Diego Garcia 
Island- U.K.), TEHN (Tehran-Iran), KUNM (Kunming-China), URUM (Urumqi-China), POL2 
(Bishkek - Kyrghyzstan), COCO (Cocos Island - Australia), DARW (Darwin- Australia), KARR 
(Karratha-Australia), SELE (Almaty-Kazakstan), and MALI (Malindi-Kenya).

The velocities of all the twenty two stations were estimated in the ITRF08 reference frame after 
stabilizing IGS sites. The time series of each station were generated for all the years to provide the 
precision of measurements (Fig. 4.1.2) and after combination of daily solutions, the ITRF08 velocities 
of each site along with IGS sites were calculated. The ITRF08 velocities of 20 stations shows about 
46-50 ± 0.19 mm/yr with azimuth between 330 -  430 (Table 4.1.1). The average ITRF08 velocity of 
Kachchh region is estimated 48 ± 0.18 mm/yr, 49 ± 0.23 mm/yr for mainland as well as for Saurashtra 
region. However the sites which are located in south Gujarat region show 50 ± 0.32 mm/yr of motion, 
which may be the effect of Narmada rift zone. Internal deformation within Indian plate is very less and 
GPS site at Gandhinagar shows almost negligible amount of plate deformation.

Three campaign mode surveys for 11 temporary station s of Kachchh have been carried out in the 
months of October 2010, August 2012 and January 2013.
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To estimate the local deformation pattern of the Kachchh region site ISRR was used as a local 
reference site, as this site is situated on seismically stable part as compared to the other parts of the 
Gujarat region and calculated residual velocities of all the campaign sites, which, indicate that at 
present horizontal deformation in this region is very less (2-3mm/y).

I n s t i t u t e  o f  S e i s m o l o g i c a l  R e s e a r c h , G a n d h i n a g a r

Fig. 4.1.1: Continuous Global Positioning System (CGPS) network of Gujarat, established by ISR. Four stations in the NE corner 
around Cambay are connected to the National GPS monitoring program.
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Fig. 4.1.2: ITRF08 velocities of all 22 permanent GPS stations, installed by ISR for three years period of 2009 to 2012. Seasonal 
variation has not been removed which is seen in vertical component
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Table 4.1.1: velocity, ITRF08, of GPS permanent sites of Gujarat region, monitored by ISR

GPS_site Velocity (ITRF08) Sigma Observation period Region
BARW_GPS 51.18 0.26 2009.5 - 2012.5 South_Gujarat
ARAJ_GPS 49.35 0.21 2009.5 - 2012.5 South_Gujarat
SAGB_GPS 51.41 0.26 2009.5 -2012.5 South_Gujarat
KEVA_GPS 50.72 0.19 2009-2012.5 South_Gujarat
DHAR_GPS 48.25 0.17 2009-2012.5 Mainland_Guj arat
MABU_GPS 47.96 0.17 2009-2012.5 Mainland_Guj arat
ISRR_GPS 47.56 0.16 2009-2012.5 Mainland_Guj arat

RADA_GPS 49.73 0.16 2009-2012.5 Mainland_Guj arat
BELA_GPS 46.13 0.17 2009.5 - 2012.5 Kachchh
DESA_GPS 47.34 0.17 2009-2012.5 Kachchh
RAPA_GPS 47.87 0.17 2009-2012.5 Kachchh
BADA_GPS 48.01 0.17 2009-2012.5 Kachchh
VAMK_GPS 47.98 0.17 2009-2012.5 Kachchh
BHAC_GPS 47.59 0.16 2009-2012.5 Kachchh
KHAV_GPS 46.95 0.19 2009-2012.5 Kachchh
KUAR_GPS 46.84 0.19 2009-2012.5 Kachchh
VAND_GPS 48.83 0.19 2009-2012.5 Kachchh
VKOT_GPS 46.85 0.24 2009.5-2012.5 Kachchh
DWAR_GPS 48.28 0.17 2009-2012.5 Saurashtra
DEVA_GPS 48.31 0.18 2009-2012.5 Saurashtra
LALP_GPS 48.84 0.17 2009-2012.5 Saurashtra
UNAG_GPS 49.12 0.19 2009-2012.5 Saurashtra
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4.2 POST-SEISMIC DEFORMATION IN THE BHUJ EARTHQUAKE ZONE AS 
OBSERVED IN GPS STATIONS

Starting 2006, ISR is observing seismic deformation with 1 mm/yr accuracy across geological faults in 
Gujarat. Initially there were 4 permanent stations. From October 2008 the network of 22 permanent and 
11 campaign DGPS stations is operating. Local deformation has been estimated with respect to 
Gandhinagar station operated more than 200 km east of the epicenter of the main earthquake of 2001. 
Indian Institute of Geomagnetism operated two GPS close to two of ISR stations during 2001 to 2005. 
Combining the two data sets the composite plot for the period 2001 to 2009 indicates that near the 
epicenter, initially the postseismic relaxation was large, being 12, 6, 4 and 3 mm for four consecutive 6 
months periods of 2001 -  2002 but subsequently reduced exponentially (Fig. 4.2.1). Since 2007 all the 
ISR stations in Kachchh indicate the horizontal deformation to be very low, i.e., of the order of 2-5 
mm/yr. However, vertical deformation is found to be quite large, i.e., 2 to 13 mm/yr as observed by GPS 
measurements near the epicenter of 2001 mainshock and up to 75km N and NE, being 13 mm/y at 
Dholavira (GDH, 75km N.), 10mm/yr at Dudhai (W. of 2001 mainshock epicenter), 6mm/y at Lilpar 
(NE of the 2001 mainshock epicenter), 6mm/y at Fatehgadh (further NE).

Fig. 4.2.1: Composite map of resultant displacement of 2 GPS sites (DHAM-DUDH (upper curve) and RATN-GIBF (lower curve) 
plotted with respect to ISRG from 14 days to 8 years after the 2001 Bhuj earthquake. DHAM and RATN are two GPS 
stations of Reddy and Sunil (2008) co-located with DUDH and GIBF of ISR stations, respectively. Displacement decay rate for 
upper curve is D = 7.6*ln (t) + 20.36, for lower curve is D = 5.8*ln (t) + 10.22.

4.3 CRUSTAL STRAIN ANALYSIS DERIVED FROM GPS

4.3.1 Crustal strain in the Rupture zone of 2001 Bhuj Earthquake
(Rakesh K  Dumka and B  K  Rastogi)

Strain field of the Kachchh area along with the northern part of mainland Gujarat area was calculated 
using the International Terrestrial Reference Frame (ITRF08) velocities (Fig. 4.1.2) of 14 GPS stations 
operated during 2009 to 2011. Strain rate has been estimated in Kachchh, to calculate major and minor 
strain axes. The strain field was computed, based on rescaling of the covariance matrix of velocity data 
by means of a weighting function which takes into account the distances between the GPS stations. It 
indicates the direction of the estimated principal strain axes in the Kachchh region is changing from west
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to east, being NNE-SSW in the west, N-S in the middle and NNW-SSW in the east (Fig. 4.3.1). Towards 
the eastern part of the study area after crossing the Cambay rift the strain rate is almost negligible. 
Presently, the maximum compressional strain of 0.05 micro-strain annually (Fig. 4.3.2) is observed near 
Wagad area, i.e. NE of the 2001 M 7.7 earthquake.
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Fig. 4.3.1: Compressional (max 0.05 micro-strain annually) and negligible extension is estimated in Kachchh active area. East of 
Radhanpur Arch the strain is minimal as expected. The red lines indicate compression and blue lines indicate extension

68° 69° 70° 71° 72° 73° 74°

Fig. 4.3.2: Distributed strain rate in the Kachchh region, derived from the GPS network of ISR, maximum strain is observed in the
Wagad area, i.e. NE of the 2001 M 7.7 earthquake. The negative sign of contours indicates compressional strain

4.3.2 Strain analysis in Kachchh and Saurashtra region using GPS data
(Pallabee Choudhury, Ketan Singha R oy and B  K  Rastogi al ong with Sumer  Chopra o f  
Seism ology Division, M inistry o f  Earth Sciences, Pi i thvi Bhawan, N ew  Delhi)

As a result of tectonic plate movements, enormous forces are applied to the earth’s crust. These forces 
when applied to rocks, results in the alteration of position and shape. In general, strain analysis is used 
for the determination of deformation pattern. The ratio of baselines is independent from the translation 
and rotation effect of the datum. Therefore, the baseline data was used for studying the strain variations. 
The strain was calculated in Kachchh and Saurashtra regions using the triangulation method.
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In Kachchh region, horizontal strain was calculated for the year 2008-09 along South Wagad Fault 
located east of the Bhuj 2001 epicentre where as expected from Coulomb stress increase earthquakes 
have been triggered from 2005 (Fig. 4.3.3). The three permanent stations Khavda (KVD), Bhachau 
(BCH) and Radhanpur (RAD) make the triangle for the triangulation method. These three permanent 
stations were used as these we are running from 2008. For the year 2008-09, the strain was found to be 
0.02^S. The estimation is repeated for 2008-10 and 2008-11 and the strains were found to be 0.03^S and 
0.06 ^S respectively. If we see Figs 4.3.4 and Table 4.3.1, we can find a correlation between seismicity 
and strain. Also, the strain in Saurashtra for 2008-11 is calculated. The three stations used are Dwarka 
(DWK), Una (UNA) and Lalpur (LAL). The strain is found to be 0.02 ^S (Fig 4.3.3d) which is less than 
that in Kachchh as expected.

(c)
Fig. 4.3.3: Seismicity plot along SWF (a) during 2008-09 (b) 2008-10 (c) 2008-11 and the baselines used for strain calculation in Kachchh 

region (d) Baselines used for strain calculation in Saurashtra.The dot-dash line represents a lineament.

Table 4.3.1: No. of earthquakes around SWF during 2008-11.
Epoch

t1 6/7/2008
t2 12/12/2009
t3 12/7/2010
t4 6/7/2011

No of EQ No o: EQ
Time

interval
M3.0-3.9 M4.0-4.9 E1 Time

interval
M3.0-3.9 M4.0-4.9 E1

t1-t2 92 5 2.01E-08 t1-t2 92 5 2.01E-08
t1-t3 121 5 3.44E-08 t2-t3 29 0 1.43E-08
t1-t4 172 7 6.72E-08 t3-t4 51 2 3.28E-08
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Fig 4.3.4: Number of shocks and the estimated strain in SWF area of Kachchh region during (i) 2008-09 (ii) 2009-10 (iii) 2010-11

4.4 COULOMB STRESS CHANGES IN KACHCHH AND NORTH SAURASHTRA 
REGION SURROUNDING THE 2001 BHUJ MW7.7 EARTHQUAKE

We calculated the postseismic stress change in the Gujarat region due to the 2001 Bhuj earthquake 
considering viscoelastic mechanism using EDGRN/EDCMP code developed by Wang et al. (2003) 
which is based on the representation of a layered spherical earth with elastic-viscoelastic coupling. We 
adopted the earthquake source parameterization of Yagi and Kikuchi (2001). Strike, dip, rake, and 
seismic moment are 78°, 58°, 81°,and 2.5*1020 Nm, respectively. The model rupture is 75 km long and 
35 km deep with hypocenter at 15km depth and rupture has variable slip distribution of Yagi and Kikuchi 
(2001). The velocity model of Kachchh was adopted from Mandal (2006).

Aftershocks or triggered earthquakes (during 2006-2012) have occurred in the zones of positive stress 
change up to 75km in Kachchh along KMF, SWF, Banni Fault, Gora Dungar Fault and Island Belt 
Fault. In the stress shadow zone along the Gedi Fault (GF) in the NE direction an earthquake of Mw 5.7 
in 2006 was triggered. However, here also positive stress change is at depth of earthquakes of 5-10 km 
(Mandal et al. 2007). Seismicity in Saurashtra also can be triggered by small change of 1 bar or even 0.1 
bar positive stress change in Jamnagar, Junagadh and Surendranagar of Saurashtra to 240km distance.

Fig. 4.4.1: Postseismic Coulomb stress changes (in bars) at surface due to Mw7.7 Bhuj 2001 earthquake (epicenter is marked as star) 
calculated assuming variable slip at 15 km depth. Max. Stress change is 12bars while 1 bar goes up to 100km. Aftershocks / 
triggered earthquakes (during 2006-2012) have occurred in the zones of positive stress change up to 75km in Kachchh and up 
to 240km south of 2001 epicenter in Saurashtra (prepared by Ketan Singha Roy and Pallabee Choudhury)
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4.5 INTERFEROMETRIC SYNTHETIC APERTURE RADAR (INSAR) STUDIES BY ISRO 
AND ISR

The interferogram generated with Differential Interferometry (DInSAR) aided with comer reflectors 
using ENVISAT ASAR data sets of June 22, 2008 and 25 October 2009 with a baseline separation of 
125 m in and near the rupture zone of 2001 in Kachchh (Fig. 4.5.1) indicates vertical deformation rates 
of 10 to 40 mm in 1.5 yr or 10-27mm/yr vertical deformation (Fig. 4.5.2).

Vertical displacement of 10-20mm/yr have been observed 5-10km south of KMF (west of the 2001 
epicenter) as well as along eastern portion of the Katrol Hill Fault (KHF) during 2007 to 2010 using 
ALOS PALSAR Data (ISR Annual Reports of 2011-12). The interferograms during 2004 to 2007 using 
ENVISAT ASAR data sets shown in this report indicate similar picture (Fig. 4.5.3). Year after year there 
is 10-20mm/yr vertical displacement along KMF and KHF.

Fig. 4.5.1: Uplift/yr observed at Line of Site range-change generated from ENVISAT-ASAR interferogram. Positive values represent 
displacement towards the satellite (max. range change around 50mm during 1.5 yr corresponds to about 40 mm vertical in 1.5 
yr or 27mm/yr). Interferogram fringes were identifiable in hilly-uplifted areas only but not in large low-lying areas. Star 
indicates the 2001 Bhuj earthquake. During 2004 to 2007 and 2007 to 2010 uplift of 10-20mm/yr is observed south of KMF 
and along extension of KHF (modified after ISR Annual Report 2012, www.isr.gujarat.gov.in)

Fig. 4.5.2: Line of Site range change deformation by DInSAR is found to be high 1 to 5cm during 1.5 years (June 2008 and October 
2009), ENVISAT data. Vertical deformation is reduced to 1-4 cm in 1.5 yr or 1 to 27mm/yr
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Satellite Data
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The displacement (along the line of sight of satellite) is negative (~-20 mm) to the south of KMF indicating 
upliftment and positive (~20 mm) to the north indicating subsidence.
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Interferogram stacks showing LOS displacement rates (mm/yr) along KMF for time period 2007-
2010

BPSjCHAN

GPS station
GPS at DUDH 9 mm/yr vertical 

InSAR at DUDH 7 mm/yr along the LOS

Fig. 4.5.3: Interferograms during 2004 to 2007 using ENVISAT data. Uplift of 10-20mm/y is indicated along KMF west of 2001 
mainshock epicenter and eastern KHF.

Some points about InSAR study:

O InSAR technique has been used to map surface deformation in Kachchh, India from 2004 to 2010 using 
ALOS PALs AR and ENVISAT ASAR data aided with DGPS based field measurements.

O InSAR processing has been carried out using GMTSAR software (open source)

O Crustal deformation rate were estimated from interferogram time series stacking

O The InSAR analysis clearly suggests active deformation along the eastern part of the Kachchh Mainland 
Fault (KMF) or west of the epicenter of 2001 Bhuj earthquake. The Line of Sight (LOS) displacement is 
negative (~-20 mm) to the south of KMF indicating upliftment.

O The observed deformations seems to be long-term as the deformation signals were only detected in 
interferograms of SAR data pairs having temporal separations of > 10 months.

O DGPS data at Dudhai operating during 2007-2010 provided comparable deformation rates with satellite 
observation.

O The analysis of the interefrograms time series and GPS data clearly suggests slow and continuous 
deformation along KMF.

4.6 TRIGGERED SEISMICITY IN KACHCHH AND SAURASHTRA

About 200 km x 300 km Kachchh region of Gujarat in western India is seismically one of the most active 
intraplate regions of the world. It has E-W trending six major faults of the failed Mesozoic rift which are 
getting reactivated by thrusting. Kachchh had earlier experienced earthquakes of Mw7.8 in 1819, Mw6.3 
in 1845 and Mw6 in 1956, but small number of M<6 earthquakes. Mw7.7 great Bhuj earthquake of 2001 
is followed by damaging aftershocks over a decade. The aftershock activity includes over 10,000 shocks 
of M 1to 2.9, 2401 shocks of M3 to 3.9, 357 shocks of M4 to 4.9 and 20 shocks of M>5.0. In this region 
Mw5 or more level seismicity has continued until today, the latest being Mw5 on June 19, 2012. After 
Mw7.7 earthquake in 2001, besides the continuing high seismicity in the rupture zone of 20 km radius 
(Fig.4.6.1), several other faults within distances of 75 km away from the rupture zone and even after 12 
years of the Bhuj earthquake are activated with earthquakes of Mw about 4-5.7 (Fig. 4.6.2). Initially the 
seismicity had spread eastward to SWF but to other faults from 2006. These faults include KMF, IBF, 
Gora Dungar F., SWF and Gedi F. Total no. of such mainshocks is at least 20 (Table 4.6.1). Many of 
these mainshocks are associated with foreshock-aftershock sequences. Moreover, the seismicity to Mw3- 
5 level is triggered along small faults at twenty locations up to 120 km south since 2006 and up to 240km 
south since 2007 in the Saurashtra region (Figs. 4.6.2, 4.6.3). The three significant sequences which have 
continued for 5 years with hundreds of felt shocks are (i) near Jamnagar with Mw 4.0 (ii) near
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Surendranagar with Mw 3.9 and (iii) at Talala with Mw5 in 2007, Mw5.1 in 2011 and several Mw 4 to 4.8 
tremors (Table 4.6.2). The shocks are usually shallow (focal depth <10km) and are accompanied by 
subterranean sounds. Generation of unusually large number of mainshocks is inferred to be due to 
triggering caused by migration of stress pulse generated by 20 MPa stress drop of M7.7 earthquake in 
2001 to distances of 100-200 km and even 6-8 years after the great earthquake. The triggered seismicity 
may be because of increase in stress up to 1 bar in Kachchh and 0.1bar in Saurashtra as estimated by 
viscoelastic modeling. In mainland Gujarat, seismicity is not triggered or increased. Small no of shocks 
recorded are part of prevailing seismicity (Table 4.6.3).

Table 4.6.1: Triggered Earthquakes in Kachchh after 2001Bhuj earthquake along different faults and other
than aftershocks along the NWF. Mw until April 2006 from NGRI and subsequently from ISR. 
Many of these are associated with their own foreshocks and aftershocks. USGS magnitudes are 
usually mb.

SN Y M D Lat Long Dep.
km

Mag
Mw

Mag
USGS

Location Mechanism

2001 1 26 23.44 70.31 16.0 7.7 7.7 18km NW of Bhachau 
North Wagad F.

Thrust

1 2004 1 8 23.91 70.90 20.0 4.2 Gedi/Is. Belt F.
2 2004 6 7 23.87 70.15 29.4 4.2 Dholavira/Is. Belt F.
3 2005 3 8 23.85 69.74 11.6 4.3 Gora Dungar F.
4 2005 10 8 23.35 70.69 24.0 4.5 South Wagad F.
5 2005 10 9 23.74 69.93 6.6 4.3 Gora Dungar F.
6 2006 2 03 23.92 70.44 28.0 5.0 4.5 Gedi F., foreshock Thrust
7 2006 3 07 23.79 70.73 3.0 5.6 5.5 Tr. Bela F./Gedi F., ms left lateral
8 2006 4 06 23.78 70.74 3.0 4.8 5.0 Gedi F., aftershock Thrust
9 2006 4 06 23.34 70.39 29 5.6 5.5 Lakadia, SWF
10 2006 4 10 23.51 70.06 4.9 4.9 4.9 *Banni
11 2006 6 12 23.88 70.43 27.3 4.4 Gedi/Is. Belt F.
12 2007 5 13 23.44 70.42 20.4 4.7 South Wagad F.
13 2007 5 24 23.298 70.026 9.0 4.1 Kachchh Mainland F. Thrust
14 2007 10 8 23.295 70.075 9.6 4.7 4.5 Kachchh Mainland F. Left Lateral
15 2007 12 15 24.03 69.87 15.0 3.7 Allahbund F. Right

Lateral
16 2008 3 9 23.396 70.359 18.5 4.9 4.5 South Wagad F. Left Lateral
17 2008 4 4 23.00 70.36 11.1 2.6 **Kandla
18 2008 7 5 23.53 69.8 8.9 3.3 Banni F.
19 2009 10 28 23.71 69.91 8.5 4.4 4.4 Gora Dungar F Left Lateral
20 2011 1 18 23.27 70.51 3.8 Samkhiyali, SWF
21 2011 5 17 23.55 70.57 18.2 4.2 E. of North Wagad F. Thrust
22 2011 8 13 23.45 70.40 22.2 4.5 4.3 South Wagad F.
23 2011 9 27 23.12 70.31 38.0 3.0 **Kandla
24 2012 4 14 23.39 70.54 19 4.1 4.0 South Wagad F.
25 2012 6 19 23.65 70.28 11 5.0 5.0 Khadir Tr. F.
26 2012 12 8 23.13 70.42 21 4.5 4.1 20km SSE of Bhachau 

**Kandla
27 2013 3 30 23.56 70.38 24 4.5 *Chobari

*May be aftershock of 2001 Bhuj earthquake **May be Regional shock as it is single event.

52 A n n u a l  R e p o r t  2 0 1 2 - 1 3



I n s t i t u t e  o f  S e i s m o l o g i c a l  R e s e a r c h , G a n d h i n a g a r

Table 4.6.2: Triggered Earthquakes in Saurashtra after 2001 Bhuj earthquake (*May be regional shock).
Many of these are associated with their own foreshock-aftershock sequences.

SN Y M D Lat Long H Mag.Mw Location
1 2001 21.02 70.88 2.5 Tulsishyam, Junagadh
2 2003 1 13 22.30 70.93 2.0 *Rajkot
3 2003 1 29 21.46 70.51 3.1 Haripur, Talala
4 2003 8 3.0 Lalpur, Jamnagar
5 2004 21.00 70.50 3.0 Talala, Junagadh
6 2006 9 30 22.31 70.21 5.2 4.0 Khankotda, Jamnagar
7 2007 7 16 22.49 71.29 18.0 3.9 Paliyad, Surendranagar
8 2007 9 2 22.33 70.22 10.0 3.2 Khankotda, Jamnagar
9 2007 9 9 22.40 70.20 14.0 3.5 Vijrakhi, Jamnagar
10 2007 10 09 21.08 70.73 11 3.1 Ankolwadi, Junagadh
11 2007 11 06 21.12 70.51 8.5 Mw4.8

mb4.9
Hirenvel, Junagadh

12 2007 11 06 21.16 70.54 4.5 Mw5.0
mb5.0

Haripur, Junagadh

13 2007 11 11 21.93 69.82 10 2.9 Bhanwad
14 2007 12 10 21.05 70.66 7.4 3.1 Ankolwadi, Junagadh
15 2008 01 25 21.79 71.76 35 2.8 *Bhavnagar
16 2008 2 15 21.66 71.77 3.1 2.7 *Bhavnagar
17 2008 2 24 22.25 71.01 6.1 2.9 *Kotda, Rajkot
18 2008 3 3 22.45 71.50 12.8 3.4 Paliyad, Bhavnagar
19 2008 3 15 22.51 71.45 10.6 3.9 Chotila, Surendranagar
20 2008 4 2 22.82 70.78 18.6 2.7 *Morbi
21 2008 10 4 21.90 69.96 3.7 3.6 Bhanvad
22 2009 3 28 22.17 70.75 6.2 3.0 *Rajkot
23 2010 6 23 22.16 71.36 21.0 3.3 Botad
24 2010 9 6 22.20 70.37 15.0 2.8 Kalavad, Jamnagar
25 2010 9 23 21.90 69.7 3.1 3.0 Advana, Porbandar
26 2010 9 25 21.91 69.75 3.2 2.8 Bhanvad
27 2010 9 29 22.36 69.98 3.1 3.0 Motikhavadi, Jamnagar
28 2010 11 25 22.29 70.24 6.9 3.4 Khankotda, Jamnagar
29 2010 11 28 22.28 70.25 6.6 2.7 Khankotda (Sanala vil.)
30 2010 12 6 22.35 74.03 12 3.2 *Chota Udaipur
31 2011 4 18 22.45 71.51 6.1 2.4 *Sayla
32 2011 4 29 21.27 70.49 3.1 4.1 Talala
33 2011 5 23 21.1 70.53 3.9 4.0 Talala
34 2011 8 20 22.43 70.93 8.4 2.6 *Rajkot
35 2011 9 14 22.38 69.99 6.3 3.4 Lalpur, Jamnagar
36 2011 10 3 22.65 72.47 32.3 1.5 *Dholka, Ahmedabad
37 2011 10 18 21.26 71.19 7.9 3.1 *Visavadar
38 2011 10 20 21.09 70.45 5.8 5.1 Talala

*May be regional earthquake as single event of low magnitude

Table 4.6.3: Regional earthquakes in mainland since 2006 not triggered
Y M D Lat Long H Mag ISR Location

2008 05 20 21.16 73.05 7.4 Mw 3.2 Surat
2008 11 5 21.95 73.89 8.5 Mw 2.9 Kevadiya
2010 1 26 23.29 72.98 15 Mw 2.3 Gandhinagar
2010 3 30 23.61 72.57 11 Mw 3.2 Mehsana
2010 9 2 23.88 71.87 6.1 Mw4.4 mb4.0 Patan
2011 7 3 21.14 73.16 26 Mw 3.2 Bardoli
2011 11 7 24.38 72.66 13.7 Mw 3.1 Palanpur
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Fig. 4.6.1: Epicenters of M 0.5 to 5.1 during 2006-2012 in Gujarat. The big star shows epicenter of the 2001 Bhuj earthquake

Fig. 4.6.1a: Epicentres during 2006 to 2012 in Gujarat and major faults. Epicentre of the 2001 Mw7.7 earthquake is shown as a big star.
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Fig. 4.6.2: Long-time and delayed triggering of seismicity in Gujarat from 2006 to 2011. Epicentral zones for significant sequences are 
marked by rectangles. The seismicity migrated to 120 km south to Jamnagar and Surendranagar area and to 240 km in 
Talala area of Saurashtra.

Fig. 4.6.3: Triggered seismicity (Tremors with or without swarms) in Kachchh and Saurashtra regions of Gujarat after the 2001 Bhuj 
Earthquake Mw7.7
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Cause of Triggering of Earthquakes

We propose, based on the seismological data, that the viscoelastic process / rheology change appears to 
be the plausible mechanism for long distance and delayed triggering of earthquakes with diffusion rates 
of 5-50 km/yr, which might have also facilitated by the migration of stress pulse of 20MPa stress drop 
caused by the 2001 Mw7.7 earthquake. Vertical deformation is observed to be high as measured up to 13 
mm/yr by 6 years of GPS observations and 10-27 mm/yr by 10 years of InSAR observations. We feel 
that the stress transmission into the upper crust might have resulted in vertical deformation as observed in 
GPS measurements.

4.7 PALEOSEISMOLOGY AND ACTIVE FAULT INVESTIGATION IN KACHCHH
BASIN

Active fault studies were carried out in Kachchh and Himalaya. Fig. 4.7.1 shows study areas in Kachchh 
which are, Gedi fault N. of Wagad, the Bharudia area of Wagad and Kachchh Mainland Fault

Site 1 

Site 2

Site 3 and 4 

Site 5

(GF Zone): Geological, GPR, RTK investivation in and around Gedi Fault zone. OSL 
sampling has been done.

(KMF zone): Geological , Gravity survey in and around KMF zone OSL sampling has 
been done

(KHF zone): Geological mapping and OSL sampling has been done 

(Banas river section): Geological mapping and OSL sampling (Work under progress)
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4.7.1 Optically Stimulated luminescence Chronology and GPR Investigation along Gedi Fault;
Eastern Kachchh
(Girish Ch. K o thyari, B. K. Ras togi, R. K  Dumka, P. Morthekai)

The Gedi fault area, about 60km NE from the 2001 Bhuj earthquake epicenter or 80km N of Bhachau or 
25 km N. of Wagad uplift, witnessed a moderate earthquake of Mw5.6 and several large aftershocks 
from March 2006. The Gedi Fault (GF) trending nearly E-W shows thrust movement while a transverse 
NE trending fault crossing GF shows strike-slip. The March 7, 2006 mainshock of Mw5.6 showed Left- 
lateral strike slip along a NE trending fault while February 3, 2006 foreshock of Mw 5.0 and April 6, 
2006 aftershock of Mw 4.8 showed thrusting with strike-slip component.

Geomorphological mapping in Desalpar-Gedi-Fatehgadh localities aided by Real-Time Kinematic (RTK) 
instrument for precise leveling and 2D GPR profiles has indicated (i) development of active fault scarp at 
along the Gedi Fault at Desalpar between Mesozoic and Tertiary rocks with slickensides

and fault propagating folds in Tertiaries, shifting and offsetting of river channels east and west of this 
scarp. Asymmetry of two basins of Karaswali and Malan rivers which flow northward from Wagad 
uplift and cross Gedi Fault is observed and inferred to be due to SE tilting of the ground. All these 
features indicate that the terrain is undergoing active deformation. Further the rate of deformation is 
estimated using the optical dating technique which shows an uplift rate of 3-7mm/yr during the last 8000 
years. Ages of GF1, GF2, GF3 and GF4 from the sediments of Karaswali river shows homogeneity in 
age model. We used minimum age model (MAM) of Galbraith e t al. (1999). We observed average dose 
rate using MAM for GF1, GF2, GF3 and GF4 is 2.9 ± 0.5ka, 1.2 ± 0.4ka, 1.9 ± 0.5ka, 1.9 ± 0.5ka, 2.2 ± 
0.5ka respectively. We collected two samples from the hanging wall and two samples from footwall of 
fault zone. The GF1 is collected from the top unit of hanging wall deposited during 4136 ± 745 years. 
The oldest sediment (GF2) collected from the hanging wall of GF shows 8015 ± 856 years age. After 
deposition of sediments during 4136 ± 745 years in the hanging wall of Gedi fault major tectonic activity 
took place due to growth of fault related folding of sediments. The sediments dated from footwall block 
show age of GF4 as 1055 ± 237 years and for youngest sediment of 75 ± 27years. The stream offsetting 
and deformation of sediment is bracketed between offsetting of sediment 1055 ± 237 years and 4136 ± 
745 years.

The Ground Penetrating Radar (GPR) survey was carried out to identify pattern of deformation and GF 
geometry. A 140m long 2D-GPR profile was acquired in the N-S direction after taking 4 test profiles to 
decide on the suitable survey parameters by 200MHz frequency antenna (SIR-3000) across the fault zone 
between (23.67282N-70.75430E and 23.67402N-70.75433E). The sampling rate of 512 sample/scans, 
164 scans/unit, range 140ns and a dielectric constant for 7 were found suitable for survey with ground 
offset -5.76. We adopted different methods for processing the acquired image using RADAN 6.5 
software. At 23.67381N-70.75430E up-warping of reflections are noticed along gently south dipping 
plane which is marked as GF. The GPR spectra images show weak reflection at many where radar 
waves have shown less penetration or absorption may be due to presence of tensional fractures through 
the radar waves might have escaped (Fig. 4.7.2). The continuous horizontal reflection above 2 m depth of 
all the profiles may be due to presence of loose soil and Quaternary alluvial sediments. The faulting 
observed in the GPR image is marked by folding of reflections towards north of fault. Within the fault 
zone the GPR image shows scattering in signals may be due to changes in dielectric constant of the 
medium or change in lithology.
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Tensional Fractures
23.67282N Parallel to Fault 23.67402

Quaternary Sediment -Quaternary Sediment
.8015 ±856,

Folded Tertiary Beds

23.67282N
70.75430E

Tensional Fractures 
Parallel to Fault

Fau It
23.57402
70.75433

4164 ± 37

Fig: 4.7.2: 2D GPR image of Gedi Fault zone.

Table 4.7.1: Table showing optical ages and dose rates of samples.
Sample U (ppm) Th

(ppm)
K (%) WC

(%)
CR Dose 
rate
(mGy/ka)

Dose
rate
(Gy/ka)

Palaeo
dose
(Gy)

OD(%) Model Age
(years)

GF1 2.5 ± 0.4 15.8 ± 
1.4

1.08 ± 
0.09

1.5 193 2.9 ± 
0.2

11.9 ± 
0.7

31 MAM3 4164 ± 
379

GF2 1.4 ± 0.2 4.8 ± 
0.7

0.45 ± 
0.05

7.8 174 1.2 ± 
0.1

9.3 ± 
0.7

46 MAM3 8015 ± 
856

GF3 1.7 ± 0.4 13.3 ±
1.3

0.52 ± 
0.06

5.2 194 1.9 ± 
0.2

0.14 ± 
0.03

133 MAM3 74 ± 16

GF4 2.2 ± 0.4 15.1 ± 
1.3

0.61 ± 
0.07

4.7 171 2.2 ± 
0.2

2.3 ± 
0.1

17 MAM3 1050 ± 
93

4.7.2 Identification of Monoclinal Flexure using 2D Gravity profile across Kachchh Mainland 
Fault (KMF) through Lodai
(Girish Ch. Kothyari, Siddhartha Dim i i, Rakesh K  D im ka and B. K  Ras togi)

We have collected 36km long gravity data across the KMF, from Bhuj to Lodai using CG-5 auto 
gravimeter on average one kilometer interval. A number of bases have been established at 10 km 
spacing on permanent structures. The nearest base in the area was Bhuj whish is tied with IGSN 1971 of 
Morelli et al., (1974). The tidal effect has been removed using Longman’s (1959) algorithm. A geodetic 
survey in Real time Kinematic (RTK) mode has been used to achieve the accuracy of 1 mGal in Buoguer 
anomaly during elevation correction. The Kachchh region shows terrain effects upto 0.3 mGal 
(Chandrasekhar 2004), hence topographic effects has been calculated. The residual Bouguer anomaly 
along the profile (Fig. ) is obtained by subtracting the regional field from the observed field. The profile 
is passing over a gravity gradient may be a faulted basement. These gradients depend on the density 
contrast across these faults and their extents. The 2.5 D crustal model is prepared (Fig. ) using constraints 
from the 20 km long 2-D cross-section along Bhuj-Radhyanpur-Habay-Lodai. The depth of the 
basement has been calculated using the bulk density of sediments. The residual gravity field of 
Quaternary, Mesozoic and basement rocks is computed with bulk densities of 2100, 2450 and 2700 
kg/m3 respectively using Geo-Soft oasis montaj 7.3. The gravity model shows an uplift of 3 to 4 km of 
basement across the gravity gradient (Fig). uplift is coincided with E-W trending KMF. The interpreted
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model shows that the fault is dipping with 30-35° towards south. The gravity high at Lodai and adjacent 
area is caused by uplift of basement along KMF. This model section also shows that the thickness of 
Quaternary sediment is higher towards footwall of KMF. Towards the hanging wall of KMF the 
Mesozoic rocks are gently dipping towards south. The hanging wall movements towards north give rise 
gentle folding of Mesozoic rocks. The monoclonal flexure shear zone within the folded zone cause uplift 
and tilting of rocks in the footwall block. The KMF is well exposed in interpreted 2D gravity model 
indicated by abrupt folding of beds near northern margin. 
?????????????????????????????????????????????????
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Fig. 4.7.3: 2D gravity picture across Kachchh Mainland Fault (KMF) showing development of monoclinal flexure towards footwall 
block

4.7.3 Evidence of tectonic inversion along Kachchh Mainland Fault zone, Gujarat, India
(Girish Ch. K o thyari, Rakesh Dumka and B. K. Ras togi)

The Kachchh Mainland Fault (KMF) is a major E-W  trending seismically active fault of the Kachchh rift 
basin. The neotectonic investigation has been done south of KMF in its central part near Lodai, where the 
expression of north facing active fault scarp is visible. The fault trace is identified during our CORONA 
satellite photo interpretation and later verified in the field (Fig. 4.7.4). The scarp runs in E-W direction 
and dislocates major geomorphic units. The northward slope of KMF zone is controlled by north flowing 
streams shows rapid incision within the fault zone. The fluvial sediments were deposited toward the 
hanging wall as well as towards footwall of faulted blocks were streams become wider. These deposits 
comprises coarse as well as fine gravels, sand and aeolian deposits. Maurya et al, 2012 believe that the 
Quaternary sediments of the KMF zone show three major aggradation phases viz. (a) coarse and fine 
grained colluvio-fluvial sediments, (b) debris flows deposits and (c) alluvial fans. Alluvial fans 
associated with KMF are major geomorphic units witness to its active tectonism in the Late Quaternary 
(Fig. 4.7.4). These alluvial fans were probably formed due to sudden confinement of the river as they 
cross the KMF. These fans are composed of sub angular to rounded fragments of Mesozoic rocks with 
alternate bands of fine to medium sand. Towards the north, the alluvial fans are truncated due to 
neotectonic movement along the KMF. In the area the KMF is right laterally displaced by a NE-SW 
trending fault.
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Fig. 4.7.4: CORONA satellite photograph of Lodai and adjacent areas in KMF zone. Arrows represent trace of active faults

From the examination of CORONA satellite stereo pair examination we identified an E-W scarp near 
Habay around 5 km south of Kachchh Mainland Fault (KMF). A section has been opened across the 
fault to show the nature of fault. In the exposed section three major formations have been identified. The 
oldest bed (unit 1) in the exposure is highly sheared and fractured shale of Jhumara Formation. The shale 
unit is overlain by unit 2 which is fine grained marl of Jhumara Formation. The unit 2 is finally overlain 
by Quaternary sediments. The geological formations in the area are gently dipping towards south. These 
units are broken by a E-W trending low angle 100-150 south dipping thrust, we name this thrust as Habay 
thrust. We could identify two major phases of tectonic movements along this thrust. During First phase 
(F1) of tecotonic movement, faulting has taken place within the rocks and unit1 and unit2 of Jhumara 
Fm. has been displaced. The Quaternary sedimentation starts after tectonic event (F1). After deposition 
of Quaternary sediments the second phase (F2) of tectonic activity takes place. During F2 activity the 
fine grained marl of Jhumara Fm is dragged over the Quaternary sediment.

Fig. 4.7.5: Photomosaic of Habay thrust, below the sketch of active fault. The fault is dipping towards south by 100-150 shows net 4.5 m 
displacement.
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The trench investigation by Malik et al., (2008) also shows active nature of KMF during Holocene. They 
identified active fault scarp near Lodai Village just 5 km North of our site. Malik et al (2008) believe that 
the KMF zone has experience of major three phase of tectonic movement during Holocene. They found 
that during the latest phase of tectonic movement young sediments were deformed and displaced. In our 
study near Habay we observed that the cumulative displacement of Habay thrust is 4.5m. The older phase 
(Pre Quaternary) of tectonic movement F1 shows around 3 m displacement within the rocks of Jhumara 
Formations. The younger phase of tectonic movement shows net 1.5 m slip along the Habay thrust.

4.7.4 Implications of Fossil Valleys and Associated Epigenetic Gorges in parts of the Central
Himalaya
(Girish Ch. K o thyari)

Conventionally, epigenetic gorges in tectonically active orogen are attributed to the bedrock geometry 
and the original valley configuration. Since they are invariably associated with fossil valleys containing 
appreciable sediment succession, it is argued that the older river course was abandoned due to 
accelerated sedimentation (landslides or widespread fluvial aggradations) as a result of which rivers were 
forced to occupy the new course (epigenetic gorge). Thus it can be suggested that fossil valleys and the 
gorges are the outcome of the climate-tectonic interaction. The present study is therefore, undertaken in 
the monsoon dominated and tectonically active inner Lesser Central Himalaya to understand the role of 
climate and tectonics in their evolution. Preliminary observations in three river valleys indicate that their 
locations (epigenetic gorges) are structurally controlled (independent of lithology). However, the 
abandonment of old river course (fossil valleys) was caused due to the accelerated sedimentation 
(climatically induced). Chronology of the fill sediment indicates that old river course abandonment 
occurred during the early Holocene climatic optimum (15-9 ka) whereas the incision leading to the 
epigenetic gorge formation began after 9 ka.

In terms of processes point of view, (i) prior to valley fill aggradation (in the present day fossil valleys), 
the rivers were sediment limited, thus the ambient stream power was used to incise the channel. This 
probably happened prior to 15 ka (ii) when the rivers did not migrate laterally to its present course 
(epigenetic gorge), as observed in case of landslide dammed river courses. Had it been the case, the 
prominent rocky spur flanking the epigenetic gorges would have been eroded away. (iii) We hypothesize 
that while the present day fossil valleys being aggraded during 15 ka to 9 ka (Figure 4.7.6), there existed 
a subsidiary channel, as the valley began to clog with the sediments, and the hydrological condition 
dwindled, river was forced to occupy the subsidiary channel (least resistance path) from its upstream 
course after ~ 9 ka and since then it is continuously incising (Figure 4.3.6). The epigenetic gorges are 15 
m to 43 m deep and are separated by a rocky spur. Assuming that rivers occupied the present course, 
after ~9 ka (discussed above) the estimated incision rate of these gorges are 1.66 mm/a for monsoon fed 
Kosi river. Which is significantly low when compared to the monsoon plus glacial fed Pindar river (4.77 
mm/a) and the Alaknanda river (3.33 mm /a). The higher incision rates accord well with independent 
estimates obtained from the glacial and monsoon fed Alaknanda river catchment.

Finally the fact that epigenetic gorges are invariably associated with the sediment filled fossil valleys in 
the study area, it can be suggested that river’s ability to incise the bed rock was not limited by the 
strength of the rock. This indicates that the rivers in which these kinds of epigenetic gorges forms are 
transport limited, as opposed to detachment limited, where incision into bedrock is regulated by a river’s 
ability to detach and abrade the bedrock channel bed (Howard, 1994, Wipple and Tucker, E. G. 2002.
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Fig. 4.7.6: Three dimensional block diagram showing evolutionary stages of fossil valleys and associated gorges in the study area. Stage 
1 shows the position of river channel before 15 ka. Note the subsidiary channel towards the left bank of river. Stage-2 major 
valley fill aggradation occurred during early Holocene climatic optimum (15 ka - 9 ka). Stage-3 enhanced sedimentation led to 
the lateral river migration - 9 ka and occupied the subsidiary channel. Stage-4, present river course is flowing through the 
gorge section
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4.7.5 Geochronological studies to reconstruct seismicity and climate along bedrock river of 
Katrol Hill Range, Kachchh.
Falguni Bhattacharya and B K  Rastogi in collaboration with Dr. Navin Juyal (PRL, 
Ahmedabad), M.G. Thakkar (K.S.K. V  Kachchh University, Bhuj) and R.C. Patel (Kurukshetra 
University)

Bedrock rivers are particularly important to reconstruct tectonic and climatic interactions as incision into 
bedrock and transport of sediment is controlled by the rates at which (i) base-level signals (generated by 
tectonic, eustatic or climatic forcings) are transmitted through the landscape; and (ii) sediment is 
delivered from highlands to basins. Towards reconstructing tectonic and climate interactions, a channel- 
fill section along Khari river of Kachchh has been investigated. Khari River originates from Katrol Hill 
Range and debouching through the Banni Plains drains into the Rann (Fig.4.7.7). The tributary channel 
along which channel-fill section is investigated is perpendicular to the Khari River. The Khari River has 
incised ~6 m of the channel fill sediment and 3 m of the Mesozoic bedrock belonging to the Bhuj 
Formation.

Using the conventional sedimentological criteria (structure and texture), a total of six sedimentary units 
have been identified (Fig. 4.7.8). The erosional contact between the bedrock and the thin channel fill 
sediment (~6 m) suggests that sedimentation occurred on beveled Mesozoic bedrock. The deposition of 
unit-1 indicates that the initiation of channel fill sedimentation occurred under hyper-concentrated 
sediment gravity flow. The overlying parallel-laminated miliolite in unit-2 (both endurated and friable) 
suggest their deposition under aqueous condition. The overlying mm to cm thick parallel laminated 
friable miliolites along with desiccated clay lamina (unit-3) can be suggestive of low energy flood plain 
environment. A weakening of the hydrological condition can be suggested by the occurrence of angular 
ferruginous sandstone lithoclasts embedded in miliolite matrix (unit-4). The overlying weathered 
miliolite (unit-5) indicate prolonged sub-aerial exposure following their deposition, implying subdued 
water activity. The poorly sorted and platy clast dominated topmost gravels (unit-6) indicate their 
transportation by a combination of granular and fluid flow- a characteristics of debris.
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Fig. 4.7.7: (a) Map of Kachchh Mainland. Kachchh Mainland Fault (KMF), Katrol Hill Fault (KHF), South Wagad Fault (SWF), Island 
Belt Fault (IBF) and Gedi Fault (GF). Pachcham Uplift (PU), Khadir Uplift (KU), Bela Uplift (BU). Note that KHF act as 
drainage divide between the north and south flowing rivers. (b) The climatic zones of Mainland Gujarat, Saurashtra and 
Kachchh (c) The drainage map of the upper Khari basin, channel fill deposits lie on the hanging wall of the KHF.
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Detailed sedimentology supported by optical chronology (Table-la and 1b) suggests that the terrain 
witnessed two major events of enhanced seismicity. The older event which predates 20 ka was 
responsible for the channel incision under weak monsoon. This was followed by a phase of relative 
landscape stability during which the channel was aggraded by the sediments that were transported from 
the hinterland and were dominated by the fluvially reworked miliolites. Monsoon reconstruction based 
on the sedimentary structures and textural attributes of the fill sediment suggests gradual improvement of 
the southwest summer monsoon after 20 ka. This was followed by a phase of intensified monsoon during 
9 to <7 ka. A gradual decline in monsoon strength and a renewed phase of seismicity after 7 ka was 
observed which seems to continue till present (Figs. 4.7.8 and 4.7.9).

These are the first chronologically constrained events of channel aggradation and incision from the 
upland reaches of the KHF implying that the channel aggradation occurred during the early Holocene 
strengthened monsoon whereas the incision was dominated by the tectonics during periods of reduced 
monsoon activity. The study demonstrates a close correspondence between the summer monsoon and 
channel aggradation. Most importantly, the present study has chronologically constrained two major 
events of enhanced seismicity (tectonic uplift). The older tectonic activity pre date 20 ka whereas the 
younger activity began sometime after 7 ka which probably continues till today.

Fig. 4.7.8: Detail stratigraphy of the channel fill deposit. The ages obtained are using the minimum + 2* sigma.
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Fig. 4.7.9: Temporal changes in tectonic activity and channel fill aggradation during the last 20 ka. A close correspondence of the 
monsoon based on present study with that of the Guliya ice core data from Tibet (Thompson et al., 1997) indicate that fluvial 
processes of Kachchh region were intimately associated with the southwest summer monsoon variability.

Table 4.7.2: Details of uranium, thorium and potassium concentrations, cosmic ray dose rate and annual
dose rate estimation of the samples analyzed in the present study. Water content used is 10±2%

Sample No. U (ppm) Th (ppm) K(%) Cosmic Ray Dose 
Rate (pGy/a)

Dose Rate 
(Gy/ka)

BM-1
(Unit-1) 2.44 ± 0.04 13.42 ± 0.26 1.19 ± 0.02 88 ± 17.6 2.5 ± 0.09

BM-2
(Unit-2) 2.53 ± 0.05 14.81 ± 0.29 0.77 ± 0.01 103 ± 20.6 2.2 ± 0.08

BM-3
(Unit-3) 2.89 ± 0.05 19.63 ± 0.39 0.96 ± 0.02 120 ± 24.0 2.8 ± 0.10

BM-5
(Unit-5) 3.18 ± 0.06 18.12 ± 0.36 1.83 ± 0.04 169 ± 33.8 3.6 ± 0.10

Table 4.7.3: Palaeodoses (De) obtained using the CAM, MAM and minimum plus two sigma and the ages 
obtained by these methods. In the discussion we have used the ages obtained by Minimum plus 
two sigma.

Sample
No.

CAM 
(De in Gy)

MAM 
(De in Gy)

Min +2*sigma 
(De in Gy)

CAM 
(Age in ka)

MAM 
(Age in ka)

Min + 2*sigma 
(Age in ka)

BM-1
(Unit-1) 69 ± 2.83 63 ± 1 49.35 ± 2.83 27.8 ± 1.5 25.4 ± 1.03 19.9 ± 1.4

BM-2
(Unit-2) 39 ± 3.28 20 ± 4 20.95 ± 3.28 17.4 ± 1.6 8.9 ± 1.82 9.4 ± 1.5

BM-3
(Unit-3) 35 ± 2.52 19 ± 1 23.00 ± 2.52 12.5 ± 1.0 6.8 ± 0.4 8.2 ± 0.9

BM-5
(Unit-5) 48 ± 2.85 25 ± 5 25.27 ± 2.85 13.4 ± 0.9 7.0 ± 1.4 7.1 ± 0.8

(Reference cited: Falguni Bhattacharya, B.K. Rastogi, Mamata Ngangom, M.G. Thakkar, R.C. Patel (2013). Late 
Quaternary climate and seismicity in the Katrol Hill Range, Kachchh, Western India, Journal of Asian Earth 
Sciences, In Press. http://dx.doi.org/10.1016/jjseaes.2013.04.030)
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4.7.6 Compared to the Gedi Fault, the North Wagad Fault seems to be more active
Falguni Bhattacharya, B  K  Rastogi

Recent studies suggest that the eastern Kachchh is a potential zone for major earthquakes in the near 
future. Particularly, the E-W trending faults are considered capable of generating large magnitude 
earthquakes is further indicated by the recent concentration of the earthquake shocks which show two 
prominent clustering around west and north of the Wagad upland. In view of this, the conventional 
morphometric analyses of a terrain bounded by the E-W trending North Wagad Fault (NWF) and the 
Gedi Fault (GF) has been undertaken to ascertain the influence of seismicity in the evolution of the 
drainage basin. The study suggests that the fifth order drainage basins responded to the seismicity 
associated with both the NWF and GF. However, compared to the GF, the NWF seems to be more active. 
In addition to this, based on the stream morphology, we could identify two lineaments trending N-S and 
E-W. The former appears to be associated with the activity along the Manfara Fault (MF) whereas the 
later seems to be the splays of the NWF. Further, a preferential westward shift of the streams suggests 
left lateral displacement of the E-W trending faults. Overall it can be suggested that the terrain is in 
juvenile stage implying tectonic instability.
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Fig. 4.7.10: Map showing the distribution of earthquake epicentres in the NE Kachchh. Note two major clustering between KMF and 
NWF and around GF. Source: Earthquake data obtained from ISR, Gandhinagar catalogue (2006-2010).

(Reference cited: Falguni Bhattacharya, B.K. Rastogi, Girish Kothyari (2013). Morphometric evidence of seismicity 
around Wagad and Gedi Faults, eastern Kachchh, Gujarat, India, Journal of Geol Soc of india, vol 81, pp 113)

4.7.7 Quaternary reactivation of South Tibetan Detachment System
Falguni Bhattacharya (in collaboration with Naresh Rana (HNB Garhwal University), D rN avin  
Juyal (PRL, Ahmedabad)

The present study is an attempt towards the suggestion that movement along the STDS did not end in the 
middle Miocene but persisted episodically or continuously into the Quaternary. Based on the occurrence 
of the Soft Sedimentary Deformation Structures (SSDS) in relict proglacial lake sediments and optical 
chronology, we demonstrated that the STDS was active during the late Quaternary (<20 ka). This study 
was undertaken in the Dhauli Ganga, Gori Ganga and Kali Ganga valleys of Uttrakhand Himalaya. Three 
lakes along these valleys have preserved the SSDS in the form of. fragmented and convoluted laminae, 
water escape structures, la m e structures, normal listric faults) separated by  undeformed layers. The 
optical chronology suggests that majority of the events in the three lakes occurred during 13.5 ka and 17 
ka which implies that they were triggered by common earthquake. Based on a global data curve on 
known earthquake magnitudes and the distance of SSDS from the epicenter of shallow and deep-focused
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earthquakes in various tectonic and sedimentary settings, the unknown earthquake magnitude is 
estimated in the present case to be between Mw 6.5 and >7 Mw having an epicenter in the vicinity of the 
STDS .

Figure 4.7.11.: Global data curve on known earthquake magnitudes and the distance of SSDS from the epicenter of shallow and deep- 
focused earthquakes in various tectonic and sedimentary settings

(Reference cited: Naresh Rana, Falguni Bhattacharya, N. Basavaiah, R.K. Pant, Navin Juyal (2013). Soft sediment 
deformation structures and their implications for Late Quaternary seismicity on the South Tibetan Detachment 
System, Central Himalaya (Uttarakhand), India, Tectonophysics 592,165-174)

4.7.8 Early Holocene fluvial activity along the semi arid Mahi river basin, Guj.
(Falguni Bhattacharya in collaboration with A lpa Sridhar and L.S. Chamyal o f  M S. Univ,
Baroda andA.K .Singhvi o f  PRL, Ahmedabad)

Paleocompetence analysis and paleodischarge estimation techniques are applied to a late Pleistocene to 
early Holocene gravel terrace in the Mahi river basin, western India. Terrace sedimentology, comprising 
gravels overlain by sand lithofacies suggests a gradual change in paleohydrological conditions marking a 
switch from braided to meandering fluvial styles. The discharge values for the gravel bed-forms based on 
the clast size and the cross bed thickness are estimated between ~150-180 m3s-1 comparable with the 
present day observed values albeit with a much higher competence. Results indicate that fluvial 
aggradation occurred under low discharge conditions with intermittent high discharge events depositing 
longitudinal gravel bars. The incision of these gravels bars and the formation of terraces can be attributed 
to the higher discharge regime post 9.2 ka. The study further indicates that whereas the aggradation of 
the gravel terrace during the early Holocene was controlled by the large sediment flux, the incision that 
followed was in response to the increase in the discharge and competence of the river flow.

(Reference cited: Alpa Sridhar, L.S.Chamyal, Falguni Bhattacharya, A.K.Singhvi (2013) Early Holocene 
fluvial activity from the sedimentology and paleohydrology of gravel terrace in the semi arid Mahi river 
basin, India, Journal of Asian Earth Sciences 66, 240-248).
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CHAPTER 5
EARTHQUAKE HAZARD ASSESSMENT

5.1 FREQUENCY CHARACTERIZATION MAP OF KACHCHH, GUJARAT
(A. P. Singh, Navaneeth Annam and Chinmayee Sahoo)

The Kachchh region is the second most seismically active regions in India after Himalaya. One of the 
disastrous Indian earthquakes of the new millennium was a Bhuj earthquake of 26 January 2001, which 
caused around 14,000 casualties. The main reason for such huge casualties is low earthquake awareness 
and poor construction practices. Hence, an increase in the knowledge and awareness of local authorities 
and decision makers for possible consequences of a large earthquake, based on improved seismic hazard 
assessment and realistic earthquake risk scenarios is required to mitigate the damage due to earthquake. 
The natural predominant ground frequency which is an important parameter to characterize local site 
effects has been determined from local earthquake data and the measurements of ambient vibrations at 
Kachchh in the state of Gujarat (Fig 5.1.1), a significantly active intra-plate earthquake region in India. 
The horizontal-to-vertical spectral ratio (HVSR) technique has been applied to detect the predominant 
frequency at the sites. The ambient vibration measurements were conducted at nearly 100 sites in 
Kachchh for 1 hour in the continuous mode of recording with a 100 samples per second. In order to 
maintain consistency we have validated the estimated predominant frequency of the ambient noise and 
the earthquake data recorded at 10 permanent/temporary BBS stations in the region. The resonance 
frequencies obtained in the experiments were related to the thickness of the sediments which are deduced 
by other geophysical and geological methods. It has been observed that geological time period has 
significant effect on predominant natural frequency of the ground. The predominant frequency of the 
measured ambient vibrations were found to vary at the sites belonging to Quaternary period from 0.2 to
0.8 Hz, Tertiary period 1.0 and 1.5 Hz, Cretaceous period 0.5 to 1.8 Hz, and Jurassic/Mesozoic period
1.3 and 2.0 Hz (Fig. 5.1.2). However, at the Deccan Trap sites it varies from 1.8 to 2.3 Hz. The 
difference of the predominant frequencies between the hard rocks and soft soil sites is distinct, and it 
depends heavily on the surface soil conditions. We have presented the detailed map of the predominant 
frequency distribution in the Kachchh region. The map shows important characteristics which need due 
consideration in studying seismic risk and a mitigation.

Fig. 5.1.1: A sample three-component (Z-Vertical, N-North and S-South) ambient vibration data record for 60 minutes at Bhuj site
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Fig. 5.1.2: Map of the predominant frequency over the subsurface geology in and around the Kachchh region

5.2 ASSESSMENT OF VULNERABILITY OF INSTALLATIONS NEAR GUJARAT COAST 
VIS-A- VIS SEISMIC DISTURBANCES
(B. K. Ras togi, A.P. Singh, Vasu Pancholi, A shish Bhandari, K apil Mohan, Collaboration with 
Prof. Ramancharla Pradeep  Kumar, HIT, H yderabad)

Work done during the period of 2012:

1. Site Response studies using earthquakes and ambient vibrations at Dwarka, Mundra, 
Mandvi, Kandla, Jhagadia and Dholera Lakhpat, Jakhau and Sikka

2. Soil Structure Interaction Studies for two types of buildings nam ely rig id  support  and structure 
with actual soil  base a t Kandla port

3. Inundation modeling for the coastal regions of Gujarat

INTRODUCTION: Gujarat has the longest coastline of 1640 km among the states of India. There are 
numerous ports, jetties, refineries, chemical industries and multistory buildings. Gujarat coasts are 
formed by faults which give occasional earthquakes of M6 to 8 (in seismic zones III to V) that can 
severely damage coastal installations. Any large earthquake can disrupt supplies of essential items like 
petroleum to whole India. Economic disruption in this region will also affect whole India. Hence, we 
carry out assessment of vulnerability of installations at the ports along Gujarat coast (Fig. 5.2.1) vis-a-vis 
seismic disturbances so that remedial measurements could be planned for preparedness.
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Fig. 5.2.1: Location of ports and jetties along Gujarat Coast

Site Response in coastal regions of Gujarat

Using Earthquake data: The ISR deployed portable broadband seismographs at 6 sites in coastal regions 
namely, Dwarka, Mundra, Mandvi, Kandla, Jhagadia and Dholera for site response study. Using local 
earthquake data recorded at these sites the predominant periods and spectral amplifications are 
determined using Horizontal to Vertical Spectral Ratio (HVSR) technique (Fig. 5.2.2). Amplifications of 
2-7 (max. at Kandla) and resonances frequencies of 2-4 Hz have been observed. For distant earthquakes 
the resonance frequencies of 0.2 to 0.4 Hz are estimated. The curve at Dwarka is almost flat as for hard 
rock with small amplification around 4 Hz. Dwarka is covered by Tertiary rocks. The predominant 
period at Mundra and Dholera is around 3 Hz. The maximum amplification is observed at Kandla of 6-7. 
At other sites it is 2-4.

Site Response in and Around the Coastal Regions of Kachchh Using Micro-tremors:

At Dahej, Lakhpat, Jakhau and Sikka, the BBS were installed for few days but no earthquakes were 
recorded. In view of this, natural ambient vibrations (micro-tremor) data is used for the estimation of site 
response. Recording was done for 1 h with 100 samples per second using 5Hz seismometers. The 
horizontal-to-vertical spectral ratio technique has been applied to detect the predominant frequency at the 
sites (Fig. 5.2.3). The response at Lakhpat is almost flat as it is on Mesozoic rocks. The predominant 
frequency at Jakhau is 0.2 and 1.8 Hz may be as responses from Deccan Trap/Mesozoic and 
Quaternary/Tertiary boundaries. At Sikka a lower frequency resonance is at 0.04 Hz which may be from 
a deep layer or unreliable. The other resonance is at 1.8 Hz which may be from Quaternary/Tertiary 
boundary. The amplification estimates from micro-tremor are not reliable. Table 5.2.1 gives these results.
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Fig. 5.2.2: Site response using HVSR technique and natural earthquakes at different coastal towns of Gujarat.
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Fig. 5.2.3: Site response using HVSR technique and micro-tremors at different coastal towns of Gujarat.

Table 5.2.1: Geological boundaries from natural earthquakes and Ambient-vibrations at different coastal 
sites in Gujarat

Site name Predominant
frequency

Depth
(m)

Geological Boundary Source

Dwarka 4 Hz 60 Tertiary-Mesozoic Earthquake
Mundra 3 80 Quaternary-Tertiary Earthquake
Mandvi 2 125 Quaternary-Tertiary Earthquake
Kandla 4 60 Quaternary-Tertiary Earthquake
Jhagadia 2 125 Quaternary-Tertiary Earthquake
Dholera 0.3 800 Deccan Trap/Mesozoic Earthquake
Dahez 3 80 Quaternary-Tertiary Ambient vibrations
Jakhau 1.8 150 Quaternary-Tertiary Ambient vibrations

0.2 1250 Deccan Trap/Mesozoic
Sikka 1.8 150 Quaternary-Tertiary Ambient vibrations

Probabilistic Seismic Hazard to Coastal Regions of Gujarat by USGS program
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The probabilistic hazard map of Gujarat was prepared from the earthquake catalog prepared by the ISR. 
The 2% and 10% probability of exceedance (PE) in 50 years which corresponds to 2500 years and 500 
years of return period. It can be observed from Figure 5.2.4 that the expected PGA for 2% PE varies 
between 0.2 to 0.3 g in the western and central coastal belt of Kachchh (Lakhpat, Jakhau, Mandvi and 
Mundra). Near Kandla port it is between 0.3 to 0.5 g. In most of Saurashtra and south Gujarat coast it is 
around 0.1 g except at Saurashtra coast bordering Kachchh it is between 0.2 and 0.4 g. Also at Ghogha 
port and Dholera in Saurashtra and Bharuch and Dahej in mainland it is between 0.1 and 0.3 g.

The probabilistic analysis involves the evaluation of earthquake motion taking into consideration all 
possible seismic sources possible in and around the region in question. Probability of earthquake 
occurrence in each seismic source and the seismic motion are calculated and statistically accumulated. 
The probabilistic analysis of the Gujarat region was carried out using the code made by USGS for 
national seismic hazard maps. The code was written by Art Frankel (USGS OFR 96-532).

This program assumes that the annual frequencies of every earthquake sources are constant and 
independent on the time of occurrence of the previous event which is Poisson process. The seismic 
sources can be a fault source or an area source. In fault source location and magnitudes are known 
whereas in area source these are not known beforehand. Therefore probabilistic analysis can be carried 
out either by area source model or by fault source model or both. We have done preliminary analysis 
using area source model.

The area source model was based on the earthquake catalogue that was compiled by ISR. The data set 
includes some 200 earthquakes for 162 years (1845-2006. The completeness test of the catalogue of the 
region was carried out. The catalogue is complete after 1972 for earthquakes equal or larger than 3.0, 
after 1931 for earthquakes equal or larger than 4.0 and after 1912 for earthquakes equal or larger than 
5.0.

The parameters ‘a’ and ‘b ‘ in the Gutenberg-Richter relation were computed using least square fitting 
method using earthquakes that have occurred in the Gujarat mainland region. The ‘b ’ value for the region 
is found to be 0.58 and a value is 1.518. The b value was also estimated using the method of Weichert 
(1980). The ‘a’ and ‘b ’ values from Weichert method are 1.534 and 0.49 respectively. However for 
probabilistic analysis ‘b ’ value of 0.58 was taken whicmined by least square method. The background 
seismic activities are evaluated for each cell of a grid. The Gutenberg-Richter exponential magnitude 
recurrence model is assumed to govern the earthquake activity in these cells. The total number of 
earthquakes that are used in the analysis is 200. This means each cell of the grid does not have sufficient 
number of earthquakes for estimation of b value for individual cells; therefore the overall b value for the 
study area was used in every cell. The ‘a’ value of each cell was spatially smoothed using two­
dimensional Gaussian filter with a decay distance of 10 km. The earthquake of Mw equal or less than 6.0 
was treated and corresponded to background activity.

The annual rate of earthquake occurrence for each fault with magnitude M was presumed to be the 
difference of the accumulated number for M and M+0.1. This means that the activity is supposedly 
following a Poisson process. The annual rate for an earthquake of magnitude 6.0 or higher is found to be 
0.00136.

The PGA distribution for 2% and 10% probability of exceedance in 50 years due to area sources is 
determined. This was calculated for base rock of shear wave velocity of 760 m/sec. The attenuation 
relationship used are Boore et al. (1997), Campbell (1997) and Sadigh et al. (1997) in equal proportion to 
estimate the PGA.
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Fig. 5.2.4: Peak ground Acceleration (PGA) is estimated for 50yr return period at (a) 2% and (b) 10% probability in Gujarat taking 
into account the past seismicity

PGA at base-rock level in Gujarat Coastal belt using Deterministic Method

The stochastic finite fault modeling technique is used to determine PGA at bed-rock level with Vs of 760 
m/s. In has been observed from Figure 5.7 that in most of the coastal regions of Saurashtra and mainland 
the PGA is less than 100 gals. The coast near Bharuch can expect PGA between 100 and 150 gals due to 
proximity to Narmada fault. The Dwarka and Jamnagar coast in Saurashtra can expect between 100 and 
200 gals due to proximity to large faults in Kachchh. The Mundra and Kandla in Kachchh can expect 
PGA of 200-400 gals whereas Lakhpat, Jakhau and Mundra can expect between 100 and 200 gals.

Fig. 5.2.5: PGA at bed-rock level in coastal regions of Gujarat for 2% probability in 50yr

Structural Response Analysis of Port Buildings

Using the estimated PGA and amplification parameters and by physical observation at ports, structural 
responses at Mundra and Kandla are estimated. The Kandla port is one of the major ports in the Gujarat 
state, which is analyzed for eight ground motions using a finite element program. Building is analyzed 
for two cases namely structure with rigid support and structure with actual soil base. The seismic 
response results of both cases are compared. Due to soil-structure interaction (SSI), the structure is made 
more flexible, therefore increasing its natural period as compared to that for rigidly supported structure. 
Moreover, the SSI effect increases the effective damping ratio of the system. The smooth idealization of 
design spectrum suggests smaller seismic response with the increased natural periods and effective 
damping ratio due to SSI. Also non-linear analysis has been done and results obtained are compared with 
those of linear analysis. Push-over analysis of Kandla admin building is done and it is found to be safe.
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We modelled all possible cases of pipelines and conveyor belts used in ports and performed non-linear 
analysis for estimated ground motions. Most of the cases were found to be safe but some unsafe.

Also the ground motion was estimated at eight sites considering the following occurrences:

Case I KMF=8 and KHF=7

Case II KMF=7.7 and KHF=7

Case III KMF=8

Case IV KMF=7.7

Case V KHF=7

In this work the strong ground motion has been simulated using Semi empirical approach along with the 
attenuation relationship of Joyner and Boore (1981). We observed that the values of peak ground 
acceleration are same for Case I and III. Hence, we can say that the effect of KHF can be ignored if we 
consider M8 at KMF. A sample time-history and its Fourier spectrum for M7 earthquake along KHF at 
Mandvi are shown in Fig. 5.8.

(a) (b)
Fig. 5.2.6: Simulated ground motion due to M7 earthquake along KHF at Mandvi (a) Ground motion record (b) Fourier amplitude 

spectrum

Response of structures

Basic data of port structures were collected during our visit to Mundra port site. The data of Navlakhi 
port was collected from GMB. Since it is difficult to get the details of structures of all other ports, we 
discussed with design consultants and took design basis report.

Response of jetty, port building, conveyor belt and buried pipe line was estimated for ground motions at 
8 sites.

1. Vulnerability Assessment of the Port Office Building at Kandla

The present study analyses the failure of the 22m high six-floor building called the Port and Customs 
Office Tower located very close to the waterfront (Figs. 5.2.7). The building was founded on 32 short 
cast-in-place concrete piles and each pile was 18m long. The piles were passing through 10m of clayey 
crust and then terminated in a sandy soil layer below.

The Port of Kandla is built on natural ground comprising recent unconsolidated deposits of inter bedded 
clays, silts and sands. The vertical prole of the region slopes downwards in the easterly direction towards
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the coast line at about 12.5m/km. The water table is about 1.230 m below the ground. Fig. 5.2.1 shows 
the view of the natural grounds on which the Port of Kandla was built. The tower of the Port and 
Customs office considered for the present case study is located very close to Berths IV of the Kandla 
Port. The complete building details are given in Tables 5.2 and 5.3. The plan and elevation details and 
reinforcement details for members are shown in Figures 5.8. Reinforcement details are given in Fig. 5.9.

Table 5.2: Material & Soil Properties of the Kandla Port Office Building

Live load on floor = 2 kN/m2 Live load on roof = 0.75 kN/m2
Floor finishing = 1 kN/m2 Grade of concrete used = M25Poisson’s ratio = 0.2

I n s t i t u t e  o f  S e i s m o l o g i c a l  R e s e a r c h , G a n d h i n a g a r

Figure 5.2.7: The Kandla Port Office Building

ig. 5.2.8: Elevation of port building, Dimensions of the Kandla Port Office Building and column details of port building

(a) (b) (c)
Fig. 5.2.10: Reinforcement details for members (a) column-1 (b) column-2 and (c) beam
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Table 5.3: Port building details

Building Member Dimension
Building height 22 m
Building plan at sill level 9.6 m x 9.8 m
Foundation raft 11.45 m x 11.90 m x 0.50 m
No. of columns 12
No. of piles 32
Length of pile 18 m
Diameter of concrete pile 0.4 m
Beam dimensions 0.25 m x 0.45 m
Slab thickness 0.15 m
Column-1 dimensions 0.45 m x 0.45 m
Column-2 dimensions 0.25 m x 0.25 m

Soil Properties: Properties of soil to depth of 42 m are shown. The water table is 5 m below the ground 
level. The Rayleigh a and P values are taken as 0.01.

0 m

10 m

14 m

22 m

32 m

42 m

Soft clay with traces of fine sand, LL=62-68%, PL=26-28%, 
Su=10 kPa and y=16 kN/m3

Fine sand, N<15 and y=17 kN/m3

Coarse sand, N<15 and y=17 kN/m3

Brown hard clay, LL=54-77%, PL=36-64%, Su=100 kPa and y=8 
kN/m3

Clayey sand, N<50 and y=18 kN/m3
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The material model used in this analysis is Maekawa compression model (Tagel-Din Hatem, 1998). In 
this model, the tangent modulus is calculated according to the strain at the spring location. After peak 
stresses, spring stiffness is assumed as a minimum value to avoid having a singular matrix. The 
difference between spring stress and stress corresponding to strain at the spring location are redistributed 
in each increment in reverse direction. For concrete springs are subjected to tension, spring stiffness is 
assumed as the initial stiffness till it reaches crack point. After cracking, stiffness of the springs subjected 
to tension is assumed to be zero. For reinforcement, bi-linear stress strain relationship is assumed. After 
yield of reinforcement, steel spring stiffness is assumed as 0.01 of initial stiffness. After reaching 10% of 
strain, it is assumed that the reinforcement bar is cut. The force carried by the reinforcement bar is 
redistributed force to the corresponding elements in reverse direction. For cracking criteria (Hatem, 
1998), principal stress based on failure criteria is adopted. The models for concrete, both in compression 
and tension and the reinforcement bi-linear model are shown in figure 5.2.10.

Kandla Port site was considered for the study purpose. Building is 6 storey and of height 22 m and it is 
located very close to the waterfront. The building was founded on 32 short cast-in-place concrete piles 
and each pile was 18m long. The piles were passing through 10m of clayey crust and then terminated in a 
sandy soil layer below. The Port of Kandla is built on natural ground comprising recent unconsolidated 
deposits of inter-bedded clays, silts and sands. The ground slopes in the easterly direction towards the 
coast at about 12.5m/km. The water table is about 1.2-3.0m below the ground. Initially structure is 
assumed to on the fixed base and linear and nonlinear response was calculated. For the considered 
ground motions the response of the structure is below the permissible limits. However, to get the 
complete collapse load of structure, structure was pushed until the yielding. This is done by pushover 
analysis which will create hinges at various locations. From the pushover curve we determined the 
stiffness degradation of structure. The stiffness degradation at different ports for given fault and 
magnitude has been estimated. Table 5.4 lists the amplitude, duration and frequency for different cases.

Table 5.4: Details of ground motions
S.No Ground Motion Amplitude (g) Duration (sec) Frequency (Hz)

1 KHF Bharuch 0.012 - 7.0-9.0
2 KHF Mandvi 0.308 21.50 6.3-8.5
3 KHF Lalpur 0.091 8.48 6.2-9.5
4 KHF Dholera 0.013 - 5.8-7.1
5 KMF Bharuch 0.018 - 6.7-9.2
6 KMF Mandvi 0.122 14.80 5.5-8.5
7 KMF Lalpur 0.086 11.00 6.2-9.6
8 KMF Dholera 0.021 - 5.8-7.1
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(a)

(c)

(e)

(g)

(b)

(d)

(f)

(h)
Figure 5.11: The displacement time histories for different port buildings for earthquakes along Katrol Hill Fault or Kachchh Mainland 

Fault (a)KHF-BRCH, (b)KHF-DHLRA, (c)KHF-LAL, (d)KHF-MAND, (e)KMF-BRCH, (f)KMF-DHLRA, (g)KMF-LAL and 
(h)KMF-MAND
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Response of structure:

Now the displacement response history of the structures (port buildings) is calculated from the selected 
ground motions. All the displacement response histories are showed in figure 5.2.11.

The fundamental frequency of the structure is not matched with the predominant frequency of all the 
ground motions and structure’s fundamental frequency is very far away from the ground motion’s 
frequency. Also the PGAs of ground motions have significantly less values.

Pushover analysis

As per FEMA 356: 2000 and ATC 40, Pushover analysis is a static, nonlinear procedure using simplified 
nonlinear technique. It is an incremental static analysis used to determine the force-displacement 
relationship, or the capacity curve, for a structure. The analysis involves applying horizontal loads, in a 
prescribed pattern, to the structure incrementally; pushing the structure and plotting the total applied 
lateral force and associated lateral displacement at each increment, until the structure achieve collapse 
condition.

The static pushover analysis is becoming a popular tool for seismic performance evaluation of existing 
and new structures. The expectation is that the pushover analysis will provide adequate information on 
seismic demands imposed by the design ground motion on the structural system and its components. The 
pushover analysis of a structure is a static non-linear analysis under permanent vertical loads and 
gradually increasing lateral loads. The equivalent static lateral loads approximately represent earthquake 
induced forces. A plot of the total base shear versus roof displacement in a structure is obtained by this 
analysis that would indicate any premature failure or weakness.

The existing buildings can become seismically deficient since seismic design code requirements are 
constantly upgraded and advancement in engineering knowledge. Further, Indian buildings built over 
past two decades are seismically deficient because of lack of awareness regarding seismic behavior of 
structures. The widespread damage to buildings during earthquakes is exposed in the construction 
practices being adopted around the world, and generated a great demand for seismic evaluation and 
retrofitting of existing buildings.

Figure 5.2.12: Base shear vs. Roof displacement plot for the port building
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Now to get the load vs. displacement curve for a structure, the structure is pushed suing either load 
control or displacement control. In this analysis we used displacement control till complete collapse of 
the structure. The load vs displacement plot is shown in figure 5.2.12. The stiffness of the structure 
getting reduced when the first crack starts or the first spring fails. The spring fails when the principle 
stress exceeds the limited value. Now the first spring fails at (4.75 m, 18.48 m) which causes crack in the 
structure. In this analysis, steel failure is also allowed. When the structure reaches the peak load value in 
the load vs. displacement curve, it starts coming down for further increase in the displacement.

F ragility analysis

Now the area under the load vs. displacement curve is the total energy dissipated in the structure. We 
calculated elastic and inelastic energy of the structure at each and every displacement. The damage 
parameter is denoted as the ratio of inelastic energy to the total energy of the structure. The displacement 
values can be converted to spectral displacement and then converted to spectral acceleration values using 
4n(SD)/T2. Where SD=spectral displacement and T=time period. Figure 5.2.13 gives the damage curve 
for different PGA values of ground motion. From figure 5.2.14 we can estimate the amount of damage to 
the port building for the given ground motion PGA value.
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Fig. 5.2.14: Two sample response time histories of light houses for given input ground motions

Vulnerability assessment of Light houses: A study has been conducted to study the dynamic behavior 
of lighthouse. The dynamic properties of the lighthouse are as follows: The fundamental period of 
structure is 1.02 sec and the period of structure from mode-2 to mode-5 is 0.3 s, 0.143 s, 0.086 s and
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0.060 s respectively. The procedure for finding out the response of the structure is already discussed in 
the earlier sections. Now the structure is subjected to several ground motions. Two sample response time 
histories of light houses for input ground motions as given above are shown in figure 5.2.14.
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Tsunami inundation mapping along Okha & Dwarka Coast

We have estimated possible arrival time and run-up of tsunami at various places along the coastal regions 
of Gujarat due to M8.0 Makran earthquake. The tsunami strikes Jakhau (23.500 N, 69. 200 E), Dwarka 
(22.250 N, 69.050 E) & Mundra coast (22.820 N, 69.870 E) with wave heights of more than1.8, 2.0 &
1.5 m, respectively.

West coast of India is affected by tsunami generated along Makran subduction zone. The most significant 
tsunamigenic earthquake in recent times was that of 28 November 1945, 21:56 UTC (03:26 IST) with a 
magnitude of 8.0 (Mw). Modeling of inundation has been made for the Dwarka coast from the Makran 
source using Tunami N2. The bathymetry data is taken from ETOPO1 and land topography data was 
collected using SRTM data. Makran, Fault strike 270°: The fault parameters of the earthquakes for the 
generation of tsunami are: fault area (200km length and 100km width), angle of strike, dip and slip 
(270°, 15° and 90°), focal-depth (10 km), magnitude (8.0). The simulated Arabian Sea tsunami 
propagation generated due to above mention tsunamigenic earthquake indicated that the first tsunami 
wave reached on the Dwarka coast in Gujarat region (Jaiswal, et al., 2009). At Dwarka, positive tsunami 
waves arrive within approximately 2 hours and 10 minutes. In this study the application of a numerical 
model to simulate tsunamigenic Makran event and an approach to estimate the extent of inundation along 
the coast of Dwarka. It is found that if the tsunami strikes during the low tide, 1.5m tide, and 3.0m tide 
are inundated 100-300m, 100-500m and 100-600 m, respectively along the Dwarka coast (Fig.5.2.15).

Fig. 5.2.15: Tsunami inundation mapping during 3.0m tide along Okha & Dwarka coast

Drilling: Drilling of ten boreholes has been done at the gulf of Kachchh region (Fig.5.2.16. The sites are 
Dwarka (22.244N0, 68.961E0); Jakhau (23.217N0, 68.715E0); Jangi (23.176N0, 70.599E0); Joiya 
(22.781N0, 70.329E0); Kandla (22.995N0, 70.156E0); Madhapar Bhunga (20.506N0, 70.030E0); Mandvi 
(22.833N0, 69.346E0); Okha (22.471N0, 69.079E0); Salya (22.308N0, 69.601E0); Sikaa (22.418N0, 
69.855E0). From drillings data the soil and rock properties have been determined and used for 
geotechnical and strong motion analysis.
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5.3 SHEAR-WAVE VELOCITY ESTIMATES IN DIFFERENT PARTS OF GUJARAT 
FROM MASW AND PS LOGGING
B. Sairam, B. K  Rastogi, Vandana Patel and S. Venkateshwar

During April 2012- March 2013, Vs profiles are obtained at 53 sites at various parts of Gujarat by 
MASW and PS-logging. So far, shear-wave velocity profiles are estimated at 366 locations in 
Gujarat.
MASW Sites PS-logging Sites
VS- Hospital, Ahmadabad 4 VS- Hospital, Ahmadabad 1
Kachchh 22 Gandhinagar 2
Saurashtra 3 Surat 18

Coastal region of Kachchh and Saurashtra 3
Total (MASW +PS-logging): 53

5.4 PGA and Sa MAPS FROM PSHA ANALYSIS CONSIDERING SITE CONDITIONS AT 
2% PROBABILITY OF EXCEEDANCE IN 50 YEARS FOR THE GUJARAT REGION
(B. Sairam, B. K  Ras togi and Prantik  Mandal  o f  NGRI)

PSHA map is prepared for Gujarat region in western India (200000 sq. km) which is having high seismic 
hazard. For this purpose site condition map is prepared based on Vs30 and geological rock formations. 
Shallow seismic surveys were carried out at 313 locations in different parts of Gujarat and theVs30 
seismic velocities were assigned to different geological conditions in Gujarat.

In Gujarat and adjoining regions, there are three main seismic source zones (viz., along rifts of Kachchh, 
Cambay and Narmada. The earthquake hazard parameters viz., maximum magnitude (Mmax), a-value 
and b-value have been estimated for these zones. The hazard parameters are estimated using the 
earthquake catalogue compiled by ISR for the period 1668 to 2011 which is homogenized to Mw
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magnitude. As a reliable attenuation relation for Gujarat is not yet available, a New Generation 
Attenuation (NGA) relation of Boore and Atkinson (2008) is used in computing the seismic hazard for 
Gujarat. The Boore & Atkinson (2008) equations are applicable for MW = 5-8 and VS30 =180-1300 m/s. 
PGA map was prepared for entire Gujarat for Vs of 760m/s which is generally considered suitable for 
assigning Engineering Bed Layer. Vs30 of 760m/s or more is found in the areas covered by Deccan 
Traps and Granitic firm rock in 1/3rd area. The 2/3rd area is covered by lower Vs 30 of 500 in Mesozoic 
and Tertiary hard sediments as well as 300m/s in Quaternary stiff soils. PGA is estimated in these three 
types of areas. The PSHA maps at 760 m/s for firm rock site level and also at surface with three different 
site conditions are prepared. CRISIS2007 code is used to calculate PSHA maps for 2% probability of 
exceedance in 50 years (Figs. 2). Estimates have also been made for spectral accelerations at a few 
natural periods of buildings.
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Fig. 5.4: PGA map at surface level considering site conditions (V s30 = 300, 500, 760 m/s) for 2% probability exceedance in 50 years. New 
generation attenuation (NGA) relationship of Boore and Atkinson (2008) is used in estimation of PSHA. The CRISIS 2007 
program is used in calculating PSHA

5.4 SEISMIC HAZARD ASSESSMENT OF NUCLEAR POWER PLANT SITES

5.4.1 Seismic hazard Assessment for Jaitapur Nuclear Power Plant site, Ratnagiri, Maharashtra
(B.K. Rastogi)

The Jaitapur site (16° 35'N 730 20'E) is about 100km south of Koyna dam and 50 km south of Ratnagiri.

Monitoring of seismicity since 2004 with five local seismograph stations or the Koyna network operating 
since 1962 with several stations at 50-100km distance have not recorded any shock within 50km of the 
site. The two earthquakes, Koyna 1967 (Mw 6.3) and Ratnagiri 1965 (M5) are likely to have caused 
intensity V at Jaitaur. The Latur earthquake of Mw6.2 occurred about 200km east of the site. Koyna and 
Latur are in a Postulated “Koyna- Kurdwadi Rift” which is more than 50 km north of Jaitapur. Any
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earthquake along this rift may cause intensity V at the site and hence will not cause any damage to the 
plant. The review of geological setting of the area indicates possibility of some coast parallel faults 
offshore and onshore which are of Tertiary age. However as will be described in the next session, no 
such fault could be found in the vicinity of the area by detail geological studies by the Geological Survey 
of India done for a number of years and also by ISR quick check up. No fault is observed near the coast 
or along the continental divide.

A review of geophysical studies of the area indicated that there are two deep Seismic profiles Koyna I 
(75 km north of Jaitapur) and Koyna II (150km north of Jaitapur) which are eastward from coast for 
about 150km length. These two profiles are south and north of Koyna reservoir. A NNW thrust fault 
dipping east was detected. This fault was not the causative fault for the Koyna earthquake as the Koyna 
earthquake was along a NNE trending strike-slip fault. Moreover, this fault does not extend further south 
as it is limited by a NW trending normal fault in Warna area.

5.4.2 Geological Investigation by ISR at Jaitapur
(B K  Rastogi, G.C. Kothyari and Prabhin Sukumaran)

A review of geology of the west coast region indicates existence of a series of offshore coast parallel 
faults which have been mapped by seismic survey which have formed grabens in Tertiary age 
accumulating Tertiary sediments. Though no such fault terrace or normal fault has been found onshore 
by seismic survey or geological investigations, possibility of such faults onshore has been expressed by 
geologists. Boreholes drilled on Jaitapur site indicate variation of several meters of Deccan Trap 
basement over which Miocene sediments were deposited. Possibility of such variation due to faulting has 
been expressed. However, such variations of Deccan Trap basement can be due to erosion as seen 
everywhere the Deccan Traps are exposed.

Roger Bilham has drawn our attention to one possible terrace or normal fault from Google image (Fig. ). 
This feature, a 50 km long NNW trending escarpment passing through west of Jaitapur was identified by 
Powar and Patil. The Geological Survey of India team investigated this lineament for 10 km length from 
Jaitapur southward for 3 years during 2003 to 2005. It did not find any evidence of fault in the area. 
During 2nd half of March 2012, a team of ISR geologists examined some ten areas along this lineament 
for a stretch of 50km where rivers/streams are shifted towards north on eastern side of the escarpment. 
During the last week of March 2012, a team of about 30 geologists / geophysicists of India thoroughly 
investigated the areas around Jaitapur and up to 8 km south of it. The team included experienced earth 
scientists from several agencies like GSI, ONGC, IIT Bombay and ISR etc. Top 20-25 m cover is found 
to be Tertiary laterite (post Miocene) in 80% area. Deccan basalts are seen in 20% area along slopes of 
hills and valleys. The hills have been formed in along a ridge which is about 50km in length and up to 
about 60m height. The ridge is formed in Tertiary times as there are no gullies or streams over the ridge 
which would be seen if formed in Quaternary time. The Quaternary deposits are along a few 
streams/rivers only. The Tertiary laterite is not found to be disturbed at any of the ten locations. The 
location near Girye, 8 km south of Jaitapur, was most thoroughly investigated as change in the river 
course appears to be most prominent. A E-W flowing tributary of Vagothan River suddenly changes its 
course to N-S direction, follows the escarpment for a length of about 3 km before merging with 
Vagothan river. This change of river course might have happened in Tertiary as there is no sign of 
tectonic disturbance in Holocene time. At Girye a escarpment of sand appears to have risen high near the 
coast. However, it appears to be started due to blocking of river due to anthropogenic reasons and further 
rising of the same due to Aeolian activity. The historical records indicate that the river was flowing to the 
sea at this location until a few centuries. The dating of soil samples at two heights from this escarpment 
indicates ages of about 300yr for the sample close to the ground and 200 yr for the sample at 3 m height
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from the ground. Along this 3 km straight NNW trend of escarpment laterite was not disturbed. If a 50­
100 km long fault is formed, it will have fractures, gouge material and sheared rocks. No such thing was 
found. Though shifting of river / stream courses and deposition of thin Miocene beds in small isolated 
basins indicates possibility of faulting in pre- Miocene time, no evidence could be found.

Numerous borelogs at different locations on both sides of the NNW lineament around Jaitapur and up to 
8 km south of it do not show any material / anomaly that support the presence of fault (slicken sides, 
fault breccias etc.) within the laterite or sedimentary rocks overlying Deccan basalts.

Prof. R. Nagarajan of IITb has examined the history, historical naval hydrograph charts, old topographic 
sheets of Survey of India and aerial photographs of the area (personal communication). He believes that 
the change in river course in the coastal area is due to sediment deposition from the sea as well as from 
upstream side, aided by reclamation activities rather than any neotectonic activities. In most of the cases 
changes have happened in last 100 yr or less.

The Vijaydurg fort and several cannon -  cum -  watch towers built on hillocks nearby with laterite rocks 
without any mortar some 400-500 years ago are intact indicating absence of any severe earthquake at 
least in the past half millennium.

5.5 GENERATION OF SITE SPECIFIC GROUND MOTION (SPECTRA) WITH DUE
CONSIDERATIONS OF SHEAR WAVE VELOCITIES AND SOIL CONDITIONS FOR 
INDUSTRIAL SITES OF THE BHUJ REGION
(Kapil  Mohan, B. Sairam andB. K  Ras togi with Raje sh Mishra o f  BARC)

5.5.1 Introduction to Generation of Site Specific Ground Motion (Spectra) for Industrial Sites of 
the Bhuj Region

BRNS (Board of Research in Nuclear Sciences (BRNS) sponsored the work of generation of response 
spectra for industrial sites of the Bhuj region with due consideration of shear wave velocities and soil 
conditions. ISR carried out Vs30 shear-wave velocity measurements by Multichannel Analysis of 
Surface Waves (MASW) test at 16 sites near the industrial locations in Bhuj region. The average shear 
wave velocity (Vs30) is varying from 160 to 1137 m/s with varying geology at the selected industrial 
sites.

The Peak Ground Acceleration (PGA), Response spectra (Spectral acceleration) and design basis ground 
motion is computed in the present work at 16 industrial sites (Figs. 5.5.1 and 5.5.2) in the Kachchh 
region of Gujarat at the surface using Stochastic Finite Fault Modeling Technique. The estimates are 
made corresponding to the average shear wave velocity to 30 m depth (Vs30) of these sites. Kachchh is 
an intra plate seismically very active region where several faults are active and can generate earthquakes 
of magnitude up to 8. The industrial sites are situated close to Kachchh Mainland Fault (KMF) which is 
most active and can generate Bhuj 2001 like earthquake of Mw7.6 in its three segments. However 
analysis is conducted by simulating the scenario Bhuj earthquake of Mw7.6 & the same magnitude along 
the western and eastern portions of KMF (those are closest to industrial sites).

The average shear wave velocity (Vs30) is varying from 150m/sec to 580m/sec at the selected industrial 
sites. The maximum PGA of ~1.1g is calculated at Chobari due to 2001 Bhuj earthquake. The minimum 
PGA of ~ 0.065g is computed at KLTPS-1(with highest Vs30 = 580m/sec) site situated at western most 
part of Kachchh due to scenario earthquake of Magnitude Mw7.6 along Western segment of KMF 
(section-A). The spectral acceleration values are higher (200-3000 gals) in the period range of 0.1 to 0.4 
sec period compared to higher periods.
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Fig. 5.5.1: Generalized geological map of Kachchh (Karanth, R. V. and Gadhavi, M. S. 2007).Broken line represents traces of major 
faults: Nagar Parkar Fault (NPF), Allah Bund Fault (ABF), Island Belt Fault (IBF), Kala Dongar Fault (KDF; a part of IBF), 
Gora Dongar Fault (GDF), Kachchh Mainland Fault (k Mf ), Katrol Hill Fault (KHF), Gedi Fault (GF) and South Wagad 
Fault (SWF).

Fig. 5.5.2: Kachchh geology map (After Merh, 1995; GIS, 2001) with site locations of shear wave velocity estimations.

5.5.2 Rock Formations in Kachchh

The sediments are found younging southward as well as westward. But for some brief spells of hiatus, 
the Kachchh peninsula has recorded a nearly unbroken sequence of sediments from Late Triassic 
onwards (Table 5.5.1). Jurassic and early Cretaceous sedimentary formations are seen exposed in many 
parts of the rocky land mass. By and large, the Jhurio Formation is dominated by limestone and shale, the 
Jumara Formation by gypseous shale, the Jhuran Formation by sandstone and shale intercalations, and 
the Bhuj Formation by sandstone. Deccan Traps are seen exposed in the southern and western parts of 
the Kachchh Mainland. Tertiary sediments are distributed mainly in the western, southern and eastern 
parts of Kachchh (Karanth, R. V. and Gadhavi, M. S. 2007).
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While Tertiary rocks are seen overlying the Deccan Traps in Kachchh Mainland, they are seen overlying 
the Mesozoic rocks in other uplifts. Of the Tertiary, only the sediments belonging to Miocene times are 
widespread. Vast areas of Banni Grassland, the Rann of Kachchh and the region between Mainland uplift 
and Wagad uplift, described as Samakhiali Basin, comprise unconsolidated soft sediments. The 
Precambrian basement rocks over which the Mesozoic sediments were deposited are not exposed in 
Kachchh. Intrusive bodies of igneous rocks that include coarse-to-fine-grained melanocratic alkaline 
basic rocks to oversaturated leucocratic granophyres are seen intruding into the Mesozoic sediments at 
many parts of Kachchh.

5.5.3 Shear wave velocity measurements by Multichannel Analysis of Surface Waves (MASW)

MASW is a geophysical method which generates a shear wave velocity (Vs) profile (i.e., Vs versus 
depth) by analyzing Raleigh-type surface waves on a multichannel record. The term “Multichannel 
record” indicates a seismic data set acquired by using a recording instrument with multiple channels. 
Forty eight channels Geode Seismograph and Seismodule Controller Software (SCS) of Geometrics Inc., 
USA has been used to acquire the data in this investigation. Data was acquired using standard CMP roll- 
along technique to achieve a continuous shot gather. Vertically stacked 20 impacts of a 30kg hammer on 
a metal plate were used as a source to generate seismic waves. These waves were recorded by twenty 
four vertical geophones/receivers of 4.5 Hz planted at a 2m interval along the profile line.

The MASW test was carried out at 16 locations for this study. The locations of the testing sites are 
shown in figure 5.5.2. An effective result of the MASW depends on signal 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 are selected in such a way that the highest S/N ratio and required 
depth (more than 30 m depth) of information can be obtained.

The generation of a dispersion curve is an important step in MASW method. A dispersion curve is 
generally displayed as a function of phase velocity versus frequency. Each shot-gather generated one 
dispersion curve. Care has been taken to ensure that the spectral properties of the t-x (t is time & x is 
offset) data (shot gathers) were consistent with the maximum and minimum f-Vc values (f is frequency 
& Vc is phase velocity of surface waves) contained in the dispersion curve. Each dispersion curve was 
individually inverted into an x-Vs (z) trace [Vs (z) is shear wave velocity variation with depth]. 
Gathering all x- Vs (z) traces into shot station in sequential order results in a 2-D grid of the shear-wave 
velocity profile. Multi-channel records were analyzed with SurfSeis (a propriety software package of the 
Kansans Geological Survey, USA), which facilitates to use MASW with continuous profiling technique.

Average shear wave velocity to a depth 30 m (Vs30)

The shear wave velocity averaged from 0 to 30 m depth at each site has been computed using the 
following formula (eqn. 1)

Vs30 =
30

i= 1 ,N

d i
Vsi

(1)

Where d iis the thickness of ith layer (in meters), Vsiis the shear wave velocity in ith layer (in m/s).

Sites classification based on Vs30 is given by the Federal Emergency Management Agency (FEMA, 
1997), Uniform Building Code (UBC-19997), IBC2000 for National Earthquake Hazard Reduction 
Program (NEHRP) as given in the following Table 5.5.2.
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Locations of Shear wave velocity measurements site are shown in Figure 5.5.2. Shear wave velocity 
profiles of different sites are shown in Figures 5.5.3. Vs30 values of Industrial/power plants/substation 
sites are shown in Table 5.5.3. Fig. 5.5.4 shows 1D Shear wave velocity models at Industrial sites of 
Kachchh, Gujarat.

Table 5.5.2: NEHRP soil classification scheme.
NEHRP Class Vs30 m/s

(Average shear wave velocity in 
the upper 30 m)

Description

A >1500 Hard rock
B 760 -  1500 Rock
C 360 -  760 Very dense soil and soft rock
D 180 -  360 Stiff soil
E < 180 Soft Soil
F Special soil requiring Site specific evaluation

Table 5.5.3: Details of site locations, Vs30, NEHRP classes and Geology of each site.
Category Site Name Vs30 NEHRP Geology
(A). Quaternary

Kandla-1 171 E Quaternary
Kandla-2 357 D Quaternary
IFFCO-1 182 E Quaternary
IFFCO -2 160 E Quaternary
Akri-1 356 D Quaternary
Akri-2 405 C Quaternary
Bhimasar 462 C Quaternary
Chobari 273 D Quaternary
Samkhiali 423 C Quaternary

(B) . Cretaceous :
Nakhatrana 476 C Cretaceous
Dudai 560 C Cretaceous

(C) . Tertiary
Lakhpat 585 C Tertiary
Bhachau 547 C Tertiary

(D). Deccan traps
KLTPS-1 611 C Deccan traps
KLTPS -2 1137 B Deccan traps

(E). Jurassic
Adhoi 478 C Jurassic

• IFFCO-Indian Farmers Fertilizer Cooperative limited, Gandhidham

• KLTPS- Kutch Lignite Thermal Power Station, Panandro

Shear wave velocities (Vs) profiles are obtained at 16 sites near to the Industries which are located at 
different geological formations. Nine sites are in Quaternary formations. The estimated Vs30 of 
Quaternary sites are in the range of 160-423 m/s. Two industrial site are in the Tertiary formations viz., 
Lakhpat (Vs30=585 m/s) and Bhachau (Vs30=547 m/s). Another two sites are in the Cretaceous 
formations which are showing Vs30of 560 m/s for Dudai and 476 m/s for Nakhatrana. One site (Adhoi) 
is in Jurassic formation which has Vs30 of 478 m/s. Two sites which are exist in Deccan traps formations 
have velocity of 611 and 1137 m/s at KLTPS-1 and KLTPS-2 sites respectively. There are two or three 
layers have seen at each site based on shear-wave velocity variation. It is evident from 2-D velocity 
models that the velocity generally increasing with depth. However, low shear wave velocity is inferred in 
between higher velocity layers.
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(A) Sites of Quaternary sediments:

(a) At Kandla-1 site top layer up to 11 m shows velocity in the range of 100-160 m/s and 
followed by second layer up to 32 m depth which has velocity 160-310 m/s.

(b) Kandla-2 site shows two layers top layer is up to 5 m with velocity 100-270 m/s and 
followed by second layer up to 22 m depth Vs of second layer is in the range of 270-580 
m/s.

(c) IFFCO-1 sites shows two layers (Fig. 3 and 4), top layer is up to 11 m depth which has 
velocity of 100-155 m/s and second layer is up to 22 m depth with velocity of 150-250 m/s.

(d) IFFCO-2 site is showing two layers first layer is up to 18 m depth (Vs=110-140 m/s) and 
second layer is up to 22 m (Vs=140-230 m/s).

(e) At Akri-1 site, there are three layers first layer is up to depth of 23 m (Vs=250-450 m/s) and 
second layer is up to a depth of 55 m (Vs=450-555) and third layer is up to 64 m (Vs=500- 
840 m/s).

(f) At Akri-2 site Vs is obtained up to 26 m depth which shows two layers which is showing
two layers top layer is up 12.5 m (Vs=200-360 m/s) and second layer is up to 26 m depth
(Vs=360-750 m/s).

(g) At Bhimasar site, there is top layer up to depth of 14 m (Vs=200-480 m/s), followed by 
second layer up to depth of 44 m (Vs=482-654 m/s) and then followed by third layer up to 
depth of 55 m (Vs=660-1020 m/s).

(h) At Chobari site Vs is in the range of 150 -  300 m/s up to 12 m depth.

(i) At Samkhiali site top layer is up to 14 m (Vs=200-400 m/s) and second layer is up to 80 m
depth (Vs=400-110 m/s).

(B) Sites of Tertiary formations:

(a) At Lakhpat site the top layer is up to 5 m (Vs=370-530 m/s) and second layer is up to 65 m 
depth (Vs=530-600 m/s).

(b) At Bhachau site, there is top layer up to depth of 13 m (Vs=380-480 m/s), followed by 
second layer up to depth of 23.4 m (Vs=380-480 m/s) and third layer is up to 50 m depth 
(Vs=660-900 m/s).

(C) Sites of Cretaceous formations:

(a) Nakhatrana sites shows two layers, top layer is up to 20 m depth which has Vs of 400-550 
m/s and second layer is up to 55 m depth with Vs of 400-850 m/s.

(b) At Dudai site Vs is in the range of 400 -  700 m/s up to 10 m depth.

(D) Sites of Deccan traps formation:

(a) Kltps-1 site shows two layers the top layer is up to 20 m depth (Vs=230-690 m/s) followed 
by second layer to depth of 30 m (Vs=700-1000 m/s).

(b) Kltps-2 site is has two layers top layers is 26 m depth (Vs=370-1880 m/s) and second layer 
is up to 42 m depth (Vs=1600-2170 m/s).

(E) Site of Jurassic formation:

(a)

90

Adhoi site is in Jurassic formation which showing two layers top is up to 19 m depth 
(Vs=270-520 m/s) and followed by second layer up to 50 m depth (Vs=520-1000 m/s).
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Summary of the Results of MASW Measurements:

MASW test has been carried out at 16 sites near to industrial/power plants/substation sites. Shear wave 
velocity (Vs) profiles have been obtained using the MASW technique. Average shear wave velocity 
(Vs30) at each site has been computed. From the 2-D shear wave velocity profiles it is inferred that most 
of the power plants and industrial locations have been chosen at soft rock or rock sites except Kandla 
port area and IFFCO, Kandla site which have lowest shear wave velocity Vs30 of about 200 m/s was 
found in. It is inferred that close to the Kandla coast there is loose soil. At a location about 4 km away 
from Kandla, Vs30 is higher (about 360 m/s).

(D)Sites of Deccan trapsformations :

2 0 0  4 0 0  COO 8 0 0  1 0 0 0  1 2 0 0
S-Velocity (m s)

K L T P S - P a n d r o - 1
S u r f a c e  L o c a t i o n  ( S t a t i o n  N u m b e r )

1 1 5  1 2 0  1 2 5  1 3 0

(E)Sites of Jurassic formations :

Fig. 5.5.3: Shear wave 2 -D  velocity profiles.
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(A)Site of Quaternary formations:

Kandla-1

IFFCO-1

K andla-2

IFFCO-2

Akri-2
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Fig 5.5.4: Shear wave 1-D velocity models
(B)Sites of Cretaceous formations:

(C)Sites of Tertiary formations:

(D)Sites of Deccan traps :
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(E)Sites of Jurassic formations:

Fig 5.5.4: Shear wave 1-D velocity models at Industrial sites of Kachchh, Gujarat.

5.5.4 Strong Motion Assessment at Industrial Sites in Kachchh 

Methodology of Strong Motion Assessment:

The basis of the stochastic method is the observation made by Hanks and McGuire (1981) that the high 
frequency strong ground motion from earthquakes can be approximated by finite duration band limited 
white Gaussian noise. The band limitation is defined by spectral corner frequency and the highest 
frequency passed by the accelerograph or the Earth’s attenuation. According to this method a site- 
specific shape of theoretical Fourier amplitude spectrum of the free field acceleration is estimated based 
on Brune (1970) model. Next a band limited white noise is windowed with a shaping function of 
prescribed duration (Boore, 1983). The windowed time series is transformed into frequency domain and 
scaled to the square root of the mean squared absolute spectra. The site specific theoretical Fourier 
amplitude spectrum generated above is multiplied with the scaled spectrum of windowed time series. 
The Fourier transformation back into the time domain generates the simulated acceleration time series.

This stochastic procedure described above has been applied successfully to simulate the ground motions 
by a number of investigators (e.g., Boore and Atkinson, 1987; Toro and McGuire, 1987; Ou and 
Herrmann, 1990; and Atkinson and Boore, 1995). Beresnev and Atkinson (1997) extended the stochastic 
procedure to large faults by subdividing a large fault into sub-faults each of which is then treated as a 
point source. The ground motions at a site can be obtained by summing the contributions over all sub­
faults. Beresnev and Atkinson (1998) applied this finite fault radiation simulation technique to model 
strong motion acceleration data from the 1994 Northridge, California earthquake.

Motazedian and Atkinson (2005) introduced the concept of “dynamic corner frequency” by considering 
the corner frequency as function of time and presented the modifications to stochastic finite fault method. 
In the modified method the rupture history controls the frequency content of the simulated time series of 
each sub-fault. This modification takes care of the disadvantages recognized in the finite source 
stochastic method Another advantage of the modified stochastic finite fault model is that it conserves 
moment with single triggering of each sub-fault as compared to multiple triggering in previous 
approaches (e.g. Silva and Darragh, 1995; Beresnev and Atkinson, 1998). This modified stochastic 
method based on dynamic corner frequency has been used successfully in modeling the ground motions 
for 1992 Landers earthquake (M 7.2), 1994 Northridge earthquake (M 6.7) and 2003 Bam, Iran 
earthquake (M 6.5) (Motazedian and Atkinson, 2005; Motazedian and Moinfar, 2006). Raghukanth et al. 
(2008) applied the same technique to estimate the ground motions for a great earthquake of magnitude
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8.1 in the Shillong Plateau. In our modeling we have considered 45km rupture zones on hanging wall 
side of the KMF and 20km wide rupture zone on hanging wall side of North Wagad Fault (Fig. 5.5.5) 
which is a causative fault of 2001 Bhuj earthquake. The rupture lengths of about 135km are subdivided 
in 45 km sub-faults.

Fig. 5.5.5: Rupture zones (scenario earthquakes) and industrial stations considered in the study of seismic hazard at 
industrial sites in the Kachchh region.

Table 5.5.4: The Average Shear Wave Velocity (Vs30) computed at selected industrial sites in Kachchh 
region.

Sr. No. Station Name Vs30
1 Bhachau 547
2 Nakhtarna 476
3 Lakhpat 585
4 Bhimasar 462
5 Adhoi 462
6 Akri-1 356
7 Akri-2 405
8 IFFCO-1 182
9 IFFCO-2 160
10 Kandla-1 171
11 Kandla-2 357
12 Chobari 273
13 KLTPS -1 611
14 Samkhiyali 423
15 Dudhai 560
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Table 5.5.5: Peak Ground Acceleration (PGA) values in cm/sec2 computed from considering scenario
earthquakes of Mw7.6 along Western portion (KMF-A), Eastern Portion (KMF-B) of KMF and 
due to 2001 Bhuj earthquake.

1 Bhachau 788.5 124.0 937.3 937.3
2 Nakhtama 170.4 931.6 141.5 931.6
3 Lakhpat 96.2 298.4 69.5 298.4
4 Bhimasar 576.4 140.0 938.0 938.0
5 Adhoi 538.8 104.8 637.9 637.9
6 Akri-1 85.5 244.4 64.6 244.4
7 Akri-2 85.7 245.8 70.0 245.7
8 IFFCO-1 457.5 163.3 715.7 715.7
9 IFFCO-2 459.2 154.0 719.2 719.2
10 Kandla-1 446.4 173.3 615.7 615.8
11 Kandla-2 419.6 151.6 609.6 609.6
12 Chobari 1077.7 137.4 657.8 1077.7
13 KLTPS -1 79.4 352.3 64.6 352.3
14 Samkhiyali 554.7 128.3 847.0 847.0
15 Dudhai 933.5 164.72 1030.3 1030.3

** KLTPS- Kutch Lignite Thermal Power Station 

*IFFCO- Indian Farmers Fertiliser Cooperative Ltd.

Table 5.5.6: The Peak Spectral Acceleration (PSA) computed at selected industrial sites in Kachchh region
due to 2001, Bhuj Earthquake scenario.

Sr. No. Station Name PSA(cm/sec2) Predominant Period(sec)
1 Bhachau 1888.1 0.13
2 Nakhtarna 567.0 0.20
3 Lakhpat 240.0 0.42
4 Bhimasar 2151.0 0.22
5 Adhoi 1645.0 0.10
6 Akri-1 254.2 0.36
7 Akri-2 252.5 0.41
8 IFFCO-1 1336.4 0.16
9 IFFCO-2 1554.2 0.15
10 Kandla-1 1283.3 0.45
11 Kandla-2 1284.9 0.16
12 Chobari 3667.9 0.24
13 KLTPS -1 272.3 0.20
14 Samkhiyali 1937.6 0.25
15 Dudhai 2870.2 0.1

Table 5.5.7: The Peak Spectral Acceleration (PSA) computed at selected industrial sites in Kachchh region
due to scenario earthquake of Mw7.6 along western part of KMF (KMF-A).

Sr. No. Station Name PSA(cm/sec2) Period(sec)
1 Bhachau 382.0 0.18
2 Nakhtarna 2327.4 0.11
3 Lakhpat 855.6 0.10
4 Bhimasar 561.0 0.20
5 Adhoi 303.3 0.18
6 Akri-1 847.6 0.10
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Sr. No. Station Name PSA(cm/sec2) Period(sec)
7 Akri-2 777.7 0.16
8 IFFCO-1 434.5 0.35
9 IFFCO-2 432.2 0.59
10 Kandla-1 486.1 0.26
11 Kandla-2 587.6 0.17
12 Chobari 411.9 0.18
13 KLTPS -1 1190.1 0.14
14 Samkhiyali 345.0 0.22
15 Dudhai 570.5 0.16

Table 5.5.8: The Peak Spectral Acceleration (PSA) computed at selected industrial sites in Kachchh region 
due to scenario earthquake of Mw7.6 along eastern part of KMF (KMF-C).

Sr. No. Station Name PSA(cm/sec2) Predominant Period(sec)
1 Bhachau 2849.4 0.14
2 Nakhtarna 448.6 0.17
3 Lakhpat 196.8 0.32
4 Bhimasar 3203.8 0.20
5 Adhoi 1958.2 0.10
6 Akri-1 224.4 0.24
7 Akri-2 209.4 0.38
8 IFFCO-1 2779.1 0.13
9 IFFCO-2 1974.3 0.16
10 Kandla-1 1642.1 0.16
11 Kandla-2 1692.1 0.09
12 Chobari 1716.0 0.14
13 KLTPS -1 210.0 0.09
14 Samkhiyali 2486.0 0.13
15 Dudhai 2811.9 0.25

5.5.5 Results and Discussion of Strong Motion Assessment at Industrial Sites in Kachchh:

The Peak Ground Acceleration (PGA), Response spectra (Spectral acceleration) and design basis ground 
motion is computed in the present work at 15 industrial sites in the Kachchh region of Gujarat 
considering three earthquake scenarios: (i) Due to 2001 Bhuj earthquake, (ii) An earthquake of 
magnitude Mw7.6 and western part of KMF (KMF-A) and (iii) An earthquake of magnitude Mw7.6 and 
eastern part of KMF (KMF-C). The PGA values computed due to all the three scenario earthquakes are 
given in Table 5.5.5. The maximum PGA value of 1.1g is computed at Chobari due to 2001 Bhuj 
earthquake. The PGA values are computed high at Dudhai (~1g), Bhachau and Bhimasar (~0.9g) due to 
KMF-C and at Nakhtrana (~0.9g) due to KMF-A as these sites are either falling near/on the rupture zone. 
The minimum PGA value (0.065g) is computed at KLTPS-1 site due to KMF-C may be due to higher 
Vs30 at the site and distance from the rupture zone.. The response spectra are also computed at all fifteen 
sites at 5% damping due to 2001 Bhuj earthquake scenario, KMF-A, KMF-C and are shown in Fig.5.5.6, 
Fig.5.5.7 and Fig.5.5.8, respectively. The maximum Peak Spectral Acceleration (PSA) due to 2001, Bhuj 
earthquake scenario is estimated at Chobari station (~3g) and minimum at Lakhpat (0.24g) (Table 5.5.6). 
For KMF-A Lakhpat shows a higher Vs30 and lower PSA compared to Akri-2 site which has higher Sa 
may be due to low Vs30 though Akri-2 is far from Lakhpat. Due to scenario earthquake of Mw 7.6 along 
KMF-A, the maximum PSA is computed at Nakhtrana (~2g). Adhoi is showing low PSA (0.3g) (Table 
5.5.7) because of distance from KMF-A. The maximum PSA of ~3g is computed at Bhimasar due to 
scenario earthquake of Mw7.6 along eastern portion of KMF (KMF-C) and the minimum at Lakhpat
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(0.2g) (Table 5.5.8). In all the three scenario earthquakes, the spectral acceleration values are found 
higher (200-3000 gals) in the period range of 0.1 to 0.4 sec period as compared to higher periods. The 
predominant periods in the response spectra are also given in Tables 5.5.6 to 5.5.8 along with the PSA. 
The response spectra due to the three earthquake scenarios at all fifteen station are shown in Fig.5.5.9.
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Fig.5.5.6: The response spectra at 5% damping computed for 2001 Bhuj earthquake scenario at stations mentioned in the upper right 
portions in the figures.
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Fig.5.5.7: The response spectra at 5% damping computed for scenario earthquake along western part of KMF (KMF-A) at stations 
mentioned in the upper right portions in the figures.
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Fig. 5.5.8: The response spectra at 5% damping computed for scenario earthquake along eastern part of KMF (KMF-C) at stations 
mentioned in the upper right portions in the figures.
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Fig. 5.5.9: The response spectra at 5% damping computed due to scenario earthquakes along western part of KMF (KMF-C) , eastern 
part (KMF-A) and 2001 Bhuj earthquake at stations mentioned in the figures.
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Fig. 5.5.10: The design response spectra calculated for the four industrial stations from NEHRP method. In this method the spectral 
acceleration at 0.2sec and 1sec are supplied as input with the soil type (A, B, C, D, E) from NEHRP classification.

5.6 DEFINITION OF SEISMIC AND TSUNAMI HAZARD SCENARIOS BY MEANS OF 
INDO-EUROPEAN E-INFRASTRUCTURES
(Pallabee Choudhury, B  K  Rastogi in Collaboration with A  Peresan, F  Vaccaii and G FPanza, 
Trieste University, Italy)

The Department of Geosciences, Trieste University has developed a new technique called neo­
deterministic seismic hazard assessment (NDSHA) which gives a realistic output of the seismic ground 
motion due to an earthquake of given magnitude at a distance. The approach is based on modelling 
techniques that have been developed from a detailed knowledge of both the seismic source process and 
the propagation of seismic waves. The technique permits us to define a set of earthquake scenarios and to 
simulate the associated synthetic signals without having to wait for a strong event to occur. NDSHA can 
be applied at the regional scale, computing seismograms at the nodes of a grid with the desired spacing, 
or at the local scale, taking into account the source characteristics, the path and local geological and 
geotechnical conditions. Synthetic signals can be used as seismic input in subsequent engineering 
analyses aimed at the computation of the full non-linear seismic response of the structure or simply the 
earthquake damaging potential.

106 A n n u a l  R e p o r t  2 0 1 2 - 1 3



I n s t i t u t e  o f  S e i s m o l o g i c a l  R e s e a r c h , G a n d h i n a g a r

Under this joint project, the sites of Ahmedabad, Dholera and Gandhidham have been identified for the 
implementation of neo-deterministic method for the determination of seismic hazard and seismic 
microzonation and NDSHA has been carried out for Ahmedabad region for a local scenario.

A 1D sub-surface shallow profile is made for the Ahmedabad region using inputs from the receiver 
function analysis carried for the said region under a joint Indo-Taiwan research project on scenario 
strong motion studies in Gujarat region. The receiver function (RF) analysis was carried out beneath 32 
seismic stations spread all over Gujarat including a station Gandhinagar, very close to Ahmedabad and in 
the same tectonic environ and two stations Surendernagar and Kadana on west and east side respectively 
of the Cambay rift. The averaged receiver functions obtained at each sites are then inverted using Genetic 
Algorithm (GA) to get the velocity structure beneath each site. A good 2D velocity structure is obtained 
for the Gujarat region including the Cambay basin in which Ahmedabad is located. An east-west section 
across Ahmedabad was prepared up to depth of 70m using velocity structure obtained from receiver 
function analysis for Gujarat region.

For 2D model, we have used velocities obtained from PS logging carried out in the Ahmedabad region 
by the ISR and made a 25 long profile. The path effect was compensated using data from published 
literature and work by ISR scientists in Gujarat region. The west Cambay marginal fault is capable of 
generating an earthquake of magnitude 6.0. For generation of ground motions, distance of the source 
from the profile is 20 km, depth is kept at 10 km, and orientation of the fault is kept such that strike=10, 
dip=60, and rake is taken as 90 as per prevailing tectonics. For computation of ground shaking of 
scenario earthquake in Ahmedabad region, we first generated the synthetic seismograms at the bedrock 
level. The ground motion at the surface is computed using 25km long and 70 m deep 2D cross section. 
The ground motions were then generated along the entire 25km long profile. We generated 99 
realizations of source time functions for 0, 90 and 180 directivity angle. Finally the response spectra were 
generated for 99 realizations of source time functions for 0, 90 and 180 degree directivity angle for 2%, 
5%, 10% and 20% damping.

An example of obtained ground motions and average response spectra are shown in Figures 5.6.1 and 
5.6.2, respectively. The methodology will be used in the seismic microzonation of Ahmedabad region 
and subsequently at Dholera and Gandhidham and other parts of Gujarat. The initial results are 
encouraging and more realistic.

Fig. 5.6.1: Synthetic accelerogram for M6, focal depth 10km, epicentral distance 20 km derived for Ahmedabad region by NDSHA 
methodology.
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Fig 5.6.2: Average response spectra for 5% damping for M6, focal depth 10km, epicentral distance 20 km derived for Ahmedabad 
region by NDSHA methodology.

5.7 A REVIEW OF STRONG MOTION STUDIES IN GUJARAT STATE OF WESTERN INDIA
(Pallabee Choudhury, Ketan Singha R oy and B  K  Rastogi along with Sumer Chopra o f
Seism ology Division, M inistry o f  Earth Sciences, P iithvi Bhawan, N ew  Delhi)

The work reviews the strong motion studies done in Gujarat state of Western India. The study has been 
carried out using actual acceleration data obtained from a dense network of 54 strong motion 
accelerographs as well as synthetic data generated using region specific ground motion parameters. The 
recorded data are used to obtain region specific ground motion parameters and ground motion prediction 
equation. The recorded acceleration time histories are also used as element earthquakes for generation of 
time histories for future large earthquakes using Empirical Green’s Function approach. As Gujarat has 
three distinct regions having varied geological conditions, the recorded strong motion data gave an 
opportunity to study the effect of geological and local site conditions on the response spectra. This study 
for an intra-plate region like Gujarat is a pioneer work. Deterministic seismic hazard analysis (DSHA) 
has been carried out for the entire Gujarat region using modified stochastic finite fault modeling 
approach. The estimated PGA and MMI values obtained in the analysis have been used to estimate the 
vulnerability of the different types of buildings in 31 cities of Gujarat. The state of Gujarat is the most 
industrialized state of India with lots of new special investment regions and infrastructure projects are 
lined up. It is necessary that proper seismic hazard analysis is carried out at each site of interest. The 
recorded time histories play an important role in testing various models to constrain the parameters 
required for generating ground motions for a required magnitude at a site of interest. This is of much use 
in seismic microzonation of regions where actual recordings of large earthquakes are not available. The 
end result of all these studies would make the region safer from future earthquakes. Most of the active 
faults are in the Kachchh region where large earthquakes occurred. A lead time of few tens of seconds is 
available for cities like Ahmedabad, Gandhinagar, Surat and other industrial towns in south Gujarat. It is 
worth mentioning that for earthquake disaster mitigation, a successful early warning system can be a 
keystone. The success of such type of early warning will depend on the analysis of strong motion data 
recorded at various sites in Gujarat.
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5.8 PROBABILISTIC SEISMIC HAZARD MAP OF INDIA
(B K  Ras togi, Pallabee Choudhury, Ketan Singharoy))

The Bureau of Indian Standard (BIS) has given task to prepare a probabilistic seismic hazard map of 
India. As the large earthquakes in the neighboring countries also affect India, the study is conducted in 
the subcontinent region. The study region consists of India including Andaman-Nicobar islands and also 
Pakistan, Hindukush, Karakoram, Tibet and Burma bounded by 50 - 400 N and 650 - 100° E. A seismicity 
database has been prepared for the period AD 180 to 2008 containing 35302 earthquakes using all 
existing catalogues. The prepared seismicity database has been homogenized for moment magnitude 
(Mw) with the help of various empirical relationships developed among different magnitude scales (ML, 
Ms, mb and Mw). Around 50% dependent events (foreshocks and aftershocks) have been removed from 
the entire catalogue. The cut-off magnitude (threshold magnitude or magnitude of completeness, Mc) for 
this seismicity database is estimated as Mw 4.5 for interplate (Himalayan seismic belt) region and 4.1 for 
intraplate (Peninsular India) region. The completeness periods for different magnitude ranges are also 
estimated. It is observed that in Peninsular India, events with magnitude in the range 4.0-4.5 are complete 
for 80 years, while events for Mw > 4.5 are complete for 200 years. Along Himalayan plate boundary 
regions, catalogue is complete for 40 years for magnitude between 4.0 and5.0; 80 years for 5.0- 6.0; 100 
years for 6.0-7.0; and 200 years for >7.0. The seismic source zones have been delineated based on 
earthquake epicenters distribution and active fault mapping. A total 32 main seismic source zones have 
been delineated in the study region. The seismotectonics characteristics of these source zones have been 
explained. The earthquake hazard parameters (maximum magnitude, earthquake activity rate, beta, b- 
value and return periods) have been estimated for all delineated seismic source zones. These hazard 
parameters have been used to prepare the probabilistic seismic hazard map of India for two levels of 
probability of exceedance in 50 yr (Figs. 5.8.1 and 5.8.2). Table 5.8.1 gives PGA values at ground with 
Vs 610m/s at some locations. The analysis was carried out by using CRISIS 2003-CL, version 3.0.2 and 
all ground motions are computed for hard rock (Vs>610 m/s).

Table 5.8.1: PGA values at ground with Vs 610m/s at some locations
PGA in gals

Region 10% PE 2% PE
Andaman 314 544
Arakan-Yoma 320 542
Himalayan Arc 326 571
Shillong Plateau 325 571
Trans-Himalaya 202 353
Tibet 151 268
Delhi 80 150
Cambay Region 86 152
Kachchh Region 150 340
Ahmedabad 47 100
Son-Narmada Region 65 140
Koyna region 99 192
Tamilnadu Region 30 65
Cuddapha Region 31 69
East Coast Region 23 54
Kerala region 34 75
Kolkata 26 61
Chennai 21 53
Guwahati 293 523
Hyderabad 30 68
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Fig. 5.8.1: PGA exceedance at ground with Vs 610m/s at 10% probability in 50 years
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Fig. 5.8.1: PGA at ground with Vs 610m/s at 2% probability exceedance in 50 years
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CHAPTER 6
SEISMIC MICROZONATION AND HAZARD ASSESSMENT OF INDIVIDUL SITES

Seismic microzonation investigations were carried out for Ahmedabad, Gandhinagar, Dholera Special 
Investment Region and New VS Hospital building site in Ahmedabad. The quantity of different types of 
investigations in these areas is given in Table 6.1.

Table 6.1: Quantity of boreholes, grid size, MASW, PS Logging and Array Microearthquake observations
for different areas

Location Area, Boreholes Grid Size MASW PS Log Array
MicroTremor

Gandhidham 300 sq.km 80 500m 14 16 12
Dholera 900 sq.km 87 500m 41 16 23
GIFT City 1.5 sq.km 14 +126 500 m 7 7 5
Ahmedabad 625 sq.km 220 1.5 km 51 10 15
Gandhinagar 25 sq.km 12 1.5 km 61 6 10
V S Hospital 120mx60m 20 - 4 7 4

6.1 INVESTIGATIONS OF SEISMIC MICROZONATION OF AHMEDABAD CITY

6.1.1 Geotechnical Investigations in Ahmedabad

Borehole geotechnical data has been collected for around 500 bore holes of 10 m to 70 m depth range in 
Ahmedabad City (Fig.6.1.1 and 6.1.2). Location of Ahmedabad is shown in Fig. 6.1.3 on the Geology of 
Gujarat state The litho-units are a mixed variety of clay with silt and sand units which form the flood 
plain deposits of Sabarmati River which divides the city into two parts one eastern and the other western. 
Also, the secondary geotechnical data was sorted for N-value corrections and mechanical properties of 
soil were determined as per the requirements for the microzonation. N-values are for about 300 or more 
boreholes. These boreholes are well distributed in Ahmedabad City. Around 87 boreholes of GSI are also 
included for SPT corrections ranging up to 50 m 
or so. Also, data collected by other geotechnical 
agencies are considered where SPT values are up 
to 20 m depth or so.

Drilling of 10 boreholes up to about 100m depth 
gave a regional picture of Engineering Bed Layer 
and act and provided controlling points regarding 
soil properties. The location of Ahmedabad on 
geological map of Gujarat is shown in Fig. 6.1.3.

6.1.2 Details of Operation of Seismographs, Site Amplification Study Using Earthquake Records 
and Microtremors

In order to estimate site characteristics and to find geological structure, five broadband seismographs 
have been installed in Ahmedabad city, totally at 17 sites (Fig. 6.1.4 and Table 6.1.2). The seismographs 
are Guralp CMG 3T (50Hz to 120sec) velocity sensors with 24 bits REFTEK Digitizers.

Fig. 6.1.1: Depth (m) vs. Total no. of boreholes in Ahmedabad
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The data of seismographs are 
periodically collected. The locations 
of the stations are changed after 
recording a few M>4 earthquakes. A 
total of 24 recorded earthquakes for 
two years observation are listed in 
Table 6.1.3, which are mostly from 
Kachchh, and a few from Rajasthan, 
Madhya Pradesh and Pakistan. 
Kachchh events are at epicentral 
distance around 220km, and almost 
once a month such an earthquake has 
been recorded. Only one local 
earthquake M 2.3 about 38 km North­
east of Bhat village Ahmedabad, 
seismic station has been recorded.

Fig. 6.1.2: Borehole Location Map of boreholes through secondary geotechnical data

Fig. 6.1.3: Location of Ahmedanbad on geological map of Gujarat
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Table 6.1.2: BBS stations deployed in Ahmedabad city

Site Sr. Place Name in Ahm. Latitude Longitude Duration of Installation
No. city (Deg) (Deg)

Site01 Nirma University 23.1288 72.5439 07-05-2009 to 15-10-2009
Site02 D Mart 23.10173 72.5913 Only two Hours Microtremor data
Site03 Bhat village 23.1038 72.6355 01-12-2009 to 26-07-2010
Site04 High court 23.08205 72.52295 08-11-2008 to 24-03-2009
Site05 Hanspura 23.0826 72.6805 Only two Hours Microtremor data
Site06 Gandhi -Ashram 23.06032 72.5787 Only two Hours Microtremor data
Site07 Krishannagar 23.0545 72.6390 15-10-2009 to 22-02-2010
Site08 Soham Tower 23.0422 72.5257 24-03-2009 to 28-11-2009
Site09 Sagar Tower 23.0309 72.5258 21-03-2009 to 07-12-2009
Site10 L.D.Eng.College 23.0301 72.5402 Only two Hours Microtremor data
Site 11 Ellis-Bridge 23.0246 72.5637 04-10-2008 to 28-04-2009
Site12 Nicol 23.0400 72.6750 15-10-2009 to 14-05-2010
Site13 Maninagar 23.0000 72.6000 26-11-2009 to 26-10-2010
Site14 Adinathnagar 23.0142 72.6623 Only two Hours Microtremor data
Site15 Sarkhez 22.9829 72.4999 01-05-2009 to 16-01-2010
Site16 Narol 22.9621 72.5934 01-05-2009 to 18-05-2010
Site17 Vatwa 22.9529 72.6168 05-05-2009 to 25-11-2009
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Table 6.1.3: List of Earthquakes Records in BBS sites of Ahmedabad city
Earthquakes (SN) Seria Number, (S i Site, (NW) Not Working

SN Loc Mag.
Date

S04 S11 S9 S8 S15 S16 S17 S01 S07 S12 S13 S03

1 Kachchh
23.790N
70.700E

3.7
27/12/08

V V V

2 Madhya
.Pradesh
21.340N
75.280E

4.2
04/01/09

V V

3 Pakistan
35.560N
73.770E

5.3
20/02/09

V V

4 Kachchh
23.360N
70.390E

4.4
26/02/09

V V

5 Kachchh
23.360N
70.390E

3.7
10/03/09

N.W.

6 Karachi
26.030N
66.500E

4.9
22/03/09

V

7 Kachchh
23.360N
70.390E

3.7
31/03/09

N.W. V V

8 Rajasthan
27.140N
70.700E

5.0
09/04/09

V V V

9 Kachchh
23.420N
70.140E

4.1
12/04/09

V V

10 Kachchh
23.420N
70.140E

3.8
18/05/09

V V V V V V

11 Kachchh
23.420N
70.140E

3.8
26/05/09

V V V V V

12 Kachchh
23.520N
70.400E

3.7
03/09/09

V V V V V

13 Kachchh
23.390N
70.220E

4.3
05/09/09

V V V V

14 Kachchh
24.420N
69.270E

4.4
09/10/09

V V V V

15 Kachchh
23.520N
70.400E

3.7
10/10/09

V

16 Kachchh
23.710N
69.910E

4.5
28/10/09

V V V V
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Earthquakes (SN) Seria Number, (S i Site, (NW) Not Working
SN Loc Mag.

Date
S04 S11 S9 S8 S15 S16 S17 S01 S07 S12 S13 S03

17 Kachchh
23.420N
70.140E

3.8
29/12/09

18 Gandhinagar
23.280N
72.950E

2.3
26/01/10

V V V

19 Kachchh
23.520N
70.240E

3.8
05/02/10

V V V V V

20 Kachchh
23.820N
69.950E

3.7
01/04/10

V V V

21 Kachchh
23.380N
70.350E

3.7
06/04/10

V V V V

22 Kachchh
23.340N
70.490E

3.9
23/08/10

V

23 Patan
23.840N
71.870E

4.4
02/09/10

V

24 Kachchh
24.820N
71.980E

3.8
24/10/10

V

Acquisition Methods

Currently Predominant frequency and site amplification for the region has been investigated using 
microtremor data by H/V method and using the earthquakes records is under progress. The digitizer was 
operated at 100Hz. The FFT is applied to the signal of three components (NS, EW and V) to obtain 
spectral amplitudes. The spectra are then smoothed by Konno and Ohmachi (1998), method.

For earthquake records, 10.5sec time window starting from 0.5 sec before S-wave phase arrival and 
covering main S wave phase was used for all components. 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. (1997). Sometimes, longer duration will be better for estimation of site characteristics such as 20 
seconds including surface waves in this case.

For microtremor data analysis, 5 dataset files of 20min have been observed and 7 to 10 Nos. 70sec 
multiple windows have been selected from each data set. Then, H/V spectral ratios are calculated for 
each sample. The average of each sample is again averaged and find out the site response curve at a 
particular site.

Amplification is noted from H/V plot. Depth (h) to a layer corresponding to dominant frequency (f) can 
be estimated using the following formula if shear-wave velocity (Vs) can be assumed:

Vs
h= —

4 f
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Results of Seismograph Observations and Analysis

An example of recorded Kachchh earthquake M4.5, Time History and its Fourier spectra at Ellis Bridge 
site Ahmedabad is shown in (Figure 6.1.5). In general, since the whole Fourier spectra show sudden 
decrease of amplitude at 10-20 Hz, this may be due to both the low magnitudes and site characteristics. 
And mostly all records have components of frequency between around 0.1 to 10 Hz.
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Fig. 6.1.5: An Example of Earthquake records (Time History and Fourier Spectra), Kachchh Earthquake M 4.5 (28/10/2009)

In regions with low seismicity but high seismic risk, such as Ahmedabad city, it is of high importance to 
derive the predominant frequency and amplification factor from the microtremor observation. The results 
estimate the resonance and dynamic behavior of multi-storey buildings or structure for assessment of 
damage due to local and regional earthquakes. In order to obtain the variations of these characteristics in 
the Ahmedabad city area, the systematic Broadband microtremor measurements, at 17 sites were carried 
out. Maps of predominant frequencies and amplifications factors were obtained. In the studied area the 
ground motion amplification factor is usually 1.3- 2.5 (in two locations about 6) over a frequency range 
of 0.2 to 10 Hz. The lower predominant frequency of resonance is 0.6 Hz which will correspond to 
Quaternary/Tertiary boundary at 333 m depth if Av Vs is taken as 800m/s. The higher frequency of 
resonance of 4 Hz may correspond to Holocene1/Holocene 2 boundary at 15-22 m depth for Average Vs 
250-350 m/s (Fig. 6.1.6, Table 6.1.4).
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Legend
Colour lines : 60 sec multiple windows H/V ratio. 
Solid dark black line: Average H/V ratio.
Dotted light black lines: Standrad deviation.

Fig. 6.1.6: H/V at different stations of seismograph operation using ambient vibrations
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Table 6.1.4: Peak frequency and Amplification factor using H/V spectral ratio of BBS Microtremor data

Site Place Name F (Hz) a F (Hz) A F (Hz) A
Site01 Nirma University 0.66 2.2 1.00 2.0 4.50 1.3
Site02 D_Mart near ONGC 0.20 2.0 Flat Response
Site03 Bhat village 0.63 2.1 4.30 1.9 20 1.5
Site04 High court 0.60 2.2 4.32 2.2 10.52 1.3
Site05 Hanspura 0.52 2.2 6.42 1.5
Site06 Gandhi -Ashram 0.25 1.5 2.77 1.3
Site07 Krishannagar 0.60 1.8 2.91 2.5 8.22 2.2
Site08 Soham Tower 0.57 2.3 1.26 1.8 1.96 1.8
Site09 Sagar Tower 0.47 2.4 1.69 6.5 4.32 1.7
Site10 L.D.Eng.College Flat Response
Site 11 Ellis-Bridge 0.60 1.4 4.32 1.2 8.63 1.5
Site12 Nicol 0.63 2.1 3.55 2.3 8.63 2.1
Site13 Maninagar 0.60 2.2 1.39 1.8 7.82 1.5
Site14 Adinathnagar 0.49 1.9 3.73 1.6 17.24 1.8
Site15 Sarkhez 0.54 1.6 3.91 1.7
Site16 Narol 0.47 2.0 4.11 4.2 9.07 2.6
Site17 Vatwa 0.63 2.1 1.96 1.6 3.38 2.7

Fig.6.1.7: H/V spectral frequency Vs Site plot, missing spectral frequency indicates fault.

Peak frequency using Microtremor H/V spectral ratio Vs BBS sites depicts three main layers in 
Ahmedabad city (Figure 6.1.7). Uppermost soil layer is highly heterogeneous as compared to middle and 
bottom geological layer, because the high frequency amplification is varying drastically. The missing 
spectral frequency which mean flat response below one hertz also depict important information that there 
may be a local fault or fracture in that area.
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6.2 GEOTECHNICAL INVESTIGATIONS FOR “SEISMIC MICROZONATION OF 
GANDHINAGAR, GUJARAT”
(Vasu Pancholi, Sarda Maibam, M eenakshi Rawat, Jaina Patel, Vinay Kumar Dwivedi, Darshit 
M odi)

Summary of the Geotechnical work done in Gandhinagar is as given below:

1. There are 14 boreholes considered for soil investigation of the study area of about (8kmx4.km) 36 
km2. Total 8 boreholes were got drilled by ISR to 50m depth with SPT measurements at every 3 m 
depth interval. While, one borehole data were collected from GERI & and for 5 boreholes from 
Mukesh Patel Consultancy.

2. The collected data was sorted and classified based on identified geotechnical units.

3. Data considered for soil modeling includes SPT N-values, Index properties of soil through Lab tests, 
Ground Water Level (GWL), Soil Type, etc.

4. Generation of 2D and 3D soil models using software applications like Rockworks, Surfer, ArcGIS, 
Global Mapper, etc.

5. A total of 200 SPT, 152 UDS and 50 DS were collected during drilling operations for soil properties 
estimation.

6. Determined soil index properties through lab tests like Grain Size Analysis (Sieve & Hydrometer), 
Atterberg’s Limit, Specific Gravity, Moisture Content, Dry Density etc.

7. Determined shear parameters (Cohesion and Angle of Friction) by the help of lab tests like Dynamic 
Triaxial and Direct Shear Tests.

8. Correction of SPT N-values.

9. Developed N-Vs relation for Gandhinagar city.

10. Identified geotechnical soil units and generated 2D & 3D soil models in correlation with secondary 
models.

11. Ground Water Level measured in each borehole and Liquefaction Potential Index estimated for each 
borehole location.

The geophysical investigations include PS Logging of 8 boreholes, 61 MASW and 8 Micro-tremor
profiles as shown in Fig. 6.2.1 and Table 6.2.1.

Lab Analysis:

The laboratory soil tests were carried out in accordance with the relevant IS Codes and approved testing 
procedures for laboratory testing at K.C.T consultancy, Institute of Seismological Research (ISR). For 
undisturbed soil samples (UDS), mechanical analysis such as Direct Shear tests as well as Physical tests 
such as, Grain Size Analysis, Atterberg’s Limit, Field Dry Density, Moisture Content, Specific Gravity, 
Free Swell Index tests have been conducted. The disturbed soil samples (DS) have undergone Physical 
tests only excepting Field Density and Water Content tests (see Table. 6.2.2).
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Legend

★ ISR BH •  MASW

■ GERI BH Railway

•  Mukesh Pate l--------- Roads

PS Logging •  Location

A Micro-Tremor SabarmatiRiver

Fig. 6.2.1: Spread of drilled boreholes, MASW, Micro-Tremor & PS Logging in Gandhinagar
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Table 6.2.1: Details of Geotechnical survey
Description Total Depth (m)

Bore hole Drilling 14 Boreholes 502
PS Logging 8 surveys 250
Microtremor 8 surveys Details till 100 to 200 m depth

MASW shallow seismic survey 61 profiles 120m each
information obtained to

Table 6.2.2: Total of Lab Tests done for seismic microzonation study of Gandhinagar city
Lab Analysis Total Samples

DS/SPT UDS
Grain size Sieve analysis 229 152
Analysis Hydrometer 141 119

Atterberg’s Limit 153 109
Field Dry Density - 33

Field Moisture Content 178 133
Specific Gravity 32 133

Direct Shear Test - 95
Free Swell Index - 95

Lithologs and Soil  Classification

Lithologs of all 14 boreholes were prepared with IS codes and SPT curve. For soil classification Indian 
standard (IS) criterion has been used shown in Table. 6.2.2.

A 3D model has been made based on Indian standard soil classification criterion which shows clear 
picture of the lithological subsurface details of the study area (Fig. 6.2.2). It clearly shows that most of 
the area is covered by silty & clayey sand while clay and silt is found as small patches.

Direction of the subsurface profile (Figs.6.2.3 and 6.2.4) is from North to South. A total of five boreholes 
are taken into consideration for the subsurface stratum. Majorly, the subsurface stratum comprises of 
Silty and Clayey sand with some patches of Clay. Maximum depth of the boreholes is around 50m. The 
present subsurface profile is developed considering the drilling results as per IS classification.

Fig.6.2.2: 3D Geotechnical Unit Model from 14 boreholes
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Fig.6.2.3: N-S Lithological section line of Gandhinagar

North-South Cross Section

Fig. 6.2.4: N-S Lithological section of Gandhinagar

Standard Penetration Test, N-Value:

SPT was conducted in accordance with IS: 2131 (1981) in bore holes at every change of strata or at an 
interval of 3.0 m depth in uniform strata. The test gives N-value; the blow counts of last 30 cm of 
penetration of the split spoon sampler with 65 kg hammer falling freely from 75 cm height. The rods to 
which the sampler is attached for driving are straight, tightly coupled and straight in alignment. There 
after the split spoon sampler is further driven by 30 cm. The number of blows required to drive each 15 
cm penetration is recorded. The first 15 cm penetration is termed as a “Seating Value”, while the last 30
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cm penetration is termed as the “N- Value”. Disturbed samples of soil are obtained from the split spoon 
sampler after completion of the tests.

Field SPT Measurements:

As mentioned above, official N-value is the blow counts for the last 30 cm of penetration and 50 times is 
the maximum value. However, for harder soil penetration cases, there often happens that penetration 
depth does not reach 30 cm or counts need more than 50 times for 30 cm penetration.

For practical use of N-values for earthquake engineering purpose, the estimated N-value was defined in 
the following way:

1) P1, P2 and P3 exist, then follow original definition (SPT = N-value)

2) P1 and P2 only exist, then NSPT = (N2*30) / P2

3) P1 only exists, then NSPT = (N1*30) / P1

Further, N-values of each depth has been corrected for identification of true values based on correction 
factors as stated below and (N1)60 contour maps of different depths has been prepared for Gandhinagar 
city. Methodology used for Corrections is described in the next section of VS Hospital.

1. Overburden Pressure (CN), 2. Hammer Energy (CE), 3. Bore Hole Diameter (CB), 4. Presence or 
Absence of Liner (CS), 5. Rod Length (CR) and 6. Fine Content Correction

Liquefaction Analysis:

Factor of Safety against liquefaction of soil layer has been evaluated based on the simplified procedure 
(Seed and Idriss, 1971) and subsequent revisions of the simplified procedures (Seed et al., 1983, 1985: 
Youd et al., 2001; Cetin et al., 2004). For Liquefaction calculation or estimations two variables, are 
defined based on Cyclic Stress Ratio (CSR) and Cyclic Resistance Ratio (CRR). Liquefaction resistance 
is estimated based on corrected SPT N value.

Liquefaction analysis has been done for all 14 boreholes of Gandhinagar city and Liquefaction Map has 
also been prepared for Gandhinagar city

Safe Bearing Pressure (SBP) and Safe Bearing Capacity (SBC): Safe Bearing Capacity and Safe 
Bearing Pressure are calculated as per IS 8900(Part-1)1976 for all 14 boreholes of Gandhinagar city by 
use of index properties and shear parameters of Soil.

Shear-Wave velocity from Array Microtremor Measurements: At 8 sites the array microtremor 
measurements have given shear-wave velocity to 100m depth (Fig. 6.2.5).
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Vs(m/s)

Site-4 Site-5 Sie-6

Site-7 Site-8
Fig. 6.2.5 : Shear wave velocity (Vs) profile as a function of depth derived from inverting Rayleigh wave phase velocity at eight sites in 

Ahmadabad city from array microtremor study

6.3 GEOPHYSICAL & GEOTECHNICAL INVESTIGATIONS FOR SEISMIC HAZARD
ASSESSMENT OF THE SITE FOR PROPOSED MULTI-STORIED BUILDING AT V. S. 
HOSPITAL, PALDI, AHMEDABAD CITY

EARTHQUAKE AND SEISMIC GROUND MOTION:

A Multi-Specialty Hospital is planned at Paldi, Ahmedabad city (Fig. 6.3.1). The proposed structural 
design is shown in Fig. 6.3.1a.

The V.S. Hospital site can be affected by the following two earthquakes: One is “Far Field Earthquake” 
with larger magnitude such as Mw7.6 in Kutch where seismicity is high and the epicenter is more than 
200 km away. The other one is “near field earthquake”. The seismicity near V.S. Hospital site low and 
maximum magnitude will be Mw = 6.0 along the East Cambay Margin Fault. According to the 
estimation in the project, near field earthquake and far field earthquake both can affect the site.

Detailed calculations are made at 80 m deep borehole drilled at the site. Estimates have been made on 
PGA at engineering bed layer and ground surface, and also response acceleration spectra. These data can 
be referred for anti seismic design of structures in the area.

The following assessments were made:

Due to near field earthquake, PGA’s of 79 gals (cm/sec2) at ground surface is calculated corresponding to 
intensity VII in MSK or MMI seismic intensity scale and 49 gals (cm/sec2) due to far field earthquake. 
Also these values are within Zone factor Z=0.16g for Zone III of BIS (Bureau of Indian Standard) to 
which V.S. Hospital site belongs.
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GEOLOGY, SOIL AND GEOMORPHOLOGY:

In this project, existing literature on geology, soil and geomorphology are studied and deep soil 
investigation was conducted through drilling of 80 m deep borehole by ISR. Soil modeling for the 
ground response analysis was done considering BH-19. This borehole is also used for PS logging to get 
directly Vs (shear wave velocity) which is one of the most important dynamic soil properties. Vs was 
determined by geophysical prospecting like shallow seismic (MASW) and microtremor measurements. 
The necessary corrections to N-Values are also applied. Together with drilling and onsite tests, 
geophysical prospecting, the Engineering Bed Layer (EBL) was identified at the layer boundary of Vs 
around 460 m/s. The depth of EBL is fixed at 38.0 m based on N-Value, Vs and Wet Density.

AVs30 (Average Shear Wave velocity between 0 - 30 m depth) is one of the critical index of dynamic 
ground characteristics. AVs30 is 280 m/sec. At surface 200 - 220 m/s Vs is computed, which means 
relatively less amplification of seismic motion between EBL and surface.

The soils in the study area are showing alternative layers of Sandy and Clayey units with stiff to very 
stiff nature up to 20.0 m depth, while dense to very dense nature from 20.0 m onwards. At shallower 
depths of around 10.0 m, the corrected N-values reach > 50, while at deeper depths the values reach > 
100. A total of 15 Direct Shear Tests were conducted on UDS for estimation of shearing values, which 
shows that the soils are of the order of Silty Sand and Sand (Shape: Round and Angular).

Fig. 6.3.1: Map for the proposed multi-storied building at V. S. Hospital site, Paldi, Ahmedabad

A total of 31 swell indexes were measured for BH-19. The values for BH-19 range between 6 -  43 %, 
describing less expansive nature of the encountered soils. The area is falling in the “Very Low” category 
of liquefaction hazard. Hence it can be said that the area is safe from liquefaction.
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The spectral acceleration  (Sa) values com puted from  bo th  near field  earthquake scenario and  far field  

earthquake scenario in  g round response analysis using  SH A K E program  show s 215 cm /sec2 and 99 

cm /sec2 , respectively  at 5%  dam ping and 315cm /sec2 and 141 cm /sec2, respectively  at 2 %  dam ping . 

These values are low er than  the BIS recom m endation  fo r Z O N E  III. T herefore BIS Sa values o f  Zone III 

are recom m ended to  be on conservative side.

The pro jec t consists o f  tw o  (2) B asem ents + G round F loor + six teen (16) floors w ith  m edical facilities + 

terrace w ith  helipad. The structure shall be prim arily  fram ed in  structural steel w ith  R C C  retain ing w alls 

in  the basem ent areas.

I n s t i t u t e  o f  S e i s m o l o g i c a l  R e s e a r c h , G a n d h i n a g a r

D etail D escrip tion  o f  P lanned B uilding:

F loor H eights:

B asem ent - 1 &  2 : 4500 m m

L ow er &  U pper G round F loor : 4500 m m

1st F loor to  3rd F loor : 4500 m m

4th to  16th F loor : 3500 m m

T errace/H elipad  : 3500 m m

Fig. 6.3.1a: Schematic Architectural Design of proposed building at V. S. Hospital site, Paldi

Reference: P relim inary C oncept D esign report o f  Proposed M ulti Specialty H ospital at E llis bridge, 

A hm adabad, Second Issue, A pril 2012 by R am boll E ngineering C onsultancy Services Ind ia Pvt. Ltd.

6.3.1 Regional Geology and Seismotectonic Setup 

Regional Tectonics and Geomorphology:

The site o f  p resen t investigation  is located  on the righ t bank  o f  Sabarm ati R iver (23.01949°N  - 

72 .5715oE). The Sabarm ati R iver orig inates in  the southw estern  spurs o f  the A ravalli h ills in  M ew ar 

reg ion  and m eets the G u lf o f  C am bay. O ver th is distance it passes th rough  th ree geom orphic zones, viz. 

the rocky upland, the m iddle alluvial p lains and the low er estuarine zone (Tandon et al., 1997). Z euner 

(1950) investigated  the Sabarm ati basin  and suggested th a t the repeated  dry  and  w et clim ate facilitated
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the sedimentation in the basin, which shifted its course gradually to the east during the Quaternary. Based 
on lineament and drainage studies, Sareen et al. (1993) have shown that while the regional drainage in 
the Gujarat alluvial plain follows the NE-SW regional slope the Sabarmati River follows N-S to NNE- 
SSW trend. On the basis of sedimentological and geomorphological studies, Sridhar et al. (1994) 
suggested that the Quaternary sediments in the Sabarmati basin are unrelated to the present day river. 
The area has three major distinct geomorphic features viz. (a) upland terrace covered with fossilized 
dunes, (b) rivers incised into upland terraces and (c) scroll plains within the incised valleys. Morpho- 
stratigraphically, the upland terrace is the oldest feature. This is deeply incised by the Sabarmati River, 
giving rise to cliffed banks. The next youngest feature, the stabilized dunes are succeeded by the present 
day Sabarmati alluvium and scroll plains that occur along the modern meander bends (Fig. 6.3.2). The 
regional slope of the terrace is SW-SSW and its maximum elevation varies from 375 to 130 m ASL in 
the N-NE, to less than 20 m ASL in the S-SW. The alluvial plains extend to the Gulf of Cambay in the 
south and the Rann of Kachchh in the west, but are less extensive towards the north and northeast due to 
the presence of the Aravalli 
hills (Srivastava et al 2001).
Tributaries emanating from 
the rocky terrain of the NE 
flow westward and meet the 
Sabarmati River. These 
tributaries have dissected the 
topography, which has given 
rise to a high drainage 
density. The tectonic structure 
of Cambay basin influenced 
sedimentation in the region 
during the Quaternary.

The Cambay basin is bounded 
by the East and the West 
margin Cambay Basin Faults 
that developed at the end of 
the Cretaceous (Biswas, 1982,
1987). NNE-SSW trending 
fractures (Fig. 6.3.3), which 
developed consequent to the 
formation of the Cambay 
graben and are responsible for 
the present day N-S course of 
the Sabarmati River (Sareen 
et al. 1993). The readjustment 
of river towards the N-S 
occurred sometime during the 
past 39 ka (Tandon et al.
1997). Stratigraphically the 
basin is divided into three
major stratigraphic unit’s viz. (a) Upper fluvial sequence, (b) Stabilized dunes and (c) Scroll plains.
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Fig. 6.3.2: Geo-morphological Map of V. S. Hospital site and surroundings
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Fig. 6.3.3: Tectonic map of Gujarat (ABF: Allah Bund Fault, IBF: Island Belt Fault, KMF: Kachchh Mainland Fault & NKF: North 
Kathiawar Fault)

T h e  u p p e r  f l u v i a l  s e q u e n c e  c o m p r is e s  
g r a y is h  y e l l o w  f i n e  s a n d  a n d  s i l t ,  o v e r l y i n g  
a  r e d  s o i l ,  w i t h  a n  e r o s io n a l  c o n ta c t .  T h is  
u n i t  is  o v e r la in  b y  f r e q u e n t  a l t e rn a te  b a n d s  
o f  c a lc r e te .  T h e  s t a b i l i z e d  d u n e  u n i t  o f  
l in e a r  a n d  c r e s c e n t ic  r id g e s  o n  th e  te r r a c e  
s u r fa c e  o v e r l ie s  t h e  u p p e r  f l u v i a l  s e q u e n c e  
a n d  is  r e a d i l y  i d e n t i f i e d  i n  t h e  f i e l d  d u e  t o  
i t s  p a le  g r e y  c o lo u r  a n d  a  f r i a b le  n a tu re .
T h is  u n i t  h a s  a  s h a rp  b a s a l,  c o n ta c t .  T h e  
s c r o l l  p la in s  a re  p r e s e n t  i n  t h e  in c is e d  r i v e r  
v a l l e y  o c c u r r in g  a lo n g  th e  m e a n d e r  lo o p s .
T h r e e  g e n e r a t io n s  s h o w s  t r o u g h  a n d  p la n a r  
c ro s s  s t r a t i f i c a t io n  o v e r la in  b y  f i n e  s a n d .

The alluvial plain beginning at the foothills of 
the eastern Aravalli corridor extends WSW up 
to the Gulf of Cambay and Rann of Kachchh.
Both, the alluvial plain and the lower estuarine 
zone have preserved extensive records of the 
Quaternary sediments. Overall, the slope of 
alluvial plain has a distinct bias towards W-SW (Sareen et al., 1993). Except for the rivers like Banas, 
Saraswati and Rupen the other major rivers viz. the Sabarmati, Orsang deviate from the regional slope 
with preferential flows towards SE. In the alluvial plain these rivers have deeply incised channels

Fig.6.3.4: Structural & Tectonic Map of Cambay Basin, W. India 
(W a n i &  K u n d u , 1 9 9 5 )
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reaching a depth of ~40 m. Following this banks become less steep and river channel progressively 
widen towards the lower estuarine zone. Subsurface data indicate that the presence of pre-existing step 
faults (Fig. 6.3.4) parallel to the Eastern Cambay Basin Margin Fault acted as the depocenter for Late 
Pleistocene sedimentation (Maurya et al., 1995). A plot of subsurface lithology between Mehsana (NW) 
and Ankleshwar (S-SE) shows presence of horst and graben structures. Sabarmati River lie in a horst 
segment in which 200 - 300 m thick Quaternary sediment rest over the Tertiary basement (Maurya et al., 
2000). Sediments were derived from the eastern upland made up of the Precambrian rocks and the 
Deccan volcanics. Partial Present day Sabarmati River flows parallel to the faults related to the Cambay 
graben. It has been suggested that the Sabarmati River used to flow towards SW and was draining into 
the Rupen River, which is also considered as palaeo-course of the Sabarmati River (Sridhar and 
Chamyal, 1996, Srivastava et al., 2001).

During Paleogene, the Cambay basin was bounded by faults on both sides namely East Cambay Fault 
(ECF) and West Cambay Fault (WCF). In between these marginal faults along which the Deccan Traps 
are down faulted by about 4 km, depositing thick Tertiary and Quaternary rocks. An area west of the 
Cambay Basin also subsided with a westerly dipping Deccan Traps towards the end of the Tertiary period 
over which formed a shallow 350 m deep basin of Miocene (Tertiary) and Quaternary beds deposited 
west of the main basin. In Neogene time the basin expanded. The western Neogene boundary fault 
follows the Trap-Quaternary boundary about 50-75 km west of the West Cambay Fault. Oil And Natural 
Gas Commission (Biswas, 1982, Wani and Kundu, 1995) inferred the faults and depth to different 
geological layers based on drill holes and detail seismic surveys (Fig. 6.3.4). In the area covered with 
alluvium, the faults can’t be seen by geological mapping or satellite imagery or trenching. Due to the 
thick soil cover it is not possible to carry out active fault investigations in the study area. They can be 
detected by geophysical surveys only and Wani and Kundu (1995) investigation is the only work wherein 
they have mapped the faults by geophysical survey and confirmed them by detail drilling in the Cambay 
Basin. All other works are only inferences in a general sense, for example the work of GSI (2000). 
Inference about west Cambay fault by Bhattacharya et al. (2004) is based on the Deccan Traps / 
Quaternary boundary seen on the ground and for the Cambay-Dabhoi fault probably due to the shape of 
the coast line.

Stratigraphy:

The Gandhinagar-Ahmedabad-Bavla-Dholka-Mehmdabad tract forms a part of the Cambay Basin and 
the general geological sequence given by the ONGC is given below (Table. 3.1).

Various litho-units have been identified in the area on the basis of colour, texture, degree of compaction 
and degree of oxidation. The Quaternary sequence hence has been divided into four formations viz: 
Varahi, Katpur, Akhaj and Rann Clay (Table 6.3.2). The Varahi and Katpur formations are fluvial in 
origin.

Table 6.3.1: Geological sequence of Ahmedabad area
Age Lithology Thickness

Q
ua

te
rn

a

ry

Holocene A lluv ium M aximum thickness about 700 m (400 m) near 
Ahmedabad

Pleistocene

§
€<D

Miocene Sandstone and Shales M aximum thickness about 900 m, near the margins o f  
the basins

UN CO NFO R M ITY
Oligocene Sandstone, Shales and Limestones Maximum thickness 160 m

Eocene Shales and siltstones w ith m inor sandstones/ and 
limestone intercalations

About 1000 m in  center o f  the basin and thinning 
towards east and west

M
e

so
zo

ic Cretaceous Deccan Trap 4000 m depth (ONGC)
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Table 6.3.2: Surface land forms and lithology of Ahmedabad city, Gujarat
Surface Landforms Lithology

Unit
T0 P rese n t riv e r ch an n el and flo o d  p la in F lu v ia l sed im ent, sand and silts

T 1& T 2 F lu v ia l terraces a lo n g  p resen t r iv e r  ch an n els S ilt, sand and c la y

K a tp u r F orm ation L o w  ly in g , flat, p a lae o d elta ic  p la in  w ith  b u ried  

o ld  m ean d erin g  chann els

G re y  silt  and c la y  in  m u d flats , v arie tie s o f  g ray  

fin e  sand in  p a la e o -flu v ia l terrain

V a ra h i F orm ation M a in ly  f la t  p la in  w ith  iso la te d  lo w  ly in g  

u n d u latio n s. H ig h ly  d issected , e xh u m ed  su rface 

a lo n g  r iv e r  ch an n els  f la t stab le  su rface  at p la ce s, 

h ig h e r th an  th e  y o u n g e r  f lu v ia l  su rface

F in e  to co a rse  h ig h ly  o x id iz e d  san d. In  lo w  ly in g  

areas fin e  sand w ith  little  lim e . It a lso  o ccu rs  as fin e  

to  co a rse , y e l lo w  to red d ish  g re y  sand w ith  

e x ten siv e  lim e  co n cretio n s and con cretion ary  

co n g lo m e rate  at base.

A k h a j F orm ation D u n e s, in ter-d un es an d  flats A e o lia n  an d  p artly  in terdu n al sed im ents, fe e b ly  

o x id iz e d  sand

R a n n  C la y  

F orm ation

F la t p la in  w ith  lo w  ly in g  u n d u latio n s C la y  an d  silt

The Akhaj Formation is characterized by aeolian sediments and the Rann Clay Formation is mostly 
marine and consists of clay and silty sand. The Varahi Formation is fluvial in origin, exposed west of 
Sabarmati River along a linear belt, extending in Northeast-Southwest direction from Bhat in the North 
to Sarkhej in the South. East of Sabarmati this formation is exposed near S. V. P. Airport. It comprises of 
highly oxidized, red coloured, fine to coarse grained sand and clay. In southwestern portion, it is greyish 
black silty clay and in rest of the area, it is fine silt and sand. The lithounits of Varahi formation are 
highly dissected and eroded to form gullies and badlands along the river banks. Maximum thickness of 
this unit reaches 10 m as seen in a section north of Indroda. Geomorphic units of this formation are 
represented at places by detached buried channels, possibly remnants of old river course of Sabarmati 
aggraded with sand. The older Katpur Formation is exposed mostly east of Sabarmati River near Naroda, 
Kalupur, Jamalpur, Maninagar, Narol, Vatva, Lambha area. It consists of mainly grey silt and clays. It 
represents mud flats and palaeo-fluvial channels. The Akhaj Formation is represented by aeolian deposit 
occurring as parabolic dunes and sandy flats around Vadsar, Santej, Shilaj, Kamod, and east of LBS 
stadium. The formation consists of grey, yellowish grey, fine to medium grained sand (medium sand 
dominating) with dull white discoidal grains of calcareous material. The Formation occurs as an Aeolian 
cover over Varahi Formation (Tandon et al., 1997). The Rann Clay formations are exposed in limited 
area in southern part of the city and south east of Kamod village. It mostly consists of clay and sandy 
material of marine origin. The basement rock of Deccan Trap occurs at a depth of around 4000 m. The 
table below shows surface, landform and lithology (after Dasgupta and Jain, 1984).
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Maurya D . M ., Cham yal L. S. and Merh, S. S. (1995): Tectonic evolution  o f  the Central Gujarat Plain, W estern  
India; Current science 69, 610-613
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6.3.2 SEISMICITY:

Ahmedabad city comes under Zone III of the seismic zoning map of India (BIS, 2002). From the 
catalogue of earthquakes prepared by ISR and the historical seismicity map of Ahmedabad city and 
surroundings, not much seismicity is observed in and around Ahmedabad city (Fig. 6.3.5). Eight shocks 
of magnitude 2.7 to 5.7 have been observed within 80 km radius of V. S. Hospital site (Table 6.3.3). In 
the historical past, Ahmedabad experienced 3 earthquakes in 1840, 1843 and 1864 of magnitudes 4.6, 3.7 
and 5.7, respectively. Five other small shocks are cataloged. Moreover, a large earthquake in Kachchh 
region (M > 7) can affect high rise buildings in Ahmedabad city, including V. S. Hospital building.

Table 6.3.3: Catalog of earthquakes during 1668 to 2010 within 80km of Ahmedabad
Year Month Date Origin

Time
Lat
(N)

Long
(E)

Depth Magnitude Intensity Location Ref.

1821 8 13 22.70 72.70 4.6 Kaira USGS
1840 11 10 23.05 72.67 4.6 Ahmedabad USGS
1843 2 8 23.00 72.70 3.7 IV Ahmedabad OLD
1864 4 29 22.30 72.80 5.7 VII Ahmedabad CHAN
1897 10 0 23.00 72.70 3.7 Ahmedabad USGS
1898 10 23.05 72.67 4.3 Kheda USGS
1962 9 1 22:01:30 24.00 73.00 4.6 Palanpur IMD
1980 8 27 6:20:00 22.82 72.82 2.7 Chandraga GERI

Fig. 6.3.5: Epicenters of earthquakes M > 1.5 occuring in the Ahmedabad and surrounding region during the period 1668 to March 
2008
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6.3.3 Geophysical Investigations For Vs Hospital

The shear-wave velocity (Vs) of near-surface geology is an important parameter in understanding the 
Dynamic soil properties of sites. MASW (Multi-Channel Analysis of Surface Waves), PS-logging and 
Micro-tremor Methods were conducted for estimation of shear wave velocity for V. S. Hospital site, 
Paldi.

Vs Estimation by Multi-Channel Analysis of Surface Waves (Masw) Method:
B. Sairam, B. K  Rastogi, Vandana Patel and S. Venkateshwar

During 2012, Vs profiles are obtained at 4 sites of VS Hospital by MASW and PS-logging of one 
borehole. Four shear-wave velocity profiles were obtained by MASW method close to the selected 
drilled 18 boreholes by M/s KCT, to get better and high resolution clarity on the sub-stratification of the 
V. S. Hospital site. Sample 2D-Vs profiles are shown in Fig. 6.3.6. Shear-wave velocity was obtained up 
to 17.0 m depth, wherein top layer is ranging up to 4.0 m showing a very low velocity of about less than 
200 m/s, while second layer is in between 4.0 m and 15.0 m depths, showing a velocity up to 250 m/s. 
Layer below15.0 m depth shows a velocity of about 300 m/s.

This method is powerful, rapid and cost effective tool for estimation of shallow 1D Vs structures. The 
practical application of MASW provides reliable correlations to drill data. MASW technique is employed 
to utilize the dispersive properties of Rayleigh wave for imaging the subsurface layers. The entire process 
of the MASW consists of three major steps: (i) Acquisition of ground roll data of surface waves, (ii) 
Construction of a dispersion 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 CMP (Common Mid Point) style data acquisition permits the generation of laterally multiple cross 
sections of the Vs.

The MASW is a geophysical method which generates a shear wave velocity (Vs) profile (i.e., Vs v/s 
Depth) by analyzing Rayleigh-type surface waves on a multichannel record. The term “Multichannel 
record” indicates a seismic data set acquired by using a recording instrument with multiple channels. 
Forty eight (48) channels Geode Seismograph and Seismodule Controller Software (SCS) of Geometrics 
Inc., USA is used to acquire the data. The data acquired using standard CMP roll-along technique to 
achieve a continuous shot gather. Vertically stacked 20 impacts of a 30 kg hammer on a metal plate are 
used as a source to generate seismic waves. These waves were recorded by twenty four (24) vertical 
geophones/receivers of 4.5 Hz planted at a 1 m interval along the profile line. The geophone positions 
are shifted in steps to cover a total profile of 30 m. The information about sub-surface layers is obtained 
to depth of 17.0 m or more.

Vs Estimation by Ps Logging Method

For estimation of shear-wave velocity, PS Logging test was carried out in BH-19 drilled by ISR. Data of 
PS-logging for Vs estimation was processed to a depth of 63 m and VS variation with depth is given in 
Fig. 6.3.10 while comparing with other methods.

Suspension PS Logging is relatively recent technology in Geotechnical Engineering & Engineering 
Geophysics. Suspension PS Logging is one of the best methods for estimation of accurate 1D Vs profile. 
This method is used for assessment of site characterization for estimating earthquake ground motions. 
The measurements are done within the borehole as suggested above. Suspension PS Logger probe is 
about 8.0 m long, containing a weight, source driver, source, filter tube, lower and upper geophone, head 
reducer, cable head, 4-conductor cable, winch and logger/recorder.
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The interval between upper and lower receiver is usually 1m, and distance from PS source to lower 
receiver is 4.0 m. Suspension PS Logging probe suspended by a cable through tripod, sheave and winch 
assemble. The probe is lowered into the borehole to a desired depth for measurement of shear wave 
velocity (Vs). For acquiring data in the field, suspension PS-Logging instrument and MCS SUS 
acquisition software built by OYO Inc, Japan are used.

Borehole in which Suspension PS Logger is lowered is completely filled with water. The data is acquired 
by giving a trigger command in the acquisition software. Three to nine stacks of triggers are used as an 
energy source. The source generates a pressure wave in the borehole fluid. The pressure wave is 
converted to P and S waves at the borehole wall. Along the wall at each receiver location, P and S waves 
are converted back to pressure waves in the fluid and received by the geophones, which send the data to 
the recorder on the surface.

Data is then processed using Glog-SUS processing software of OYO Inc, Japan. The elapsed time 
between arrivals of the waves at the receivers is used to determine the average velocity of a 1m high 
column of soil around the borehole. Processing of the data involves the accurate picking of P-wave and S- 
wave phases. Thus shear wave velocity profile from the surface to the maximum depth is evaluated.
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Fig. 6.3.6: Sample 2D-Vs profiles by MASW method

Vs Estimation by Micro-Tremor Method
(A.P. Singh and Annam Navneeth)

The ambient vibration (micro-tremor) measurement is very inexpensive, non-destructive, non-invoice 
method and it can be applied in regions with low seismicity rates, a short time of acquisition is required 
in the field and low computational time and minimal computing resources are needed to analyze data. 
This technique uses low frequency ambient vibration generated due to ocean tides, winds and small and 
large scale meteorological phenomena, while local cultural noise is avoided (Fig. 6.3.7 (a) & (b)). The 
analysis of micro-tremor recording for site effect estimation has gained more interest in recent years and 
it is commonly thought that both single station horizontal-to-vertical spectral ratio’s technique and multi­
station (array) measurements may allow obtaining dynamic characteristics of the subsoil from ambient 
vibration measurements (Bard, 1999; Okada, 2003; Rastogi et al., 2011). Furthermore, in the earthquake 
engineering field, the shear wave velocity of the subsurface structure is considered key parameter for its 
major influence on local ground motion behavior. In this study, the purpose of the micro-tremor

135A n n u a l  R e p o r t  2 0 1 2 - 1 3



I n s t i t u t e  o f  S e i s m o l o g i c a l  R e s e a r c h , G a n d h i n a g a r

measurements is to measure three parameters using ambient vibrations which are essential to quantify 
site effects namely, the fundamental resonance frequency of the deep soil basin, the relevant shear wave 
velocity profile and depth of the engineering seismic bedrock.

Single and Array Micro-Tremor Measurement & Methodology:

Single station recordings have been carried out at three sites, while small aperture array measurement has 
been done at one site in and around V. S. Hospital site to determine the predominant frequencies and the 
relevant shear wave velocity profile of the deep soil basin. The observations were carried out for an hour 
at each site. For reliable experimental conditions we followed the guidelines proposed by Koller et al. 
(2004) in the framework of SESAME (WP02 of SESAME Project).

The measurements at site were taken using circular array which consists of three recording stations on 
the circumference of the inner circle, three of the outer circle and one in the center of the circle, shown in 
Fig. 6.3.7 (a). Seven sets of Lennartz LE-3D-5sec seismometers with City Shark-II digital recorders 
deployed in a circular array. It also has a master remote control which is used to trigger all the seven 
stations at a time in order to avoid any phase shift. For each array measurement two distances R, D was 
used for better resolution. R is the distance between the central and outer station and D is the distance 
between two outer stations.

In this campaign, D was chosen as 30 m for the array. The frequency-wave number method (f-k) is used 
for deriving the phase velocity dispersion curves from ambient vibration array measurements in the 
present report. The details of the methodology of single and array measurements are given in Capon, 
(1969); Nogoshi and Igarshi (1971); Nakamura (1989); Konno and Ohmachi (1998); Sambridge, (1999) 
as implemented by Wathelet et al. (2004).

(a) (b)
Fig. 6.3.7: (a) Geometry of the station used for micro-tremor array observations & (b) Particle motion from E-W and N-S during 

observation at the V. S. Hospital site, Paldi

Results of Single Micro-Tremor Measurement:

The fundamental frequency obtained at three sites in and around the V. S. Hospital campus is shown in 
Fig. 6.3.8. From this figure it is found that the fundamental frequency range 0.59 - 0.60 Hz that means 
the thickness of the layer is about 416 m, if the thumb rule using the formula f  = Vs/4H is applied for a 
shear wave velocity around 1000 m/s. The geological setting of Ahmedabad City which comprises very 
thick Quaternary sediments of about 400 m, H/V spectral ratio curve reflects almost same trend (Parvez 
and Madhukar, 2007; Mathur et al., 2009). This result indicates that the uppermost layer which varies
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between 416 and 423 m of thickness is reasonably estimated in and around the V. S. Hospital campus. 
The peaks observed at about 0.6 Hz at each site are not sharp but more or less blunt which indicates that 
the impedance contrast between the top layer and the following layer is not high. This could interpret that 
the layer below 416 m is not bedrock but is some semi-consolidated layer. This layer is denser and where 
the geological and structural characteristics vary very gradually. This finding is supported by local 
geology.
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Fig. 6.3.8: Estimated Site amplification corresponding to the fundamental frequency (Hz) at three sites at V. S. Hospital site, Paldi

The velocity profile after inversion has been illustrated in the Fig. 6.3.9 for V. S. Hospital site. First the 
dispersion curve calculated from ambient vibrations was inverted alone using the neighborhood 
algorithm. The measured phase velocity dispersion curve exhibits a regular shape and a five layer model 
(one soil layer with the power law variation of the velocity over the substratum) was used. The dispersion 
curve patterns at all sites may be nearly same. It is found that the uppermost layers up to 20 m has the 
low shear velocity varies between 200 - 400 m/sec, the second layer is 38 m and shear velocity has been 
estimated about 530 m/s. Thus, the third layer is at 75 m and shear velocity about 1100 m/s.
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(a)
(b)

Fig. 6.3.9: (a) Inversion of the average dispersion curves & (b) Vs profile for array size 30 m at Site MT -  1

Conclusion from Micro-Tremor Survey:

1. H/V spectral ratio confirms that most of the sites are having fundamental frequency around 0.6 Hz 
without any sharp peak that means the thickness of the top layer is varying between 416 - 423 m. The 
micro-tremor results are also indicated that there is no high impedance contrast beneath the top layer. 
Micro-tremor survey also indicates layers at 38 m and 70 m. However, deepest depth of about 450 m 
may correspond to depth of soil.

2. An amplification of around 2.2 is observed at most of the sites between fundamental frequency ranges 
of 0.59 - 0.60 Hz using ambient vibrations. This corresponds to buildings of about 16 stories should 
be constructed with care, in and around V. S. Hospital site. However, the secondary peak in the H/V 
spectral ratio could be observed at about 1.5 Hz, which is not much clear as impedance contrast is 
less. Another clear peak is observed at about 2.1 Hz, which corresponds to 4-5 stories building. The 
response of this peak may be from the depth of 120 m.

3. The array analysis of micro-tremor shows low shear velocity zone up to 20 m and rapid variation 
between 60 and 100 m.

Comparison of Geophysical Surveys:

The comparative 1D-Vs model computed from micro-tremor, MASW and PS logging data along with N- 
values see Fig. 6.3.10. The Vs values computed from Micro-tremor and PS-logging are showing a 
gradual relationship with depth intervals. Also, the N-values, PS logging and Micro-tremor data shows a 
sharp correlation to the changes in stratification at depths of 10, 20, 40 m and so on.
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Fig. 6.3.10: Comparative 1D Vs Model for VS Hospital site from Geophysical Surveys
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6.3.4 Geotechnical Investigations for Vs Hospital

Site Characterization using Geotechnical Data: For the complete site response study, the subsurface 
material has to be characterized considering the local conditions. This chapter presents the subsurface 
soil properties using borehole drilling, geotechnical properties and SPT ‘N ’ values with depth for site 
characterization. The geotechnical data was collected from the archives of M/s KCT Consultancy, 
Ahmedabad and drilling record of Institute of Seismological Research, Gandhinagar. GIS based model 
helps in data management, to develop geo-statistical functions, 3-dimensional (3-D) visualization of 
subsurface with geo-processing capability and future scope for web based subsurface mapping tool. The 
three major tasks carried out are as presented below: (1) Development of digitized map of V. S. Hospital 
site with several layers of information. (2) Development of GIS database for collating and synthesizing 
geotechnical data available with different sources (3) Development of 2D & 3D view of subsoil stratums 
presenting various geotechnical properties such as location details, physical and mechanical properties, 
SPT ‘N ’ values and strength properties for soil and rock along with depth in appropriate format.

Geotechnical Data Acquisition

Geotechnical data was basically collated from report of M/s KCT Consultancy and drilling 
Institute of Seismological Research (ISR) from geotechnical investigations carried out for V. S 
site multi-storied building project 
at Paldi, Ahmedabad. The data 
was collected by geotechnical 
engineers during Feb -  Mar’
2012. So far 19 borelog 
information (Table 6.3.4, see Fig.
6.3.11 & 6.3.12) has been keyed 
into the database, specifically for 
V. S. Hospital site. The database 
for 18 boreholes is to a depth of 
30.0 m below the ground level at 
an interval of approximately 5.0 
m. For 19th borehole drilled by 
ISR the depth is 80.0 m and data 
is collected at a depth interval of
1.5 m. The bar chart shown in Fig.
6.3.12 clearly gives the 
distribution of the boreholes 
classified based on the depth of 
borehole below ground level. No 
bedrock has been encountered in 
the considered boreholes. These 
boreholes spatially cover whole of 
the proposed area for the multi­
storied building. Details of the 
total SPT tests conducted in each 
borehole are shown in Table. 5.2.

record of 
. Hospital

140

Fig. 6.3.11: Spread of 19 boreholes at V. S. Hospital site, Paldi
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Fig. 6.3.12: Distribution of boreholes based on depth (m)

The split spoon sampler is lowered to the bottom of the hole and is then driven a distance of 450 mm in 
three 150 mm intervals, and the blows are counted for each 150 mm penetration. The penetration 
resistance (N) is the number of blows required to drive the split spoon for the last 300 mm of penetration. 
The penetration resistance during the first 150 mm of penetration is ignored, because the soil is 
considered to have been disturbed.

Drilling of Boreholes:

Soil investigation was carried out for 80.0 m borehole. Standard Penetration Tests (SPT) were carried out 
at every 3.0 m of borehole depth interval to know the strength and stiffness of the soil column. PS 
logging was carried out within the same borehole to determine P and S wave seismic velocities at every 
1.0 m of borehole depth. Total borehole depth drilled by ISR was 80 m and the total undisturbed samples 
recovered were 15. The detail of collection of undisturbed samples and SPT samples within the borehole 
is as given in Table 6.3.4.

Table 6.3.4: Details of samples collected from boreholes
Type of 

Borehole
DS SPT UDS Total Depth

(m)
PS Logging Company

Name(m) BH #
30m BH 136 179 63 378 540 - - KCT
80m BH 10 26 15 51 80 63 1 ISR

Total 146 205 78 429 620 63 1 -

Drilling of 80.0 m borehole (BH - 19) started on 18/07/2012 and completed on 26/07/2012. As one of the 
UDS Shelby fell in the borehole during drilling operations, the borehole was declared unsuitable for PS 
Logging and hence to avoid the chances of any sort of harm to the PS Logging instrument, it was decided 
to drill another borehole of same depth close to the previous borehole for Vs measurement. The drilling 
of other borehole started on 03/08/2012 at a distance of 15 feet from the previous borehole and was 
completed on 04/08/2012, while PS Logging was done on 05/08/2012 down to 63.0 m depth. Drilling 
was carried out to determine the stratification, SPT, soil sampling and suspension PS logging. Other than 
that, 18 boreholes were drilled by M/s KCT to depth of 30 m. Boreholes were drilled by rotary 
mechanical drilling, in accordance with IS: 1892. In this system, drilling is effected by the cutting action 
of a rotating bit which should be kept in firm contact with the bottom of the borehole (Fig. 6.3.13). The 
bit is carried at the end of hollow, jointed drill rods which are rotated by a suitable chuck. An M-laden 
fluid or grout is pumped continuously down the hollow drill rods and the fluid returns to the surface in 
the annular space between the rods and the side of the hole, and so the protective casing may not be 
generally necessary. In the case of rocks, core may be obtained by the use of coring tools, through this 
method.
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Fig. 6.3.13: Field Photograph of Mud Rotary Drilling Machine at V. S. Hospital site, Paldi

Disturbed Soil Samples:

A total of 10 disturbed samples were collected during the drilling. The samples recovered were logged, 
labeled and placed in polythene bags and sent to laboratory for testing. The disturbed samples were 
collected, wherever UDS or SPT samples were not recovered, as per IS Standards.

Undisturbed Soil Samples:

A total of 15 undisturbed soil samples were collected by ISR as per IS: 2132 (1986), sealed, packed and 
sent for laboratory analysis. The 75 mm diameter Shelby tubes was used and the samplings were 
conducted at a depth interval of every 3.0 m. The samplers used for the sampling had smooth surface and 
appropriate area ratio and cutting edge angle thereby minimizing disturbance of soil during sampling by 
hammering penetration to soil. The samples were sealed with wax, on either side to avoid loss of 
moisture content. Sampler was coupled together with a sampler head to form a sampling assembly. The 
sampler head provides a non-flexible connection between the sampling tube and the drill rods. Vent holes 
are provided in the sampler head to allow escape of water from the top of sampler tub during penetration. 
Coating of oil is applied on both sides to obtain the undisturbed samples in best possible manner. The 
sampler was then lowered inside the borehole on a string of drill rods and was driven to pre-determined 
level. On completion of driving the sampler was first rotated within the borehole to shear the soil sample 
at bottom and then pulled out. The disturbed material in the upper end of the tube, if any, is completely
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removed before applying wax for sealing. The soil at the lower end of the tube is trimmed to about 10 to 
15 mm. After trimming, both ends are sealed with wax applied in such a way that will prevent the soil 
from giving up its sample. The polythene bags cover both the ends. The identification mark was then 
made on each sample.
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Fig. 6.3.14: Field Photographs of SPT and UDS sample

SPT Soil Samples:

A total of 26 SPT measurements were done in the drilled borehole, also the soil samples recovered 
through the SPT were sealed, labeled and packed in the polythene bags for determination of soil 
properties. Table 6.3.5 shows the details of 19 boreholes.

Lithologs and Soil Classification:

Litholog profiles of all 19 boreholes (18 boreholes of 30.0 m depth by M/s KCT & 1 borehole of 80.0 m 
depth by ISR) were prepared as shown in Figs. 6.3.15 and 6.3.16. The lithologs includes two 
classifications one as that observed during drilling and second as identified from Soil properties 
measured in Lab and sample classified as per IS Classification of the Indian standards (IS) criterion as 
shown in Table. 6.3.6.

The lithological types from the two classifications are in many cases similar but also different in many 
cases. Especially silty soils in drilling observation are mostly clayey from IS classification, because grain 
size distribution often lack of clayey values. In most of the boreholes, top soils are rich in sand with less 
quantity fines down to depth of about 18 m. From both the soil classifications, gravel and soft rock are 
totally absent. As most of the boreholes have major sandy and silty layers within the depth range of 15 - 
20 m, liquefaction analysis has to be considered.

Table 6.3.5: Borehole Dimensions
BH. No. Latitude Longitude Elevation

(m)
Total 

Depth (m)
GWL
(m)

DS SPT UDS PS Logging 
(m)

BH-01 23.01932 72.57192 54 30 15.5 7 10 4 -
BH-02 23.01927 72.57192 52 30 15.2 8 10 3 -
BH-03 23.01926 72.57192 51 30 15.0 7 10 4 -
BH-04 23.01921 72.57192 50 30 16.0 7 10 4 -
BH-05 23.01930 72.57192 53 30 15.0 6 10 5 -
BH-06 23.01923 72.57192 50 30 15.0 7 10 4 -
BH-07 23.01932 72.57190 54 30 15.0 8 10 3 -
BH-08 23.01930 72.57190 53 30 15.4 7 10 4 -
BH-09 23.01927 72.57190 52 30 15.2 9 10 2 -
BH-10 23.01926 72.57190 51 30 15.2 7 10 4 -
BH-11 23.01923 72.57190 51 30 17.0 7 10 4 -
BH-12 23.01921 72.57190 50 30 17.5 7 10 4 -
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BH. No. Latitude Longitude Elevation
(m)

Total 
Depth (m)

GWL
(m)

DS SPT UDS PS Logging 
Cm;)

BH-13 23.01927 72.57188 53 30 15.2 7 10 4 -
BH-14 23.01926 72.57188 51 30 14.5 8 10 3 -
BH-15 23.01933 72.57187 54 30 15.5 10 9 2 -
BH-16 23.01930 72.57187 53 30 16.0 8 10 3 -
BH-17 23.01923 72.57187 51 30 15.5 8 10 3 -
BH-18 23.01921 72.57187 51 30 17.0 8 10 3 -
BH-19 23.01949 72.57150 51 80 17.0 10 26 15 63.0

Total 146 205 78 63

Table 6.3.6: Indian Standard (IS) Soil Classification criterion for Litholog

GROUP MAPPING
COLOUR

FIELD IDENTIFICATION 
PROCEDURES 

(EXCLUDING PARTICLES 
LARGER THAN 80 MM AND 

BASING, FRACTIONS ON 
ESTIMATED WEIGHTS)

DIVISON SUB-DIVISION LETTER TYPICAL NAMES
SYMBOL

COARSE­
GRAINED 

SOILS 
More than 

half of 
material is 
larger than 
75 micron 

IS sieve size.
(The 

smallest 
particle 

visible to 
naked eye)

Gravel 
More 

than half 
of the 
coarse 

fraction 
is

smaller 
than 

4.75 mm
IS sieve 

siz e

Clean 
Gravels 

(Li tt le or no 
fines)

GW Red

Well graded sands, 
gravel-sand , 

mixtures: little or 
no fines

Wide range in grain sizes and 
substantial amounts of all 
intermediate particle sizes

GP Red

Poorly graded 
gravels or gravel- 

sand mixtures: 
little or no fines

Predominantly one size or a 
range of sizes with some 

intermediate sizes missing

Gravels with 
fines

(Appreciable 
amount of 

fines)

GM Yellow
Silty gravels, poorly 
graded gravel-sand 

silt mixtures

Non-plastic fines or fines with 
low plasticity

(For identification procedures, 
see ML and MI below)

GC Yellow

Wide range in 
grain size and 

substantial 
amounts of all 
intermediate 
particle sizes

Plastic fines
(For identification procedures, 

see CL and CI below)

Sands 
More 

than half 
of the 
coarse 

fraction 
is

smaller 
than 

4.75 mm 
IS sieve 

size

Clean Sands 
(Little or no 

fines)

SW Red

Predominantly one 
size or a range or a 
range of sizes with 
some intermediate 

sizes missing

Wide range in grain sizes and 
substantial amounts of all 
intermediate particle sizes

SP Red
Non-Plastic fines or 

fines with low 
plasticity

Predominantly one size or a 
range of sizes with some 

intermediate sizes missing

Sands with 
fines

(Appreciable 
amount of 

fines)

SM Yellow

Plastic fines (for 
identification 

procedures, see CL 
and CI below)

Non-plastic fines or fines with 
low plasticity

SC Yellow
Clayey Sands, 
poorly graded 

sand-clay mixture

Plastic fines
(For identification procedures, 

see CL and CI below)
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GROUP MAPPING
COLOUR

FIELD IDENTIFICATION 
PROCEDURES 

(On fractions smaller than 425
DIVISON SUB-DIVISION LETTER TYPICAL NAMES micron IS sieve size)

SYMBOL

Dry
Strength Dilatancy Toughness

FINE­
GRAINED 

SOILS 
More than 

half of 
material is 

smaller than 
75 micron 

IS sieve size 
(The 75- 

micron IS 
sieve size is 
about the 
smallest 
particle 

visible to 
naked eye)

Silts and Clays 
with low

compressibility and 
liquid limit less than 35

ML Blue

Inorganic Silts and 
very fine sands, 

rock, lower, silty or 
clayey fine sand or 

clayey silts with 
none to low 

plasticity

None to 
low Quick None

CL Green

Inorganic Clays, 
gravelly clays, 

sandy clays, silty 
clays and clean 

clays of low 
plasticity

Medium None to 
very slow Medium

OL Brown
Organic Silts and 
organic silty clays 
of low plasticity

Low Slow Low

Silts and Clays 
with medium 

compressibility and 
liquid limit greater 

than 35 and less than 50

MI Blue

Inorganic Silts , 
silty or clayey fine 

sands or clayey silts 
of medium 
plasticity

Low Quick to 
slow None

CI Green

Inorganic Clays, 
gravelly clays, 

sandy clays, silty 
clays and clean 

clays of medium 
plasticity

Medium 
to High None Medium

OI Brown

Organic Silts and 
organic silty clays 

of medium 
plasticity

Low to 
Medium Slow Low

Silts and Clays 
with high

compressibility and 
liquid limit greater 

than 50

MH Blue

Inorganic Silts of 
high

compressibility, 
micaceous or 

diatomaceous fine 
sandy or silty soils, 

elastic silts.

Low to 
Medium

Slow to 
none

Low to 
medium

CH Green
Inorganic Clays of 
high plasticity, fat 

clays

High to 
very 
High

None High

OH Brown
Organic Clays of 
medium to high 

plasticity

Medium 
to High

None to 
very slow

Low to 
medium
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Fig. 6.3.15: Drill & IS Logs for 18 boreholes (* Note: FM: Filled Up Material encountered during drilling of boreholes)
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Geotechnical Lab Analysis

Number of laboratory tests carried out are listed in Table 6.3.7. The laboratory soil tests were carried out 
in accordance with the relevant IS Codes and approved testing procedures for laboratory testing at 
NIRMA University, Ahmedabad. For undisturbed soil samples (UDS), mechanical analysis such as 
Direct Shear tests as well as Physical tests such as, Grain Size Analysis, Atterberg’s Limit, Field Dry 
Density, Moisture Content, Specific Gravity, Free Swell Index tests have been conducted. The disturbed 
soil samples (DS) have undergone Physical tests only barring Field Density and Water Content tests.

PHYSICAL TESTS:

SPECIFIC GRAVITY:

The specific gravity was determined for soil samples in accordance with the method described in IS: 
2720 (Part -  III, Sec I & II, 1980). The 50 gm sample was ground to pass a 2.0 mm IS sieve and about 5 
to 10 gm subsample was oven dried at 105 to 110°C and used for determination of G.

Table 6.3.7: Lab tests carried out for the collected samples
Laboratory Tests No of Samples Tested

DS SPT UDS Total
Physical Tests

Specific Gravity 10 26 15 51
Field Dry Density - - 15 15

Natural Water Content - - 15 15
Sieve Analysis 10 26 15 51

Hydrometer Analysis 10 26 15 51
Atterberg’s Limit 10 26 15 51

Mechanical Tests
Direct Shear Test - - 15 15
Free Swell Index - - 15 15

Note: DS: Disturbed Sample, UDS: Un-Disturbed Sample & SPT: Standard Penetration Test

Field Dry Density & Water Content:

Field dry density was carried out in accordance with IS: 2720 (Part -  XXIX, 1975), while moisture 
content was determined in accordance with IS: 2720 (Part -  II, Sec 1, 1973). The field density is found 
out by following equation:

Field Density (Bulk) = Weight of soil mass / Volume of soil mass, and

F ie ld  D ry  D ensity-
B u lk D en sity

1 + w
100

where, w is Water Content

Grain Size Analysis:

Grain size analysis was carried out in two parts, namely: Sieve Method & Hydrometer Method in 
accordance with IS: 2720 (Part -  IV, 1985) to determine particle size distribution, D1 0  and D5 0  at the 
sampled depth.

Sieve Method for Grain Size Analysis:

The sieve method was carried out for soil samples to determine coarser fraction in the soil sample. 
Compliance with the standard, with respect to minimum sample quantity is dependent on the maximum 
significant grain size and the method of sampling.
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Hydrometer Analysis for Grain Size Analysis:

Hydrometer analysis provides an estimate of the particle size distribution for the fine fraction (< 75 pm) 
of a soil sample. The analysis is performed by monitoring the rate of settlement of soil particles initially 
suspended uniformly in distilled water. The rate of settlement, which is monitored by observing the 
change in fluid density with the hydrometer device, is theoretically related to the size of particles settling 
out of suspension.

Dio & D50 for Grain Size Analysis:

The definition of Di0 is the equivalent diameter where 10 % mass (of the particles) of the powder has a 
smaller diameter (and hence the remaining 90 % is coarser). The average particle size, i.e. the average 
equivalent diameter, is defined as the diameter where 50 % mass (of the particles) of the powder have a 
larger equivalent diameter, while the other 50 % mass have a smaller equivalent diameter. Hence the 
average particle size is denoted as equivalent D5 0 .

Atterberg’s Limit:

Liquid limit and Plastic limit tests were carried out on the soil samples in accordance with IS: 2720 (Part 
- V, 1985) by mechanical and cone penetrometer methods. Both Liquid limit and Plastic limit of soils 
depend upon the amount and type of clay in a soil and form the basis for the soil classification system for 
cohesive soils based on the Plasticity Index. The Liquid limit of the soil will correspond to the moisture 
content of a paste which would give 25 mm penetration of the cone in the Cone Penetrometer test, while 
in Mechanical test the number of blows required to cause the groove close is recorded and the test is 
repeated for 3 -  4 times with addition of varying amount to water to the soil sample. A graph is then 
generated with No. of Blows on the X-axis and Water Content (%) in the Y-axis and the cross-section of 
25 numbers of blows is recorded as the Liquid Limit of the soil sample.

MECHANICAL TESTS:

Direct Shear Test (IS: 2720, Part -  XIII, 1986):

Direct shear test is performed to determine the shear strength of the soil with a maximum particle size of 
4.75 mm. Shear strength is one of the most important engineering properties of a soil, because it is 
required whenever a structure is dependent on the soil’s shearing resistance. The shear strength is needed 
for engineering situations such as determining the stability of slopes or cuts, finding the bearing capacity 
for foundations and calculating the pressure exerted by a soil on a retaining wall. Shear parameters 
determined by Direct Shear Test are Cohesion (c) and Angle of Friction (0).

Free Swell Index (IS: 2720, Part -  XL, 1977)

This test is performed to identify the potential of a soil to swell which might need further detailed 
investigation regarding swelling and swelling pressures under different field conditions. Two 10 g soil 
specimens of oven dry soil passing through 425 micron IS Sieve are taken and soil specimens are poured 
in each of the two glass graduated cylinders of 100 ml capacity. One cylinder is then filled with kerosene 
oil and the other with distilled write up to the 100 ml mark. After removal of entrapped air, the soils in 
both the cylinders are allowed to settle. Sufficient time (not less than 24 hrs) is allowed for the soil 
sample to attain the equilibrium state of volume without any further change in the volume of the soils. 
The final volume of soils in each of the cylinders is read out. The free swell index of the soil shall be 
calculated as follows:
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F ree Sw ell Index, percen t (V  -V )*100  
V

where, Vd = Volume of soil specimen in the cylinder containing distilled water and 
Vk = Volume of soil specimen in the cylinder containing kerosene

Standard Penetration Test, N-Value:

SPT was conducted in accordance with IS: 2131 (1981) in bore holes at every change of strata or at an 
interval of 3.0 m depth in uniform strata. The test gives N-value; the blow counts of last 30 cm of 
penetration of the split spoon sampler with 65 kg hammer falling freely from 75 cm height. The rods to 
which the sampler is attached for driving are straight, tightly coupled and straight in alignment. There 
after the split spoon sampler is further driven by 30 cm. The number of blows required to drive each 15 
cm penetration is recorded. The first 15 cm penetration is termed as a “Seating Value”, while the last 30 
cm penetration is termed as the “N- Value”. Respective tables mentioned below shows the details of N 
value and the penetration (in cm). Disturbed samples of soil are obtained from the split spoon sampler 
after completion of the tests.

Field SPT Measurements:

As mentioned above, official N-value is the blow counts for the last 30 cm of penetration and 50 times is 
the maximum value. However, for harder soil penetration cases, there often happens that penetration 
depth does not reach 30 cm or counts need more than 50 times for 30 cm penetration. Table 6.3.8 shows a 
sample of field SPT log for BH-19.

For practical use of N-values for earthquake engineering purpose, the estimated N-value was defined in 
the following way:

1) P1, P2 and P3 exist, then follow original definition (SPT = N-value)

2) P1 and P2 only exist, then NSPT = (N2*30) / P2

3) P1 only exists, then NSPT = (N1*30) / P1

Further, N-values are to be corrected for identification of true values based on correction factors as stated 
below.

1. Overburden Pressure (CN), 2. Hammer Energy (CE), 3. Bore Hole Diameter (CB), 4. Presence or 
Absence of Liner (CS), 5. Rod Length (CR) and 6. Fine Content Correction

Table 6.3.8: Sample of field measured SPT N-values for BH-19 by ISR
Depth Standard enetration Test Penetration in cm. NSPT

N1 N2 N3 N-Value P1 P2 P3
3.0 6 9 13 22 15 15 15 22
6.0 14 20 28 48 15 15 15 48
9.0 7 14 40 54 15 15 15 54
12.0 1 1 3 4 15 15 15 4
15.0 3 5 7 12 15 15 15 12
18.0 13 32 54 86 15 15 15 86
21.0 37 59 94 153 15 15 15 153
24.0 44 47 75 122 15 15 15 122
27.0 17 41 71 112 15 15 15 112
30.0 28 88 95 183 15 15 15 183
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D e p th S ta n d a r d  P e n e t r a t io n  T e s t P e n e t r a t io n  in  c m . N SPT
N x N 2 N 3 N - V a lu e P x P 2 P 3

33.0 23 48 47 95 15 15 15 95
36.0 68 92 50 142 15 15 4 224
39.0 102 50 - 50 15 3 - 500
42.0 50 - - 0 3 - - 500
45.0 100 - - 0 13.5 - - 222
48.0 31 83 50 133 15 15 5 200
51.0 55 50 - 50 15 5 - 300
54.0 50 - - 0 8 - - 188
57.0 45 60 - 60 15 7 - 257
60.0 50 - - - 7.0 - - 214
63.0 90 50 - - 15 4 - 375
66.0 47 75 75.0 15 8 281
69.0 80 8.0 300
72.0 50 4 375
75.0 102 50 50.0 13 235
78.0 85 10 255

C O R R E C T I O N S  T O  N - V A L U E S :
The SPT data collected is the field ‘N ’ value without any applied corrections. Usually for engineering 
use site response study and liquefaction analysis the SPT “N” values need to be corrected with various 
corrections and a seismic borelog has to be obtained. The seismic borelog contains information about 
depth, observed SPT ‘N ’ values, density of soil, fine content, correction factors for observed “N” values, 
and corrected “N” value. The ‘N ’ values measured in the field using standard penetration test procedure 
have been corrected for various corrections, such as: (a) Overburden Pressure (CN ), (b) Hammer energy 
(CE), (c) Borehole diameter (CB ), (d) presence or absence of liner (CS), (e) Rod length (CR ) and (f) Fine 
content (Seed et al., 1983, 1985; Youd et al., 2001; Cetin et al., 2004, Skempton; 1986 and Pearce and 
Baldwin, 2005). Corrected ‘N ’ value i.e., ( N i ) 60 is obtained using the following equation:

(N1)60 = N s p t  * CN  * C e  * C b  * C s  * C r

O v e r b u r d e n  P re s s u re :

The effective use of SPT blow count for seismic study requires that the effects of soil density and 
effective confining stress on penetration resistance be separated. Consequently, Seed et al (1975) 
included the normalization of penetration resistance in sand to an equivalent o'v0 of one atmosphere as 
part of the semi empirical procedure. SPT N-values recorded in the field increase with increasing 
effective overburden stress; hence overburden stress correction factor is applied (Seed and Idriss 1982). 
This factor is commonly calculated from equation developed by Liao and Whitman (1986). However 
Kayen et al. (1992) suggested the following equation, which limits the maximum CN value to 1.7, 
provides a better fit to the original curve specified by Seed and Idriss (1982):

V 7 vo

< 2.0

where o'vo is the vertical effective stress at the depth of NSPT 
and Pa is one atmospheric pressure (101.325 kPa) in the same units as o'vo.

This empirical overburden correction factor is also recommended by Youd et al (2001). For high 
pressures (300 kPa), which are generally below the depth for which the simplified procedure has been 
verified, CN should be estimated by other means (Youd et al, 2001).

150 A n n u a l  R e p o r t  2 0 1 2 - 1 3



I n s t i t u t e  o f  S e i s m o l o g i c a l  R e s e a r c h , G a n d h i n a g a r

Hammer Energy (see Table. 6.3.9):

T h e  fa c to r  (C E) is  u s e d  to  c o r re c t  th e  m e a s u re d  S P T  b lo w  c o u n t  f o r  th e  le v e l  o f  e n e rg y  d e liv e re d  b y  th e  
S P T  h a m m e r . U s in g  6 0  %  o f  th e  th e o re t ic a l m a x im u m  e n e rg y  as a  s ta n d a rd , th is  c o r re c t io n  is  g iv e n  b y :

actu a l energy delivered  to  top  o f  d r ill r o d  _  E R
0 .6 0  *  th eoretica l m axim um SP T  ham m er en ergy  6 0

w h e re , E R  is  th e  e n e rg y  r a t io  a n d  th e  th e o re t ic a l m a x im u m  S P T  h a m m e r  e n e rg y  is  4 2 0 0  lb - in  ( f r o m  140  
w e ig h t  d ro p p in g  3 0  in c h e s  in  e a ch  b lo w ) .  T h e  e n e rg y  r a t io  (E R )  s h o u ld  b e  m e a s u re d  f o r  th e  p a r t ic u la r  
S P T  e q u ip m e n t u se d . W h e n  s u c h  m e a s u re m e n ts  a re  u n a v a i la b le ,  th e  e n e rg y  r a t io  a n d  c o r re c t io n  fa c to r  
c a n  be  e s tim a te d  f r o m  th e  a ve ra g e  v a lu e s  g iv e n  b y  S eed  e t a l. (1 9 8 5 ) :
Table. 6.3.9: Hammer Correction Factors (Robertson & Wride, 1998)

Type of Hammers Notation Range of Correction
D o n u t  H a m m e r C e 0 .5  -  1.0
S a fe ty  H a m m e r C e 0 .7  -  1.2

A u to m a t ic - t r ip  D o n u t  H a m m e r C e 0 .8  -  1.3

Bore Hole Diameter (CB) (see Table 6.3.10):

T h e  th i r d  c o r re c t io n  fa c to r  B o re h o le  D ia m e te r  (C B ), is  f o r  b o re h o le  d ia m e te rs  o u ts id e  th e  re c o m m e n d e d  
ra n g e . T h e  f o l lo w in g  v a lu e s  a re  re c o m m e n d e d :
Table 6.3.10: Borehole Diameter Correction Factors (Robertson & Fear, 1996)

Factor Variables (in mm) Correction
B o re h o le  D ia m e te r 65  -  115 1 .00
B o re h o le  D ia m e te r 150 1.05
B o re h o le  D ia m e te r 2 0 0 1.15

Presence or Absence of Liner (CS)

T h e  fo u r th  c o r re c t io n  fa c to r ,  ( C S) is  f o r  S P T  s a m p le rs  u s e d  w i t h o u t  a  s a m p le  l in e r .  I f  th e  s p l i t  s p o o n  
s a m p le r  is  m a d e  to  h o ld  w i t h o u t  a  l in e r ,  th e  m e a s u re d  b lo w  c o u n t  s h o u ld  be  c o r re c te d  w i t h  C S =  1.2, 
o th e rw is e , C S =  1 .0  f o r  a  S ta n d a rd  S a m p le r .

Rod Length (CR) (see Table 6.3.11):

T h e  la s t  c o r re c t io n  fa c to r  is  (C R ), w h ic h  is  u s e d  to  c o r re c t  f o r  th e  lo s s  o f  e n e rg y  th ro u g h  r e f le c t io n  in  
s h o r t  le n g th s  o f  d r i l l  ro d . I n  th e  N C E E R  re c o m m e n d a t io n s , v a lu e s  o f  th e  c o r re c t io n  fa c to r  C R a re  g iv e n  
f o r  ra n g e s  o f  ro d  le n g th  as s h o w n  in  th e  b e lo w  ta b le .
Table 6.3.11: Rod Length Correction Factors

Factor Variables (in m) Correction
R o d  L e n g th <  3 0 .7 5
R o d  L e n g th 3 -  4 0 .8
R o d  L e n g th 4  -  6 0 .8 5
R o d  L e n g th 6 -  10 0 .9 5
R o d  L e n g th 10 -  30 1 .00

Fine Content Correction:

T h e  c o r re c te d  N - V a lu e  “ ( N 1) 60”  is  fu r th e r  c o r re c te d  f o r  f in e  c o n te n t ,  b a se d  o n  th e  re v is e d  b o u n d a ry  
c u rv e s  as d e r iv e d  b y  Id r is s  a n d  B o u la n g e r  (2 0 0 4 )  f o r  c o h e s io n - le s s  s o ils  as d e s c r ib e d  b e lo w :
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( N i) 6QC5 = ( N i) 6Q +  A ( N i) 6Q

a(ao6o exp 1.63 +
9.7

F C +  Q.QQ1
15.7

F C +  Q.QQ1

2

where, FC = percent fines content (percent dry weight finer than 0.074 mm)

The corrected N-value at every 3.0 m depth interval for BH-19 is enlisted in APPENDIX - C in tabular 
form.

G E O T E C H N I C A L  U N I T S  C L A S S I F I C A T I O N :
The inferred preliminary geotechnical subsurface profile describing 5 geotechnical units across the site 
has been presented in a generalized way as shown in Table 6.3.12. This correlation of available boreholes 
reveals a better lithological inter-relationship between various geotechnical units; and such an evaluation 
can be really effective for the purpose of current study. A preliminary geotechnical model for the site is 
based on four directional cross-sections. With reference to the four considered cross-sections, the model 
indicates that the thickness of filled-up material within the study area typically varies between 1.5 to 4.5 
m across the site. A summary description of the properties for each of the units is provided below:

•  S u r fa c e  F i l l  ( U n i t  -  1 ) :

Surface fill was encountered in all the boreholes ranging upto a maximum depth of 4.5 m below ground 
level, consisting of road material and concrete debris. The fill typically varies between 1.5 and 4.5 m 
thick but locally was encountered to depth of greater than 2.0 m. Fill in general was found to comprise of 
sandy and clayey soils mixed with gravel sized fragments including brick, concrete and other assorted 
materials. The fill is expected to be highly varying and unpredictable in its engineering properties in view 
of its age and range of placement methods during the demolition of old building and development of 
multi-storied building. In BH-19, surface fill was not encountered as the ground level was 3.0 m below
E G L .
Table 6.3.12: Generalized Geotechnical Model from 19 boreholes

U n i t  N o . G e n e r a l iz e d  D e s c r ip t io n s L i t h o lo g ic a l D e p th  w . r . t  e a c h
A t t r ib u t e s b o r e h o le

Unit -  1 Surface Fill Filled Up Material 0.0 to 4.5 m

Unit -  2 Sands with minor quantity of fines Sand -  1 1.5 to 21 m

Unit -  3 Clays & Silts Clay -  1 4.5 to 22 m

Unit -  4 Poorly Graded Sands Sand -  2 21 to 30 m

Unit -  5 Clays & Silts Clay -  2 28.5 to 30 m

•  S a n d s  w i t h  m in o r  q u a n t i t y  o f  f in e s  ( U n i t  -  2 ) :
Sandy soils with minor percentage of fines (Silt and Clay) were encountered in most boreholes formed 
by fluvial processes of Sabarmati River. The percentage of coarser fraction is more compared to finer 
fraction. Majority of the soils are of non-plastic nature. These soils are yellowish brown in colour, loose 
to dense Silty Sands and Clayey Sands.
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Base
Fig. 6.3.17: 3D Geotechnical Unit Model from 19 boreholes

•  C la y s  &  S i l t s  ( U n i t  -  3 ) :

Lensoidal Clays (Clay patches) present in Unit-3 are Clayey and Silty soil with minor percentage of 
coarser fraction. The lensoidal feature is exhibited as this zone is almost continuing within each and 
every borehole. The depth range varies from borehole to borehole. These soils are reddish brown in 
colour, stiff to very stiff Clays and Silts.

•  P o o r ly  G r a d e d  S a n d s  ( U n i t  -  4 ) :

Sands are having minor percentage of fines and show the constituency of coarser, medium and finer 
sand. All the soils within this unit are purely non-plastic. These soils are yellowish brown in colour, 
dense to very dense sands.

•  C la y s  &  S i l t s  ( U n i t  -  5 ) :
Clayey and Silty fractions are high, while coarser fraction is very less. All the layers within this unit are 
of intermediate to high plastic nature. These soils are yellowish grey in colour, stiff to very stiff Clays 
and Silts.

Fig. 6.3.17 depicts the 3D geotechnical unit model for 18 boreholes. The 5 layered model depicts top 
layer as Filled Up Material (FM), while the bottom layer as Sand -  3. But in borehole BH-19 drilled by 
ISR, Clay -  3 layer is encountered as the layer at 30.0 m depth, However, the preliminary geotechnical 
unit model is based on overall lithological analysis of all 19 boreholes.

G r o u n d  W a t e r  I n f o r m a t io n :

Groundwater levels were measured in 18 boreholes by M/s KCT from Feb -  Apr’ 12 and in 1 borehole of 
80.0 m by ISR during Jul’ 12. Overall the area shows the ground water level in boreholes at a minimum 
level of 14.5 m (BH-14) to a maximum level of 17.5 m (BH-12) depth. The details of GWL are shown in 
Table. 5.10.

153A n n u a l  R e p o r t  2 0 1 2 - 1 3



I n s t i t u t e  o f  S e i s m o l o g i c a l  R e s e a r c h , G a n d h i n a g a r

Table 6.3.13: Details of GWL (m) in 19 boreholes
BH. No. Termination Depth Depth of GWL Elevation (m) RWL (m)

(m) (m)
BH-01 30 15.5 54 38.50
BH-02 30 15.2 52 36.80
BH-03 30 15.0 51 36.00
BH-04 30 16.0 50 34.00
BH-05 30 15.0 53 38.00
BH-06 30 15.0 50 35.00
BH-07 30 15.0 54 39.00
BH-08 30 15.4 53 37.60
BH-09 30 15.2 52 36.80
BH-10 30 15.2 51 35.80
BH-11 30 17.0 51 34.00
BH-12 30 17.5 50 32.50
BH-13 30 15.2 53 37.80
BH-14 30 14.5 51 36.50
BH-15 30 15.5 54 38.50
BH-16 30 16.0 53 37.00
BH-17 30 15.5 51 35.50
BH-18 30 17.0 51 34.00
BH-19 80 17.0 51 34.00

Based on lithological data and geotechnical unit model, it can be said that the water table level in the 
wells, is expected to be encountered within the loose to medium dense sands (Units -  2, 4 & 6). Also, 
these units enclose the major formation encompassing the lensoidal clayey layers. The occurrence of 
saturated water charged sands at varying depths, will have an important implications with regard to the 
design and construction of below ground structures.

LIQUEFACTION ANALYSIS:

The concept of liquefaction was first introduced by Casagrande in the late 1930’s. Liquefaction may be 
defined as “the transformation o f  a granular material from so lid  state to liquid state due to increase in 
pore pressure and reduced effective shear strength w ill behave more like a flu id” (Marcuson 1978). The 
typical subsurface soil condition that is susceptible to liquefaction is loose sand, which has been newly 
deposited or placed, with a groundwater table near ground surface. During an earthquake, the upward 
propagation of shear waves through the ground generates shear stresses and strain that are cyclic in 
nature (Seed and Idriss, 1982). The application of cyclic shear stresses induced by the propagation of 
shear waves causes the loose sand to contract, resulting in an increase in pore water pressure. As the 
seismic shaking occurs quickly, the cohesionless soil is subjected to an undrained loading (total stress 
increase). The increase in pore water pressure causes an upward flow of water to the ground surface, 
where it emerges in the form of mud spots or sand boils. The development of high pore-water pressure 
due to the ground shaking and the upward flow of water may turn the sand into a liquefied condition, 
which has been termed as Liquefaction.

Structures on top of loose sand deposit liquefied during an earthquake will sink or fall over, while buried 
tanks will float to the surface where the loose sand liquefies (Seed, 1970). After the soil has been 
liquefied, the excess pore water pressure will start to dissipate. The length of time for the soil to remain 
in a liquefied state depends on two main factors:

(1) The duration of the seismic shaking from an earthquake and

(2) The drainage conditions for the liquefied soil.
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L o n g e r  d u ra t io n  a n d  s tro n g e r  in te n s i ty  o f  th e  c y c l ic  sh e a r s tress  a p p l ic a t io n  f r o m  a n  e a rth q u a k e , re s u lts  
in to  a  p ro lo n g  s ta te  o f  l iq u e fa c t io n .  L ik e w is e ,  i f  th e  l iq u e f ie d  s o il  is  c o n f in e d  b y  a n  u p p e r  a n d  a  lo w e r  
c la y  la y e r ,  th e n  i t  w i l l  n e e d  a  lo n g e r  d u ra t io n  f o r  th e  e xce ss  p o re  w a te r  p re s s u re  to  d is s ip a te  b y  th e  f lo w  
o f  w a te r  f r o m  th e  l iq u e f ie d  s o il.
P a ra m e te rs  f o r  e s t im a t io n  o f  L iq u e fa c t io n  P o te n t ia l:

T h e  l iq u e fa c t io n  p o te n t ia l  e s t im a t io n  d e p e n d s  o n  th e  f o l lo w in g  p a ra m e te rs :

( A )  G ra in  S ize  D is t r ib u t io n ,

( B )  D u ra t io n  o f  E a r th q u a k e ,

(C )  A m p l i tu d e  a n d  F re q u e n c y  o f  S h a k in g ,

( D )  D is ta n c e  f r o m  E p ic e n te r ,
(E )  L o c a t io n  o f  W a te r  T a b le

(F )  C o h e s io n  o f  th e  S o il,

(G )  P e rm e a b i l i ty  o f  th e  la y e r

Fig. 6.3.18: Workflow for Liquefaction Potential Estimation

T h e  f i r s t  s te p  f o r  l iq u e fa c t io n  a n a ly s is  in v o lv e s  th e  id e n t i f ic a t io n  o f  c o h e s io n le s s  s o i l  la y e rs , i.e . s a n d y  
h o r iz o n s ,  p re s e n t in  th e  b o re h o le s , as th e se  la y e rs  a re  m o re  p ro n e  to  l iq u e fy .  F o r  th e  p re s e n t s tu d y  o f  
p ro p o s e d  m u lt i- s to r ie d  b u i ld in g  a t V .  S. H o s p ita l  s ite , th e  Ja p a n  R o a d  A s s o c ia t io n  M e th o d  2 0 0 2  w a s
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a d o p te d  f o r  l iq u e fa c t io n  a n a ly s is . T h e  f lo w c h a r t  f o r  th e  e v a lu a t io n  o f  l iq u e fa c t io n  p o te n t ia l  f o r  th e  s tu d y  
a re a  is  s h o w n  in  F ig .  6 .3 .1 8 .

M e th o d o lo g y  f o r  L iq u e f a c t io n  P o te n t ia l  E s t im a t io n :

C o n s id e r in g  th e  a v a ila b le  g e o - te c h n ic a l f ie ld  d a ta  a n d  la b o ra to r y  te s t re s u lts  f o r  a l l  b o re h o le s  fa l l in g  in  
th e  ta rg e t  a rea , th e  Japanese  R o a d  A s s o c ia t io n  M e th o d ,  2 0 0 2  w a s  a d o p te d  to  e s tim a te  th e  l iq u e fa c t io n  
p o te n t ia l  o f  th e  d e p o s it  a t  e a ch  d e p th . I n  th is  p a r t ic u la r  m e th o d , tw o  d i f fe r e n t  s teps  a re  in v o lv e d  v iz ;

i )  F L  E s t im a t io n  &

i i )  P L E s t im a t io n

The liquefaction potential for individual layer was analyzed by the help of FL Estimation, while the 
complete analysis for liquefaction potential estimation in each borehole was evaluated by the PL 
Estimation based on the results of the FL Estimation.

i )  F L  E s t im a t io n :

T h e  l iq u e fa c t io n  p o te n t ia l  f o r  in d iv id u a l  la y e rs  is  a n a ly z e d  b y  th e  F L  m e th o d . I n  th is  s tu d y , th e  
e a rth q u a k e  ty p e  to  d e c id e  th e  p a ra m e te r  C w  is  a d o p te d  as “ T y p e  2 ”  a c c o rd in g  to  th e  s e is m o - te c to n ic  
c o n te x t  o f  th e  s c e n a r io  e a rth q u a k e s .

Liquefaction Resistance factor, FL = R /  L 

Fl < 1.0: Judged as liquefied 

Fl > 1.0: Judged as not liquefied 

where, FL = Liquefaction Resistance Factor 

R = Cyclic Shear resistance at effective overburden pressure

R = Cw * Rl

Cw = Correlation coefficient for earthquake type 

The parameter of Cw depends on the types of earthquakes

i.e Type 1 earthquake (plate boundary type, large scale), Cw = 1.0 

Type 2 earthquake (inland type), Cw = 1.0 (RL < 0.1)

Cw = 3.3 Rl + 0.67 (0.1 < Rl < 0.4)

Cw= 2.0 (0.4 < Rl)

where, RL = Cyclic resistance ratio obtained by laboratory test 

Rl = 0.0882(N a/1.7)0'5 , when Na < 14 

Rl = 0.0882(Na/1.7)0 5  +1.6 *10- 6 (Na -14)45 , when Na > 14 

For Sandy Soil, Na = c1 N + c2 

c1 = 1 (0% < FC < 10%)

= (FC + 40) /50, (10% < 0FC < 60%)

= FC/20 -1 ,(6 0 %  < FC) 

c2 = 0, (0% < FC < 10%)

= (FC-10)/18, (10% < FC)

156

where FC : Fine Particle Content (%)

For Gravelly Soil, Na = {1 - 0.36 log1 0 (Dsc/2 .0 )} N ,

N: SPT blow count
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Na : N value correlated for grain size 

N , : 170N/(av'+ 70)

D50: Grain Diameter of 50% passing (mm)

And, L = a /  g x  ov /  ov' x  0rd 

L: shear stress to the effective overburden pressure 

rd : Stress Reduction Factor 

rd = 1.0 - 0.015x

x: depth below the ground surface (m) 

a: peak ground acceleration (gal) 

g: acceleration of gravity (= 980 gal) 

o v: total overburden pressure (kN/m2) 

a/: effective overburden pressure (kN/m2)

Fl= (Cw * R J /  a / g x o v/ o v' x  Erd)

i i )  P L E s t im a t io n :

T h e  f in a l  l iq u e fa c t io n  p o te n t ia l  a t e a ch  g r id  is  e v a lu a te d  b y  th e  P L m e th o d  b a se d  u p o n  th e  re s u lts  o f  th e  
F l  m e th o d  u s in g  p a s t e x a m p le s  f r o m  Japan .

20

P L  =  |  F *  w ( z ) d z

0

15 < PL, Very high liquefaction potential 

5 < PL < 15, Relatively high liquefaction potential 

0 < PL < 05, Relatively low liquefaction potential 

PL = 0, Very low liquefaction potential 

where, F = 1.0 - FL (FL < 1.0)

= 0.0 (Fl > 1.0) 

w (z)= 10.0 - 0.5z 

PL: Liquefaction Potential Index 

w(z): Weight function for depth 

z: Depth below the ground surface (m) 

av': effective overburden pressure (kN/m2)

OR

FL= To/  Tav

To = Shear stress causing liquefaction

Tav = Shear stress developed due to earthquake shaking

Note: If the shear stress developed due to earthquake shaking is greater than shear stress causing liquefaction then 
liquefaction will occur. i.e. to > Tav.

T h e  d i f fe r e n t  le v e ls  o f  l iq u e fa c t io n  a n d  ca re  re q u ire d  f o r  th e m  is  g iv e n  in  T a b le  6 .3 .1 4 .
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Table. 6.3.14: Criterion for evaluation of Liquefaction Potential (P L)

P L v a lu e L iq u e fa c t io n E x p la n a t io n
P o te n t ia l

15 <  P l V e r y  H ig h G ro u n d  im p ro v e m e n t  is  in d is p e n s a b le
5 <  P l  <  15 R e la t iv e ly  H ig h G ro u n d  im p ro v e m e n t  is  re q u ire d

In v e s t ig a t io n  f o r  im p o r ta n t  f a c i l i t ie s  is  in d is p e n s a b le
0 <  P l  <  5 R e la t iv e ly  L o w In v e s t ig a t io n  f o r  im p o r ta n t  f a c i l i t ie s  is  re q u ire d

P l  =  0 V e r y  L o w N o  re m e d ia l e s t im a t io n  is  re q u ire d
T a rg e t B o re h o le s  f o r  L iq u e fa c t io n  A n a ly s is :

A c c o r d in g  to  th e  Ja p a n  R o a d  A s s o c ia t io n  (2 0 0 2 )  m e th o d , th e  a l lu v ia l  s a tu ra te d  s a n d y  d e p o s its , w h ic h  
s a t is fy  th e  fo l lo w in g  th re e  c o n d it io n s  a t th e  sam e  t im e ,  re q u ire  l iq u e fa c t io n  p o te n t ia l  a n a ly s is :

•  S a tu ra te d  s a n d y  la y e r  a b o v e  th e  d e p th  o f  2 0 .0  m  w i t h  g ro u n d w a te r  le v e l w i t h in  a  ra n g e  o f  1 0 .0  m  
f r o m  th e  e x is t in g  g ro u n d  s u rfa c e .

•  S o il  la y e r  w i t h  f in e  p a r t ic le  c o n te n t  (F C  % )  less  th a n  3 5 % , o r  w i t h  p la s t ic i t y  in d e x  ( Ip )  le ss  th a n  1 5 %  
e v e n  w i t h  a n  F C  o f  m o re  th a n  3 5 % .

•  S o il  la y e r  w i t h  m e d ia n  g ra in  s ize  ( D 50) less  th a n  10 m m , a n d  w i t h  g ra in  s ize  o f  1 0 %  p a s s in g  ( D 10) less  
th a n  1 m m .

L iq u e fa c t io n  p o te n t ia l  e v a lu a t io n  is  re c o m m e n d e d  f o r  a l lu v ia l  d e p o s its  w i t h  a  lo w  N - v a lu e  o r  s h o w in g  a 
d e fo rm a t io n a l h is to ry .  C o n s id e r in g  th e  a b o v e  c o n d it io n s ,  w e  h a v e  c a r r ie d  o u t  l iq u e fa c t io n  a n a ly s is  f o r  
B H - 1 9  (1 b o re h o le  o f  80  m  b y  IS R ) .

D e ta ils  o f  l iq u e fa c t io n  p o te n t ia l  e s t im a t io n  f o r  B H - 1 9  f o r  lo c a l  a n d  fa r  ty p e  s c e n a r io  b a se d  e a rth q u a k e s  is  
s h o w n  in  th e  ta b u la r  fo r m  (see  T a b le  6 .3 .1 5 ) .

Table. 6.3.15: Liquefaction potential for BH-19 (Local & Far EQ at Actual & Zero GWL)

B H .  N o . W a t e r  L e v e l  
(m )

E a r t h q u a k e
T y p e  I :  L o n g e r  D u r a t io n  

( I n t e r - P la t e )  &
I I :  S h o r te r  D u r a t io n  

( I n t r a - P la t e )

H o r iz o n t a l  
S e is m  ic  

C  o - e f f ic ie n t  
k h  (  a /  g )

I n d e x E v a lu a t io n
( P l )

L iq u e fa c t io n  P o te n t ia l  (E Q  L o c a l F ie ld ,  G W L  A c tu a l)
B H - 1 9 1 7 .0 0 T y p e  I I 0 .0 7 7 2 6 0 .0 V e r y  L o w

L iq u e fa c t io n  P o te n t ia l  (E Q  F a r  F ie ld ,  G W L  A c tu a l)
B H - 1 9 1 7 .0 0 T y p e  I I 0 .0 5 0 5 0 0 .0 V e r y  L o w

L iq u e fa c t io n  P o te n t ia l  (E Q  L o c a l F ie ld ,  G W L  Z e ro )
B H - 1 9 0 .0 0 T y p e  I I 0 .0 7 7 2 6 0 .0 V e r y  L o w

L iq u e fa c t io n  P o te n t ia l  (E Q  F a r  F ie ld ,  G W L  Z e ro )
B H - 1 9 0 .0 0 T y p e  I I 0 .0 5 0 5 0 0 .0 V e r y  L o w

D is c u s s io n  a b o u t  L iq u e fa c t io n :

F o r  th e  e v a lu a t io n  o f  l iq u e fa c t io n  p o te n t ia l  f o r  th e  p ro p o s e d  m u lt i - s to r ie d  b u i ld in g  a t V .  S. H o s p ita l  s ite , 
Ja p an  R o a d  A s s o c ia t io n  (2 0 0 2 )  m e th o d  w a s  u se d . L iq u e fa c t io n  p o te n t ia l  a n a ly s is  w a s  c a r r ie d  o u t  f o r  B H -  
19 (b o re h o le  o f  8 0  m  b y  IS R )  u s in g  tw o  s c e n a r io  b a se d  e a rth q u a k e s , i .e .,  L o c a l &  F a r  ty p e  f o r  p r e ­
m o n s o o n  a n d  m o n s o o n  p e r io d s  ( i.e . ,  w a te r  le v e l  a t s u r fa c e ) . F ro m  th e  a n a ly s is  d o n e  i t  is  fo u n d  th a t  in  a l l  
th e  f o u r  c a te g o r ie s , B H - 1 9  is  f a l l in g  u n d e r  “ V e r y  L o w ”  c a te g o ry .
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C o n c lu s io n s  a b o u t  L iq u e f a c t io n :

T h e  s o ils  in  th e  s tu d y  a re a  a re  s h o w in g  a lte rn a t iv e  la y e rs  o f  S a n d y  a n d  C la y e y  u n its  w i t h  s t i f f  to  v e r y  
s t i f f  n a tu re  u p  to  2 0 .0  m  d e p th , w h i le  d ense  to  v e r y  d ense  n a tu re  f r o m  2 0 .0  m  o n w a rd s . A t  s h a llo w e r  
d e p th s  o f  a ro u n d  10 .0  m , th e  c o r re c te d  N -v a lu e s  re a c h  >  5 0 , w h i le  a t d e e p e r d e p th s  th e  v a lu e s  re a c h  >  
100 . A  to ta l  o f  15 D ir e c t  S h e a r T e s ts  w e re  c o n d u c te d  o n  U D S  f o r  e s t im a t io n  o f  s h e a r in g  v a lu e s , w h ic h  
s h o w s  th a t  th e  s o ils  a re  o f  th e  o rd e r  o f  S i l t y  S a n d  a n d  S a n d  (S h a p e : R o u n d  a n d  A n g u la r ) .

S o ils  h a v in g  fre e  s w e ll  v a lu e s  g re a te r  th a n  1 0 0 %  a re  c o n s id e re d  to  be  o f  p o te n t ia l  p ro b le m s , w h e re a s  
s o ils  w i t h  fre e  s w e ll  v a lu e s  b e lo w  5 0 %  p ro b a b ly  d o  n o t  e x h ib i t  a p p re c ia b le  v o lu m e  ch a n g e s . A  to ta l  o f  
31 s w e ll  in d e x e s  w e re  m e a s u re d  f o r  B H - 1 9 .  T h e  v a lu e s  f o r  B H - 1 9  ra n g e  b e tw e e n  6 -  43  % , d e s c r ib in g  
le ss  e x p a n s iv e  n a tu re  o f  th e  e n c o u n te re d  s o ils .

T h e  a n a ly s is  f o r  l iq u e fa c t io n  p o te n t ia l  a sse ssm e n t has  b e e n  c a r r ie d  o u t  p u re ly  b a se d  o n  th e  g e o lo g y ,  s u b ­
s u r fa c e  g e o lo g y ,  s e is m ic  h is to r y  a n d  g e o te c h n ic a l c h a ra c te r is t ic s  o f  s o il  as c o lle c te d . B H - 1 9  s o il  
p ro p e r t ie s  a n d  re sp o n se  a n a ly s is  d a ta  w a s  u s e d  f o r  c a lc u la t io n  o f  l iq u e fa c t io n  p o te n t ia l  o f  p ro p o s e d  
m u lt i - s to r ie d  b u i ld in g  a t V .  S. H o s p ita l  s ite . T h e  re s u lts  a re  p re s e n te d  in to  fo u r  sets ( ( i )  L o c a l E Q  a t 
A c tu a l  G W L ,  ( i i )  L o c a l E Q  a t Z e ro  G W L ,  ( i i i )  F a r  E Q  a t A c tu a l  G W L  a n d  ( iv )  F a r  E Q  a t  Z e ro  G W L .  
B H - 1 9  w i t h in  th e  ta rg e t  a re a  is  f a l l in g  in  th e  “ V e r y  L o w ”  c a te g o ry , d e s c r ib in g  le a s t p o te n t ia l  f o r  
l iq u e fa c t io n  h a z a rd . H e n c e  i t  c a n  be  s a id  th a t  th e  a re a  is  sa fe  f r o m  l iq u e fa c t io n .
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6 .3 .5  S t r o n g  M o t io n  E s t im a t io n  &  G r o u n d  R e s p o n s e  A n a ly s is  f o r  V s  H o s p i t a l  

I n t r o d u c t i o n  to  S t r o n g  M o t io n  A n a ly s is :

V .S .  H o s p ita l  s ite  fa l ls  in  Z o n e  I I I  o f  th e  s e is m ic  z o n in g  m a p  o f  In d ia  (B IS )  w h e re  m a x im u m  e x p e c te d  
m a g n itu d e  o f  a n  e a rth q u a k e  is  6 .0 . T h e  s e is m ic  h a z a rd  a n a ly s is  is  d o n e  b y  S to c h a s tic  F in ite  F a u lt  S o u rce  
M o d e l in g  (S F F S M )  m e th o d  b y  ta k in g  m a g n itu d e  6 .0  as s c e n a r io  e a rth q u a k e  a n d  E a s t M a r g in a l  F a u lt  as 
c a p a b le  fa u l t  f o r  g e n e ra t in g  n e a r  f ie ld  e a rth q u a k e . S in c e  th e  s tru c tu re s  p ro p o s e d  in  V .S .  H o s p ita l  s ite  is  
o f  1 6  f lo o r s ,  w h ic h  m a y  b e  a ffe c te d  b y  lo w  fre q u e n c y  w a v e s  f r o m  a  la rg e  e a rth q u a k e  in  K a c h c h h  re g io n . 
H e n c e , a  s c e n a r io  e a rth q u a k e  o f  M w 7 .6 ,  2 0 0 1  e a rth q u a k e  a lo n g  th e  e a s te rn  p a r t  o f  th e  K a c h c h h  
M a in la n d  F a u lt  ( K M F )  is  a ls o  c o n s id e re d  as f a r - f ie ld  s o u rc e  f o r  th e  h a z a rd  a n a ly s is .

S o i l  M o d e l in g  a n d  E n g in e e r in g  B e d  L a y e r :

T h e  p r e l im in a r y  s o il  m o d e l f o r  th e  V .S .  H o s p ita l  a re a  is  p re p a re d  b a se d  o n  th e  f o l lo w in g  in v e s t ig a t io n s  
a n d  s u rv e y s :

•  D r i l l in g  a n d  G e o te c h n ic a l in v e s t ig a t io n  f o r  s o il  p ro p e r t ie s

•  PS  lo g g in g  f o r  s e is m ic  w a v e  v e lo c i t ie s  in  b o re h o le s

•  M ic r o - t r e m o r  A r r a y  m e a s u re m e n ts  f o r  d e p th  to  d if fe r e n t  fo rm a t io n s  to  e s tim a te  d e p th  o f  E n g in e e r in g  
B e d  L a y e r

•  M u lt ic h a n n e l A n a ly s is  o f  S u rfa c e  W a v e s  ( M A S W )

A  p r e l im in a r y  s o i l  m o d e l w a s  p re p a re d  c o n s id e r in g  re s u lts  a n d  a n a ly s is  o f  v a r io u s  in v e s t ig a t io n s .  T h e  18 
b o re h o le s  d r i l le d  b y  M /s  K C T  are  o f  3 0 .0  m  d e p th , w h i le  th e  d a ta  a c h ie v e d  b y  P S  lo g g in g  is  u p to  6 3 .0  m , 
M A S W  a n d  M ic r o - t r e m o r  s u rv e y  re s u lts . T h e  th ic k n e s s  o f  v a r io u s  la y e rs , t h e i r  d e n s it ie s  a n d  s h e a r w a v e  
v e lo c i t ie s  a re  s h o w n  in  T a b le  6 .3 .1 6 . T h is  d a ta  is  v e r y  u s e fu l f o r  d y n a m ic  re sp o n se  a n a ly s is .

S o i l  L a y e r in g  a n d  S o il  P r o p e r t ie s :
L i t h o lo g y :

A  s y s te m a tic  c la s s i f ic a t io n  o f  l i t h o lo g y  b a se d  o n  g ra in  s ize  a n a ly s is  is  a d o p te d  f o r  s o il  m o d e l in g  in  o rd e r  
to  a n a ly z e  s o il  re sp o n se . T h e  p ro c e d u re  is  s h o w n  b e lo w :

( A )  I f  C la y  o c c u p ie s  m o re  th a n  5 0 % , th e n  th e  s o i l  is  d e c id e d  as C la y ,

( B )  E ls e  i f  S i l t  o c c u p ie s  m o re  th a n  5 0 % , th e n  th e  s o i l  is  d e c id e d  as S i lt ,
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(C )  E ls e  i f  S a n d  o c c u p ie s  m o re  th a n  5 0 % , th e n  th e  s o il  is  d e c id e d  as S and ,

( D )  E ls e  i f  G ra v e l o c c u p ie s  m o re  th a n  5 0 % , th e n  th e  s o il  is  d e c id e d  as G ra v e l o r

(E )  E ls e  i f  e v e ry  l i t h o lo g y  o c c u p ie s  less  th a n  5 0 % , th e  l i t h o lo g y  o f  m a x im u m  o c c u p a t io n  is  d e c id e d  as 
th e  re p re s e n ta tiv e  l i t h o lo g y .

Table 6.3.16 Geological model for V.S. Hospital
L a y e r W id t h D e p th  f r o m  S u r fa c e D e n s i t y S h e a r  W a v e S o u rc e

( m ) (m ) (g m /c c ) V e lo c i t y  (m /s e c )
1 3 .0 3 .0 1 .89 2 1 6 D r i l l in g  D a ta , PS
2 6 .0 9 .0 2 .0 1 2 3 6 L o g g in g ,  M A S W  &
3 7.5 16.5 1 .96 2 5 6 M ic r o - t r e m o r  D a ta
4 1.5 18 .0 1.98 2 9 4
5 3 .0 2 1 .0 1.98 351
6 1.5 2 2 .5 1 .94 4 6 7
7 3 .0 2 5 .5 2 .0 0 3 7 7
8 6 .0 3 1 .5 2 .1 0 3 7 7
9 1.5 3 3 .0 2 .1 0 3 6 4
10 1.5 3 4 .5 2 .0 0 34 5
11 1.5 3 6 .0 1 .94 3 4 4
12 1.5 3 7 .5 1 .94 34 5
13 2 .0 0 4 6 5 E B L

E n g in e e r in g  B e d  L a y e r  ( E B L )  is  c o n s id e re d  a t 3 8 .0  m  d e p th  b e lo w  E G L  s h o w in g  V s  m o re  th a n  4 5 0  
m /s e c , id e n t i f ie d  b y  M u l t i  C h a n n e l A n a ly s is  o f  S u rfa c e  W a v e s  ( M A S W )  a n d  P S  L o g g in g  d a ta .

D e n s i t y  E s t im a t io n :

W e t  d e n s ity  as d e s c r ib e d  in  G e o te c h n ic a l S e c tio n  6 .4  has  b e e n  c o n s id e re d .

E s t im a t io n  o f  E n g in e e r in g  B e d  L a y e r :

F ro m  th e  g e o te c h n ic a l in v e s t ig a t io n s ,  M A S W ,  PS  lo g g in g  a n d  A r r a y  M ic r o - T r e m o r  d a ta , th e  e n g in e e r in g  
b e d  la y e r  is  a d o p te d  as th e  la y e r  w i t h  N  v a lu e  m o re  th a n  100  b lo w  c o u n ts  a n d  V s  m o re  th a n  4 5 0  m /s . T h e  
18 b o re h o le s  d r i l le d  b y  M /S  K C T  a re  o f  o n ly  3 0  m  d e p th . T h e  d e e p e r b o re h o le  d r i l le d  b y  IS R  h a s  s h o w n  
e n g in e e r in g  b e d  la y e r  in  V .S .  H o s p ita l  s ite  a t  3 8 .0  m  d e p th .

D e f in i t i o n  o f  E n g in e e r in g  B e d  L a y e r :

I t  is  b e t te r  to  e s t im a te  s e is m ic  g ro u n d  m o t io n  c o n s id e r in g  f r o m  e a rth q u a k e  s o u rc e  to  g ro u n d  s u rfa c e  in  
o n e  g o , b u t  c u r re n t ly  i t  is  d i f f i c u l t  to  d o  so , b e ca u se  o f  th e  in fo rm a t io n  sh o rta g e  a n d  p re c is e n e s s  o r  
l im i ta t io n  o f  th e  th e o ry  a n d  m e th o d o lo g y  to  b e  u se d . T h u s  u s u a l ly ,  th e  p ro c e s s  is  d iv id e d  in to  n u m b e r  o f  
p a rts . O n e  is  e a rth q u a k e  s o u rc e , th e  se c o n d  is  e a rth q u a k e  so u rc e  to  base  ro c k ,  a n d  th e  t h i r d  is  base  r o c k  to  
e n g in e e r in g  b e d  la y e r  a n d  th e  f in a l  p o r t io n  w i l l  b e  e n g in e e r in g  b e d  la y e r  to  g ro u n d  s u rfa c e . S o m e tim e s  
f i r s t  tw o  o r  th re e  p o r t io n s  a re  c o m b in e d  d e p e n d s  u p o n  th e  s tro n g  g ro u n d  m o t io n  s im u la t io n  te c h n iq u e . In  
s e m i e m p ir ic a l  te c h n iq u e  f i r s t  tw o  p o r t io n s  a re  c o m b in e d  a n d  in  th e  E m p ir ic a l  G re e n  F u n c t io n  (E G F )  
te c h n iq u e  a l l  fo u r  a re  c o m b in e d . T h e  usages o f  a  p a r t ic u la r  te c h n iq u e  d e p e n d  u p o n  th e  a v a ila b le  in p u t  
p a ra m e te rs  a n d  th e  so u rc e  a n d  s ite  c o n d it io n s .  In  th e  p re s e n t case  th e  f i r s t  th re e  p o r t io n s  a re  c o m b in e d  
a n d  th e  g ro u n d  m o t io n  is  e s t im a te d  a t E n g in e e r in g  B e d  L a y e r  c o n s id e r in g  a  s c e n a r io  e a rth q u a k e  o f  
m a g n itu d e  M 6  a lo n g  E a s t C a m b a y  F a u lt .  T h e  ru p tu re  p a ra m e te rs  a n d  a tte n u a t io n  c h a ra c te r is t ic s  o f  th e  
g ro u n d  m o t io n  a re  g iv e n  f o r  n e a r  f ie ld  a n d  fa r  f ie ld  e a rth q u a k e s  in  T a b le s  6 .3 .1 7  a n d  6 .3 .1 8 , re s p e c t iv e ly .

T h e  d e f in i t io n  o f  e n g in e e r in g  b e d  la y e r  is  as fo l lo w s :  T h e  la y e r  s h o u ld  e x is t  u n i f o r m ly  in  th e  w h o le  a rea . 
B e lo w  th e  la y e r ,  th e  v a r ia t io n  o f  s o i l  p ro p e r t ie s  s h o u ld  b e  s m a lle r  th a n  a b o v e . A b o v e  th e  la y e r ,  m o re
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in fo rm a t io n  o f  s o il  p ro p e r t ie s  a n d  s tru c tu re s  s h o u ld  b e  a v a ila b le .  U s u a l ly ,  th e  la y e r  has  V s  b e tw e e n  3 5 0  
a n d  7 0 0  m /s . T h e  in v e s t ig a t io n s  f r o m  A r r a y  m ic r o - t r e m o r  m e a s u re m e n ts  p ro v id e d  in fo r m a t io n  a b o u t th e  
g e o lo g ic a l s tru c tu re  in  th e  a re a  to  1 1 0 0  m  d e p th . M A S W  p ro v id e d  in fo rm a t io n  to  a b o u t 7 0  m  d e p th . T h e  
g e o te c h n ic a l in v e s t ig a t io n s  a n d  P S  lo g g in g  h a v e  p ro v id e d  in fo rm a t io n  a b o v e  s u b s u rfa c e  la y e rs  to  d e p th s  
to  6 0  m . T h e  fo l lo w in g  in fo rm a t io n  is  e x tra c te d  f r o m  P S  lo g g in g  d a ta , d e e p  b o re h o le  ( N  v a lu e )  a n d  
M ic r o - t r e m o r :

( i )  A t  3 8  m  d e p th , V s  >  4 5 0  m /s e c  is  c o m p u te d  th ro u g h  PS lo g g in g .

( i i )  I n  8 0  m  b o re h o le  (d o n e  b y  IS R ) ,  N  >  100  is  seen  a t 3 8  m  ( A l th o u g h  N > 1 0 0  is  seen  a t 2 8  m  a n d  3 1 .5  
m  a ls o  b u t  in  b e tw e e n , th e  le s s e r N  v a lu e s  a re  o b s e rv e d  a n d  th e re fo re  th e se  la y e rs  a re  n o t  c o n s id e re d  as 
E B L ) .

( i i i )  K C T ‘ s 18 b o re h o le s  a re  o f  3 0  m  d e e p  o n ly .  B e lo w  3 0  m  w e  c a n  g e t in fo r m a t io n  f r o m  IS R  b o re h o le  
o n ly .  T h e re fo re ,  IS R  B o re h o le  d a ta  is  u s e d  f o r  re sp o n se  a n a ly s is .

I N P U T  M O T I O N :
T h e  in p u t  m o t io n  is  s im u la te d  u s in g  s to c h a s tic  f in i t e  m o d e l in g  te c h n iq u e  w i t h  d y n a m ic  c o rn e r  f re q u e n c y  
a p p ro a c h , w h ic h  is  a  n e w  c o n c e p t (M o ta z e d ia n  a n d  A tk in s o n ,  2 0 0 5 )  a t sh e a r w a v e  v e lo c i t y  o f  5 2 0  m /s e c .

M e th o d o lo g y  o f  S t r o n g  M o t io n  A n a ly s is

W e  h a v e  u se d  th e  d y n a m ic  c o rn e r  fre q u e n c y  s to c h a s tic  f in i t e  so u rc e  s im u la t io n  m e th o d  (M o ta z e d ia n  a n d  
A tk in s o n ,  2 0 0 5 ) .  T h is  m e th o d  e f fe c t iv e ly  m o d e ls  la rg e  e a rth q u a k e s  a ls o . I n  th is  m o d i f ie d  m e th o d  th e  
ru p tu re  h is to r y  c o n tro ls  th e  fre q u e n c y  c o n te n t  o f  th e  s im u la te d  t im e  se rie s  o f  e a ch  s u b - fa u lt .  R a g h u k a n th  
e t a l.  (2 0 0 8 )  a p p l ie d  th e  sam e te c h n iq u e  to  e s tim a te  th e  g ro u n d  m o t io n s  f o r  a  g re a t e a rth q u a k e  o f  
m a g n itu d e  8 .1  in  th e  S h il lo n g  P la te a u . W e  h a v e  a d o p te d  th is  s to c h a s tic  f in i t e  m o d e l in g  te c h n iq u e  to  
p ro d u c e  s tro n g  m o t io n  f o r  a  la y e r  v e lo c i t y  o f  5 2 0  m /s e c  b e ca u se  th e  s h a llo w  sh e a r w a v e  v e lo c i t y  
s tru c tu re  c a lc u la te d  f r o m  d i f fe r e n t  G e o p h y s ic a l M e th o d s  a n d  G e o te c h n ic a l d a ta  su g g e s ts  a n  a ve ra g e  
sh e a r w a v e  v e lo c i t y  la y e r  o f  ~ 4 5 0  m /s e c . A  m in o r  d if fe re n c e  o f  a m p l i f ic a t io n  is  seen b e tw e e n  la y e r  w i t h  
V s  o f  5 2 0  m /s e c  a n d  V s  o f  4 5 0  m /s e c .
The synthetic ground motions for both near field earthquake scenario (Magnitude Mw 6.0 along East Cambay 
Fault) and far field Earthquake scenario (Magnitude Mw7.6 along eastern part of Kachchh Mainland Fault) are 
generated using model parameters given in Tables 6.3.17 & 6.3.18, respectively and crustal amplifications 
determined for generic soils (Boore and Joyner 1997) of Vs30 (average shear wave velocity for upper 30 m) at 520 
cm/sec (Table 6.3.19). The accelerogram thus computed for near field earthquake scenario and far field earthquake 
scenario is given in Fig. 6.1 (a) & (b).

Table 6.3.17: Model Parameters for simulation of near-field ground motion

M a g n itu d e
F a u lt  L e n g th  a n d  W id th
S tr ik e  a n d  D ip
S lip  D is t r ib u t io n
S h e a r W a v e  V e lo c i t y
D e n s ity
S tress  D ro p
K a p p a
A n e la s t ic  A t te n u a t io n  Q ( f )

6 .0  ( M w )
13 k m  a n d  9  k m  
1 3 5 °  a n d  6 0 °  
R a n d o m  
3 .6  k m /s e c  
2 .8  g m /c m 3 
4 0  b a rs

0 .0 3
1 4 9 f143 C h o p ra  e t a l. (2 0 1 0 )
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G e o m e tr ic  S p re a d in g

D u ra t io n  P ro p e r t ie s

P u ls in g  P e rc e n t

1 /R  (R < 4 0  k m )  B o d in  e t a l. (2 0 0 4 )
1 /R 05 (4 0 < R < 8 0  k m )
1 /R 055 (R > 8 0  k m )
f c-1 ( R  <  10 k m )  E a s te rn  N o r t h  A m e r ic a
f c-1 +  0 .1 6 R  (1 0 < R < 7 0 k m )  A tk in s o n  &  B o o re , (1 9 9 5 )
f c-1 -  0 .0 3  ( 7 0 < R < 1 3 0  k m )  
f c-1 +  0 .0 4 R  (1 3 0 < R < 1 0 0 0  k m )
5 0 %

Table 6.3.18: Model Parameters for simulation of far-field ground motion

M a g n itu d e
F a u lt  L e n g th  a n d  W id th
S tr ik e  a n d  D ip
S l ip  D is t r ib u t io n
S h e a r W a v e  V e lo c i t y
D e n s ity
S tress  D ro p
K a p p a
A n e la s t ic  a t te n u a t io n  Q ( f )  
G e o m e tr ic  S p re a d in g

D u ra t io n  P ro p e r t ie s

P u ls in g  P e rc e n t

7 .6  ( M w )
45  k m  a n d  4 0  k m  
1 0 0 °  a n d  5 0 °  
R a n d o m
3 .6  k m /s e c  
2 .8  g m /c m 3 
160  b a rs
0 .0 3
3 3 9 f ° ' 61

1 /R  ( R  <  4 0  k m )
1 /R 0 5  (4 0  <  R  <  80  k m )
1 /R 0 5 5  ( R  >  80  k m )
f c-1 ( R  <  10 k m )
f c-1 +  0 .1 6 R  (1 0  <  R  <  7 0  k m )  
f c-1 -  0 .0 3  (7 0  <  R  <  130  k m )  
f c-1 +  0 .0 4 R  (1 3 0  <  R  <  1 0 0 0  k m )  
5 0 %

M a n d a l &  J o h n s to n  (2 0 0 6 )  
S in g h  e t a l (2 0 0 4 )
B o d in  e t a l. (2 0 0 4 )

E a s te rn  N o r t h  A m e r ic a  
A tk in s o n  &  B o o re  (1 9 9 5 )

Table 6.3.19: Frequency dependent amplification characterized by Vs30 = 520m/s 
(Boore and Joyner 1997)

F r e q u e n c y
( H z ) A m p l i f i c a t i o n
0 .01 1
0 .0 9 1.21
0 .1 6 1 .32
0 .51 1 .59
0 .8 4 1 .77
1.25 1 .96
2 .2 6 2 .2 5
3 .1 7 2 .4 2
6 .0 5 2 .7
16 .6 3 .2 5
6 1 .2 4 .1 5
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(a ) (b )
Fig. 6.3.19: Acceleration time history plot of (a) near field and (b) far field earthquake scenarios estimated from stochastic method at 

520 m/sec.

T h e  s p e c tra l a c c e le ra t io n  a t 5 %  d a m p in g  a n d  2 %  d a m p in g  a re  a ls o  c o m p u te d  a n d  th e  in p u t  re sp o n se  
s p e c tra ’ s f o r  b o th  (n e a r  f ie ld  a n d  fa r  f ie ld )  s c e n a r io  e a rth q u a k e s  a re  g iv e n  in  F ig .  6 .3 .2 0 . B e lo w  0 .5  sec, 
th e  n e a r  f ie ld  in p u t  m o t io n  s h o w s  h ig h e r  s p e c tra l a c c e le ra t io n . H o w e v e r  a t la rg e r  p e r io d s  (m o re  th a n  0 .5  
sec) th e  f a r  f ie ld  m o t io n  s h o w s  h ig h e r  s p e c tra l a c c e le ra t io n  th a n  n e a r  f ie ld  m o t io n .  T h e  s im i la r  t r e n d  o f  
in p u t  m o t io n  is  seen  in  th e  F o u r ie r  s p e c tra  (F ig .  6 .3 .2 1 ) .  T h e  F o u r ie r  a m p li tu d e  o f  f a r  f ie ld  m o t io n  is  
h ig h e r  th a n  n e a r  f ie ld  m o t io n  in  lo w  fre q u e n c y  ( h ig h  p e r io d )  a n d  re v e rs e  s c e n a r io  is  o b s e rv e d  a t h ig h  
fre q u e n c y . T h is  is  th e  s im p le  p ro p e r ty  o f  s tro n g  g ro u n d  m o t io n .

Fig. 6.3.20: (a) The spectral acceleration at 5% damping & (b) at 2% damping for both near field and far field earthquake scenarios 
supplied to EBL as input motion.
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1 10 
Frequency(HZ)

Fig. 6.3.21: The Fourier spectra for both near field and far field earthquake scenarios showing higher energy for far field scenario at 
lower frequency and low energy than near field scenario at high frequency

G r o u n d  M o d e l  f o r  R e s p o n s e  A n a ly s is :
B a s e d  o n  s o il  in v e s t ig a t io n  a n d  g e o p h y s ic a l e x p lo ra t io n ,  s o i l  m o d e l a t B H - 1 9  b o re h o le  in  V .  S. H o s p ita l  
s ite  is  p re p a re d  to  c o n d u c t  th e  re sp o n se  a n a ly s is . T h e  g ro u n d  m o d e l is  p re p a re d  f o r  B H - 1 9  in  th e  
fo l lo w in g  fo r m a t :

•  N u m b e r  o f  L a y e rs  &  N u m b e r  o f  L a y e r  B o u n d a r ie s ,

•  D a m p in g  F a c to r  (% ) ,  V s  (m /s e c ) ,  D e n s ity  ( g /c m 3) , T h ic k n e s s  (m ) ,  N o n - L in e a r  C h a ra c te r is t ic  id  
( in te g e r )  f o r  e a ch  la y e r  &

•  U p p e r  D e p th  o f  e a ch  la y e r  (m )

M o d u lu s  R e d u c t io n  a n d  D a m p in g  C u r v e s :
T h e  s o il  b e h a v io r  u n d e r  i r r e g u la r  c y c l ic  lo a d in g  d u e  to  an  e a rth q u a k e  is  m o d e le d  u s in g  m o d u lu s  
r e d u c t io n  ( G /G  m a x )  a n d  d a m p in g  r a t io  (P ) v s . s tra in  c u rv e s . T h e  n o n - l in e a r i t y  o f  th e  sh e a r m o d u lu s  a n d  
d a m p in g  is  a c c o u n te d  f o r  b y  th e  use  o f  e q u iv a le n t  l in e a r  s o il  p ro p e r t ie s  u s in g  a n  i te ra t iv e  p ro c e d u re  to  
o b ta in  v a lu e s  f o r  m o d u lu s  a n d  d a m p in g  c o m p a t ib le  w i t h  th e  e f fe c t iv e  s tra in s  in  e a c h  la y e r .  T h e  
d e g ra d a t io n  c u rv e s  f o r  sa n d , c la y  a n d  r o c k  u s e d  f o r  th e  p re s e n t w o r k  a re  th o s e  p ro p o s e d  b y  S eed  a n d  
Id r is s  (1 9 7 0 ) ,  S u n  e t a l. ( 1 9 8 0 )  a n d  S c h n a b e l (1 9 7 3 )  re s p e c t iv e ly .  T h e se  c u rv e s  a re  s h o w n  in  F ig s . 6 .3 .2 2  
&  6 .6 .3 .2 3 . T h e se  c u rv e s  a re  b u i l t - in  th e  S H A K E  d a ta ba se  a n d  u s e d  d u r in g  c a lc u la t io n s  b y  s e le c t in g  th e  
o p t io n s .
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Fig. 6.3.22: Modulus Reduction v/s Shear Strain Curves for sand, clay and rock used in the analysis

Damping Ratio Curves

Shear Strain (%)

▲ Sand Damping for SAND, 
February 1971

■ Sand Damping for SAND, 
February 1971

T Sand Damping for SAND, 
February 1971

♦ SoilPI=0-15 Damping - Soil 
with PI=15, OCR=1-8 (Vucetic 
& Dobry, JGE 1/91)

A so ilP  15-30 Damping - Soil 
with PI=30, OCR=1-8 (Vucetic 
& Dobry, JGE 1/91)

□ SoilPI30-50 Damping - Soil 
with PI =50, OCR=1-8 (Vucetic 
& Dobry, JGE 1/91) 

v  SoilPI50-100Damping - Soil 
with PI=100, OCR=1-8 (Vucetic 
& Dobry, JGE 1/91) 

o  Soil PI=200 Damping - Soil 
with PI=200, OCR=1-8) Vucetic 
& Dobry, JGE 1/91)

▲ Rock Damping for ROCK 
(Schnabel 1973)

Fig. 6.3.23: Damping Ratio v/s Shear Strain for sand, clay and rock used in the analysis

G R O U N D  R E S P O N S E  A N A L Y S I S :

S t r o n g  M o t io n  A n a ly s is  f o r  N e a r  F ie ld  E a r t h q u a k e :

T h e  g ro u n d  re sp o n se  a n a ly s is  is  c a r r ie d  o u t  a t  B H - 1 9  b o re h o le  d r i l le d  u p  to  8 0  m  d e p th . T h e  s o il  m o d e l 
f o r  th e  b o re h o le  a b o v e  E B L  is  p re p a re d  a n d  th e  n a tu ra l p e r io d  o f  th e  s o i l  c o lu m n  is  a ls o  c o m p u te d  a n d  i t  
is  0 .4 3  sec th a t  c o r re s p o n d  to  4  -  5 s to re y  b u i ld in g .  T h e  s tru c tu re s /b u ild in g s  w i t h  n a tu ra l p e r io d  in  th is
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ra n g e  w i l l  s u f fe r  h e a v y  d a m a g e  i f  p ro p e r  ca re  is  n o t  ta k e n  w h i le  d e s ig n in g /c o n s tru c t io n .  T h e  in p u t  
e a r th q u a k e  m o t io n  w h e n  a p p lie d  a t E B L  a n d  a llo w e d  to  pass  th ro u g h  th e  s o il  c o lu m n  e ith e r  g e ts  
a m p l i f ie d  o r  d e p a m lif ie d  a t th e  b o u n d a ry  o f  th e  la y e rs . F in a l ly ,  th e  re sp o n se  is  o b s e rv e d  a t th e  s u r fa c e  in  
te rm s  o f  P G A  ( f r o m  a c c e le ro g ra m )  a n d  s p e c tra l a c c e le ra t io n  ( f o m  R e s p o n s e  S p e c tra ) . T h is  p ro c e s s  is  
c o n d u c te d  u s in g  S H A K E  p ro g ra m . T h e  in p u t  m o t io n  o f  P G A  5 4 .9 6  c m /s e c 2 is  a p p lie d  a t E B L .  In  case  o f  
n e a r - f ie ld  e a r th q u a k e , th e  P G A  c a lc u la te d  a t th e  s u r fa c e  is  7 5 .8  c m /s e c 2 (F ig .  6 .3 .2 4 ) . T h e  P G A  
a m p l i f ic a t io n  fa c to r  is  a ls o  c a lc u la te d  a t th e  b o re h o le  a n d  is  1 .7 . T h e  g ro u n d  m o t io n  is  a m p l i f ie d  
m a x im u m  (a lm o s t  6 0 % )  f r o m  4 4  c m /  sec2 to  7 5 .8  c m /  sec2 in  th e  to p  3 m  la y e r  o f  th e  s o i l  c o lu m n . T h e  
v a r ia t io n  o f  a c c e le ra t io n  w i t h  d e p th  a lo n g  th e  b o re h o le  ( B H - 1 9 )  is  s h o w n  in  F ig .  6 .3 .2 5 .

Fig. 6..3.24: The accelerogram of V.S. Hospital area for Near Field Earthquake Scenario computed using SHAKE program

Fig. 6.3.25: PGA Amplification in the soil column for BH-19 at an earthquake of Mw 6.0 along East Cambay Fault

S t r o n g  M o t io n  A n a ly s is  f o r  F a r - F ie ld  E a r t h q u a k e :
In  case o f  fa r - f ie ld  e a rth q u a k e , th e  in p u t  m o t io n  o f  P G A  3 7  c m /s e c 2 is  a p p l ie d  a t E B L .  T h e  P G A  th u s  
c a lc u la te d  a t th e  s u rfa c e  w h e n  th e  m o t io n  is  a l lo w e d  to  pass  th ro u g h  th e  s o il  la y e rs  is  4 9 .5  c m /s e c 2 (F ig .  
6 .3 .2 6 ) .  P G A  a m p l i f ic a t io n  fa c to r  is  a ls o  c a lc u la te d  a t th e  b o re h o le  a n d  i t  is  1 .7 . T h e  g ro u n d  m o t io n  is
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a m p l i f ie d  m a x im u m  (a lm o s t  6 8 % )  f r o m  3 4  c m /  sec2 to  4 9 .5  c m /  sec2 in  th e  to p  3 m  la y e r  o f  th e  s o il 
c o lu m n . T h e  v a r ia t io n  o f  a c c e le ra t io n  w i t h  d e p th  a lo n g  th e  s o i l  c o lu m n s  is  s h o w n  in  F ig .  6 .3 .2 7 .

0 5 10 15 20 25
________________________________________ T im e (sec)_________________________________________

Fig. 6.3.26: The accelerogram of V.S. Hospital area for Far Field Earthquake Scenario computed using SHAKE program

Fig. 6.3.27: PGA amplification in the soil column for different boreholes for an earthquake of Mw 7.6 along Eastern Part of Kachchh 
Mainland Fault (KMF)

R E S P O N S E  S P E C T R A

T h e  re sp o n se  s p e c tra  o n  th e  s u rfa c e  o f  th e  b o re h o le  ( B H - 1 9 )  f o r  n e a r - f ie ld  as w e l l  as fa r - f ie ld  
e a rth q u a k e s  a re  s h o w n  in  F ig .  6 .3 .2 8  (a t 5 %  d a m p in g )  a n d  F ig .  6 .3 .2 9  (a t 2 %  d a m p in g ) .  T h e  s p e c tra l 
a c c e le ra t io n  v a lu e s  a re  c a lc u la te d  f r o m  0 .1  sec to  4 .0  sec a t a n  in te rv a l  o f  0 .0 1  sec. F o r  th e  n e a r - f ie ld  
e a r th q u a k e  th e  m a x im u m  c a lc u lte d  s p e c tra l a c c e le ra t io n  v a lu e  is  2 1 5 .3  c m /s e c 2 f o r  5 %  d a m p in g  (F ig .  
6 .3 .2 8 )  a n d  3 1 5 .2  c m /s e c 2 f o r  2 %  d a m p in g  (F ig .  6 .3 .2 9 )  a t 0 .2  sec ( c o r re s p o n d in g  to  1 to  2  s to re y  
b u i ld in g s ) .

F o r  fa r  f ie ld  e a r th q u a k e , s p e c tra l a c c e le ra t io n  o f  9 9  c m /s e c 2 is  o b s e rv e d  a t 0 .2  sec (a t  5 %  d a m p in g ) .  H ig h  
s p e c tra l a c c e le ra t io n  in  th e  ra n g e  8 3 -8 7  c m /s e c 2 is  u p  to  0 .7 s e c  ( c o r re s p o n d in g  to  6 -7  s to re y  b u i ld in g s ) .  
F o r  2 %  d a m p in g  th e  s p e c tra l a c c e le ra t io n  is  h ig h e r  th a n  th a t  f o r  5 %  d a m p in g .

C o m p a r is o n  o f  n e a r - f ie ld  &  f a r - f ie ld  re sp o n se  s p e c tra  w i t h  B IS  co d e
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T h e  re sp o n se  s p e c tru m  a t th e  b o re h o le  ( B H - 1 9 )  s ite  a re  c o m p a re d  w i t h  B IS  re c o m m e n d e d  s p e c tra  ( f o r  
5 %  d a m p in g )  f o r  a l l  th re e  ty p e s  o f  g ro u n d  ( S o f t  s o il ,  M e d iu m  s o il  a n d  R o c k )  f o r  Z o n e  I I I  (F ig .  6 .3 .2 8 ) .

Fig 6.3.28: The spectral acceleration (Sa) curves at 5% damping for near field (with circle) and far field (with triangles) scenario 
earthquakes for borehole (BH-19) at around surface. The Sa curves are covered with BIS SA curves for Zone III

Fig 6.3.29: The spectral acceleration (Sa) curves at 2% damping for near field (with circle) and far field (with triangles) scenario 
earthquakes for borehole (BH-19) at ground surface

I t  has  b e e n  o b s e rv e d  th a t  f o r  n e a r  f ie ld  e a rth q u a k e , th e  m a x im u m  s p e c tra l a c c e le ra t io n  is  fo u n d  a t 
p e r io d  o f  0 .2  sec (  2 1 5 .3 c m /s e c 2) a n d  f o r  f a r  f ie ld  e a rth q u a k e , i t  is  fo u n d  a t 0 .2  sec (9 9  c m /s e c 2). A t  2 %  
d a m p in g , th e  m a x im u m  s p e c tra l a c c e le ra t io n  o f  3 1 5 .2  c m /s e c 2 is  c o m p u te d  f o r  n e a r  f ie ld  eq . a n d  1 4 0 .6  
c m /s e c 2 f o r  fa r  f ie ld  eq . In  b o th  o f  th e  cases (n e a r  f ie ld  a n d  fa r  f ie ld  e a rth q u a k e s ) , th e  s p e c tra l 
a c c e le ra t io n  a t 5 %  d a m p in g  is  fo u n d  le s s e r  th a n  th e  v a lu e s  re c o m m e n d e d  b y  B IS  (F ig .  6 .3 .2 8 ) .
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Fig 6.3.30: The Fourier spectrums at EBL and surface with amplification curve for (a) near field earthquake and (b) far field 

earthquake

F ig  6 .3 .3 0  s h o w s  th e  F o u r ie r  s p e c tra  o f  in p u t  m o t io n  a t E B L  ( l ig h t  c o lo r  lo w e r  v a lu e s )  a n d  
e s tim a te d  s tro n g  m o t io n  a t s u r fa c e  (d a rk  c o lo r  h ig h e r  v a lu e s )  w i t h  a m p l i f ic a t io n  c u rv e  ( lo w e rm o s t  
c o n t in u o u s  c u rv e )  f o r  (a ) n e a r  f ie ld  e a rth q u a k e  a n d  (b )  f a r  f ie ld  e a rth q u a k e . I t  in d ic a te s  th a t  fa r - f ie ld  
e a r th q u a k e  has la rg e  a m p litu d e s  a t lo w  fre q u e n c ie s . A m p l i f i c a t io n  is  a b o u t 2 .
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CHAPTER 7
E A R T H Q U A K E  P R E D I C T I O N  R E S E A R C H

(K  M  Rao, M.S.B.S. Prasad, Dilip Kumar Haidar, Prasanna Simha, Sushant Kumar Sahoo and
Shikha S. Mishra)

7 .1  O p e r a t io n  o f  M u l t i - P a r a m e t r i c  G e o p h y s ic a l  O b s e r v a to r ie s
A n  e a rth q u a k e  re s e a rc h  c e n te r  a t  B h a c h a u  a n d  th re e  M u lt ip a r a m e t r ic  G e o p h y s ic a l O b s e rv a to r ie s  a re  
o p e ra t io n a l s in c e  M a rc h  2 0 0 9  in  K a c h c h h  re g io n  a t B a d a rg a d h , V a m k a  a n d  D e s a lp a r  f o r  E a r th q u a k e  
P re c u rs o ry  R e s e a rc h . M P G O  s ite s  a re  e a s t a n d  n o r th e a s t o f  th e  a fte rs h o c k  z o n e  o f  2 0 0 1  B h u j e a rth q u a k e  
( M w  7 .6 )  w h e re  th e  a c t iv i t y  has  m ig ra te d  f r o m  2 0 0 6  o n w a rd s . M a g n itu d e  5 e a rth q u a k e s  a re  s t i l l  
o c c u r r in g  in  K a c h c h h  o c c a s io n a l ly  a n d  7 0  s h o c k s  o f  m a g n itu d e  > 1  a re  re c o rd e d  o n  an  a ve ra g e  p e r  
m o n th .  V e r y  B ro a d b a n d  S e is m o m e te r , S tro n g  M o t io n  A c c e le ro g ra p h ,  G P S  a n d  R a d o n  re c o rd e rs  a re  
in s ta lle d  a t a l l  th e  th re e  s ite s . T h e  ra d o n  senso rs  w e re  o n ly  fu n c t io n a l d u r in g  J a n -J u n e , 2 0 1 2 . A s  th e se  a re  
g iv in g  i r r e g u la r / in c o n s is te n t  re s u lts , w e  h a d  s h o w n  th e se  se n so rs  to  e x p e rts  o f  S a ra d  S y s te m s , G e rm a n y  
d u r in g  G a rh w a l c o n fe re n c e . A s  p e r  th e i r  a d v ic e , th e se  se n so rs  w e re  se n t to  G e rm a n y  f o r  re p a irs / re -  
c a lib ra t io n .  O u t  o f  tw o  F lu x g a te  m a g n e to m e te rs , o n e  F lu x g a te  m a g n e to m e te r  has  w o rk e d  w e l l  a t 
D e s a lp a r  a n d  o th e r  on e  is  s h o w in g  f ix e d  v a lu e s  in i t i a l l y  a n d  la te r  h ig h e r  v a lu e s  o f  Z - c o m p o n e n t  w h ic h  is  
n o w  in s ta lle d  a t V a m k a . T h e  S u p e r C o n d u c t in g  G ra v im e te r  w h ic h  has  b e e n  in s ta lle d  a t B a d a rg a d h  has 
w o rk e d  s m o o th ly .  O n ly  tw o  w a te r  le v e l  re c o rd e rs  a t D e s a lp a r  a n d  B a d a rg a d h  a re  in s ta lle d  a t c o n f in e d  
a q u ife r  z o n e  a n d  a l l  o th e rs  a re  in s ta lle d  a t s h a llo w  d e p th  ( b e lo w  5 m )  &  a re  n o t  s h o w in g  a n y  v a r ia t io n  in  
w a te r  le v e l.  T h re e  B o re h o le  S tra in  M e te rs  h a v e  s h o r t ly  b e e n  in s ta lle d  in  N a rm a d a  re g io n . T h re e  
O v e rh a u s e r  M a g n e to m e te rs ,  th re e  D e c l in a t io n / In c l in a t io n  M a g n e to m e te rs ,  th re e  U L F  M a g n e to m e te rs  a re  
in s ta lle d  a t M P G O ’ s in  D e c e m b e r-2 0 1 2 . A l l  th e se  M a g n e to m e te rs  a re  w o r k in g  w e l l .  IS R  in  c o lla b o ra t io n  
w i t h  IS R O  h a s  e s ta b lis h e d  th e  C A L V A L  s ite  a t D e s a lp a r . T h is  s ite  is  u s e fu l f o r  C a l ib r a t io n  o f  o p t ic a l  a n d  
m ic ro w a v e  se n so rs  a n d  v a l id a t io n  o f  G e o -p h y s ic a l d a ta  p ro d u c ts  w h ic h  fo r m  a n  in te g ra l a n d  v i t a l  
c o m p o n e n t o f  a n y  s a te ll i te  p ro g ra m m e . W e  o b s e rv e d  so m e  a n o m a lie s  in  th e  m a g n e t ic ,  ra d o n  a n d  g r a v i t y  
m e a s u re m e n ts  w h ic h  c a n  be  c o r re la te d  w i t h  m ic r o  e a rth q u a k e s  in  th e  re g io n .

7 .2  I n s t a l la t io n  o f  v a r io u s  n e w  M a g n e to m e te r s  (3  U L F  M a g n e to m e te r s  ( L E M I - 3 0 ) ,  3
O v e r h a u s e r  M a g n e to m e te r s ,  3  D / I  M a g n e to m e te r s )  a t  M P G O s

R e c e n t ly  w e  h a v e  in s ta lle d  th re e  ty p e s  o f  m a g n e to m e te rs  n a m e ly  U l t r a  L o w  F re q u e n c y  M a g n e to m e te rs  
( L e m i- 3 0 ) ,  O v e rh a u s e r  M a g n e to m e te rs  a n d  D e c l in a t io n / In c l in a t io n  M a g n e to m e te rs  to  s tu d y  
e le c t ro m a g n e t ic  p re c u rs o rs  a t V a m k a , D e s a lp a r  a n d  B a d a rg a d h . T h e  L e m i- 3 0  in d u c t io n - c o i l  U L F  
m a g n e to m e te r  is  u s e d  f o r  s tu d y in g  v a r ia t io n s  o f  m a g n e t ic  f ie ld  in  th e  f re q u e n c y  ra n g e  o f  0 -3 0  H z ,  
O v e rh a u s e r  M a g n e to m e te rs  f o r  th e  to ta l  m a g n e t ic  f ie ld  a n d  D e c l in a t io n / In c l in a t io n  M a g n e to m e te r  ( d Id D )  
to  d e te c t th e  d e c l in a t io n / in c l in a t io n  o f  m a g n e t ic  f ie ld  ( o r ie n ta t io n  o f  f ie ld  l in e ) .  T h e  d e s c r ip t io n  o f  th e se  
in s ta lla t io n s  is  g iv e n  in  th is  re p o r t .  W e  h a v e  in s ta lle d  th e se  M a g n e to m e te rs  in  tw o  m o n th s  t im e  d u r in g  
N o v - D e c ,  2 0 1 2  b y  m a k in g  f o u r  f ie ld  t r ip s  o f  1 -2  w e e k s  d u ra t io n  o f  e a ch  t r ip  a t th re e  s ite s  
s im u lta n e o u s ly .  I n i t i a l l y  w e  h a v e  d o n e  n o is e  s u rv e y  th ro u g h o u t  th e  s ite  u s in g  U L F  M a g n e to m e te r  to  
s e le c t th e  p ro p e r  p la c e  to  g e t g o o d  s ig n a l w i t h  less  n o is e . T h e  c r i te r ia  a d o p te d  f o r  b e s t s ite  s e le c t io n  is  to  
lo o k  f o r  c le a r  m o d e s  o f  S c h u m a n n  re so n a n ce  in  th e  s ig n a l. L a te r ,  w e  m a d e  s p e c ia l p its  f o r  th e  se n s o r 
in s ta l la t io n  a n d  m a d e  n o n  m a g n e t ic  h u ts  f o r  h o u s in g  th e  M a g n e to m e te rs .  I n  th e  th i r d  t r i p  w e  in s ta lle d  a l l  
th e  se n so rs  in  th e  p its  a n d  c o m p le te  a l l  c o n s tru c t io n s . F in a l ly ,  w e  s ta r t g e t t in g  th e  m a g n e t ic  f ie ld  t im e  
se rie s  in  th e  m id d le  o f  D e c e m b e r  2 0 1 2  o n w a rd s .
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Fig.7.1 Specialised pits and non-magnetic huts for Magnetometers

Fig.7.2 Overhauser, ULF and D/I Magnetometers

7 .3  D e v e lo p m e n t  o f  a  C A L - V A L  s ite  a t  D e s a lp a r  f o r  L a n d  a n d  A tm o s p h e r e

C a l ib ra t io n  o f  o p t ic a l  a n d  m ic ro w a v e  se n so rs  a n d  v a l id a t io n  o f  G e o -p h y s ic a l d a ta  p ro d u c ts  fo r m  a n  
in te g ra l a n d  v i t a l  c o m p o n e n t o f  a n y  s a te ll i te  p ro g ra m m e . A  w e l l  c a lib ra te d  se n s o r is  e s s e n t ia l to  d e r iv e  
q u a n t i ta t iv e  in fo r m a t io n  f r o m  ra d ia t io n  re f le c te d /s c a t te re d  b y  v a r io u s  e a rth  s u r fa c e  fe a tu re s  as a  fu n c t io n  
o f  space  a n d  t im e .  P re - la u n c h  c a l ib ra t io n  o f  o p t ic a l se n so rs  c a n  b e  p e r fo rm e d  in  la b o ra to r y  c o n t r o lle d  
c o n d it io n s  to  a  h ig h  d e g re e  o f  a c c u ra c y  (~  5 % )  u s in g  s ta n d a rd iz e d  ra d ia t io n  s o u rce s  a n d  a n  in te g ra t in g  
sp h e re  a t d i f fe r e n t  w a v e le n g th s . T h e  o u tp u t  o f  d e te c to rs  in  a  s e n s o r to  a  k n o w n ,  s ta n d a rd  i l lu m in a t io n  
so u rc e  is  q u a n t iz e d  to  d e r iv e  s e n s o r c a l ib ra t io n  c o e f f ic ie n ts  f o r  e a ch  w a v e le n g th  in te rv a l  w i t h  a  w e l l  
c h a ra c te r iz e d  s p e c tra l re sp o n se  fu n c t io n .  D u r in g  a n d  a f te r  s a te ll i te  la u n c h ,  th e  se n s o r o n -b o a rd  a  s a te ll i te  
is  s u b je c te d  to  d i f fe r e n t  k in d s  o f  s tresses w h ic h  c a n  le a d  to  a  p o s s ib le  d e g ra d a t io n  o f  s e n s o r p e r fo rm a n c e  
o v e r  a  t im e  p e r io d .  H e n c e , i t  is  e s s e n tia l to  m o n i to r  th e  c h a n g e s  in  se n s o r c a l ib ra t io n  p e r io d ic a l ly  a n d
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q u a n t i f y  i ts  m a g n itu d e . T h is  is  a c h ie v e d  b y  v ic a r io u s  c a l ib ra t io n  o f  se n so rs , w h e re  a  w e l l  d e f in e d  
s p a t ia l ly  a n d  te m p o r a l ly  h o m o g e n e o u s  s u rfa c e  is  c h o s e n  f o r  in - s i tu  ra d ia n c e / re f le c ta n c e  m e a s u re m e n ts . 
T h e se  a re  s u b s e q u e n t ly  p a sse d  th ro u g h  a n  a tm o s p h e r ic  c o r re c t io n  co d e  to  p re d ic t  to p  o f  a tm o s p h e re  
( T O A )  a t -s a te ll i te  ra d ia n c e /re f le c ta n c e , w h ic h  is  th e n  c o m p a re d  w i t h  s a te ll i te  s e n s o r ra d ia n c e /re f le c ta n c e  
to  d e r iv e  c a l ib r a t io n  c o e f f ic ie n ts .  A  te m p o ra l re c o rd  o f  th e se  c o e f f ic ie n ts  in d ic a te s  th e  v a r ia t io n  o f  se n so r 
re sp o n se  a n d  i ts  p o s s ib le  d e g ra d a t io n  o v e r  t im e .

A b s o lu te  c a l ib ra t io n  o f  S y n th e t ic  a p e rtu re  R a d a r  s y s te m  is  a c h ie v e d  th ro u g h  d e p lo y m e n t  o f  c o rn e r  
re f le c to rs  a n d  a c t iv e  ra d a r  c a l ib ra to r  o n  u n i f o r m  s ite  a n d  d e te rm in in g  c a l ib r a t io n  c o n s ta n t th ro u g h  a  w e l l  
d e f in e d  m e th o d o lo g y .  V a l id a t io n  o f  G e o -p h y s ic a l p ro d u c ts  e .g ., s u r fa c e  re f le c ta n c e , s o i l  m o is tu re ,  e tc . is  
c a r r ie d  o u t  b y  c o m p a r is o n  w i t h  in - s i tu  m e a s u re m e n ts  c a r r ie d  o u t  o n  th e  s ite . A ls o ,  i t  is  p la n n e d  to  c a r ry  
o u t  m o n th ly  In S A R  m e a s u re m e n ts  o n  th e  s ite  to  g iv e  p re c is e  in fo rm a t io n  a b o u t th e  g ro u n d  d e fo rm a t io n  
o f  th e  a rea , i f  a n y , s p e c ia l ly  th e  v e r t ic a l  m o v e m e n ts . T h e s e  m e a s u re m e n ts  w i l l  b e  c o m p a re d  w i t h  
p e r io d ic a l  In S A R  d a ta  o f  o th e r  p a r ts  o f  K u tc h ,  S a u ra s h tra  a n d  N a rm a d a  to  s tu d y  d e fo rm a t io n  a c ro ss  
a c t iv e  fa u lts  o f  G u ja ra t .  IS R  in  c o lla b o ra t io n  w i t h  IS R O  is  d e v e lo p in g  a  C A L - V A L  s ite  a t D e s a lp a r  in  
R a n n  o f  K u tc h  f o r  O p t ic a l,  M ic r o w a v e  R S  se n so rs  a n d  In S A R  m e a s u re m e n ts . W e  h a v e  c o m p le te d  a l l  th e  
c i v i l  w o rk s  a t th e  s ite  a n d  a re  ta k in g  c a m p a ig n  m o d e  m e a s u re m e n ts  a t v a r io u s  p a rts  o f  G u ja ra t .  T h is  s ite  
w i l l  b e  v e r y  u s e fu l f o r  la n d  a n d  a tm o s p h e r ic  R e m o te  s e n s in g  a p p lic a t io n s .  T h e  s ite  w i l l  be  v e r y  u s e fu l f o r  
R E S O U R C E S A T ,  O C E A N S A T ,  M E G H A T R O P IQ A U E S ,  R IS A T - 1  S A R , C A R T O S A T  a n d  fu tu re  
p ro je c ts  o f  IS R O /D O S .

7 .4  M o n i t o r i n g  o f  U L F  (0 -0 .5  H z )  G e o m a g n e t ic  f i e ld  V a r ia t io n s  in  K a c h c h h  r e g io n

U L F  E le c t r o -M a g n e t ic -E m is s io n s  ( E M E )  is  re c o g n iz e d  as a  p ro m is in g  p re c u rs o ry  s ig n a tu re  f o r  
e a r th q u a k e  p r e d ic t io n  re s e a rc h . F o r  e a r th q u a k e  p re c u rs o ry  s tu d y , IS R  c o n t in u o u s ly  m o n i to r in g  U L F  
g e o m a g n e t ic  f ie ld  b y  D ig i t a l  F lu x g a te  M a g n e to m e te r  ( D F M )  w h ic h  w o r k in g  in  th e  ra n g e  0 -0 .5  H z  a t 
M u l t i  P a ra m e tr ic  G e o p h y s ic a l O b s e rv a to ry  ( M P G O )  s ite , D e s a lp a r  (L a t :  2 3 .7 4 5 6 8 ° N , L o n g :  
7 0 .6 8 3 7 8 ° E ) .  T h is  s ite  fa l ls  a t  th e  h ig h ly  s e is m ic a lly  a c t iv e  z o n e  K a c h c h h  a n d  is  n e a r  to  G e d i fa u lt .  
E le c t ro m a g n e t ic  e m is s io n  p h e n o m e n o n  ta k e s  p la c e  in  th e  U L F - E L F - V L F  (0 -3 0  k H z )  fre q u e n c y  ra ng e s  
p r io r  to  e a rth q u a k e s . B a s ic a l ly  th e re  a re  tw o  p r in c ip a l  m e th o d s  o f  o b s e rv a t io n  o f  e a rth q u a k e  p re c u rs o ry  
s ig n a ls . D F M  is  a  t r i - a x ia l  m a g n e to m e te r  m a n u fa c tu re d  b y  M a g s o n  G M B H ,  G e rm a n y . I t  m e a s u re s  th e  
g e o m a g n e t ic  f ie ld  v a r ia t io n s  a lo n g  th re e  c o m p o n e n ts  i .e .,  N o r th - S o u th  (H ) ,  E a s t-W e s t ( D )  a n d  V e r t ic a l  
( Z )  in  n a n o  T e s la  ( n T ) .  T h e  d e te c te d  s ig n a ls  a re  re c o rd e d  th ro u g h  d a ta  a c q u is i t io n  s y s te m  in  th e  d ig i ta l  
fo rm a t.  T h e re  a re  v a r io u s  p ro ce sse s  to  a n a ly s e  th e  s ig n a l f o r  d e te c t in g  p re c u rs o rs  l ik e  c a lc u la t in g  
p o la r is in g  r a t io ,  s in g u la r  v a lu e  d e c o m p o s it io n  m e th o d , f r a c ta l a n a ly s is , p r in c ip a l  c o m p o n e n t a n a ly s is  e tc . 
H e re , w e  h a v e  u s e d  te m p o ra l v a r ia t io n s  o f  H ,  D ,  Z  c o m p o n e n ts  a n d  p o la r iz a t io n  a n a ly s is  to  lo o k  f o r  
p re c u rs o ry  s ig n a l.  M o n t h ly  ra w  d a ta  p lo ts  o f  H ,  D ,  Z  c o m p o n e n ts  f o r  th e  w h o le  y e a r  a re  s h o w n  in  
F ig u re -7 .3 .  W e  o b s e rv e d  h ig h  f lu c tu a t io n  in  H -C o m p  1-3 d a y s  b e fo re  th e  o c c u rre n c e  o f  e a rth q u a k e s ; 
d iu rn a l  m a x im u m  v a lu e s  g ra d u a lly  d e cre a se s  in  th e  D -C o m p  f r o m  so m e  d a y s  b e fo re  th e  e v e n t ;  d iu rn a l  
m in im u m  v a lu e  g r a d u a lly  in c re a s e s  in  Z -C o m p  f r o m  so m e  d a y s  b e fo re  e v e n t. T h e  in c re a s e  o f  Z - c o m p  is  
o b s e rv e d  b e fo re  e a rth q u a k e s  w o r ld w id e .  V is u a l  s ta t is t ic a l a n a ly s is  is  g iv e n  in  th e  T a b le -7 .1  f o r  th e  e n tire  
y e a r  o f  2 0 1 2 .

T o  k n o w  th e  im p a c t  o f  th e  e v e n ts  in  o u r  o b s e rv a t io n s  a t D e s a lp a r , w e  h a v e  c a lc u la te d  s e is m ic  in d ic e s  
u s in g  th e  fo r m u la  10A0 .7 5 M /1 0 * D ,  w h e re  M  is  m a g n itu d e  a n d  D  is  h y p o  c e n tra l d is ta n c e  o f  th e  e v e n t. I t  
is  s h o w n  g r a p h ic a l ly  in  th e  f ig - 2 b  a n d  fo u n d  la rg e  s e is m ic  in d ic e s  (> 2 )  f o r  th re e  > 4 M w  e v e n ts  a n d  f o r  
o n e  e v e n t o f  3 .8  M .  N a tu ra l  U L F  m ic r o  p u ls a t io n s  fa v o u r a b ly  a r is e  d u r in g  K p  a n d  D s t  in d e x  a c t iv i t y  
[C a m p b e ll,  2 0 0 3 ] .  T o  d is t in g u is h  b e tw e e n  th e  g lo b a l a n d  lo c a l  e f fe c ts  to w a rd s  th e  U L F  e m is s io n s  w e
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h a v e  ta k e n  th e  g lo b a l p la n e ta ry  d a ta  ( K p  &  D s t  in d ic e s )  f r o m  w o r ld  d a ta  c e n tre  ( W D C )  w e b p a g e  a n d  
p lo t te d  in  F ig .7 .4 (e ) , ( f ) .

Fig. 7.3. Monthly intensity variations of the observed signals for the three components (H, D and Z), during the periods of January- 
June, 2012.
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Table-7.1: Statistical analysis of some typical observations for different components
Observation of huge fluctuation in the 

H-Comp before some days
Gradual decrement of the peak 

value of the D-Comp
Gradual increment of the negative 

peak value of the Z-Comp

Fluctuation before the 
events

Days No. of 
Event

No. of events 
fluctuation 

not observed

Decrement before 
the event

Days No. of 
Event

No. of event 
decrement 

not observed

Increment before the 
event

Days No. of 
Event

No. of events 
increment 

not observed

1 d a y
2  d a ys
3 d a ys

12
10
10

8 1 d a y
2  d a ys
3 d a ys

21
10
4

18 1 d a y
2  d a ys
3 d a ys
4  d a ys

2 4
12
6
2

11

P e rc e n ta g e  o f  a n o m a lie s : 5 2 %  in  H -C o m p ,  2 0 %  in  D -C o m p  a n d  6 0 %  in  Z -C o m p

P o la r iz a t io n  r a t io  a n a ly s is :  W e  a n a ly z e d  th e  s ig n a l b y  p o la r iz a t io n  ra t io  ( Z /G )  m e th o d  o n ly  f o r  th e  
n ig h t  t im e  (1 8 :0 0 -2 1 :0 0  h rs  U T )  g e o m a g n e t ic  f ie ld  d a ta  to  a v o id  d iu rn a l  v a r ia t io n s  a n d  o th e r  d a y  t im e  
c u ltu ra l  n o is e  in  f iv e  fre q u e n c y  b a n d s  f i  (0 .0 0 1 -0 .0 0 5 H z ) ,  f 2 (0 .0 0 5 -0 .0 1 H z ) ,  f 3 ( 0 .0 1 -0 .0 5 H z ) ,  f 4 (0 .0 5 -  
0 .1 H z )  a n d  f 5 ( 0 .1 -0 .5 H z ) .  W e  o b s e rv e d  so m e  ty p ic a l  v a r ia t io n  in  th e  p o la r iz a t io n  ra t io  b e fo re  a  lo c a l 
m o d e ra te  s h a llo w  s e is m ic  e v e n t o f  m a g n itu d e  5 .0  M w  a t 2 0 :1 4 :0 0 .4  U T  o n  Ju n e  19, 2 0 1 2 , w h ic h  w a s
4 6 .3  K m  a w a y  f r o m  th e  D e s a lp a r  o b s e rv a to ry  (L a t :  2 3 .7 4 5 6 8 ° N , L o n g :  7 0 .6 8 3 7 8 ° E )  a t a  fo c a l  d e p th  o f  
a b o u t 10 .5  K m ,  has  b e e n  d e p ic te d  in  th e  F ig .  2 . F e w  d a y s  p r io r  to  th e  e v e n t, w e  o b s e rv e d  a  ra is e  in  
p o la r iz a t io n  ra t io  in  a l l  f iv e  fre q u e n c y  b a n d s , w h ic h  in d ic a te s  th a t,  th e  r is e  in  c o n d u c t iv i t y  b e fo re  th e  
e v e n t a c c o rd in g  to  th e  th e o ry  o f  D i la ta n c y - D i f f u s io n  M o d e l.  I n  th e  o b s e rv e d  s tu d y  w e  h a v e  d e te c te d  a 
re m a rk a b le  c h a n g e  (> 1 )  in  p o la r iz a t io n  r a t io  ( Z /G )  in  f 4 a n d  f 5 fre q u e n c y  b a n d s . T h is  k in d  o f  s ig n a l 
v a r ia t io n s  in d ic a te s  so m e  p r o m in e n t  E M  e m is s io n s  o f  l i t h o s p h e r ic  o r ig in  m a y  be  re la te d  to  th is  p a r t ic u la r  
e a r th q u a k e .

In  th e  f i g  7 .5  (c )  &  (d )  w e  o b s e rv e d  g ra d u a l s m a ll r is e  in  a l l  f re q u e n c y  b a n d s  b e fo re  th e  4 .1 M w  
e a rth q u a k e  o f  14th A p r i l ,  2 0 1 2  a n d  4 .5  M w  e a rth q u a k e  o f  8 th D e c e m b e r . A n d  w e  o b s e rv e d  a  s u d d e n  la rg e  
r is e  in  f 4 &  f 5 b a n d s  (Z /G > 1 )  a b o u t 10 d a y s  b e fo re  th e  5 .0  M w  s e is m ic  e v e n t o f  19th Ju n e , 2 0 .
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Fig 7.4: (a) Seismicity (>3 Mw ) in Kachchh region; (b): Seismic Indices; (c) & (d) : Desalpar DFM night time (18-21UT) data 
Polarization analysis in five frequency bands i.e. f1- f5 using Z/G & Z/H; (e) : Global Kp sum plot; (f) : Global Dst mean 
value plot
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Table 7.2. Seismic events of >4M and <100Km from Desalpar observatory.
D a te M a g D e p t h ( k m ) L o c a t io n  

( L a t ,  L o n g )
D is ta n c e  F r o m  th e  S tn  

( K m )
14th A p r i l , 2 0 1 2 4 .1 19.1 2 3 .3 9 4 ,7 0 .5 4 8 41
19th J u n e ,2 0 1 2 5 .0 7 .4 2 3 .6 2 9 ,7 0 .2 7 9 4 6
0 8 th D e c ,2 0 1 2 4 .5 16 .3 2 3 .1 2 6 ,7 0 .4 0 1 75

Fig.7.5: (a) Amplitude variation of G-component, (b) Amplitude variation of Z-component along with m and m±2a , (c) variation of Z/G 
in first frequency band. The mean (m) and standard deviation (m±2a) are shown by dashed and straight lines

R e s u lts  a n d  D is c u s s io n

F ro m  th e  a b o v e  f ig u re s  w e  c o n c lu d e  th a t  d u r in g  o u r  a n a ly s is  w e  h a v e  g o t  s ig n i f ic a n t  a n o m a lo u s  
b e h a v io u r  in  P o la r iz a t io n  ra t io  in  a l l  f re q u e n c y  b a n d s , p a r t ic u la r ly  in  f 4 a n d  f 5 b a n d s  ( Z /G > 1 )  b e fo re  a 
m o d e ra te  e v e n t o f  M = 5 .0  (1 9 th Ju n e , 2 0 1 2 )  s h o w s  th a t  so m e  l i th o s p h e r ic  o r ig in a te d  U L F  e m is s io n s  m a y  
p re s e n t w h ic h  ca n  b e  seen b e fo re  m o d e ra te  e a rth q u a k e s  as o b s e rv e d  b y  o th e r  w o rk e rs .  B u t  a t th e  sam e 
t im e  th e re  w a s  a  s to rm  s h o w n  b y  r is e  in  b o th  K p  a n d  D s t  v a lu e s . A t  o th e r  t im e s  a ls o  la rg e  K p  s u m  v a lu e s  
a re  p re s e n t b u t  n o  s u c h  P o la r iz a t io n  ra t io  (Z /G > 1 )  r is e  is  o b s e rv e d . T h is  p o la r iz a t io n  r a t io  r is e  (Z /G > 1 )  
b e fo re  su c h  a  m o d e ra te  s h a llo w  K a c h c h h  e a rth q u a k e  ( M = 5 .0 )  f o r  w h ic h  th e  S e is m ic  in d e x  a ls o  h ig h  m a y  
b e  c o n s id e re d  as a n  e a rth q u a k e  p re c u rs o r .
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Fig 7.6: (a) Variation of EKp and seismicity index Ks, (b) -  (f) show the variation of Polarization ratio of all five frequency bands from 
f1 to f5 respectively

W e  s tu d y  th e  E M  e m is s io n s  u p to  0 .5  H z  fre q u e n c y  b y  fo r m in g  d if fe r e n t - 2  fre q u e n c y  b a n d s  in  th e  l ig h t  o f  
lo c a l  s e is m ic i ty  o f  th e  a rea , g e o m a g n e t ic  s to rm s  a n d  l ig h tn in g  e v e n ts . I t  c a n  b e  seen  f r o m  th e  f ig u re -3  
th a t  a m p li tu d e  v a r ia t io n  o f  G  c ro sse s  m + 2 c  l in e  b e tw e e n  12 J a n u a ry , 2 0 1 2  a n d  15 M a rc h ,  2 0 1 2 . T h e  
v a lu e s  o f  a m p li tu d e  o f  Z -c o m p o n e n t  c ro ss  m + c  l in e  o n ly  a t  fo u r  o c c a s io n s , i.e . 2 2  J a n u a ry , 15 M a rc h ,  28  
A p r i l  a n d  0 7  M a y ,  2 0 1 2 . T h e  p o la r iz a t io n  r a t io  p lo t te d  in  F ig .7 .5 ( c )  is  fo u n d  to  b e  e n h a n c e d  o v e r  m + c  
l in e  b e tw e e n  25  M a rc h ,  2 0 1 2  a n d  21  Ju n e , 2 0 1 2 . D u r in g  th is  p e r io d  o f  e n h a n c e d  Z /G  ra t io  th e  s e is m ic  
a c t iv i t y  is  a ls o  la rg e  w h ic h  c a n  be  o b s e rv e d  b y  in d ic a te d  e v e n ts  o f  e a rth q u a k e s  m a rk e d  w i t h  in v e r te d  
a r ro w s  in  th e  f ig u re .  T o  e x a m in e  th e  D F M  d a ta  in  th e  l ig h t  o f  g e o m a g n e t ic  s to rm s  a n d  e a rth q u a k e s , w e  
p lo t  v a r ia t io n  o f  Z K p  a n d  s e is m ic i ty  in d e x  K s  in  F ig .7 .6  (a ). F ig .7 .6  (b )  -  F ig .7 .6  ( f )  s h o w s  th e  v a r ia t io n  
o f  p o la r iz a t io n  r a t io  o f  a l l  f iv e  fre q u e n c y  b a n d s  f r o m  f1  to  f5  re s p e c t iv e ly .  I t  c a n  be  seen c le a r ly  f r o m  th e  
f ig u re  th a t  w h e n  th e  v a lu e s  o f  Z K p  a re  la rg e  th e  v a lu e s  o f  p o la r iz a t io n  ra t io  a re  fo u n d  to  be  lo w  in  a l l  
f re q u e n c y  b a n d s  w h i le  c le a r  e n h a n c e m e n ts  c a n  b e  seen  in  th e  p o la r iz a t io n  ra t io  o f  a l l  f re q u e n c y  b a n d s  
b e tw e e n  2 5  M a rc h  a n d  11 J u ly ,  2 0 1 2  w h e n  s e is m ic  a c t iv i t y  is  h ig h .  H o w e v e r ,  m a jo r  e n h a n c e m e n ts  
a p p e a r in  th e  f i r s t  f re q u e n c y  b a n d  f1  b u t  o th e r  f re q u e n c y  b a n d s  a ls o  s h o w  e n h a n c e d  ra t io s  d u r in g  th e  
sam e p e r io d  w i t h  so m e  re d u c e d  in te n s it ie s .  T h e  la s t tw o  fre q u e n c y  b a n d s  f4  a n d  f5  s h o w  a n  in c re a s in g
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t r e n d  t i l l  11 J u ly ,  2 0 1 2  w i t h  so m e  p e a k s  a ro u n d  2 0  Ju n e , 2 0 1 2 . O n  th e  s im i la r  l in e  w e  a p p l ie d  n e w  
im p ro v e d  p o la r iz a t io n  m e th o d  o n  o u r  d a ta  a n d  p re s e n te d  th e  re s u lts  in  F ig .7 .7 .

01 Janu a ry  -  31 July, 2012

E<

-8
0 1 / 0 1 / 2 0 1 2  0 3 / 0 1 / 2 0 1 2  0 5 / 0 1 / 2 0 1 2  0 7 / 0 1 / 2 0 1 2

Fig 7.7: (a) to (c) are new improved ' Z/G ratio for three frequency bands of f1, f2 and f3

7 .5 R a d o n  O b s e r v a t io n s

R a d o n  is  e s ta b lis h e d  as a  u s e fu l g e o c h e m ic a l p re c u rs o r .  A n o m a lo u s  b e h a v io r  o f  ra d o n  in  s o i l  a n d  
g ro u n d w a te r  c a n  b e  u s e d  as a  re lia b le  p re c u rs o r  f o r  a n  im p e n d in g  e a rth q u a k e . T h e  f i r s t  e v id e n c e  o f  a  
c o r re la t io n  b e tw e e n  ra d o n  a n d  e a rth q u a k e  o c c u rre n c e  ca m e  f r o m  o b s e rv a t io n  o f  ra d o n  c o n c e n tra t io n  in  
w e l l  w a te r  p r io r  to  th e  T a s h k e n t e a rth q u a k e  o f  1 9 6 6  ( U lo m o v  a n d  M a v a s h e v  1 9 6 7 ). T h is  e v id e n c e  
s t im u la te d  re s e a rc h  w o r k  in  th is  a re a  s o o n  a fte rw a rd s  in  m a n y  c o u n tr ie s . R a d o n  o b s e rv a t io n s , b o th  in  
s o il-g a s  a n d  in  g ro u n d w a te r ,  re v e a le d  m a n y  p re c u rs o ry  c h a n g e s  in  its  c o n c e n tra t io n  b e fo re  a n  e a r th ­
q u a k e . R a d o n  is  p ro d u c t  o f  u ra n iu m  d e c a y  se rie s  w i t h  a  h a l f  l i f e  o f  3 .8  d a ys . R a d o n  d is p la y s  p o o r  
in t r in s ic  m o b i l i t y  d u e  to  i ts  s h o r t  h a l f - l i f e ,  a n d  th e re fo re  in  a  d if fu s iv e  s y s te m  i t  o b v io u s ly  c o m e s  f r o m  a 
s h o r t  d is ta n c e  b e lo w  th e  m e a s u r in g  in s t ru m e n t.  D e e p  o r ig in  s ig n a ls  c a n  be  o b s e rv e d  o n ly  i f  c o n -  
v e c t io n /a d v e c t io n  o c c u rs , ra d o n  b e in g  c a r r ie d  u p w a rd  to  th e  s u b s u rfa c e  b y  a  r is in g  g a s /w a te r  c o lu m n  
(e .g ., E t io p e  a n d  L o m b a r d i  1 9 9 5 ; Y a n g  e t a l. 2 0 0 3 ) .

W e  a re  o b s e rv in g  R a d o n  e m is s io n s  in  th e  s o il  gas  in  K a c h c h h  b y  R T M - 1 6 8 8  p ro b e  m a n u fa c tu re d  b y  
S A R A D  in s tru m e n ts , G e rm a n y , w h ic h  m e a s u re s  R a d o n  c o n c e n tra t io n , H u m id i t y ,  T e m p e ra tu re  a n d  
P re ssu re  o f  th e  s o il-g a s . I n  th e  F ig  7 .8  w e  h a v e  p re s e n te d  ra d o n  ra w  d a ta  p lo t  a lo n g  w i t h  th e  p re s s u re , 
T e m p e ra tu re  a n d  H u m id i t y .  T h e  te m p e ra tu re  in c re a s e d  f r o m  3 0  -  3 7  CC a n d  p re s s u re  d e c re a se d  f r o m
1 0 08  -  9 9 5  m b a r  w h i le  H u m id i t y  g ra d u a lly  d e c re a se d  f r o m  9 7  -  91 (% )  d u r in g  th is  s u m m e r  o b s e rv a t io n . 
S o m e  m in o r  p e r io d ic i t y  is  o b s e rv e d  in  th e  p re s s u re  c u rv e . A l l  p a ra m e te rs  f o l lo w  th e  sam e  t re n d  o f  o u r  
p re v io u s  s tu d y  o f  2 0 1 1  re c o rd s . M e a n  v a lu e  is  1 .8 0 2  k B q /  m 3 w i t h  a  s ta n d a rd  d e v ia t io n  o f  .2 2 8  k B q /  m 3 
th e  p e rc e n ta g e  v a r ia t io n  is  1 2 .65  %  h a s  b e e n  s h o w n  in  T a b le  7 .3 .
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I n s t i t u t e  o f  S e i s m o l o g i c a l  R e s e a r c h , G a n d h i n a g a r

T a b le  7 .3 : A v e r a g e  v a lu e s  o f  R a d o n  a n d  c o r r e la t io n  c o e f f ic ie n ts  w i t h  o th e r  p a r a m e te r s  a t  D e s a lp a r
d u r in g  th e  p e r io d  o f  M a r c h -  J u n e ,  2 0 1 2

P a ra m e te rs A v e ra g e S td .D e v % V a r.C o ff(A v e ra g e /S td .D e v ) C o r re la t io n  c o e ff ic ie n t
R a d o n  ( K B q /M " ) 1 .8 0 2 2 2 7 .9 1 7 12 .6 5

TT e m p . ( ) 3 4 .3 8 8 1 .7 5 2 5 .1 0 0 .4 3 7
H u m id i t y  (% ) 9 2 .6 8 1 2 .8 9 0 3 .1 2 -0 .3 1 8
P ress . (m b a r ) 1 0 0 2 .5 5 3 3 .3 5 0 0 .3 3 -0 .1 6 1

(a)

o
3000

2000 o  c
1000 -

1------ 1------ 1------ 1------ 1------ 1------ 1------ 1------ 1------ 1------ 1------ 1------ 1
03.29.2012 04-09-2012 4/ 19/2012 4/29/2012 05-09-2012 5/ 19/2012 5/29/2012 06.08.2012Q1 Date

Fig. 7.8 Variations of Radon concentration (15 minute sampling rate) along with Temperature, Humidity and Pressure at the 
Desalpar site for the period of March-June, 2012.
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I n s t i t u t e  o f  S e i s m o l o g i c a l  R e s e a r c h , G a n d h i n a g a r

D u r in g  o u r  p e r io d  o f  s tu d y  w e  o b s e rv e  so m e  s e is m ic  e v e n ts  o f  m a g n itu d e  3 .0 -4 .0  M w  w h ic h  a re  w i t h in  
100  K m  ra n g e . H e re  w e  d e te c t h u g e  f lu c tu a t io n  in  th e  ra d o n  d a ta , a re  in d ic a te d  b y  c ir c le .  A b o u t  se ve n  
d a y s  b e fo re  th e  e v e n t o f  M a g n itu d e  4 .1  M w ,  d a te d  o n  1 4 th  A p r i l ,  2 0 1 2  th e  R a d o n  c o n c e n tra t io n  re a c h e d  
u p  to  th e  2cr le v e l a n d  a g a in  i t  d e c re a se d  lo w e r  th a n  th e  -  <r le v e l  th re e  d a ys . F o r  a n o th e r  m in o r  e v e n t o f
m a g n itu d e  3 .7 M w  o n  7 th  M a y ,  2 0 1 2  w e  g o t  o n ly  p o s it iv e  a n o m a ly  w h ic h  s ta rts  a lm o s t  th re e  d a y s  b e fo re  
e a rth q u a k e . A  n e g a t iv e  a n o m a ly  has  b e e n  d e te c te d  fo u r  d a y s  b e fo re  th e  e v e n t o f  M a g n itu d e  3 .6 M w  o n  
2 3 rd  M a y ,  2 0 1 2  i ts  v a lu e  w a s  lo w e r  th a n  th e  - c r  le v e l  a n d  th e n  g r a d u a l ly  b e c a m e  n o rm a l.  T h e  fu r th e r  
t r e n d  o f  e n h a n c e m e n t (c ro s s in g  2cr) m a y  be  d u e  to  th e  e v e n t o f  5 M w  o n  1 9 the  Ju n e , 2 0 1 2  w h ic h  w a s  
a ro u n d  18 K m  a w a y  f r o m  th e  s ite  a n d  d e p th  w a s  9 K m  (7 .9 ) .  T h u s  c o n t in u o u s  R a d o n  s tu d y  m a y  be  u se d  
a  f r u i t f u l  p re d ic t iv e  to o l  f o r  th e  E a r th q u a k e s  p re c u rs o r .
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Fig. 7.9 In the first panel black colour curve depicts variation of daily average radon concentration along with mean (red), standard 
deviation O (green and light blue) and 2-standard deviation 2Q (blue and violet). And the second panel indicates local seismic 
events of <100 Km range for the same period.

7 .6  S tu d y  o f  S c h u m a n n  re s o n a n c e  b y  U L F  M a g n e to m e te r s  ( L e m i- 3 0 )

A  n u m b e r  o f  e le c t ro m a g n e t ic  e m is s io n  p h e n o m e n o n s , o r ig in a te d  f r o m  l ig h tn in g  d is c h a rg e s  w i t h in  th e  
E a r th - io n o s p h e re  w a v e g u id e , a re  o c c u r r in g  p re d o m in a n t ly  in  th e  U L F ,  E L F  a n d  V L F  ( U l t r a  L o w  
F re q u e n c y , E x t r e m e ly  L o w  F re q u e n c y  a n d  V e r y  L o w  F re q u e n c y )  fre q u e n c y  ra n g e s . T h e re  o c c u rs  a 
re s o n a n c e  p h e n o m e n o n  w i t h in  th e  s p h e r ic a l E a r th - io n o s p h e re  c a v it y  in  th e  U L F  b a n d s . W in f r ie d  O t to  
S c h u m a n n  f i r s t  th e o r e t ic a l ly  p re d ic te d  th is  e le c t ro m a g n e t ic  re s o n a n c e  p h e n o m e n o n  in  1 9 5 2  a n d  
c a lc u la te d  th e i r  E ig e n  fre q u e n c ie s  as 1 0 .6 , 1 8 .4 , e tc . . .H z .  T h u s , i t  is  c a lle d  as S c h u m a n n  R e s o n a n c e  
(S R ). W e  h a v e  in s ta lle d  th re e  in d u c t io n  c o i l  m a g n e to m e te rs  ( L e m i- 3 0 )  f o r  th e  U L F  s ig n a ls  (0 -3 0  H z )  to  
s tu d y  th e  e le c t ro m a g n e t ic  p re c u rs o ry  o f  th e  e a rth q u a k e  a t th e  th re e  M P G O  s ite s  n a m e ly  D e s a lp a r , 
B a d a rg a d h  a n d  V a m k a . F o r  th e  la s t tw o  m o n th s , w e  re c o rd e d  so m e  d a ta  a n d  a n a ly s e d  th e  s ig n a l 
in te n s i ty ,  s p e c tra l c h a ra c te r is t ic s ,  a n d  fre q u e n c y  as w e l l  as a m p li tu d e  v a r ia t io n s  o f  d if fe r e n t  S R  m o d e s  
f o r  th e  D e s a lp a r  (L a t :  2 3 .7 4 5 6 8 °  7 0 .6 8 3 7 8 ° )  s ta t io n  a n d  th e  re s u lts  a re  s h o w n  b e lo w .
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I n s t i t u t e  o f  S e i s m o l o g i c a l  R e s e a r c h , G a n d h i n a g a r

Fig. 7.10: (1) The diurnal variations of the signal amplitude in terms of nano Tesla (nT) in three components of the magnetic field of 
SR signal N-S (BX), E-W (BY), and vertical (BZ). (2-4) indicates the power spectrum of three components, (5-7) showing the 
prominent Schumann resonance modes are indicated by the arrows as the 1st, 2nd, 3rd and 4thmode.

F ig u re  7 .1 0  (2 ) -7 .1 0  (4 )  s h o w s  th e  o b s e rv e d  p o w e r  s p e c tru m  f o r  th e  th re e  c o m p o n e n ts , h a s  b e e n  d e te c te d  
o n  2 2 .0 1 .2 0 1 3 . In te n s i ty  o f  th e  E - W  c o m p o n e n t is  m o re  th a n  th e  o th e r  tw o  c o m p o n e n ts . I t  in d ic a te s  th a t  
lo n g i tu d in a l  d is t r ib u t io n s  o f  th e  s o u rce s  a re  m o re  in te n s e  th a n  th e  N o r th - s o u th  d ire c t io n .  F o r  th e  p e r io d  
o f  D e c e m b e r-J a n u a ry  a lo n g  th is  lo n g itu d e
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I n s t i t u t e  o f  S e i s m o l o g i c a l  R e s e a r c h , G a n d h i n a g a r

Fig. 7.11: The amplitude variations of first four Schumann resonance modes have been presented in upper four panels of this figure.
Three different field components Bx, By and Bz are indicated by three different colours as blue, red and green. The bottom 
panel indicates the earthquake events for different dates in Kachchh region during this period of observation.

( lo n g itu d e  o f  o b s e rv a to ry )  o c c u rre n c e s  o f  th u n d e rs to rm s  a re  v e r y  lo w  b e cau se  in  th e  N o r th e rn  
h e m is p h e re , i t  is  w in te r  a n d  th o u g h  i t  is  s u m m e r  f o r  th e  S o u th e rn  h e m is p h e re  b u t  th e re  a re  n o  c o n t in e n ta l 
p a r ts  to  g e n e ra te  th u n d e rc lo u d s . T h is  is  th e  re a s o n  f o r  lo w  s ig n a l in te n s ity .  A s  th e  th re e  th u n d e rs to rm  
c e n tre s  (A s ia -A u s t ra l ia ,  A f r ic a n  a n d  A m e r ic a n  th u n d e rs to rm  c e n tre )  a re  d is t r ib u te d  a lo n g  th e  e q u a to r ia l 
z o n e  i .e .,  in  th e  t r o p ic a l  re g io n ,  th e  s ig n a l re c e iv e d  f r o m  th e  E - W  d ir e c t io n  is  la rg e r ,  th a t  is  w h y ,  in te n s i ty  
o f  th e  B y  c o m p o n e n t is  m u c h  la rg e r  th a n  th e  o th e r  tw o  c o m p o n e n ts . T h e  s p e c tra l c h a ra c te r is t ic s  o f  
S c h u m a n n  R e so n a n ce s  f o r  th e  th re e  c o m p o n e n ts  h a v e  b e e n  p re s e n te d  in  F ig s . 7 .1 0  (5 ) -7 .1 0  (7 ) ,  th e  
p r o m in e n t  S c h u m a n n  re s o n a n c e  m o d e s  a re  in d ic a te d  b y  th e  a r ro w s  as th e  1st, 2 nd, 3 rd a n d  4 th m o d e . T h e  
m o n th ly  A m p l i tu d e  a n d  F re q u e n c y  v a r ia t io n s  o f  th e  d i f fe r e n t  m o d e s  h a v e  b e e n  p re s e n t in  F ig .  7 .1 1 .

I n  o u r  o b s e rv e d  s ig n a l th e re  a re  n o  p r o m in e n t  a m p li tu d e  v a r ia t io n s .  M a in  so u rc e  o f  e n e rg y  o f  th is  s ig n a l 
w i t h in  th e  c a v it y  is  l ig h tn in g  d is c h a rg e s  d u r in g  th e  th u n d e rs to rm . In  th is  o b s e rv a t io n  p e r io d  o u r  p la c e  o f  
o b s e rv a t io n  b e lo n g s  to  w in te r  season  a n d  th e re  w e re  n o  su c h  w in te r  s h o w e rs . T h e  A s ia - A u s t r a l ia  
th u n d e rs to rm  c e n tre  has  b e e n  s h if te d  to w a rd s  A u s t r a l ia  so , th e  d is ta n c e  f r o m  th e  th re e  th u n d e rs to rm  
c e n tre  is  v e r y  la rg e . T h u s  th e  e f fe c t  o f  th re e  th u n d e rs to rm  c e n tre s  is  m in im u m  in  o u r  o b s e rv e d  d a ta . T h u s  
th e  s ig n a l a m p li tu d e  is  lo w .
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I n s t i t u t e  o f  S e i s m o l o g i c a l  R e s e a r c h , G a n d h i n a g a r

C o n c lu s io n s  o f  i n i t i a l  r e s u l ts  o f  a n a ly s is  o f  U L F  d a ta :

T h o u g h  so m e  m in o r  f lu c tu a t io n s  a re  th e re  in  o u r  o b s e rv e d  S R  s ig n a ls  b o th  fre q u e n c y  as w e l l  a n d  
a m p li tu d e  d u r in g  so m e  s e is m ic  e v e n ts , in d ic a te d  in  th e  a b o v e  f ig u re s ,  b u t  w e  n e e d  fu r th e r  s tu d y  w i t h  
m o re  d a ta  to  in te rp re t  in  th e  l ig h t  o f  d if fe r e n t  g e o p h y s ic a l e ve n ts .

In  th e  o b s e rv e d  p o w e r  s p e c tru m  F ig u re s  7 .1 0  (2 ) -7 .1 0  (4 )  f o r  th e  th re e  c o m p o n e n ts , i t  has  b e e n  d e te c te d  
th a t  th e  in te n s i ty  o f  th e  E - W  c o m p o n e n t is  m u c h  in te n s e  th a n  th e  o th e r  tw o  c o m p o n e n ts . I t  in d ic a te s  th a t  
lo n g i tu d in a l  d is t r ib u t io n s  o f  th e  s o u rce s  a re  la rg e r  th a n  th e  N o r th - s o u th  d ire c t io n .  F o r  th e  p e r io d  o f  
D e c e m b e r-J a n u a ry  a lo n g  th is  lo n g itu d e  ( lo n g itu d e  o f  o b s e rv a to ry )  o c c u rre n c e s  o f  th u n d e rs to rm s  is  v e r y  
lo w  b e ca u se  in  th e  N o r th e rn  h e m is p h e re  i t  is  w in te r  a n d  f o r  th e  S o u th e rn  h e m is p h e re  th o u g h  i t  is  s u m m e r 
b u t  th e re  a re  n o  c o n t in e n ta l p a rts  to  g e n e ra te  th u n d e rc lo u d s . T h is  is  th e  re a s o n  f o r  lo w  s ig n a l in te n s ity .  
A s  th e  th re e  th u n d e rs to rm  c e n tre s  ( A s ia - A u s t ra l ia ,  A f r ic a n  a n d  A m e r ic a n  th u n d e rs to rm  c e n tre )  are 
d is t r ib u te d  a lo n g  th e  e q u a to r ia l z o n e  i .  e ., in  th e  t r o p ic a l  re g io n ,  th e  s ig n a l re c e iv e d  f r o m  th e  E - W  
d ir e c t io n  is  la rg e r ,  th u s  in te n s i ty  o f  th e  B y  c o m p o n e n t is  m u c h  la rg e r  th a n  th e  o th e r  tw o  c o m p o n e n ts . T h e
s p e c tra l c h a ra c te r is t ic s  o f  S c h u m a n n  R e s o n a n c e s  f o r  th e  th re e  c o m p o n e n ts  h a v e  b e e n  p re s e n te d  in  F ig
7 .1 0  (5 ) -7 .1 0  (7 ) ,  th e  p ro m in e n t  S c h u m a n n  re s o n a n c e  m o d e s  a re  in d ic a te d  b y  th e  a r ro w s  as th e  1st, 2 nd, 
3 rd a n d  4 th m o d e s .

Fig. 7.12 Frequency variations of different SR modes are shown. Blue, red and green colours indicate 5.. l>,_ fl Tltf j5_, fomponents 
respectively. The seismic events during this period of observations have been shown by the bottom panel.
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7 .7  T o t a l  E le c t r o n  C o n te n t ,  O u tg o in g  L o n g  w a v e  R a d ia t io n  a n d  S u r fa c e  S ea  T e m p

T E C  is  d e f in e d  as th e  to ta l  n u m b e r  o f  e le c tro n s  in te g ra te d  a lo n g  th e  p a th  f r o m  th e  r e c e iv e r  to  e a ch  G P S . 
T h e  T E C  as a n  in d ic a to r  o f  io n o s p h e re  v a r ia b i l i t y  th a t  d e r iv e d  b y  th e  m o d i f ie d  G P S  s ig n a l th ro u g h  fre e  
e le c tro n s . T E C  is  m e a s u re d  in  u n its  o f  1 0 16 e le c t ro n s /m 2 (1  T E C  u n it ) .  T h e  n o m in a l ra n g e  is  1 0 1 6  to  
1 0 1 9  w i t h  m in im a  a n d  m a x im a  o c c u r r in g  a t m id n ig h t  a n d  m id  a f te rn o o n  a p p ro x im a te ly .  M a x im u m  T E C  
u s u a l ly  o c c u rs  in  th e  e a r ly  a f te rn o o n  a n d  m in im u m  T E C  u s u a l ly  o c c u rs  ju s t  b e fo re  s u n ris e . A ls o  d a i ly  
T E C  v a r ia t io n s  in c re a s e  as o n e  t ra v e ls  f r o m  n o r th  to  s o u th , as s u n l ig h t  is  m o re  d ire c t .  T h e  d a ta  ty p e s  
b e in g  c u r r e n t ly  p ra c t ic e d  w i t h  g lo b a l a s s im ila t iv e  io n o s p h e r ic  m o d e l ( G A I M )  in c lu d e  l in e - o f -  
s ig h t  T E C  m e a s u re m e n ts  m a d e  f r o m  g ro u n d -b a s e d  G P S  re c e iv e r  n e tw o rk s  a n d  s p a c e -b o rn e  G P S  
re c e iv e rs , s a te ll i te  U V  l im b  scans , a n d  io n o s o n d e . In te n s iv e  v a l id a t io n  has  a ls o  b e e n  c o n d u c te d  u s in g  
v a r io u s  in d e p e n d e n t d a ta  so u rc e s , in c lu d in g  v e r t ic a l  T E C  m e a s u re d  u s in g  s a te ll i te  o c e a n  a lt im e te r  ra d a r  
(s u c h  as th o s e  a b o a rd  T O P E X  a n d  Ja so n -1  m is s io n s ) ,  io n o s o n d e , in c o h e re n t  s c a tte r  ra d a r.

I n s t i t u t e  o f  S e i s m o l o g i c a l  R e s e a r c h , G a n d h i n a g a r
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Fig 7.13: Ionospheric TEC map generated through GAIM

T h e  T E C , O L R  a n d  S S T  d u r in g  th e  s ig n i f ic a n t  re c e n t e a rth  q u a k e s  has  b e e n  s tu d ie d  w h ic h  o c c u rre d  o n  
10th M a rc h  2 0 1 3 . T h e  T E C  h a d  v a r ie d  f r o m  4 0  to  80  T E C U  o v e r  th e  th re e  d a ys  w h e re  th e  e a rth  q u a k e  
h a d  o c c u rre d  w i t h  M = 6 .5  (as s h o w n  in  f ig .7 .1 3 ) ,  th e  T E C  c o n c e n tra t io n  h a d  in c re a s e d  to  7 0  to  80  T E C U ,  
i t  p e rs is t  f o r  th e  n e x t  d a y  a ls o . T h e  c o n c e rn e d  o n e  to  o n e  re la t io n s h ip  c le a r ly  te l ls  th a t  w h e n e v e r  th e  
e a rth q u a k e  h a v e  o c c u rre d  th e re  m ig h t  b e  v e r y  g o o d  s ig n a tu re  in  th e  io n o s p h e re . T h e  In f r a re d  e m is s io n s  
( O L R )  a n o m a lie s  p r io r  to  s tro n g  e a rth q u a k e s  ca n  be  n o t ic e d  b y  s a te ll i te  in f r a re d  D a ta . T h e  to ta l  a m o u n t 
o f  th e  ra d ia t io n  th a t  is  e m it te d  f r o m  th e  e a rth -a tm o s p h e re  s y s te m  to  th e  o u te r  space  in  3 -  100  p m  
w a v e le n g th  b a n d s  is  c a lle d  O u tg o in g  L o n g  w a v e  R a d ia t io n  ( O L R ) .  O L R  is  an  im p o r ta n t  v a lu e  f o r  th e  
e a rth  ra d ia t io n  b u d g e t. Sea s u rfa c e  te m p e ra tu re  has  b e e n  d e r iv e d  f r o m  a  s in g le  th e rm a l w in d o w  c h a n n e l 
(1 0 .5 -1 2 .5  p m )  o v e r  c lo u d  fre e  o c e a n ic  re g io n s . T h e  m o s t  im p o r ta n t  p a r t  o f  th e  S S T  re t r ie v a l  f r o m  IR  
o b s e rv a t io n s  is  th e  a tm o s p h e r ic  c o r re c t io n .  R e t r ie v a l o f  sea s u rfa c e  te m p e ra tu re  (S S T )  f r o m  th e rm a l 
in f r a re d  w in d o w  c h a n n e ls  (1 0 -  12 u m )  re q u ire s  a tm o s p h e r ic  c o r re c t io n s  a r is in g  d u e  to  a tte n u a t io n  o f  
s ig n a l b y  in te rv e n in g  m o is tu re .  T h is  c o r re c t io n  is  m o re  in  t r o p ic s  d u e  to  h ig h e r  a m o u n t o f  a tm o s p h e r ic  
m o is tu re .
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Fig 7.14: OLR and SST images generated through KALPANA (IMD)

T h e  a lg o r i th m  f o r  S S T  re t r ie v a l  u s in g  s in g le  th e rm a l w in d o w  c h a n n e l o f  K A L P A N A  a n d  to ta l  w a te r  
v a p o u r  c o n te n t  has  b e e n  d e v e lo p e d  u s in g  t ra n s fe r  s im u la t io n s  f o r  In d ia n  t r o p ic a l  m a r in e  c o n d it io n s .  T h e  
th re e  c o n s e c u tiv e  d a y s  o f  O L R ,S S T  h a v e  b e e n  a rc h iv e d  b y  K a lp a n a  s a te l l i t e ( IM D )  d u r in g  th e  e a rth q u a k e  
o n  10th M a rc h  2 0 1 3 , th e  O L R  is  in  th e  ra n g e  o f  1 5 0 -2 0 0 W a tts /m 2, a n d  S S T  is  in  th e  ra n g e  o f  3 0 1 -3 0 4 0K  
( f ig  7 .1 4 ) . T h e  O L R  a n d  S S T  va u e s  a re  n o t  s h o w in g  s ig n i f ic a n t  in c re a s e  d u r in g  th is  e a rth q u a k e , its  
g ra d ie n ts  a re  c o m in g  f r o m  th e  in d ia n  s u b c o n t in e n t a n d  in d ia n  o ce an s . H e n c e  w e  c a n  c o n c lu d e  th a t  T E C  
has s h o w n  s ig n i f ic a n t  v a r ia t io n  b e fo re  e a rth q u a k e  a n d  fo u n d  n o t  m u c h  v a r ia t io n  o n  O L R  a n d  S S T .

7 .8  O b s e r v a t io n s  o f  T o t a l  E le c t r o n  C o n te n t  ( T E C )  a t  D e s a lp a r

IS R  e s ta b lis h e d  a  n e tw o r k  o f  25  p e rm a n e n t G P S  s ta t io n s  (D u a l f re q u e n c y  re c e iv e r )  n e tw o r k  in  G u ja ra t .  
G P S  s a te llite s  t r a n s m it  e le c t ro m a g n e t ic  w a v e s  f o r  p o s it io n in g  o n  tw o  fre q u e n c ie s  w h ic h  is  L 1  (1 5 7 5 .4 2  
M H z )  a n d  L 2  (1 2 2 7 .6 0  M H z )  a l lo w in g  re c e iv e rs  e q u ip p e d  w i t h  d u a l f re q u e n c y  o p e ra t io n  to  b e  u se d . 
T h is  e n a b le s  u s  to  e x tra c t  th e  io n o s p h e re  T E C  a lo n g  th e  l in e  o f  s ig h t ,  f r o m  s a te ll i te  to  re c e iv e r . T h e  
io n o s p h e re  causes  G P S  s ig n a l d e la y s  to  be  p ro p o r t io n a l to  T E C  a lo n g  th e  p a th  f r o m  th e  G P S  s a te ll i te  to  a  
re c e iv e r . T E C  is  d e f in e d  b y  th e  in te g ra l o f  e le c t ro n  d e n s ity  in  a  1 m 2  c o lu m n  a lo n g  th e  s ig n a l 
t ra n s m is s io n  p a th . T E C  is  a  k e y  p a ra m e te r  in  th e  m i t ig a t io n  o f  io n o s p h e r ic  e f fe c ts  o n  ra d io  s y s te m . T h e  
T E C  m e a s u re m e n ts  o b ta in e d  f r o m  d u a l f re q u e n c y  G P S  re c e iv e rs  a re  o n e  o f  th e  m o s t  im p o r ta n t  m e th o d s  
o f  in v e s t ig a t in g  th e  E a r th ’ s io n o s p h e re . T h e  T E C  i t s e l f  is  h a rd  to  a c c u ra te ly  d e te rm in e  f r o m  th e  s la n t 
T E C  b e cau se  th is  d e p e n d s  o n  th e  s u n s p o t a c t iv i t y ,  se a so n a l, d iu rn a l  a n d  s p a t ia l v a r ia t io n s  a n d  th e  l in e  o f  
s ig h t  w h ic h  in c lu d e s  k n o w le d g e  o f  th e  e le v a t io n  a n d  a z im u th  o f  th e  s a te ll i te .  O w in g  to  th e  im p o r ta n c e  o f  
c a lc u la t io n  o f  T E C  f r o m  th e  p e rm a n e n t G P S  s ta t io n s , w e  h a v e  in i t ia te d  c a lc u la t in g  T E C  f r o m  D e s a lp a r  
G P S  s ta t io n . H e re , w e  h a v e  ta k e n  th e  d a ta  o f  Ju n e  2 0 1 2 . A  m o d e ra te  e a rth q u a k e  o f  M  5 .0  o c c u r re d  o n  
1 9 -0 6 -2 0 1 2 . I n  F ig  7 .1 5 , re d  c o lo u r  g ra p h  in d ic a te s  h o u r ly  a ve ra g e  io n - d e n s ity  d u r in g  th e  p e r io d  o f  June  
9 -  2 8 , 2 0 1 2  a n d  b la c k  c o lo u r  g ra p h  d e p ic ts  a ve ra g e  d iu rn a l v a r ia t io n  th ro u g h  th e  w h o le  p e r io d  w h e re  w e  
g o t  m in im u m  a n d  m a x im u m  v a lu e  a ro u n d  2 5  a n d  73  w i t h  m e a n  o f  4 5 .2 5  in  T E C - U n i t  ( s la n t  T E C ) .  
B e fo re  se ve n  d a y s  o f  o c c u rre n c e  o f  th is  e a rth q u a k e , u p p e r  p e a k  v a lu e  o f  th e  c u rv e  g o t  in c re a s e d  a n d  i t
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b e c o m e s  m a x im u m  o n  1 4 th e  Ju n e , 2 0 1 2  a b o u t 83 T E C U . T h e n  i t  has  s h o w n  n o rm a l T E C  v a lu e  d u r in g  
1 4 -1 6  Ju n e  2 0 1 2 . F o u r  d a ys  b e fo re  p e a k  v a lu e  in c re a s e d  d u r in g  th e  e v e n t i t  w a s  a b o u t n o rm a l.  T h u s  w e  
g o t  re g u la r  f lu c tu a t in g  T E C  v a lu e  w i t h  h ig h  p e a k  v a lu e . In  o u r  p o in t  o f  v ie w  th e se  a re  a  p o s it iv e  T E C  
a n o m a ly  d u e  to  e a rth q u a k e . W e  w i l l  e x te n d  th e  m e th o d  to  o th e r  G P S  s ta t io n s  f o r  c a lc u la t in g  th e  S T E C  
a n d  V T E C .
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Fig. 7.15: Total Electron Content (TEC) variations at Desalpar during June 2012.

7 .9  O b s e r v a t io n s  o f  G r o u n d  W a t e r  le v e l a t  D e s a lp a r

— water level raw data plot

30.01.2012 16-02-2012 05-03-2012 22-03-2012 09-04-2012 27.04.2012

W a te r  le v e l  m e a s u re m e n ts  a re  a ls o  u s e fu l l  to o l  f o r  th e  e a rth q u a k e  p r e d ic t io n  s tu d y  e a r l ie r  a  n u m b e rs  o f  
re s e a rc h  w o rk e rs  h a v e  s tu d ie d  o n  th is  s u b je c t a n d  re p o r te d  th a t  ra is e  o f  g ro u n d  w a te r  le v e l  f r o m  fe w  
c e n t im e te rs  to  m e te rs  b e fo re  th e  e a rth q u a k e .
IS R  has a ls o  s ta r te d  w a te r  le v e l 
m e a s u re m e n ts  u s in g  M a d o f i l - I I  im m e rs e d  
d a ta  lo g g e rs  w i t h  in te g ra te d  se n so rs  o f  
p re s s u re  a n d  te m p e ra tu re . W e  h a v e  n o t  
re c e iv e d  g o o d  q u a l i t y  d a ta  f r o m  th e se  
se n so rs . I n  th e  re c o rd e d  d a ta  o f  D e s a lp a r , w e  
g o t  a  se a son a l v a r ia t io n  i .e .,  g ra d u a l 
in c re a s in g  v a lu e  a n d  th e re  a re  a ls o  m in o r  
p e r io d ic  f la c tu a t io n  w h ic h  m a y  b e  d u e  to  
m o o n  p o s it io n s  b u t  th e  o c c u rre n c e  o f  s e is m ic  
e v e n ts  a lm o s t  s u p e rp o s e d  o n  th e  p e a k  v a lu e  
a n d  a ls o  f la c tu a t io n s  a re  b e fo re  a n d  d u r in g  
th e  e v e n ts  ( f ig  7 .1 6 ) .
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Fig. 7.16(a) Indicates water level variations in meters, black-curve shows the raw data plot and red-curve shows daily average data. (b) 
Depicts the temperature variations where the black and red curve indicates raw data and daily average plot respectively.
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7 .1 0  P ro c e s s in g  o f  d a ta  o f  S u p e r  C o n d u c t in g  G r a v im e t e r

T h e  ra w  g r a v i t y  c o n ta in s  th re e  p a ra m e te rs  as G ra v -1 ,  G ra v -2  a n d  A tm o s p h e r ic  P re ssu re  re s p e c t iv e ly .  T h e  
g r a v i t y  v a lu e s  a re  re c o rd e d  in  V o lt s  w h i le  p re s s u re  d a ta  in  h P a . A p a r t  f r o m  th is  th e  ra w  d a ta  a ls o  
c o n ta in s  d e ta ils  a b o u t P hase  la g , L a t i tu d e ,  L o n g itu d e  a n d  th e  e r r o r  in  c a lc u la t in g  th e se  v a lu e s , so m e  o f  
th e  in fo rm a t io n  o b ta in e d  f r o m  a tta c h e d  G P S  se n so r. F o r  c a lc u la t in g  th e  re s id u a l g r a v i t y ,  f i r s t l y  th e  ra w  
g r a v i t y  d a ta  w h ic h  w a s  in  v o lta g e  w a s  c o n v e r te d  in to  n m /s -2 b y  m u l t ip ly in g  th e  ra w  d a ta  w i t h  c a l ib ra t io n  
c o e f f ic ie n t  -8 1 3  ±  0 .1  f o r  th e  G ra v -1 (c h a n n e l-1 )  a n d  -7 7 5 .3 5  ±  0 .2  f o r  th e  G ra v -2  (c h a n n e l-2 )  o b ta in e d  
b y  c a lib ra t io n .  T h e  d a ta  o r  c h a n g e s  re c o rd e d  in  b o th  th e  g r a v i t y  v a lu e s  a re  s im ila r ,  th e re fo re ,  th e  d a ta  o f  
o n ly  o n e  (G ra v -1 )  is  u s e d  f o r  fu r th e r  a n a ly s is . H o w e v e r ,  th e  d a ta  o f  G ra v -2  w a s  a ls o  u t i l iz e d  f o r  
o b ta in in g  a p p ro p r ia te  v a lu e  w h e re  th e re  w e re  g a p s  in  th e  d a ta . A f t e r  th is  a  p hase  s h i f t  c o r re c t io n  o f  
8 .4 se c  w a s  a p p lie d  to  c a lib ra te d  d a ta  fo l lo w e d  b y  a  s u b tra c t io n  o f  p re s s u re  e f fe c t  (c h a n n e l-3 )  a n d  E a r th  
t id e s  in d u c e d  g r a v i t y  e f fe c t  (c h a n n e l-4 ) .  T h e  f in a l  e q u a t io n  f o r  re s id u a l g r a v i t y  w a s  o b ta in e d  as -

g res =  g raw(c a lib ra te d ,  phase  s h i f t  8 .4 se c ) - ( th e o _ e a r th _ t id e )  +  a p _ a d m  *  (a tm . p re s s u re )

T h e n  th e  re s id u a l g r a v i t y  t im e  se rie s  w a s  c o r re c te d  f o r  u n d e s ire d  a r t i fa c ts  s u c h  as s p ik e s , e a rth q u a k e s , 
s teps  a n d  g a p s  u s in g  T s o f t  s o ftw a re  p a c k a g e , in  o rd e r  to  re d u c e  o r  e l im in a te  th e  s h o r t -p e r io d  im p a c t  o n  
th e  re s id u a l g r a v i ty .  F in a l ly ,  th e  g r a v i t y  re c o rd s  w e re  re c o v e re d  b y  a d d in g  th e  th e o re t ic a l e a rth  t id e .  T h e  
p re p ro c e s s e d  g r a v i t y  re c o rd s  w e re  a n a ly z e d  w i t h  E T E R N A 3 3  s o ftw a re  p a c k a g e  w h ic h  w a s  
re c o m m e n d e d  b y  th e  In te rn a t io n a l C e n te r  o f  E a r th  T id e  ( IC E T ) .  H a v in g  c o m p le te d  th e  a b o v e  p ro c e s s in g  
s teps  a n d  c o r re c t io n s ,  w e  f in a l l y  g o t  th e  re s id u a l g r a v i t y  se rie s  th a t  re p re s e n te d  u n k n o w n s  in c lu d in g  
e ffe c ts  su c h  as o c e a n  c u r re n ts , s e c u la r  c h a n g e s  in  e le v a t io n  d u e  to  te c to n ic s ,  g r a v i t y  c h a n g e s  d u e  to  
te c to n ic s ,  g r a v i t y  c h a n g e s  d u e  to  s lo w  a n d  s i le n t  e a rth q u a k e s  a n d  h y d ro lo g ic a l  ch a n g e s  ( f i g  7 .1 7 ) . 
A d d i t io n a l ly ,  c h a n g e s  o f  a tm o s p h e r ic  a n d  h y d ro s p h e r ic  p a ra m e te rs  c o r re la t in g  to  g r a v i t y  v a r ia t io n s  su ch  
as a tm o s p h e r ic  p re s s u re , p re c ip i ta t io n ,  g ro u n d w a te r  ta b le ,  s o il  m o is tu re ,  o r  sea le v e l  v a r ia t io n s  h a v e  to  be  
s tu d ie d  in  d e ta il.  H o w e v e r ,  w e  c a n  a t t r ib u te  th e  r is e  a n d  f a l l  in  g r a v i t y  v a lu e s  w i t h  th e  c h a n g e  o f  w a te r  
le v e l  a n d  th e  a m o u n t o f  r a in  p re c ip i ta t io n .

7 .1 1  C o -S e is m ic  a n d  P r e - S e is m ic  G r a v i t y  c h a n g e s

A n  e a rth q u a k e  p ro d u c e s  a  d is c o n t in u o u s  d is p la c e m e n t a lo n g  a  fa u l t  p la n e  w i t h in  E a r th  a n d  p ro d u c e s  m a ss  
d is t r ib u t io n  a ro u n d  its  fo c u s  as w e l l  as th e  p ro p a g a t io n  o f  s e is m ic  w a v e s  a t d is ta n c e  p o in ts .  T h is  in  tu r n  
re s u lts  in  a  c h a n g e  in  th e  g r a v i t y  p o te n t ia l f i e ld  o f  E a r th  in  a n d  a ro u n d  to  its  so u rc e . V ie w e d  f r o m  a  p o in t  
f ix e d  w i t h  re s p e c t to  E a r th ,  th is  s h o u ld  b e  o b s e rv e d  as a  s m a ll ch a n g e  in  lo c a l  g r a v i t y  a c c e le ra t io n  
th ro u g h  tw o  e f fe c ts :  a p p a re n t a d d it io n  o r  s u b tra c t io n  o f  E a r th 's  m a ss  a n d  a  c h a n g e  in  th e  d is ta n c e  to  th e  
c e n tre  o f  E a r th . A  th e o r y  has b e e n  d e v e lo p e d  to  c a lc u la te  c o -s e is m ic  g r a v i t y  ch a n g e s  f o r  a rb i t r a r y  f a u l t  
g e o m e tr ie s  o n  th e  b a s is  o f  th e  d is lo c a t io n  m o d e l o f  th e  e a rth q u a k e  s o u rc e  a n d  has b e e n  s h o w n  to  
re p ro d u c e  th e  o b s e rv e d  v a lu e s  w e l l .  A  c a re fu l s c ru t in y  o f  re s id u a l g r a v i t y  a t  B a d a rg a d h  re v e a le d  
u n a m b ig u o u s  c o -s e is m ic  ju m p  o f  8 .0  p G a l in  r e la t io n  to  th e  m o d e ra te  e a rth q u a k e  ( M  5 .0 )  o n  1 9 -0 6 -2 0 1 2  
in  K a c h c h h  re g io n  ( F ig  7 .1 9 ) . T h e  ra w  g r a v i t y  t im e  se rie s  is  s h o w n  as f ig  7 .1 8 . T h e  p r o x im i t y  o f  
e p ic e n te r  f r o m  th e  S G  s ta t io n  is  o n ly  a b o u t  3 0  k m . S u c h  g r a v i t y  c h a n g e s  a re  a  c o m m o n  fe a tu re  in  m a n y  
p a rts  o f  th e  w o r ld  d u r in g  lo c a l  a n d  r e g io n a l e a rth q u a k e s . B e c a u s e  c o -s e is m ic  g r a v i t y  c h a n g e s  d e p e n d  o n  
fa u l t  p a ra m e te rs , e s p e c ia lly  d is lo c a t io n  v e c to rs ,  th e  o b s e rv a t io n  o f  c o -s e is m ic  ch a n g e  in  g r a v i t y  a t 
m u lt ip le  s ta t io n s , i f  c o m b in e d  w i t h  o th e r  te c h n iq u e s  su c h  as g lo b a l p o s it io n in g  s y s te m  a n d  s tra in -m e te rs , 
s h o u ld  p ro v id e  c o n s tra in t  o n  th e  n a tu re  o f  d is lo c a t io n s  in  th e  e a rth q u a k e  s o u rc e  re g io n .
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(d)

(e)

10-01-2012 10-02-2012 10-03-2012 10-04- 201210 -05-2012 10-06-2012 10-07-2012 10-08-2012 10-09 - 201210 - 10-201210- 11-2012

Fig. 7.17: (a) Preprocessed data of SG after removal of spikes, noise and filling the gaps; (b) Ocean loading by NAO99 ocean model (c) 
Polar tide; (d) Atmospheric loading effects; (e) Residual gravity corrected by solid earth tides, atmospheric loading effects 
and pole tide.

BG:SG055:Grav-1 (VOLT

BG: SG055: Baro-1 (mbar)

1 9-U6-1 2 9-U6-12 19-06-12 19-U6-12 2U-U6-12

Fig. 7.18: Original 1 Hz SG (grav-1 and grav-2) and Barometric pressure records of Badargadh station during 19-20 June, 2012

A  p o s s ib le  m e c h a n is m  o f  th e  a n o m a lo u s  g r a v i t y  s ig n a ls  p r io r  to  a  la rg e  e a rth q u a k e  m ig h t  b e  d u e  to  th e  
g ro u n d  (o r  te c to n ic )  v ib r a t io n  th a t  is  ca u se d  b y  th e  s lo w  s l ip  o f  fa u l t  s e v e ra l d a ys  to  s e v e ra l h o u rs  ( o r  
s e v e ra l m in u te s )  p r io r  to  th e  e a rth q u a k e  e v e n t . T h e  g ro u n d  v ib r a t io n  d u e  to  th e  s lo w  s l ip  th e n  re s u lts  in  
a c c e le ra t io n s  as w e l l  as s e is m ic  w a v e s  ( o r  g r a v i t y  w a v e s )  th a t  c a n  be  d e te c te d  b y  S G s  a n d  b ro a d b a n d  
s e is m o m e te rs .
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Fig. 7.19: Residual gravity series (grav-1 and grav-2) after removing barometric pressure and tides from records of Badargadh station 
on 19 June, 2012.

T h e  d o m in a n t  f r e q u e n c y  o f  th e  a n o m a lo u s  s ig n a ls  w e  d e te c te d  in  th is  s tu d y  ra n g e s  f r o m  0 .0 5  to  0 .1  H z  
( f ig .  7 .2 0 ) .  So th e  S G  re c o rd s  as w e l l  as th e  b ro a d b a n d  s e is m o m e te rs  re c o rd s  m ig h t  be  s ig n i f ic a n t  
in fo rm a t io n  s o u rce s  in  
d e te c t in g  th e  a n o m a lo u s  
s ig n a ls  p r io r  to  la rg e  
e a rth q u a k e s . I n  th is  s tu d y , 
th e  1 H z  S G  re c o rd s  s h o w  
th a t  th e re  is  a  s p e c tra l b a n d  
a ro u n d  0 .0 8  H z ,  w h ic h  is  
o b s e rv e d  in  th e  a n o m a lo u s  
p e r io d  ju s t  fe w  h o u rs  p r io r  
to  th e  e a rth q u a k e  
o c c u rre n c e  b u t  n o t  in  th e  
q u ie t  d a ys . H e n c e , th e  
s p e c tra l a n a ly s e s  g r a v i t y  
t im e  s e rie s  o f  S G  s u g g e s t 
th a t  th e re  a re  a n o m a lo u s  
s ig n a ls  p r io r  to  th is  
m o d e ra te  e a rth q u a k e .
H o w e v e r ,  th e  r e la t io n s h ip  
b e tw e e n  th e  so u rce  
p ro ce sse s  a n d  th e  d e te c te d  
a n o m a lo u s  s ig n a ls  has  n o t  
b e e n  y e t  e s ta b lis h e d  a n d  
n e e d s  fu r th e r  e x p lo ra t io n .
Fig 7.20: Spectrograph of residual SG data series that covers the period 18-21 June 2012 recorded and sampled at 1-s interval after 

removing the tidal effects
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CHAPTER 8
P R O J E C T S  O F  S O C I E T A L  I M P O R T A N C E  A N D  A D V I C E  T O  I M P O R T A N T  

D E V E L O P M E N T  A C T I V I T I E S

8 .1  P I L O T  P R O J E C T  O N  E X T R A C T I O N  O F  U R A N I U M  F R O M  N U C L E A R  W A S T E
(Dr. R . M  Altekar o f  BARC and Dr. G. C. Kothyari o f  ISR)

D r  R . M .  A l t e k a r  f r o m  M e ta l l ic  F u e ls  D iv is io n  o f  B h a b h a  A to m ic  R e s e a rc h  C e n tre  ( B A R C ) ,  M u m b a i 
v is i t e d  In s t i tu te  o f  s e is m o lo g ic a l R e s e a rc h  ( IS R )  b e tw e e n  9 -1 0 -1 2  to  1 1 -1 0 -1 2  f o r  m a g n e t ic  s e p a ra tio n  o f  
p a ra m a g n e t ic  C u O  (m a g n e t ic  s u s c e p t ib i l i t y  2 4 2  x 1 0 -6  M 3 /K g ) ,  a n d  N iO  (m a g n e t ic  s u s c e p t ib i l i t y  7 4 0  
x 1 0 - 6 M 3 /K g )  m ix e d  w i t h  g ra p h ite  p o w d e r ,  a n d  m a te r ia l b e tw e e n  2 0 0  to  1 5 0 0  x 1 0 -6  M 3 /K g  m a g n e t ic  
s u s c e p t ib i l i t y  f r o m  in c in e ra to r  ash . F o l lo w in g  e x p e r im e n ts  h a v e  b e e n  d o n e  in  O S L  la b .

1. G ra p h ite  p o w d e r  h a v e  b e e n  se p a ra te d  f r o m  m ix e d  i r o n  o x id e

2 . S e p a ra te d  g ra p h ite  w a s  m ix e d  w i t h  c o p p e r  p o w d e r  a n d  f in a l l y  c o p p e r  has  b e e n  se p a ra te d  u s in g  
m a g n e t ic  s e p a ra to r.

3 . N ic k e l  p o w d e r  w a s  m ix e d  w i t h  C o p p e r  a n d  th e  in d iv id u a l  s e p a ra tio n  h a v e  b e e n  d o n e

4 . G ra p h ite ,  N ic k e l  a n d  C o p p e r  p o w d e rs  w e re  m ix e d  to g e th e r  a n d  N ic k e l  a n d  C o p p e r  has  b e e n  s e p a ra te d

T h is  w a s  a  p i lo t  p r o je c t  w h ic h  h a s  b e e n  s u c c e s s fu lly  c o m p le te d . N o w  th e y  c a n  p la n  to  p ro c u re  b ig g e r  
s ize  m a g n e t ic  s e p a ra to r  to  e x tra c t  U ra n iu m  f r o m  n u c le a r  w a s te .

8 .2  I N V E S T I G A T I O N  O F  T H E  R E P O R T I N G  O F  C R A C K S  I N  H O U S E S  I N  F A R A D I
V I L L A G E  O F  M A N D V I  T A L U K A  I N  K A C H C H H  B Y  M E A N S  O F  R A P I D  V I S U A L  
S C R E E N IN G  W I T H  G E O L O G I C A L  &  G P S  S U R V E Y
(Ashish Bhandaii, Siddharth Piizomwala, Vasu Pancholi & Mohar Singh)

I t  w a s  re p o r te d  to  C M  o f f i c e o f  G u ja ra t  th a t  th e re  is  u n u s u a l n u m b e r  o f  c ra c k s  d e v e lo p e d  in  h o u se s  o f  
F a ra d i V i l la g e  o f  M a n d v i  ta lu k a  in  K a c h c h h . T h e  re p o r t  w a s  s e n t to  IS R  f o r  in v e s t ig a t io n .  T h e  v i l la g e r s  
re p o r te d  th a t  e v e n  n e w  h o u se s  d e v e lo p  c ra c k s  s o o n  a f te r  c o n s tru c t io n .  R a p id  v is u a l s u rv e y  o f  a  fe w  
h u n d re d  h o u se s  o f  th e  v i l la g e  w a s  c o n d u c te d  a n d  c ra c k s  in  h o u se s  w e re  c o m p a re d  w i t h  th e  c ra c k s  in  
n e a rb y  v i l la g e s .  T h e  c ra c k s  a re  fo u n d  to  b e  n o rm a l p la s te r  c ra c k s  o r  th e  c ra c k s  d e v e lo p e d  a lo n g  jo in t s  o f  
b lo c k s  o f  w a l ls  d u e  to  fa u l t y  c o n s tru c t io n  p ra c t ic e . T h e  s o m e w h a t w id e r  c ra c k s  a re  th o s e  th a t  d e v e lo p e d  
d u e  to  2 0 0 1  B h u j e a rth q u a k e . T h e  g e o lo g ic a l s u rv e y  d id  n o t  f in d  a n y  u n u s u a l s e tt le m e n t. H o w e v e r ,  G P S  
s u rv e y  has  b e e n  d o n e  a n d  its  re p e a t s u rv e y  a f te r  6  m o n th s  o r  so m a y  c o n f i r m  th e  sam e o r  o th e rw is e .
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CHAPTER 9
N A T I O N A L  A N D  I N T E R N A T I O N A L  S C I E N T I F I C  C O L L A B O R A T I O N

9 .1  I n d o - I t a l i a n  P r o je c t  o n  E a r t h q u a k e  H a z a r d  A s s e s s m e n t
(B K  Rastogi, Pallabee Chaudhury and Ketan Singha Roy)

T h e  in fo rm a t io n  a b o u t th e  b a s in  s tru c tu re , fo c a l  m e c h a n is m  e tc . has  b e e n  a s s e m b le d  f o r  a p p ly in g  th e  
n e o -d e te rm in is t ic  m e th o d  o f  s e is m ic  h a z a rd  a sse ssm e n t n o w  fa v o u re d  b y  th e  I t a l ia n  g ro u p  o f  T r ie s te .

9 .2  T h e  3 D  M a g n e t o t e l lu r ic  S u r v e y  in  K a c h c h h  a lo n g  w i t h  N G R I  a n d  U k r a in  G e o p h y s ic is ts
(Kapil  Mohan, Suni ta Raika and K  Veeraswamy o f  NGRI)

A  3 D  m a g n e to te l lu r ic  s u rv e y  w a s  c a r r ie d  o u t  in  K a c h c h h  f o r  2 -m o n th s  p e r io d  d u r in g  N o v e m b e r  -  
D e c e m b e r  2 0 1 1  a lo n g  w i t h  N G R I  a n d  U k r a in  g e o p h y s ic is ts  u n d e r  a n  M o E S  p r o je c t  to  d e p ic t  th e  s u b ­
s u r fa c e  n a tu re  o f  th e  S o u th  W a g a d  fa u l t ,  h id d e n  S a m k h ia l i  fa u l t  a n d  th e  h id d e n  N o r t h  W a g a d  fa u l t  w h ic h  
ca u se d  2 0 0 1  e a rth q u a k e . T h is  3 D  s u rv e y  a t c lo s e  g r id  f o r  u p p e r  c ru s ta l s tru c tu re  is  p io n e e r in g  in  th e  
W o r ld .  E a r l ie r  s tu d ie s  w e re  d o n e  f o r  lo w e r  c ru s t. A b o u t  4 0  s ite s  w e re  o c c u p ie d  w i t h  lo n g -p e r io d  a n d  
s h o r t -p e r io d  in s t ru m e n ts  w i t h  5 to  15 d a ys  d e p lo y m e n t a t  e a ch  s ite .
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CHAPTER 10
S O C I E T A L  O U T R E A C H

1 0 .1  D I S S E M I N A T I O N  O F  I N F O R M A T I O N  A B O U T  E A R T H Q U A K E S
1 0 .1 .1  D A T A  C E N T E R  A N D  W E B S I T E

T h e  IS R  D a ta  C e n te r  d is s e m in a te s  e a rth q u a k e  in fo rm a t io n  ro u n d  th e  c lo c k .  T h e  IS R  w e b s ite  is  u p d a te d
e v e ry  d a y .

1 0 .2  H E L P  T O  T H E  U N I V E R S I T E S / I N S T I T U T E S / O R G A N I S A T I O N S

1 0 .2 .1  M .S c .  G e o p h y s ic s  c o u rs e  h a s  b e e n  s ta r te d  a t G a n p a t U n iv e r s it y ,  M e h s a n a . IS R  d e s ig n e d  th e  
s y lla b u s , L e c tu re  P la n  a n d  h a s  a r ra n g e d  6 0  h o u rs  le c tu re s  f o r  tw o  G e o p h y s ic s  p a p e rs  a n d  f ie ld  
t r a in in g  o f  g e o p h y s ic a l s u rv e y s .

1 0 .2 .2  T r a in in g  o f  S r i S. N .  C h o w d h a r i,  G e o p h y s ic is t  f r o m  G e o lo g ic a l S u rv e y  o f  In d ia ,  C e n tra l 
G e o p h y s ic s  D iv is io n ,  2 7 , J .L . N e h ru  R o a d , K o lk a ta  -  7 0 0 0 1 6 , C o n ta c t  N o . :  0 9 4 3 2 0 1 4 1 6 9  ( M ) ,  
(0 3 3 )  2 4 2 5 6 0 7 8  ( L )  f o r  c o n d u c t in g  P S  L o g g in g  o f  G S I  in s t ru m e n ts  in  b o re h o le s  d r i l le d  b y  IS R  
f o r  A h m e d a b a d  M ic r o z o n a t io n  a n d  c o m p a r in g  i t  w i t h  th e  o r ig in a l  d a ta  o f  IS R  PS L o g g in g  as 
th e y  h a v e  n o t  b e e n  a b le  to  o p e ra te  th e  in s t ru m e n t  f o r  la s t  3 ye a rs .

1 0 .3  S E M I N A R  T A L K S  /  L E C T U R E S  B Y  V I S I T O R S

1. D is t in g u is h e d  le c tu re  b y  D r .  C h a n d ra k a n th  S. D e s a i o n  th e  to p ic  “ F in ite  e le m e n t m e th o d  f o r  
d y n a m ic -e a r th q u a k e  a n a ly s is  w i t h  re a l is t ic  c o n s t i tu t iv e  m o d e l in g ”  o n  3 rd  F e b ru a ry  2 0 1 2 .

2 . D r .  D h a n a n ja y  K u m a r  f r o m  C h e v ro n  O i l  C o m p a n y , H o u s to n ,  U S A ,  le c tu re  o n  “ S e is m ic  W a v e  
P ro p a g a t io n  in  E a r th ”  a t IS R , F e b . 15, 2 0 1 2 .

3. N a t io n a l S c ie n c e  d a y  le c tu re  b y  D r .  T .  J. M a ju m d a r ,  E m e r itu s  S c ie n t is t ,  S A C , IS R O , 
A h m e d a b a d  o n  th e  to p ic  “ R e m o te  s e n s in g  a p p l ic a t io n s  f o r  g e o p h y s ic a l e x p lo ra t io n  /  h a z a rd  
m o n i to r in g  o n  2 8 th  F e b ru a ry , 2 0 1 2 .

4 . A  se rie s  o f  le c tu re s  w a s  d e liv e re d  b y  D r .  J. R . K a y a l f r o m  1 7 -0 3 -2 0 1 2  to  2 3 -0 3 -2 0 1 2  in  IS R  o n  
f o l lo w in g  to p ic s :

1.
2.
3.
4.
5.
6.
7.
8. 
9.

E a r th q u a k e s  &  S e is m ic  W a v e s
E a r th q u a k e  L o c a t io n
S e is m ic  T o m o g ra p h y
b -v a lu e  &  F ra c ta l a n a ly s is /m a p p in g
F a u lt  p la n e  s o lu t io n s  &  In te rp re ta t io n s

: 1 7 -0 3 -2 0 1 2 .
: 1 7 -0 3 -2 0 1 2  &  1 9 -0 3 -2 0 1 2 . 
: 1 9 -0 3 -2 0 1 2 .
: 2 0 -0 3 -2 0 1 2 .
: 2 0 -0 3 -2 0 1 2 .

S e is m o te c to n ic s  &  T e c to n ic  m o d e l o f  H im a la y a  a n d  N E  In d ia  : 2 1 -0 3 -2 0 1 2 . 
E a r th q u a k e  p re c u rs o r  s tu d y  in  N E  In d ia  : 2 2 -0 3 -2 0 1 2 .
S e is m o te c to n ic  o f  th e  In tra p la te  e a rth q u a k e s  o f  In d ia  : 2 3 -0 3 -2 0 1 2 .
S e is m ic  H a z a rd  a n d  M ic r o z o n a t io n  S tu d ie s  in  In d ia :  2 3 -0 3 -2 0 1 2 .

A l l  th e  S c ie n t is ts , G e o p h y s ic is ts ,  G e o lo g is ts ,  J R F  a tte n d e d  th e  sam e.
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5. F o u n d a t io n  D a y  le c tu re  w a s  d e liv e re d  b y  D r .  A ja i ,  G ro u p  D ir e c to r ,  M a r in e  a n d  E a r th  S c ie n c e s , 
S A C - IS R O  e n t i t le d  " C l im a te  C h a n g e  S tu d ie s : R o le  o f  S pace  T e c h n o lo g y " ,  2 0 /0 5 /2 0 1 2 .

6. P ro f .  J R  K a y a l,  o f  J a d a v p u r  U n iv .  a n d  fo r m e r  A d d l.  D G , G e o l.  S u rv e y  In . ,  M a y  8 -2 1 , 2 0 1 2 , 
d e liv e re d  15 le c tu re s  o n  S e is m o lo g y  to  IS R  s c ie n t is ts  a n d  s u m m e r  tra in e e s  a n d  g u id e d  p ro je c t  
w o r k  o f  tra in e e s  a n d  s c ie n t is ts .

7 . P ro f .  V C  T h a k u r ,  fo r m e r  D ir e c to r  W a d ia  In s t.  H im a la y a n  G e o lo g y ,  D e h ra d u n  d u r in g  M a y  2 8  to  
Ju n e  2 , 2 0 1 2  g u id e d  g e o lo g ic a l f ie ld  w o r k  in  K a c h c h h  a n d  d e liv e re d  th e  fo l lo w in g  3 le c tu re s  o n  
G e o lo g y  to  IS R  s c ie n t is ts  a n d  s u m m e r  tra in e e s :

i .  S e is m o te c to n ic s  o f  H im a la y a ,  2 8 .5 .2 0 1 2

i i .  L e s s o n s  le a rn t  f r o m  2 0 0 5  K a s h m ir  e a rth q u a k e : E x te n s io n  o f  B a la k o te  B a g h  F a u lt ,  
2 8 .5 .2 0 1 2

i i i .  A c t iv e  T e c to n ic s  o f  H im a la y a ,  2 .6 .2 0 1 2

8. D r .  S K  B is w a s , V is i t in g  P ro f .  I I T b  a n d  fo r m e r  D ir e c to r  K D  M a la v iy a  In s t. P e tro le u m  
E x p lo r a t io n ,O N G C ,  D e h ra d u n  v is i te d  f o r  d is c u s s io n s  o n  C a m b a y  a n d  K a c h c h h  G e o lo g y  a n d  
d e liv e re d  th e  fo l lo w in g  le c tu re :

T e c to n ic  c y c le s  s tress  d y n a m ic s  &  A c t iv e  fa u lts  in  K a c h c h h  G ra b e n , 8 .6 .2 0 1 2

9. S r i R K  S in g h , V is i t in g  F e l lo w ,  d e liv e re d  15 le c tu re s  o n  G r a v i ty ,  m a g n e t ic ,  e le c t r ic a l a n d  S e is m ic  
m e th o d s  o f  g e o p h y s ic a l e x p lo ra t io n  to  IS R  s c ie n t is ts  a n d  s u m m e r  tra in e e s  a n d  g u id e d  p ro je c t  
w o r k  o f  tra in e e s  a n d  s c ie n t is ts  o n  g r a v i t y  a n d  e le c t r ic a l r e s is t iv i t y  d u r in g  M a y  7 -  2 5  a n d  Ju n e  4 ­
15, 2 0 1 2 .

10. D r .  S .K . B is w a s , F o rm e r  D ir e c to r  O N G C , T e c to n ic  C y c le s , S tress  d y n a m ic s  a n d  A c t iv e  fa u l t  in  
K a c h c h h  G ra b e n , 8 Ju n e  2 0 1 2 .

11. N a v in  J u y a l o f  P h y s ic a l R e s e a rc h  L a b o ra to ry ,  “ H o lo c e n e  E v o lu t io n  o f  W e s te rn  G ra te r  R a n n  
d u r in g  L a s t  5 5 0 0  y e a rs ” , J u ly  3 rd  2 0 1 2

12. P ro f .  A ja y  M a n g l ik ,  o f  N G R I ,  J u ly  1 0 -1 1 , 2 0 1 2 , d e liv e re d  4  le c tu re s  o n  M a th e m a t ic a l M o d e l in g  
in  S o lid  E a r th  G e o p h y s ic s  to  IS R  s c ie n t is ts  a n d  s u m m e r  tra in e e s  a n d  g u id e d  p ro je c t  w o r k  o f  
tra in e e s  a n d  s c ie n t is ts .
•  T h e rm a l g e o p h y s ic s : S tru c tu re  a n d  e v o lu t io n  o f  l i th o s p h e re
•  G e o p h y s ic a l f l u id  d y n a m ic s : M a n t le  c o n v e c t io n
•  G e o p h y s ic a l f l u id  d y n a m ic s : C o re  c o n v e c t io n
•  In v e rs e  th e o ry :  J o in t - in v e r s io n  o f  g e o p h y s ic a l d a ta

13. L e c tu re s  d e liv e re d  b y  In d r a j i t  G h o s h  R o y  d u r in g  J u ly - A u g u s t  2 0 1 2 :

•  L e c tu re s  o n  m a g n e to te l lu r ic  m e th o d

•  L e c tu re s  o n  d ig i ta l  s ig n a l p ro c e s s in g

•  I t e r a t iv e ly  a d a p tiv e  re g u la r iz a t io n  w i t h  g ra d ie n t  b a se d  o p t im iz a t io n :  A p p l ic a t io n s  o n  
s m a ll  a n d  la rg e  sca le  g e o p h y s ic a l in v e rs e  p ro b le m s

•  F ro m  s h a llo w  to  d e e p  e a r th -g e o p h y s ic a l in s ig h ts .

14. D r .V a s i ly  K .  P a la m a rc h u k  “ S h o r t -T e rm  E a r th q u a k e  P re d ic t io n ” , 1 5 .9 . 2 0 1 2
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1. S h r i T .  N a n d a k u m a r , IA S  (R e td . ) ,  H o n ’ b le  M e m b e r ,  N D M A ,  1 5 th  F e b . 2 0 1 2 .
2 . D r .  Im t iy a z  A .  P a rv e z , C M M A C S ,  B a n g a lu ru  o n  2 2 .2 .2 0 1 2  a n d  D r .  F ra n c o  V a c c a r i,  U n iv e r s i t y  

o f  T r ie s te , I t a ly ,  u n d e r  In d o - I t a ly  C o l la b o ra t iv e  P ro g ra m , 2 2  to  2 6  F e b . 2 0 1 2 .
3. M r .  B .  B h a tta c h a r je e , M e m b e r  N D M A  a lo n g  w i t h  C E O  G S D M A  v is i t e d  o n  1 3 .3 .2 0 1 2
4 . M r .  A r in d a m  M a ju m d a r  a n d  M r .  A k s h a y  A n a n d  ca m e  f r o m  A h m e d a b a d  U rb a n  D e v e lo p m e n t 

A u th o r i t y  ( A U D A )  f o r  d is c u s s io n  o n  r e v is in g  th e  D r a f t  D e v e lo p m e n t P la n  2 0 2 1  f o r  A h m e d a b a d  
re g io n  a n d  to  u n d e rs ta n d  th e  s ig n if ic a n c e  o f  f a u l t  l in e s  a n d  ju n c t io n s  f r o m  u rb a n  p la n n in g  
p u rp o s e s , 2 /4 /2 0 1 2 .

5. M r .  A n u p  M u n d v a r iy a ,  C M  F e l lo w ,  S o c ia l J u s tic e  D e p a r tm e n t v is i te d  IS R  o n  2 .5 .2 0 1 2  f o r  
s e e k in g  h e lp  f o r  m a th e m a t ic a l m o d e l in g  o f  th e  E m p o w e rm e n t P ro g ra m s  u s in g  M A T L A B  a n d  
N e u ra l  N e tw o r k .

6. P ro f .  D . B e h e ra , P D P U  f o r  C o lla b o ra t iv e  s tu d y  o n  G e o th e rm a l E n e rg y , 1 4 .0 5 .2 0 1 2
7. D e e p a li  g a d k a r i o f  C E P T  f o r  h e lp  in  h e r  P h D , 1 5 .5 .2 0 1 2
8. D r .  I n d r a j i t  G h o s h  R o y ,  G e o p h y s ic is t  f r o m  C a n b e r ra  A u s t r a l ia ,  V is i t in g  F e l lo w ,  J u ly  2  to  A u g  

2 5 , 2 0 1 2
9. D r .  N a v in  J u y a l o f  P h y s ic a l R e s e a rc h  L a b o ra to ry ,  J u ly  3 rd  2 0 1 2
10. D r .  R a n j i t  B a n n e i j i ,  C E O , G S D M A  a n d  D r .  P K  M is h ra ,  C h a irm a n , G E R C  (G u j.  E le c t r ic i t y  

R e g u la to ry  C o m m is s io n ) ,  J u ly  7 , 2 0 1 2 .
11. D r .  A ja i  M a n g l ik ,  o f  N G R I ,  H y d e ra b a d , 0 9 /0 7 /2 0 1 2  to  1 3 /0 7 /2 0 1 2 .
12. D r .  J R  K a y a l,  V is i t in g  P ro fe s s o r , J u ly  1 0 -3 0 , 2 0 1 2
13. P ro f .  B h a ra t  P a te l, M e h s a n a  U n iv e r s it y ,  J u ly  2 6 , 2 0 1 2 .
14. M r .  K r is h n a n i,  G e o l- I  &  M r .  R .R . P a te l, G e o l - I I  o f  S S N N L  a t 3 .9 .2 0 1 2 .
15. S r i V is h a l  C h a u h a n , F a c u lt y  o f  E n g g . &  T e c h .,  R B S  C o lle g e ,  B h ic h p u r i,  A g ra ,  T o  in s ta l l  V L F  

s y s te m  in  M P G O s , 5 /9 /2 0 1 2  to  1 1 /9 /2 0 1 2 .
16. D r .  N .  M a d h a v a n , A s s t.  P ro fe s s o r  a n d  S u n is h  P a th a n , S e c u r ity  o f f . ,  P D P U , G a n d h in a g a r ,  T o  

fa m il ia r iz e s  w i t h  IS R , 1 7 .9 .2 0 1 2
17. D r .V a s i ly  K .  P a la m a rc h u k  (H o n . P ro f .  H a r b in  E n g in e e r in g  U n iv e r s it y ,  1, A n g l iy s k y  P ro s p e c t, 

1 9 0 1 2 1 , S t. P e te rs b e rg , R u s s ia ) , T h e  A l l - R u s s ia  S c ie n t i f ic  R e s e a rc h  In s t i tu te  f o r  G e o lo g y  a n d  
M in e r a l  R e s o u rc e s  o f  th e  O ce a n s , H e a d  o f  M u l t i le v e l  G e o p h y s ic a l M o n i to r in g  L a b o ra to r y  a lo n g  
w i t h  h is  s tu d e n t M is s  N a d ia ,  S e p te m b e r  1 4 -1 9 , 2 0 1 2

18. P ro f .  J .R . K a y a l,  V is i t in g  P ro f . ,  IS R , g a v e  le c tu re s  a n d  th e i r  im p o r ta n t  g u id a n c e  a n d  to  
d is c u s s io n s  w i t h  IS R  S c ie n t is ts , 3 /1 0 /2 0 1 2  to  1 3 /1 0 /2 0 1 2 .

19. D r .  S u s h il G u p ta , G e n e ra l m a n a g e r , R M S I ,  N o id a
2 0 . D r .  S K  B is w a s , f o r  d is c u s s io n s  o n  g e o lo g y  o f  K a c h c h h ,  N o v .7 -8 ,  2 0 1 2

2 1 . D r .  J R  K a y a l,  f o r  h e lp  in  w r i t in g  re s e a rc h  p a p e rs  to  IS R  s c ie n t is ts , N o v .  7 -1 2 , 2 0 1 2

2 2 . M s .  A lp a  S h e th , S e is m ic  A d v is o r  to  G S D M A  a n d  M r .  B i r ju  P a te l, D ir e c to r  G S D M A  fo r  
d is c u s s io n s  o n  D h o le ra  s e is m ic  M ic r o z o n a t io n ,  N o v .  7 , 2 0 1 2

2 3 . M r .  S. M u ru g a p p a n  a n d  h is  te a m  f o r  d is c u s s io n s  o n  s e is m ic  d a ta  a n a ly s is  o f  N H E P  S u b a n s ir i
P ro je c t  f o r  w h ic h  th e y  w a n t  to  g iv e  u s  a  s p o n s o re d  p ro je c t ,  N o v .  15, 2 0 1 2

195A n n u a l  R e p o r t  2 0 1 2 - 1 3



I n s t i t u t e  o f  S e i s m o l o g i c a l  R e s e a r c h , G a n d h i n a g a r

2 4 . D r .  P M  N a ir ,  IP S , D ir e c to r  G e n e ra l o f  P o lic e ,  N a t io n a l D is a s te r  R e s p o n s e  F o rc e  &  C iv i l  
D e fe n c e , G o v e rn m e n t o f  In d ia ,  N e w  D e lh i ,  v is i te d  IS R  o n  5 -1 2 -2 0 1 2  f o r  in fo r m a t io n  o n  
s e is m ic i ty  m o n i to r in g  a n d  d is c u s s io n s  o n  h o w  IS R  w o r k  m a y  be  u s e fu l in  q u ic k  re sp o n se  a n d  
re a d in e s s  o f  N D R F  in  case o f  h a z a rd  d u e  to  e a rth q u a k e .

2 5 . M r .  G C  A g g r a w a l,  f o r m e r ly  w i t h  A to m ic  E n e rg y  C o m m is s io n  f o r  d is c u s s io n s  o n  N u c le a r  
P la n ts , D e c  7 -8 , 2 0 1 2

1 0 .5  V I S I T O R S  I N  G R O U P S
1. S o m e  5 0  s tu d e n ts  f r o m  B .B .M .  H ig h  S c h o o l,  M a n d v i,  K a c h c h h  v is i te d  IS R  a lo n g  w i t h  p r in c ip a l  

S h . R a je s h  D . S a ra th ia  a n d  tw o  te a c h e rs  o n  2 0 th  O c to b e r  2 0 1 1 . A  p re s e n ta t io n  w a s  g iv e n  b y  Sh. 
S a n to s h  K u m a r  o n  b a s ic  o f  e a rth q u a k e s  a n d  d e s ig n  o f  e a rth q u a k e  re s is ta n t ho use s .

2 . 15 s tu d e n ts  o f  c i v i l  e n g in e e r in g  d e p a r tm e n t o f  L .D .  E n g . C o lle g e  v is i t e d  IS R  o n  9 -  0 3 -2 0 1 2 .
3. 110  s tu d e n ts  f r o m  D a l ia  In s t i tu te  o f  D ip lo m a  S tu d ie s  , K a n e ra , K h e d a  v is i te d  IS R  o n  1 4 -0 3 -2 0 1 2  

o f  c i v i l  e n g in e e r in g , E C  &  I T  (  6 th  S e m e s te r)  a lo n g  w i t h  f o l lo w in g  fa c u l t y  m e m b e rs :
P ra t ik  S h a h  ( L e c tu re r  in  C iv i l  E n g .) ,  G ir is h  B .  P a te l ( le c tu re r  in  E C .) ,  H a rs h  P a te l ( le c tu re r  in  
E C .) ,  S h a ile s h  p a te l ( le c tu re r  in  IT . ) ,  K u n a l  M e g n a  ( le c tu re r  in  IT . ) ,  A a s h a  P a te l ( le c tu re r  in  C iv i l  
E n g .)

4 . 10 s tu d e n ts  o f  C iv i l  E n g g . D e p a r tm e n t o f  U .V .  P a te l c o lle g e  o f  E n g in e e r in g ,  G a n p a t U n iv e r s i t y  
, K h e rv a ,  M e h s a n a  v is i te d  IS R  o n  1 7 -0 3 -2 0 1 2  a lo n g w ith  S h . N i r a v  P a te l le c tu re r  in  c i v i l  en g . 
D e p a r tm e n t.

5 . M r .  A r in d a m  M a ju m d a r  a n d  M r .  A k s h a y  A n a n d  ca m e  f r o m  A h m e d a b a d  U rb a n  D e v e lo p m e n t 
A u th o r i t y  ( A U D A )  f o r  d is c u s s io n  o n  r e v is in g  th e  D r a f t  D e v e lo p m e n t  P la n  2 0 2 1  f o r  A h m e d a b a d  
re g io n  a n d  to  u n d e rs ta n d  th e  s ig n if ic a n c e  o f  f a u l t  l in e s  a n d  ju n c t io n s  f r o m  u rb a n  p la n n in g  
p u rp o s e s , 2 /4 /2 0 1 2 .

6. A . K  S h u k la  (2 6 9 1 4 3 7 5 , 9 8 9 8 6 9 5 1 0 1 )  a n d  R P  P ra ja p a t i ( 9 4 2 7 0 0 1 1 5 9 )  o f  S A C , IS R O  fo r  
d is c u s s io n s  o n  C A L - V A L  P ro je c t  s p o n s o re d  b y  S A C - IS R O , 4 .5 .2 0 1 2

7. S h r i H .J .  P a te l, S .E . K e v a d ia  C o lo n y  a n d  S h r i N .T .  M a th e w  E x .  E n g g . D a m  D iv .  K e v a d ia  
C o lo n y  f o r  e s ta b lis h in g  s tro n g  m o t io n  in s t ru m e n ts  in  d i f fe r e n t  le v e ls  o f  S a rd a r S a ro v a r  d a m  a n d  
P o w e r  H o u s e  a n d  f o r  r e v ie w  o f  s e is m ic  m o n i to r in g  d o n e  b y  IS R  a ro u n d  S a rd a r S a ro v a r, 
1 8 /0 5 /2 0 1 2 .

8. M a h e s h  P a n c h a l a n d  P ra n a v  G a n d h i,  A rc h ite c ts  f r o m  A r c h i  M e d e s , A h m e d a b a d  f o r  e n q u ir y  
w h e th e r  IS R  c a n  d o  S e is m o te c to n ic  A s s e s s m e n t f o r  2 2  s to re y  h o s p ita l to  b e  c o n s tru c te d  b y  A M C  
in  P a ld i,  2 1 .5 .2 0 1 2

9. D r .  A ja i ,  D r .  R a ja w a t a n d  M s . S w e ta  S h a rm a  f r o m  S A C - IS R O  f o r  d is c u s s io n s  o n  c o lla b o ra t iv e  
p ro je c ts :
a. V u ln e r a b i l i t y  M o d e l in g  o f  B h u j a n d
b . E a r th q u a k e  P re c u rs o ry  s tu d y  is  A tm o s p h e r ic  io n iz a t io n ,  s a te ll i te  g r a v i t y  a n d  

G e o c h e m ic a l p re c u rs o rs .
10. IS R  a n d  S A C - IS R O  a g re e d  to  ta k e  u p  j o i n t  p ro je c ts  in v o lv in g  p a r t ic ip a t io n  o f  so m e  o th e r  

a g e n c ie s  a ls o  as re q u ire d , 0 6 /0 6 /2 0 1 2 .
11. 2 0 -2 5  p a r t ic ip a n ts  f o r  G I D M  t r a in in g  p ro g ra m m e  o n  “ E a r th q u a k e  M i t ig a t io n  a n d  m a n a g e m e n t” , 

Sep  12, 2 0 1 2
12. 1 5 -2 0  p e rs o n s  f r o m  P u n e  M u n ic ip a l  C o rp o ra t io n  in c lu d in g  M a y o r ,  C o u n c i lo r s  a n d  E n g in e e rs

a c c o m p a n ie d  b y  T e ja s  B h a n d a r i,  A s s t t .  C o m m is s io n e r ,  A M C ,  a n d  A p o o r v a  S o la n k i,  8 .6 .2 0 1 2

196 A n n u a l  R e p o r t  2 0 1 2 - 1 3



I n s t i t u t e  o f  S e i s m o l o g i c a l  R e s e a r c h , G a n d h i n a g a r

P u n e  M u n ic ip a l  C o r p o r a t io n
1. H o n  M a y o r M rs .  V a is h a l i  S .B a n k a r
2. D e p u ty  M a y o r M r .  D e e p a k  M .M a n k a r
3. M u n ic ip a l  C o m m is s io n e r M r .  M a h e s h  P a th a k
4. G e n e ra l B o d y  L e a d e r  /  P a r ty  L e a d e r  (N C P ) M r .  S u b h a s h  J a g ta p
5. P a r ty  L e a d e r  ( M N S )  /  L e a d e r  O p p o s it io n M r .  V a s a n t M o re
6. C h a irm a n  S ta n d in g  C o m m it te e M r .  B a b u ra o  D .C h a n d e re
7. P a r ty  L e a d e r  ( In d ia n  N a t io n a l C o n g re s s ) M r .  A r v in d  S h in d e
8. P a r ty  L e a d e r  (B J P ) M r .  A s h o k  Y a n p u re
9. P a r ty  L e a d e r  ( S h iv  S ena) M r .  A s h o k  H a rn a v a l
10. P a r ty  L e a d e r  (R P I) D r .  S id d h a r th  D h e n d e
11. C o u n c i l lo r M r .  R a je n d ra  R . W a g a s k a r
12. C o u n c i l lo r M r .  K is h o re  N .  S h in d e
13. C o u n c i l lo r M r .  B a la s a h e b  K .  B o d k e
14. C o u n c i l lo r M r .  V is h a l  V .T a m b e
15. C o u n c i l lo r M rs .  M in a l  S a rva d e  +  1
16. C i t y  E n g in e e r M r .  P ra s h a n t M .  V a g h m a re
17. A d d .  C i t y  E n g in e e r  ( B ld g  P e rm is s io n /  J n N U R M ) M r .  V iv e k  K h a rv a d k a r
18. A d d .  C i t y  E n g in e e r  ( T r a f f ic ) M r .  S h r in iv a s  B o n a la
19. E x e c u t iv e  E n g in e e r  (H e r ita g e  C e l l ) M r .  S h y a a m  D h a v a la e y
o f f ic e r s  f r o m  A M C
T e ja s  B h a n d a r i A s s is ta n t

C o m m is s io n e r
9 3 7 7 4 0 9 6 9 2 te j a s b h a n d a r i@ e g o v a m c .c o m

N ile s h  P a te l A s s is ta n t  M a n a g e r 9 3 2 7 5 5 4 9 0 3 n ile s h p a te l@ e g o v a m c .c o m
A p o o r v a  S o la n k i A s s is ta n t  M a n a g e r 9 9 2 4 8 5 1 2 3 5

15. M r .  P a n c h a l a n d  S h re n ik  S h a h  o f  A M C  f o r  d is c u s s io n s  o n  s e is m ic  h a z a rd  in v e s t ig a t io n  o f  13 
s to ry  h o s p ita l n e a r  C iv i l  H o s p ita l ,  A h m e d a b a d , 2 0 /0 6 /2 0 1 2 .

16. M r .  A .  K .  Jh a , S r. M a n a g e r ,  S N T  d iv . ,  C M P D I L ,  C o a l In d ia  L td . ,  v is i te d  IS R  o n  2 2 -2 5  Ju n e  
2 0 1 2  f o r  d is c u s s io n  o n  p o s s ib le  fu tu re  P ro je c ts  a n d  p r e l im in a r y  a n a ly s is  o f  y ie ld  o f  e x p lo s iv e s  
u se d .

17. M ik e  A l la n  (C h a irm a n , G e o th e rm a l,  N e w  Z e a la n d )  K u n a l V a ts y a y a n  (E n v . P la n n in g ,  M T -  
G P C L ) ,  N e e le s h  T r ip a th i,  A n ja l i  G a rg  (E n e rg y  S p e c ia lis t ,  In t .  F in .  C o rp .,  N e w  D e lh i)  to  d is c u s s  
a b o u t G e o th e rm a l E n e rg y  in  C a m b a y  B a s in .

18. D r .  I n d r a j i t  G . R o y ,  G e o p h y . ,  C a n b e rra , A u s t r a l ia ,  L e c tu re  o n  “ F ro m  S h a llo w  to  d e e p  E a r th -  
G e o p h y s ic a l In s ig h ts ”  2 5 /0 6 /2 0 1 2 .

19. N .U .  C h a lp a t i  R a o  (G e o l.  B H U ) ,  P ra s h a n t B h o te  (G S I )  a n d  S a m re n d ra  S a h o o  (P h .D  s tu d e n t) , fo r  
V i s i t  o f  th e  IS R .

2 0 . G ro u p  o f  2 5  tra in e e s  o f  th e  G I D M  T r a in in g  P ro g ra m m e  o n  “ E a r th q u a k e  M i t ig a t io n  a n d  
M a n a g e m e n t”  a lo n g  w i t h  D y .  D ir e c to r  ( I /C )  M r .  N is a rg  D a v e , 1 3 /9 /2 0 1 2 .

2 1 . 4 0  s tu d e n ts  o f  ( M .  T e c h . f in a l  y e a r) ,  C iv i l  a n d  A p p l ie d  M e c h a n ic s , a c c o m p a n ie d  b y  th e  
f o l lo w in g  fa c u l t y  m e m b e rs  o f  L .  D . C o lle g e  o f  E n g in e e r in g ,  A h m e d a b a d  o n  15 Sep. 2 0 1 2 .

D r .  R .K .  G a jja r ,  H .O .D ,  A p p l ie d  M e c h a n ic s  D e p a r tm e n t,  D r .  H .S . P a te l ( A p p l.  M e c h . ) ,  D r .  B .J . 
S h a h  ( A p p l.  M e c h . ) ,  P ro f .  M .D .  D o s h i ( A p p l.  M e c h . ) ,  P ro f .  K .A .  P a rm a r  ( A p p l.  M e c h . ) ,  P ro f.  
P .I. M o d i  ( A p p l.  M e c h . ) ,  P ro f .  C .S . S a n g v i, C iv i l  E n g in e e r in g  D e p a r tm e n t,  P ro f .  P .G . P a te l 
( C iv i l .E n g . ) ,  P ro f .  M .G .  V a n z a  ( C iv i l .E n g . )

M r .  S a n to s h  K u m a r  g a v e  a  p re s e n ta t io n  o n  IS R  s tu d ie s .
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2 2 . S r i R . K .  S in g h , V is i t in g  P ro f ,  a n d  M is s  P a y a l P a te l o f  M e h s a n a  U rb a n  In s t i tu te  o f  S c ie n c e , 
G a n p a t U n iv e r s i t y  v is i t e d  IS R  a lo n g  w i t h  th e  f o l lo w in g  se ve n  s tu d e n ts  o f  M .  Sc. G e o p h y s ic s  o n  
2 0  Sep . 2 0 1 2 :

M is s  P r iy a n k a  P a te l, M is s  S h ita l P a te l, M is s  J ig n a s h a  M o d i ,  M r .  P ru th u l P a te l, M r .  B h a v e s h  
P a te l, M r .  M e h u l N a g a r ,  M r .  D i l i p  S in g h

T h e  s tu d e n ts  v is i te d  d i f fe r e n t  la b s  o f  IS R . F ie ld  d e m o  w a s  g iv e n  o n  g ra v im e te r  a n d  e n g in e e r in g  
s e is m o g ra p h

2 3 . S o m e  2 4  s tu d e n ts  f r o m  G u ja ra t  In s t i tu te  o f  T e c h n o lo g y ,  V i l l .  M o t i  B h o y a n ,  K h a t r a j-  K a lo l  R o a d , 
T q .  K a lo l ,  D is t .  G a n d h in a g a r  v is i t e d  IS R  a lo n g w ith  f o l lo w in g  8 fa c u l t y  m e m b e rs  o f  c i v i l  
e n g in e e r in g  d e p a r tm e n t o n  0 6 -1 0 -2 0 1 2 :

P ro f .  P r iy a n k a  D a la l,  P ro f .  M a d h u  T r iv e d i ,  P ro f .  V a s u d e o  C h a n d h a n i,  P ro f .  S a c h in  S. ra v a l,  P ro f .  
K a p a d iy a  S a n d ip  K u m a r  V . ,  J a y  C . P a rm a r ,P ro f.  M o n ik a  N .S h a h  a n d  P ro f .  K o m a l S. P a te l

2 4 . S o m e  4 0  s tu d e n ts  f r o m  C E P T  U n iv e r s i t y  o f  f in a l  se m e s te r, A h m e d a b a d  v is i t e d  IS R  a lo n g  w i t h  
f a c u l t y  m e m b e rs  P ro f .  A n a l  S h e th , P ro f .  K o m a l P a r ik h  a n d  P ro f .  P a r th  T h a k a r  o f  D e p a r tm e n t o f  
T e c h n o lo g y

1 0 .6  T R A I N I N G  T O  S T U D E N T S
W e  are  r u n n in g  tw o  t r a in in g  /  in te rn s h ip  /  d is s e r ta t io n  p ro g ra m s  n a m e d : “ S u m m e r  o f  A p p l ie d  G e o lo g y  /  
G e o p h y s ic s  E x p e r ie n c e  (S A G E )  P ro g ra m  o f  IS R ”  a n d  “ W in te r  o f  A p p l ie d  G e o lo g y  /  G e o p h y s ic s  
E x p e r ie n c e  ( W A G E )  P ro g ra m  o f  IS R ”

T h e se  h a v e  b e c o m e  v e r y  p o p u la r  a n d  re q u e s ts  p o u r  in  f r o m  a l l  o v e r  In d ia  a n d  f r o m  I IT s  a n d  p re s t ig io u s  
u n iv e rs it ie s .  A t  a  t im e  w e  h a v e  3 0 -4 0  s tu d e n ts  a n d  h a v e  to  re g re t  so m e  re q u e s ts  d u e  to  w a n t  o f  
a c c o m m o d a tio n .

•  T h e  f o l lo w in g  3 7  s tu d e n ts  w e r e  r e g is te r e d  f o r  s u m m e r  t r a in in g :

M r .  A n i l  R a k h o liy a ,  M .S c . F in a l  y e a r  s tu d e n t, F a c u lty  o f  G e o m a tic s  a n d  S pace  A p p lic a t io n s ,  C E P T  
U n iv e r s it y ,  A h m e d a b a d . “ G e n e ra t io n  o f  S o il  M o d e ls  u s in g  G IS  T e c h n iq u e s ” . (F e b . -  M a y  2 0 1 2 ) .

M s .  N is h a  B a k a ra n ia , M .S c .  F in a l  y e a r  s tu d e n t, F a c u lty  o f  G e o m a tic s  a n d  S pace  A p p lic a t io n s ,  C E P T  
U n iv e r s it y ,  A h m e d a b a d . “ M o rp h o te c to n ic s  o f  S o u th  E a s t o f  D e m o c ra t ic  R e p u b lic  o f  c o n g o : A  case s tu d y  
o f  L a u p u la  R iv e r  B a s in ” . (F e b . -  M a y  2 0 1 2 ) .

M r .  S a n d ip  C h a tro la ,  M .S c .  F in a l  y e a r  s tu d e n t, F a c u lt y  o f  G e o m a tic s  a n d  S pace  A p p lic a t io n s ,  C E P T  
U n iv e r s it y ,  A h m e d a b a d . “ S e is m ic  V u ln e r a b i l i t y  A s s e s s m e n t” . (F e b . -  M a y  2 0 1 2 ) .

M r .  P r iy a n k  R a jp a l,  M .S c .  F in a l  y e a r  s tu d e n t, F a c u lty  o f  S c ie n c e , M .  G . S c ie n c e  In s t i tu te ,  G u ja ra t  
U n iv e r s it y ,  A ’ b a d , D e te rm in a t io n  o f  in d e x  p ro p e r t ie s  o f  s o i l  f o r  id e n t i f ic a t io n  o f  s u b -s t r a t i f ic a t io n  in  
A h m e d a b a d  c i t y ,  G u ja ra t ,  W .  In d ia  (M a r .  -  M a y  2 0 1 2 ) .

M s .  D ra s h t i  G a n d h i,  M .S c . F in a l  y e a r  s tu d e n t, F a c u lt y  o f  S c ie n c e , M .  G . S c ie n c e  In s t i tu te ,  G u ja ra t  
U n iv e r s it y ,  A ’ b a d , T o p o g ra p h ic  s tu d ie s  U s in g  R T K  G P S  o f  G IF T  C it y ,  G a n d h in a g a r .  (M a r .  -  M a y  
2 0 1 2 ) .

M s .  P a rn a v i P ra ja p a t i,  M .S c .  F in a l  y e a r  s tu d e n t, F a c u lt y  o f  S c ie n c e , M .  G . S c ie n c e  In s t i tu te ,  G u ja ra t  
U n iv e r s it y ,  A ’ b a d , A g e  e s t im a t io n  o f  s e d im e n t u s in g  o p t ic a l ly  s t im u la te d  lu m in e s c e n c e  d a t in g  te c h n iq u e  
(M a r .  -  M a y  2 0 1 2 ) .
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•  S o m e  2 8  s tu d e n ts  f r o m  IS M  D h a n b a d , 1 f r o m  D U  s ta r te d  t h e i r  8 -1 0  w e e k s  IS R  s u m m e r  t r a in in g  
In te rn s h ip  P ro g ra m

•  S h a s h a n k  S a n g e rw a r  o f  3 rd  y r  I I T k h  f r o m  31 A p r i l  to  June  15, 2 0 1 2
•  A r u n  P . J a c o b , f in a l  y r  f r o m  M a n o m a n ia m  S u n d a ra n a r  U n iv . ,  T i r u n e lv e l l i  , 2 7  M a y  to  3 0  Ju n e , 

2 0 1 2
M r .  R a jr is h i  R o y  C h o w d h u ry  g o t  t r a in in g  in  O S L  L a b o ra to r y  d u r in g  7 .1 .2 0 1 2  to  3 0 .3 .2 0 1 2 . H e  is  a  5 th  
y e a r  s tu d e n t o f  M S  (E a r th  S c ie n c e s ) in  In d ia n  In s t i tu te  o f  S c ie n c e  E d u c a t io n  a n d  R e s e a rc h , K o lk a ta  
( I IS E R - K ) .  H is  p ro je c t  is  o n  p a la e o c lim a te  re c o n s t ru c t io n  in  E a s te rn  H im a la y a  in  B h u ta n .

F o l lo w in g  s tu d e n ts  o f  3 rd  y e a r  B .E .  (P e tro le u m  T e c h n o lo g y )  f r o m  P a n d it  D in d a y a l P e tro le u m  U n iv e r s i t y  
ca m e  to  IS R  f o r  in te rn s h ip  f r o m  1 5 .1 2 .2 0 1 1  to  2 .1 .2 0 1 2 :

M r .  C h in ta n  P a te l, M r .  G u n ja n  V o r a ,  M r .  G u n je s h  P a te l, M r .  K u n a l R a th o d , M r .  M a u l ik  S u ta r iy a ,

M r .  Y o g e s h k u m a r  D a ls a n ia , M r .  M o h i t  V e rm a , M r .  J o y  M o d h  a n d  M r .  V ip u l  K e s w a n i

T e c h n ic a l v i s i t  o f  s tu d e n ts  o f  6 th  S e m e s te r, C iv i l  E n g g . D e p t .  o f  B h a g w a n  M a h a v ir  C o lle g e  o f  
E n g in e e r in g  a n d  T e c h n o lo g y ,  S u ra t -  3 9 5 0 1 7  (E m a il :  b m e f_ 1 @ r e d i f fm a i l .c o m )

F o l lo w in g  s tu d e n ts  o f  3 rd  y e a r  C iv i l  E n g in e e r in g  f r o m  V e l- T e c h  T e c h n ic a l U n iv e r s i t y ,  C h e n n a i, 
T a m iln a d u  ca m e  to  IS R  f o r  in te rn s h ip  f r o m  1 5 .1 2 .2 0 1 1  to  2 .1 .2 0 1 2 :

S tu d e n ts  o f  M .G .  S c ie n c e  In s t i tu te ,  A h m e d a b a d , s tu d y in g  in  M .s c .  G e o lo g y  S e m - IV  h a v e  s ta r te d  th e i r  
d is s e r ta t io n  in  IS R  f r o m  2 6 /3 /2 0 1 2  a n d  w i l l  c o n t in u e  t i l l  7 /4 /2 0 1 2 . T h e y  jo in e d  d i f fe r e n t  la b o ra to r ie s  as
fo l lo w s

1) G a n d h i D ra s t i  N .  - G P S  L a b  ( R T K  G P S )
2 ) P ra ja p a t i P a rn a v i D . - O S L  L a b
3 ) R a jp a l P r iy a n k  J. - G e o te c h n ic a l L a b

P r iy a n k a  N a y a k  M S c  G e o lo g y  o f  B u n d e lk h a n d  U n iv . ,  J h a n s i: 3 m o n th s  t r a in in g  o n  G e o te c h n ic a l 
In v e s t ig a t io n s  (3  F e b . to  2 5  A p r i l  2 0 1 2 )

D is s e r ta t io n s  B y  S tu d e n ts

M r .R a h u l  P , M r .  A g h i l  T  B ,  M r .  R o b in  A lb y  E , M r .  Jose P a u l in  M a g n e to - T e l lu r ic  L a b  f o r  d is s e r ta t io n  
d u r in g  3 1 .1 2 .2 0 1 1  to  1 5 .0 2 .2 0 1 2 . T h e y  a re  f in a l  s e m e s te r s tu d e n ts  o f  (M s c .  A p p l ie d  G e o p h y s ic s )  M  S 
U n iv e r s i t y  T i r u n e lv e l i ,  T a m i l  N a d u .

V in a y  K u m a r ,  V in a y  D w iv e d i ,  S h iv  K u m a r  a n d  N a re n d ra  Im a ly a -  F o u r  M .S c .  G e o lo g y  f in a l  y e a r  
s tu d e n ts  o f  B u n d e lk h a n d  U n iv . ,  J h a n s i: D is s e r ta t io n  o n  G e o te c h n ic a l In v e s t ig a t io n s  (3  F e b . to  2 5  A p r i l  
2 0 1 2 )

I n t e r n s h ip  o f  S tu d e n ts
M r .  A n i l  R a k h o liy a ,  M .S c .  F in a l  y e a r  s tu d e n t, F a c u lty  o f  G e o m a tic s  a n d  S pace  A p p lic a t io n s ,  C E P T  
U n iv e r s it y ,  A h m e d a b a d . “ G e n e ra t io n  o f  S o il  M o d e ls  u s in g  G IS  T e c h n iq u e s ” . (F e b . -  M a y  2 0 1 2 ) .

M s .  N is h a  B a k a ra n ia , M .S c .  F in a l  y e a r  s tu d e n t, F a c u lty  o f  G e o m a tic s  a n d  S pace  A p p lic a t io n s ,  C E P T  
U n iv e r s it y ,  A h m e d a b a d . “ M o rp h o te c to n ic s  o f  S o u th  E a s t o f  D e m o c ra t ic  R e p u b lic  o f  c o n g o : A  case s tu d y  
o f  L a u p u la  R iv e r  B a s in ” . (F e b . -  M a y  2 0 1 2 ) .

M r .  S a n d ip  C h a tro la ,  M .S c .  F in a l  y e a r  s tu d e n t, F a c u lty  o f  G e o m a tic s  a n d  S pace  A p p lic a t io n s ,  C E P T  
U n iv e r s it y ,  A h m e d a b a d . “ S e is m ic  V u ln e r a b i l i t y  A s s e s s m e n t” . (F e b . -  M a y  2 0 1 2 ) .
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CHAPTER 11
H U M A N  R E S O U R C E  A N D  D E V E L O P M E N T

1 1 .1  H o n o r s /  R e c o g n it io n s /A w a r d s  to  IS R  s c ie n t is ts  f r o m  O t h e r  A g e n c ie s
B K  R a s to g i is  n o m in a te d  as a  M e m b e r  P ro je c t  A d v is o r y  C o m m it te e  o f  D S T , N e w  D e lh i
B K  R a s to g i a w a rd e d  G o ld e n  J u b ile e  “ H o n o ra r y  S c ie n t is t ”  A w a r d  f r o m  In te rn a t io n a l In s t i tu te  o f  
S e is m o lo g y  a n d  E a r th q u a k e  E n g in e e r in g ,  T o k y o ,  Japan .
D r .  B .K .  R a s to g i n o m in a te d  as m e m b e r , C E P T  U n iv e r s i t y  R e v ie w  C o m m it te e  o f  P ro fe s s o rs
D r .  B .K .  R a s to g i a c te d  as m e m b e r  s e le c t io n  c o m m it te e  f o r  th e  p o s t  o f  A s s o c ia te  a n d  A s s t.  
P ro fe s s o rs  o f  I I T  B h u v a n e s h w a r
S h r i S a n to sh  K u m a r  S u n d a r iy a l,  S c .D  is  n o m in a te d  as B o a rd  o f  D ire c to rs  in  n e w ly  in c o rp o ra te d  
B IS A G  S A T C O M  C o m p a n y .
B K  R a s to g i c h a ire d  a  s e s s io n  o f  ‘ G e o s c ie n c e s  A r e a ’ o f  S y m p o s iu m  o n  “ S c ie n t i f ic  In te rv e n t io n s  
f o r  S o c ie ta l D e v e lo p m e n t”  o rg a n iz e d  b y  N o r t h  e a s t In s t i tu te  o f  Sc. &  T e c h .,  J o rh a t, D e c e m b e r  2 0 , 
2 0 1 2 .
B K  R a s to g i C h ie f  G u e s t a n d  In a u g u ra te d  th e  N a t io n a l S e m in a r  o n  “ E a r th q u a k e  H a z a rd s : 
E d u c a t io n ,  P re p a re d n e ss  a n d  M a n a g e m e n t”  o rg a n iz e d  b y  E n v ir o n m e n ta l  W a tc h  a n d  M a n a g e m e n t 
In s t i tu te ,  G u w a h a t i,  D e c  2 8 -3 0 , 2 0 1 2 .
S id d h a r th  P r iz o m w a la  h a s  b e e n  s h o r t l is te d  f o r  th e  ‘ Y o u n g  S c ie n t is t  A w a r d ’ b y  th e  In d ia n  S c ie n c e  
C o n g re s s  A s s o c ia t io n  f o r  ‘ E a r th  S c ie n c e ’ C a te g o ry  f o r  y e a r  2 0 1 2 .
S id d h a r th  P r iz o m w a la  has  b e e n  a w a rd e d  th e  Q u a te rn a ry  C o n fe re n c e  F u n d  A w a r d  b y  th e  
Q u a te rn a ry  R e s e a rc h  A s s o c ia t io n  ( U K )  to  a tte n d  th e  4 th O S M  P A G E S  C o n fe re n c e .
S id d h a r th  P r iz o m w a la  s u b m it te d  h is  P h D  th e s is  e n t i t le d  “ S e d im e n t P ro v e n a n c e , p a th w a y s  a n d  s in k  
p o te n t ia l  o f  th e  in n e r  G u l f  o f  K a c h c h h  c o a s t, W e s te rn  In d ia ”  to  th e  M .  S. U n iv e r s i t y  o f  B a ro d a .
B .K .  R a s to g i: C h a irm a n  S e m in a r  S e ss io n  “ C u r re n t  S c e n a r io  in  a re a  o f  e a rth q u a k e  re s is ta n t 
d e s ig n in g ”  a n d  K E Y N O T E  A D D R E S S  “ S e is m ic  m ic ro z o n a t io n  a n d  e a rth q u a k e  h a z a rd  e s t im a t io n  
f o r  im p o r ta n t  s tru c tu re s ”  “ T e c h n ic a l W o rk s h o p  f o r  F a c u lty  a n d  A c a d e m ia ”  a t S A L  In s t. o f  T e c h . 
&  E n g g . R e s e a rc h , A h m e d a b a d  o n  2 2 .2 .2 0 1 3
B .K .  R a s to g i: K E Y N O T E  A D D R E S S  “ S e is m ic  H a z a rd ”  a t N H P C  N o r t h  E a s t G e o lo g is ts ’ 
c o n c la v e  S u b a n s ir i L o w e r  H y d r o  E le c t r ic  P ro je c t .  11th M a r c h  2 0 1 3
B .K .  R a s to g i: K E Y N O T E  A D D R E S S  “ E n g in e e r in g  S e is m o lo g y ”  a t N H P C  N o r t h  E a s t G e o lo g is ts ’ 
c o n c la v e  S u b a n s ir i L o w e r  H y d r o  E le c t r ic  P ro je c t ,  12th M a r c h  2 0 1 3

IS R  S E M I N A R  T A K L S  ( I N H O U S E  S E M I N A R S )
F o l lo w in g  12 ta lk s  w e re  d e liv e re d  b y  IS R  s c ie n t is ts  o n  1 2 .1 2 .1 2  f o r  12 m in u te  d u ra t io n  each :
1. S a n to s h  K u m a r ,  S e is m ic  N e tw o r k ,  S e is m ic ity ,  S e is m ic  B a c k g ro u n d  N o is e  o f  G u ja ra t  N e tw o r k  a t 

IS R , D e c . 12, 2 0 1 2
2 . A .P .  S in g h , 3 -D  S e is m ic  S tru c tu re , C ra c k  A t t r ib u te s  a n d  b -V a lu e s  o f  th e  K a c h c h h  G u ja ra t ,  In d ia  

a n d  I ts  Im p l ic a t io n  f o r  th e  E a r th q u a k e  H a z a rd  M i t ig a t io n ,  a t IS R , D e c . 12, 2 0 1 2
3. G ir is h  C h . K o th y a r i ,  N e o te c to n ic  a t t r ib u te  o f  th e  G e d i F a u lt  in  W a g a d  a re a  o f  K a c h c h h ,  G u ja ra t  

In d ia ,  a t  IS R , D e c . 12, 2 0 1 2
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4 . P . M a h e s h , S e is m o te c to n ic s  o f  th e  K u m a u n -G a rh w a l H im a la y a ,  a t IS R , D e c , 12, 2 0 1 2
5. B .  S a ira m , p r o b a b il is t ic  S e is m ic  h a z a rd  a sse ssm e n t (P S H A )  o f  G u ja ra t ,  a t IS R , D e c . 12, 2 0 1 2
6. S. P. P r iz o m w a la ,  Is  th e  s o u th e rn  c o a s t o f  K a c h c h h  u p l i f te d ?  a t IS R , D e c . 12, 2 0 1 2
7. S. P . P r iz o m w a la ,  S ig n a tu re s  o f  T e c to n ic  U p l i f t  R e c o rd e d  b y  M a r in e  N o tc h e s  a lo n g  D iu  C o a s t,

W e s te rn  In d ia ,  a t IS R , D e c . 12, 2 0 1 2
8. B .K .  R a s to g i,  D e l in e a t io n  o f  F a u lts  a n d  B a s e m e n t S tru c tu re  in  K a c h c h h  U s in g  H ig h  R e s o lu t io n  

G r a v i t y  S u rv e y , a t IS R , D e c . 12, 2 0 1 2
9. B .K .  R a s to g i, S e is m ic i ty  o f  G u ja ra t  F ro m  2 0 0 1  to  2 0 1 2 , a t IS R , D e c . 12, 2 0 1 2
10. B .K .  R a s to g i, S e is m ic  M ic r o z o n a t io n  w o r k  in  G u ja ra t  b y  IS R , a t  IS R , D e c . 12, 2 0 1 2
11. B .K .  R a s to g i, S e is m ic  H a z a rd  A s s e s s m e n t o f  th e  In d u s t r ia l  s ite s  in  K a c h c h h , a t IS R , D e c . 12, 2 0 1 2
12. B .K .  R a s to g i, S e is m ic i ty  o f  H im a la y a ,  a t IS R , D e c . 12, 2 0 1 2

1 1 .2  P h D  A w a r d e d :
1. B a b ita  S h a rm a  (2 0 0 7 ) ,  A t te n u a t io n  a n d  S ite  A m p l i f i c a t io n  S tu d ie s  f o r  In d ia n  R e g io n s  u s in g  C o d a  

W a v e s , K u ru k s h e tra  U n iv e r s it y ,  K u ru k s h e tra ,  1 6 1 p p .G u id e : P ro f .  S .S . T e o t ia .
2 . R .B .S . Y a d a v  (2 0 0 9 ) .  S e is m o te c to n ic  m o d e l in g  o f  N W  H im a la y a :  A  p e rs p e c t iv e  o n  fu tu re  s e is m ic  

h a z a rd . D e p a r tm e n t o f  E a r th q u a k e  E n g in e e r in g ,  In d ia n  In s t i tu te  o f  T e c h n o lo g y ,  R o o rk e e , G u id e : 
P ro f .  D a y a  S h a n k a r.

3 . K a p i l  M o h a n  (2 0 0 9 ) .  S e is m ic  H a z a rd  A s s e s s m e n t o f  H im a la y a n  R e g io n s  (N E  a n d  U tta ra k h a n d  
H im a la y a s )  b a se d  o n  s tro n g  m o t io n  m o d e l in g  o f  e a rth q u a k e  so u rce s . K u ru k s h e tra  U n iv e r s it y .  
G u id e : P ro f.  A n a n d  J o s h i

4 . R a je e v a  K u m a r  J a is w a l (2 0 0 9 ) “ S e is m ic  c h a ra c te r is t ic s  o f  E a r th q u a k e s  in  In d ia  a n d  T s u n a m i in  th e  
In d ia n  O c e a n ”  g u id e s : D r .  B .K .R a s to g i a n d  D r .  V .P .  D im r i

5 . S u m e r C h o p ra  ( 2 0 1 0 ) . “ E s t im a t io n  o f  a tte n u a t io n  c h a ra c te r is t ic s ,  s ite  a m p l i f ic a t io n  fu n c t io n s  a n d  
g ro u n d  m o t io n s  f o r  th e  e v a lu a t io n  o f  s e is m ic  h a z a rd  in  th e  G u ja ra t  re g io n ,  In d ia ” , K u ru k s h e tra  
U n iv e r s it y ,  g u id e s : D r .  B .K .R a s to g i a n d  P ro f .  D in e s h  K u m a r .

6. R a k e s h  K u m a r  D u m k a  (2 0 1 1 )  o n  th e  to p ic  “ D e te rm in a t io n  o f  C ru s ta l S tra in  f ie ld  in  K u m a u n  
L e s s e r  to  T e th y s  H im a la y a  u s in g  G P S  g e o d e s y ”  u n d e r  th e  s u p e rv is io n  o f  P r o f  V .  K .  G a u r  a n d  
P ro f .  B . S. K o t l ia  f r o m  th e  D e p a r tm e n t o f  G e o lo g y  K u m a u n  U n iv e r s i t y ,  N a in it a l .

7 . B .  S a ira m  (2 0 1 2 )  “ S tu d y  o f  S o u rc e  P a ra m e te rs  a n d  S e is m o te c to n ic s  o f  th e  G u ja ra t ,  In d ia :  
Im p l ic a t io n s  to w a rd s  th e  S e is m ic  H a z a rd  M it ig a t io n ,  O s m a n ia  U n iv e r s it y ,  u n d e r  th e  g u id a n c e  o f  
B K  R a s to g i a n d  P ra n t ik  M a n d a l o f  N G R I .

1 1 .3  D e p u ta t io n s  a b r o a d :
1. K . M A D H U S U D H A N A  R A O ,  T r a in in g  o n  O p e ra t io n  a n d  U s a g e  o f  U L F  M a g n e to m e te rs  a n d  its  

A n a ly s is ,  L V I V  L a b o ra to r y  f o r  E le c t ro m a g n e t ic  In v e s t ig a t io n s ,  5 - A  N e u k o v a  S tr , L V I V ,  U k ra in e ,  
O c to b e r  2 2 -3 1 , 2 0 1 2 .

2 . P A L L A B E E  C H A U D H U R Y ,  W o r k s h o p  o n  G e o p h y s ic a l D a ta  A n a ly s is  a n d  A s s im i la t io n ,  
In te rn a t io n a l C e n tre  T h e o re t ic a l P h y s ic s  ( IC T P ) ,  T r ie s te , I t a ly ,  2 7 th  O c to b e r -  2 n d  N o v e m b e r ,  2 0 1 2  
a n d  C o lla b o ra t iv e  R e s e a rc h  W o r k ,  D e p t  o f  M a th e m a t ic s  a n d  G e o s c ie n c e s , U n iv e r s ita  D e g l i  S tu d y  
d i  T r ie s te , I t a ly ,  3 rd  -  1 7 n d  N o v e m b e r ,  2 0 1 2 .

3. P ro f .  D r .  B K  R a s to g i a n d  D r .  K a p i l  M o h a n , to  a tte n d  “ C o n s u lta t iv e  S o u th  A s ia n  E x p e r t  M e e t in g  
o n  G lo b a l E a r th q u a k e  M o d e l  ( G E M S A M ) ”  in  K a th m a n d u , N e p a l,  2 8  F e b  -  4  M a rc h ,  2 0 1 3 .
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1 1 .4  W o r k s h o p s  /  S e m in a rs  A t t e n d e d :
1. G . C  K o th y a r i  a n d  P ra b h in  S u k u m a ra n  a tte n d e d  th e  In te rn a t io n a l G e o lo g ic a l c o r r e la t io n  c o n g re s s  

( IG C P )  o r  n o w  k n o w n  as In te rn a t io n a l G e o s c ie n c e  P ro g ra m ’ s a n n u a l m e e t in g  a n d  c o n fe re n c e  o n  
‘ T r o p ic a l  R iv e rs :  P h y s ic a l p ro ce sse s , Im p a c t ,  H a z a rd  a n d  m a n a g e m e n t’ a t  I I T  K a n p u r ,  f r o m  5 th  to  
7 th  J a n u a ry  2 0 1 2  a n d  p re s e n te d  p o s te r  t i t le d  “ T h e  re s p o n s e  o f  d ra in a g e  b a s in s  to  th e  la te  
Q u a te rn a ry  te c to n ic s  in  th e  S a b a rm a ti R iv e r  b a s in , G u ja ra t ,  W e s te rn  In d ia ” .

2 . G . C  K o th y a r i  a n d  R .K .  D u m k a , N a t io n a l  le v e l  F ie ld  w o rk s h o p  a n d  B r a in  S to rm in g  S e s s io n  o n  
“ G e o lo g y  o f  K a c h c h h  B a s in , w e s te rn  In d ia :  P re s e n t S ta tu s  a n d  F u tu re  P e rs p e c t iv e s ” , 2 6 -2 9  
J a n u a ry  2 0 1 2 .

3. B .K .  R a s to g i,  N a in i t a l  to  a tte n d  s e m in a r , to  p re s e n t an  in v i te d  p a p e r  a n d  to  c h a ir  a  se ss io n , 
“ G e o lo g y  a n d  G e o -re s o u rc e s  o f  H im a la y a  a n d  C ra to n ic  R e g io n s  o f  In d ia ” , G e o lo g y  D e p t. ,  
K u m a o n  U n iv . ,  N a in i t a l ,  1 0 -1 2  M a rc h ,  2 0 1 2 .

4 . O n e  D a y  W o rk s h o p  o n  “ H y d r o lo g ic a l  D a ta  M a n a g e m e n t in  G u ja ra t :  P re s e n t S ta te  a n d  T re n d s ”  
h e ld  a t D e p t .  o f  C iv i l  E n g g . , P a n d it  D e e n d a y a l P e tro le u m  U n iv e r s i t y  (P D P U ) ,  21  A p r i l  2 0 1 2 .

5. P e rso n s  a tte n d e d -  M r .  K .M .  R a o , M r .  S a n to s h  K u m a r ,  D r .  K a p i l  M o h a n , D r .  P a lla b e e  C h o u d h a ry , 
M r .  B .S a ira m , M r .  S a n de e p  A g g r a w a l,  M r .  R .K .  S in g h , M s .  F a lg u n i B h a tta c h a ry a , M s .  S u n ita  
D e v i  a n d  M r .  S u re sh .

6. B .K .  R a s to g i,  G u e s t o f  H o n o r  f o r  In a u g u ra l a n d  V a le d ic to r y  F u n c t io n  o f  “ R e fre s h e r  C o u rs e  o n  
U p d a te  o n  IP R ”  to  h e ld  a t IS R  o n  2 5 th  M a y  2 0 1 2 .

7. B .K .  R a s to g i,  G u e s t o f  H o n o r ,  In a u g u ra l F u n c t io n  o f  th e  A n n u a l R e v ie w  M e e t in g  o f  C o m m u n ity  
S c ie n c e  C e n te rs  (C S C )  o f  G u ja ra t ,  1 .6 .2 0 1 2

1 1 .5  T r a in in g  o f  IS R  s t a f f  o u ts id e
1. D r .  R a k e s h  D u m k a  a tte n d e d  t r a in in g  o n  G P S  d a ta  p ro c e s s in g  a n d  in te rp re ta t io n  w i t h  u p d a te d  

s o ftw a re  a t I IG ,  M u m b a i  d u r in g  7 th  M a rc h  2 0 1 2  to  2 7 th  A p r i l  2 0 1 2 .
2 . M .S .B .S .  P ra sa d  (S c .B ) ,  T a ra k  S h a h  (G e o p h y . ) ,  S u s h a n t K u m a r  S a h o o  (J R F )  a n d  S ik h a  M is h ra ,  

a tte n d e d  t r a in in g  o n  M a g n e t ic  O b s e rv a to ry ,  In d ia n  In s t i tu te  o f  G e o m a g n e t is m  ( I I G ) ,  R a jk o t  d u r in g  
6 -8  Ju n e  2 0 1 2 .

3. C h ira g  C h a v d a  ( L ib r a r ia n )  a tte n d e d  N a t io n a l W o rk s h o p  o n  “ O p e n  A c c e s s  S o f tw a re ” , a t P a ru l 
In s t i tu te  o f  T e c h n o lo g y ,  B a ro d a , 1 5 -1 6  J u n e  2 0 1 2 .

6. S h ik h a  S w a ru p a  M is h r a  a n d  S w a g a t ik a  D a s h  a tte n d e d  S E R C  C o a rse  o n  “ A p p l ic a t io n  o f  G P S  o n  
a tm o s p h e r ic  C o n s t ra in ts ” , a t O s m a n ia  U n iv e r s it y ,  H y d e ra b a d , 13 Ju n e  to  3 J u ly .

7 . M .S .B .S .  P ra sa d  (S c .B ) ,  T a ra k  S h a h  (G e o p h y . ) ,  S u s h a n t K u m a r  S a h o o  (J R F )  a n d  Ja ya sh re e  
B e n n a r je e  (J R F ) , a tte n d e d  t r a in in g  o n  G e o  C h e m ic a l P re c u rs o rs , V a r ia b le  E n e rg y  C y c lo t r o n  
C e n tre  ( V E C C ) ,  D e p t .  o f  A to m ic  E n e rg y , G o v t .  o f  In d ia ,  1 /A F  B id h a n  N a g a r ,  K o lk a ta ,  25  Ju n e  to  
3 J u ly  2 0 1 2 .
M r .  N a g a b h u s h a n  R a o  d id  re s e a rc h  w o r k  w i t h  D r .  N .  P u rn a c h a n d ra  R a o  a t N G R I ,  H y d e ra b a d , 
A u g u s t -S e p te m b e r  2 0 1 2 .
M s . J y o t i  S h a rm a , a tte n d e d  th e  t r a in in g  re g a rd in g  M o m e n t  T e n s o r  In v e r s io n  a n d  a m b ie n t  N o is e  
to m o g ra p h y  u n d e r  th e  g u id a n c e  o f  D r .  N .  P u rn a c h a n d ra  R a o  a t N G R I ,  H y d e ra b a d , N o v .  3 -1 8 , 
2 0 1 2 .
M r .  N a g a b h u s h a n  R a o  f in a l iz e d  re s e a rc h  p a p e rs  w i t h  D r .  N .  P u rn a c h a n d ra  R a o  a t N G R I ,  
H y d e ra b a d , N o v .  9 -3 0 , 2 0 1 2 .
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1 1 .5  L is t s  o f  s t a f f

S c ie n t i f ic  s t a f f
Sn N a m e P os t P G P G  y r J o in in g
1 K. Madhusudan Rao Sc. D, GoG Plan M.Sc. Tech. Geophys, OU 1995 01.02.2006
2 Santosh Kumar Sc. D, GoG Plan M.Tech in Applied 

Geophysics., KU
1996 01.04.2006

3 Dr. (Miss) Pallabee 
Choudhury

Sc. C, GoG Plan M.Sc. Phys. Tezpur 
PhD Geophy. Tezpur

2001
2006

19.07.2007

4 Dr. Kapil Mohan Sc. C, GoG Plan M.Tech Geophys., KU 
Ph.D Geophys., KU

2001
2009

11.07.2007

5 Dr. B. Sairam Sc. B, GoG Plan M.Sc. Tech. Geophys. 
OU

2003 17.08.2006

6 A. P. Singh Sc. B, GoG Plan M.Sc. Tech. Geophy., BHU 2002 14.08.2006
7 Ms. Jyoti Sharma Sc. B, GoG Plan M.Sc. Phys., DU 

M.Tech, IITkh
2005
2008

01.12.2011

8 P. Mahesh Sc. B, GoG Plan M.Sc. Phys, AU 2005 29.12.2011
9 G. Pavankumar Sc. B, GoG Plan M.Sc. Phys. AU 2004 05.01.2012
10 Dr. Girish Chandra 

Kothyari
Sc. B,
Fast Track

M.Sc. Geol, Kumaun PhD, 
KU Nainital

2001
2009

13.4.2009

11 M.S. B. S. Prasad Sc. B, SSNL M.Sc. Tech. Geophys. AU 1989 11.6.2007
12 Dr. Rakesh Kumar Dumka Sc. B, SSNL M.Sc. Geol Kumaun 

Ph.D Kumaun
2003
2011

1.8.2007

13 Sandeep Kumar Aggarwal Sc. B, SSNL M.Tech Geophys., KU 2004 20.7.2007
14 Ms. Falguni Bhattacharjee Sc. B, SSNNL M.Sc. Geol, Jadavpur Uni 2004 13.2.2008
15 Vasu Pancholi Sc. B, MoES-3 M.Sc. Geol., GU 2005 8.09.2011
16 Sidharth Dimri Sr. Geologist M.Sc. Geol., HNB Garhwal 

University
2002 15.1.2008

17 Vandana Patel Geophysicist 
GoG Plan

M.Sc., Phys. 2006 06.9.2008

18 Nagabhushan Rao Geophysicist 
GoG Plan

M.Sc. Phys. 2007 1.4.2010

19 Annam Navneeth Geophysicist 
GoG Plan

M.Sc. Geophys. OU 2009 19.4.2010

20 Sunita Raika Geophysicist 
GoG Plan

M.Tech. (Appl. Geoph.) 2010 03.09.2010 
DoR 8.2.13

21 Siddharth Prizomwala Geophysicist 
GoG Plan

M.Sc. Geol., MSU 2008 8.10.2012

22 Ketan Singha Roy Geophys. 
Italian Proj

M.Tech Computational 
Seism., Tezpur

2009 30.7.2009

23 Ms. Sarda Maibam Geophys.
GoG Non Plan

M.Sc. Earth Sc. Manipur 2009 05.11.2009

24 Ms. Ranjana Naorem Geophys.
GoG Non Plan

M.Sc. Earth Sc, Manipur 2009 30.1.2010 
DoR 14.3.13

25 Vishwa Joshi Geophys.
GoG Non Plan

M.Sc. Phys. 2007 20.05.2009

26 Manish Sharma Hon. Sc. M.Sc. Geol., MSU 30.07.2011
27 S. Venkateswara Rao Senior Geophysicist M.Sc. Geophysics Osmania 

University
2007 04.06.2012

28 Miss Meenakshi Rawat Geologist B.Tech. (Geosciences) Uni. 
of Petro. and Energy Stud., 

Dehradun

2011 04.07.2012

29 Miss Purnima Singh Geologist M.Sc. Geol., MSU 2011 20.08.2012
30 Mr. C. Prasanna Simha Project Sc. MSC Phys., 2005 6.11.2012
31 Dilip Kumar Haldar RA M.Sc. Phys. 2007 1.10.2012
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L is t  o f  J R F s
Sn Name Post Qualifications PG yr Joined on
1 Jaina P. Patel JRF, MoES-3 M.Sc. Env. Sc & Tech 2009 1.06.2009
2 *Ms. Jayashree Bannerjee JRF, MoES-3 M.Sc. Geophy 

ISM, Dhanbad
10.6.201 
DoR 20.2.13

3 *Gajendra Prasad JRF, MoES-3 M.Sc. App. Geophy 
ISM, Dhanbad

2012 30.6.2012 DoR 
1.5.13

4 Swagatika Dash JRF, MoES-4 M.Sc. Geophy, Berhampur 2012 2.4.2012
5 *Mr. Kuntal Bhukta JRF, MoES-4 M.Sc. App. Geophy., ISM 

Dhanbad
2012 3.9.2012 DoR 

20.2.13
6 *Kavita Rani JRF, MoES-4 M.Tech. Appl. Geophy 

Kurukshetra
2011 28.9.2011 DoR 

1.5.13
7 Peush Chaudhary JRF, MoES-5 M.Tech. Appl. Geophy 

Kurukshetra
2011 2.1.2012

8 *Monika Wadhawan JRF, ISRO M.Tech. Appl. Geophy, 
Kurukshetra

2011 28.9.2011
DoR22.12.212

9 Sushant Kumar Sahoo JRF, ISRO M.Sc. Geophy Berhampur 2012 2.4.2012
10 *Mohar Singh JRF, GoG Plan M.Tech. Remote 

Sensing
2010 29.9.2010 DoR 

31.12.2012
11 Sunita Sahoo JRF, GoG Plan M.Sc. Geophy Berhampur 2012 2.4.2012
12 Sikha Swarupa Mishra JRF, GoG Plan M.Sc. Geophy Berhampur 2012 2.4.2012
13 Vinay Kumar Dwivedi JRF, GoG Plan M.Sc. Geol. 

Bundelkhand Uni.
2012 21.7.2012

14 Ms. Jayshri Solanki JRF, GoG Plan M.Sc. Geomatics, CEPT 
University

2012 4.9.2012

15 Ms. Drasti Gandhi JRF, GoG Plan M.Sc. Geology, M.G. Sci., 
A’bad

2012 18.9.2012

16 Ms. Parnavi Prajapati JRF M.Sc. Geology, M.G. Sci., 
A’bad

2012 18.9.2012

T e c h n ic a l  O f f i c e r
Name Qualification Joined on
Ganpat Parmar BE (EC) 17.11.2007
Jignesh B. Patel BE (Computer Science) 12.04. 2006

T e c h n ic a l  A s s is ta n t
Sn Name Qualification Joined on
1 Jay Pandit B.Com. 16.06.2007
2 Nirav Patel Dipl. Electrical 18.10.2007
3 Dilip Chaudhari Dipl. Electrical 30.10.2007
4 Sandip Prajapati DEC 24.12.2007
6 Bharat D. Mevada DEC 18.01.2008
7 Gaurav Parmar DCE 10.03.2008
8 Tejendra Vaghela Dipl. Electrical 03.10.2008
9 Dharmendra Solanki B.Com. 01.12.2008 

To July 2012
10 Mahesh Valekar Dipl. Electrical 03.03.2009
11 Ankit Pandya Dipl. Civil Engg. 01.04.2009
12 Bihari Darji ITI Electronics 20.04.2009
13 Pritesh Chauhan Dipl. Comp. Engg 01.05.2009
14 Jayesh Parmar DEC 01.05.2009
15 Darshit Modi DEC 04.05.2009
16 Suresh Thadani BE (EC) 2012 13.7.2012
17 Paresh A. Paradia Dip. Electrical 16.10.2012
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A d m in i s t r a t i v e  S ta f f :
1. M r .  P. H .  C h a ra n , A c c o u n ts  O f f ic e r  s in c e  2 8 .0 8 .2 0 1 0

2 . G i r i r a j  C h a v d a , A c c o u n ta n t

3. U tp a l B h a t t ,  P A  to  D G
4 . C h ira g  C h a v d a , L ib r a r ia n  s in c e  2 1 .0 5 .2 0 1 2

5. J ite n d ra s in h  C h a v d a , S e n io r  C le r k

6. M i te s h  L a k h w a ra ,  J r. C le r k  s in c e  1 .8 .2 0 1 2

7. M r .  R a m n ik  L a l  S u c h a k , O f f ic e  S u p td . w i t h  In d .  S oc . E a r th q . Sc.

D is t in g u is h e d  V is i t in g  P r o fe s s o r :

1. P a d m a s r i K .S .  V a ld iy a ,  H o n .  P ro f . ,  J a w a h a r la l N e h ru  C e n tre  f o r  A d v a n c e d  S c ie n t i f ic  R e s e a rc h , 
B a n g a lo re

V is i t i n g  P r o fe s s o r :

1. D r .  J R  K a y a l,  F o rm e r  A d d l.  D ir e c to r  G e n e ra l G e o lo g ic a l S u rv e y  o f  In d ia
2 . P ro f .  V .C .  T h a k u r ,  F o rm e r  D ir e c to r  W a d ia  In s t .H im .G e o l. ,  D e h ra d u n

3. D r .  S .K . B is w a s , E x - D ir e c to r  K D M IP E ,  O N G C ,

C o n s u l ta n t s :

1. D r .  S iv ra m  S a s try , G e o p h y s ic is t ,  fo r m e r  Sc. N G R I ,  H y d

2 . D r .  T J  M a ju m d a r ,  G e o p h y s ic is t ,  F o r m e r ly  H e a d , E a r th  S c ie n ce s  &  H y d r o lo g y  D iv is io n ,  S A C -
IS R O

S t a f f  P o s te d  in  K a c h c h h  :
S r. N a m e D a te  o f  B i r t h E d u c a t io n a l D a te  o f  J o in in g D e s ig n a t io n
N o . Q u a lif ic a t io n

1 Jayendra V. Jadeja, Vamka 14/01/1985 12th passed,
Computer
K now ledge

12/02/2009 Lab Assistant

2 Vim al A.Parmar, 
Badargadh

26/05 /1984 D ip lom a in  
Electrical, 2005

12/02/2009 TA

3 Shivrajsinh Jadeja, Bhachau 10/06/1975 8th Pass 01 /08 /2007 Lab Assistant
4 Imran Ghanchi 

Desalpar
02/09 /1986 B .Sc.(IT ), 2008 12/02/2009 TA

5 Harpal Singh, Vamka 03/08 /1981 B .A ., LLB 2010 LA
6 Rajesh Gusai, Deshalpar 17/01/1992 SSC,

ITI(Computers)
01/07 /2011 LA

7. Jayesh Kumar C. Darji 
Vamka

22/05 /1990 SSC
ITI (W elder)

1/8/2012 Lab B oy

L is t  o f  s c ie n t i f ic  s t a f f  t h a t  jo in e d  d u r in g  2 0 1 2
1. G a y a tr i  P a w a n  K u m a r  (M .S c .  P h y s , 2 0 0 4 , A U )  Sc. B ,  5 .1 .2 0 1 2

2 . P e u sh  C h a u d h a ry  as J R F , M .T e c h .  ( A p p l ie d  G e o p h y s ic s ) ,  K .U .  K u ru k s h e tra .

3. S u n ita  S a h o o  as J R F  (M .S c .  G e o p h y s , B e rh a m p u r  U n i . ,  O d is h a , 2 0 1 2 ) ,  D .o .J : 2 .4 .2 0 1 2

4 . S w a g a t ik a  D a s h , J R F  (M S c .G e o p h y s ic s ,  B e rh a m p u r  U n i . ,  O d is h a , 2 0 1 2 ) ,  D .o .J : 2 .4 .2 0 1 2

5. S u s h a n t K u m a r  S a h o o , J R F  (M S c .G e o p h y s . ,  B e rh a m p u r  U n i . ,  O d is h a , 2 0 1 2 ) ,  D .o .J : 2 .4 .2 0 1 2
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6. S ik h a  S w a ru p a  M is h r a  as J R F  (M S c .G e o p h y s ic s ,  B e rh a m p u r  U n i . ,  O d is h a , 2 0 1 2 ) ,  D .o .J : 2 .4 .2 0 1 2  

12. S .V e n k a te s w a ra  ra o , M .S c .  G e o p h y s ic s  f r o m  O s m a n ia  U n iv e r s i t y ,  2 0 0 7 . D id  S e is m ic  
S u rv e y s  in  O i l  In d u s t r y  f o r  5 y r  ( jo in e d  as S e n io r  G e o p h y s ic is t  o n  0 4 /0 6 /2 0 1 2 )

14. M is s  Ja ya sh re e  B a n n e r je e , M .S c .  G e o p h , IS M ,  D h a n b a d , J R F , 1 0 .6 .2 0 1 2

15. G a je n d ra  P ra sa d , M .S c .  T e c h  A p p l ie d  G e o p h y s ic s , IS M ,  D h a n b a d , J R F , 3 0 .0 6 .2 0 1 2  

17. M is s  M e e n a k s h i R a w a t,  B .T e c h .  (G e o s c ie n c e s , 2 0 1 1 )  U n iv e r s i t y  o f  P e tro le u m  a n d

E n e rg y  S tu d ie s , D e h ra d u n , G e o lo g is t ,  j o in in g  d a te  4 /7 /2 0 1 2 .

19. M r .  V in a y  K u m a r  D w iv e d i ,  B u n d e lk h a n d  U n iv e r s it y ,  M .S c .  G e o l. ,  J R F , 2 1 .0 7 .2 0 1 2

2 0 . M is s  P u rn im a  S in g h , M .S c .  (G e o l.  2 0 1 1 )  M S  U n iv .  B a ro d a , jo in e d  as G e o lo g is t  o n  2 0 th  A u g  
2 0 1 2 .

2 1 . M r .  K u n ta l  B h u k ta ,  M .S c .  A p p .  G e o p h y . ,  IS M  D h a n b a d  jo in e d  as J R F  o n  3 .9 .2 0 1 2 .

2 2 . M s .  J a y s h r i S o la n k i M .S c .  (G e o m a tic s ,  2 0 1 2 )  C E P T  U n iv .  jo in e d  as J R F  o n  4 .9 .2 0 1 2 .

2 3 . M s .  D ra s t i  G a n d h i,  (M .S c .  G e o lo g y ,  2 0 1 2 )  M .G .  S c i., A ’ b a d  as J R F  o n  1 8 .9 .2 0 1 2

2 4 . M s .  P a rn a v i P ra ja p a t i,  M .S c .  (G e o lo g y ,  2 0 1 2 )  M .G .  S c i. ,  A ’ b a d  as J R F  o n  1 8 .9 .2 0 1 2

2 5 . D i l i p  K u m a r  H a ld a r ,  A s  R .A .  (M .S c .  P h y s . 2 0 0 7 , K o lk a ta ) ,  1 .1 0 .2 0 1 2

2 6 . D e e p a li  G a d k a r i,  A s  V is i t in g  F e l lo w ,  1 .1 0 .2 0 1 2

2 7 . S id d h a r th  P r iz o m w a la ,  (M .S c .  G e o lo g y  2 0 0 8 )  M .S .U . ,  G e o p h y s ic is t ,  D O J  8 .1 0 .1 2

2 8 . M r .  C . P ra s a n n a  S im h a , M .S c .  (P h y s ic s ) ,  2 0 0 5 , F i r s t  C la s s , S r i V e n k a te s w a ra  U n i . ,  A .P .  h a v in g  5 
y rs  e x p e r ie n c e  in  R & D  in  In d ia n  In s t i tu te  o f  M e te o ro lo g y  ( I I T M ) ,  P u n e  &  A C R H E M ,  U n i .  o f  
H y d e ra b a d  jo in e d  IS R  as P ro je c t  S c ie n t is t  ( IS R O - I I  P ro je c t )  w i t h  m o n th ly  re m u n e ra t io n  o f  
R s .1 8 ,0 0 0 /-  o n  N o v e m b e r  6 , 2 0 1 2  in  C A L - V E L  P ro je c t  o f  IS R O -S A C .

L I S T  O F  S T A F F  T H A T  R E S IG N E D  F R O M  IS R  D U R I N G  2 0 1 2

G e o lo g is t /G e o p h y s ic is t  w h o  re s ig n e d

1. M r .  S r ic h a n d  P ra ja p a t i,  M .S c .  G e o p h y , B H U  ( re s ig n e d  9 .5 .2 0 1 2 ) ,  jo in e d  a  U S  U n iv .

2 . S u ry a  P ra k a s h , M .S c .  G e o l.  B u n d e lk h a n d  U n iv .  ( jo in e d  1 5 .6 .2 0 1 0  re s ig n e d  5 .4 .2 0 1 2 )
3. K i r a n  K u m a r  M a d a r i ,  M .S c .  G e o p h y , O U , 1 9 .4 .2 0 1 0  to  1 1 .5 .2 0 1 2

4 . M r .  K is h a n s in h  L .  Z a la ,  M .  Sc. P h y s ic s , B h a v n a g a r  U n i . ,  2 0 0 6  (6 .9 .2 0 0 8  to  4 .6 .2 0 1 2 )  s e le c te d  in  
G u j.  C iv i l  S e rv ic e

5. M r .  P ra b h in  S u k u m a ra n , M .S c  A p p l ie d  G e o lo g y  f r o m  IS M  D h a n b a d , 2 0 0 6  (J o in e d  1 6 .3 . 2 0 1 1  
R e s ig n e d  19 .7 . 2 0 1 2 )  J o in e d  as A s s . P ro fe s s o r  in  C h a ru s a t U n iv . ,  C h a n g a .

6. T a ra k  S h a h  M r .  T a ra k  S h a h , M .S c .  P h y s . 2 0 0 6 , J R F  (J o in e d  2 .3 .2 0 0 9  R e s ig n e d  2 5 .7 .2 0 1 2 )

7. M r .  V .  G o p a la  R a o , G e o p h y s ic is t  (1 6 .1 2 .2 0 0 9  to  2 3 .1 1 .2 0 1 2 ) ,  g o t  re g u la r  jo b  in  S u rv e y  o f  In d ia ,  
H y d e ra b a d .

8. M r .  A s h is h  B h a n d a r i,  M .  Sc. G e o lo g y ,  M S U  ( jo in e d  1 .7 .2 0 1 0  re s ig n e d  2 9 .1 1 .2 0 1 2 )  g o t  G e o lo g is t  
p o s t in  G S I.
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9. M o n ic a  W a d h a w a n , J R F , M .S c .  T e c h  G e o p h y s . , K U ,  D o J  2 8 .9 .2 0 1 1  D o R  2 2 .1 2 .2 0 1 2 , jo in e d  
W I H G

J R F  w h o  re s ig n e d

1. M r .  L ib u  Jose , M .  Sc. G e o l. A U  ( jo in e d  1 3 .7 .2 0 1 1  re s ig n e d  2 6 .1 .2 0 1 2 ) .  H e  is  s e le c te d  in  O N G C
2 . M is s  S a c h i R a n a , M .S c .  G e o m a tic s , C E P T  U n iv . ,  J R F  re s ig n e d  f r o m  M a rc h  2 0 , 2 0 1 2

4 . M r .  S u re sh  K u m a r ,  M .S c .  T e c h . G e o p h y s ic s , K u ru k s h e tra  U n iv .  ( J o in e d  2 .1 .2 0 1 2  re s ig n e d
4 .8 .2 0 1 2 )  , jo in e d  T o jo - V ik a s  E x p lo r a t io n  C o .

5. S a d a n a d  C h a u ra s ia , M .S c .  G e o p h , IS M ,  D h a n b a d ,2 0 1 1  J R F  (J o in e d  1 0 .6 .2 0 1 2  R e s ig n e d
6 .1 1 .2 0 1 2 )

6. M is s  C h in m a y e e  S a h o o  M S c . G e o p h y s . B e rh a m p u r  U n iv . ,  2 0 1 2  (J o in e d  2 .4 .2 0 1 2  re s ig n e d
7 .1 1 .2 0 1 2 )  G o t  J R F  a t W IH G .

7. M r .  M o h a r  S in g h , J R F , M .S c .  R e m o te  S e n s in g  a n d  G IS  (D o J  2 9 .9 .2 0 1 0  D o R  3 1 .1 2 .2 0 1 2 )

T e c h .  A s s t t .  w h o  re s ig n e d
1. S a n d ip  P a rm a r, D E C , ( jo in e d  1 6 .1 .2 0 0 7  re s ig n e d  5 .1 0 .2 0 1 2 ) ,  g o t  p o s t o f  Sc. A s s t t . ,  in  G u j.  

I r r ig a t io n  D e p t.
NOTE: There is large attrition as every year 15-20 no. scientific staff is leaving as ISR does not pay respectable 

salary. During 2012 no. of scientific staff members is 48 (30Sc. and 18 JRF), out of which 28 are 
employed during current year only. Hence, there is lack of experienced staff.

Y e a r  o f  j o i n in g N o . o f  S c ./ J R F  s t i l l  a t  IS R  f r o m  t h a t  
y e a r  o f  j o i n in g

A t t r i t i o n s  d u r i n g  th e  
y e a r

2 0 0 6 4 -
2 0 0 7 5 4
2 0 0 8 2 7
2 0 0 9 4 19
2 0 1 0 3 2 0
2 0 1 1 4 13
2 0 1 2 2 8 14
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CHAPTER 12
P U B L I C A T I O N S

1 2 .1  B o o k s /C h a p te r s :

i .  E d i t in g  o f  s p e c ia l is s u e  o f  th e  jo u r n a l  N a tu ra l  H a z a rd  ( I t  is  b a se d  o n  th e  p a p e rs  p re s e n te d  in  IS R  
In t l .  S y m p . h e ld  in  J a n 2 0 1 1 .

i i .  S tru c tu re  a n d  T e c to n ic s  o f  th e  A n d a m a n  S u b d u c t io n  Z o n e  f r o m  m o d e l in g  o f  S e is m o lo g ic a l a n d  
G r a v i t y  d a ta  (a c c e p te d  in  I n  T e c h -  O p e n  A c c e s s  P u b lis h e r )  a u th o rs : P u rn a c h a n d ra  R a o , 
N a g a b h u s h a n a  R a o , P in k i  H a z a r ik a ,  V i r e n d r a  T iw a r i ,  R a v i K u m a r  a n d  A r u n  S in g h . B o o k  T i t le d :  
N e w  F ro n t ie rs  in  T e c to n ic  R e s e a rc h  -  G e n e ra l P ro b le m s , s e d im e n ta ry  B a s in s  a n d  Is la n d  A rc s .

P U B L I C A T I O N S  O F  IS R  D u r in g  2 0 0 6 -2 0 1 2  M a r c h
1 PhD 6
2 Chapters in Books 1
2 SCI Research Papers 67
3 Non-SCI Research Papers 15
3 Symp. Proceedings 17
4 Articles/Lecture Notes 6
4 Tech. Reports 67
5 Abstracts/Papers Presented in Sem. 113
6 Invited Lectures 31
7 Keynote Addresses 6

Total 329

P U B L I C A T I O N S  ( Y e a r  w is e )
Year No of Papers Published Reports Abstracts PhD Total

SCI Others
2006 4 5 5 9 23
2007 3 5 10 16 1 35
2008 7 11 15 7 40
2009 6 3 11 9 3 32
2010 9 5 19 33 1 67
2011 17 7 13 51 88
2012 18 6 9 60 1 97
2013 (part) 13
Total 77 42 82 185 6 392

No. of SCI Papers Published by ISR Scientist. 1st author (co-author)
S N Name 2006 2007 2008 2009 2010 2011 2012 2013 Total

1 B.K. Rastogi 2(1) (5) (3) (6) 1(6) 7(7) 5 10(28)
2 Sumer Chopra 2(1) (2) 2(2) 2(2) 2(3) 2 10(10)
3 RBS Yadav 1(1) 2 1(2) 4(1) 1(5) 9(9)
4 A.P.Singh 1 (1) (2) 2(5) 3 1 7(10)
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No. of SCI Papers Published by ISR Scientist. 1st author (co-author)
S N Name 2006 2007 2008 2009 2010 2011 2012 2013 Total

5 Babita Sharma 1 1 1 1 1 5
6 G.C. Kothyari 1(2) (1) 1(2) 3(5)
7 RK Jaiswal 1 1 1 1 4
8 Falguni Bhattacharya 2 2
8 Srichand Prajapati 2(1) 2(1)
9 Prabhin Sukumaran 2 2
10 Pallabee Choudhury (2) 1(6) 1(7)
11 B. Sairam (1) 1(1) 1(2)
12 Kapil Mohan (1) (1) 1 1(2)
13 K.M. Bhatt 1 1
14 F. Bhattacharya 2 2
15 Santosh Kumar (3) (1) (1) 1(4) (9)
16 Sandeep Aggarwal (1) (2) (3)
17 K.M. Rao (2) (2)
18 MS Gadhavi (1) (1) (2)
19 Arun K. Gupta 1 1 2
20 Prabhin Sukumaran 2 2
21 Nagabhushan Rao 1 1

F ir s t  a u th o r  (c o a u th o r )

I M P A C T  F A C T O R  O F  S C E I N T I F I C  C I T A T I O N  I N D E X  ( S C I )  P A P E R S  B Y  IS R
Journal IF Total IF
Bull. Seism.Soc.Am. 3 2.313 6.939
Current Sc. India 5 0.897 4.485
Geophys. J. Intl. 1 2.353 2.353
Gondwana Res. 1 5.503 5.503
Intl. J. Remote Sensing 2 1.182 2.364
J. Asian Earth Sc. 6 2.215 6.645
J. Geol. Soc. In. 9 0.673 4.038
J Earth System Sc (Proc. Ind. Ac. Sc.) 1 0.941 0.941
J. Seismol. 3 0.673 1.9 19
Marine Geodesy 1 1.053 1.053
Marine Geophy Res 1 0.729 0.729
Marine Geol. 1 0.702 0.702
Natural Hazards 16 1.398 22.268
Pure & Appl. Geophys 9 0.938 8.442
Seismo. Res. Letters 5 1.826 9.130
Soil Dynamics and Eq. Engg. 1 1.01 1.01
Tectonophysics 4 2.509 10.036
Zeitschrif fur Geomorphologie 2 0.477 0.477
Total 71 98.175
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1 2 .2  P a p e rs  P u b l is h e d  in  S c ie n t i f ic  C i t a t io n  I n d e x  ( S C I )  J o u r n a ls

SN A u th o rs Y e a r T it le D e ta ils
1 Naveenchandra N. 

Srivastava, Rita U. Thakor, 
Sejal V. Patel, Sejal G. 
Viroja, Urvi S. Chetta and 
Shashikant A. Sharma.

2006 Construction of Beachball 
Diagram using Java-based 
Software Application 
“Dishansh 2005”.

Seismological Res. Letts., 
77 (5), 550-554.
[Impact Factor 1.826]

2 Rastogi, B.K. 2006 Seminar on Paleoseismology 
and Active Faults in Gujarat 
(Notes).

J. Geol. Soc. In., 68, 1116-1118. 
[Impact Factor 0.673]

3 Rastogi, B.K. 2006 Seminar on “Seismology in 
India (Notes).

J. Geol. Soc. In.69, 1375-1376. 
[Impact Factor 0.673]

4 Ugalde, A., J.N. Tripathi, 
M. Hoshiba and B.K. 
Rastogi.

2006 Intrinsic and scattering 
attenuation in western India 
from aftershocks of the 26 
January, Kachchh earthquake.

Tectonophysics, 429(1-2), 111-123. 
[Impact Factor 2.509]

5 Karanth R. V., and 
Gadhavi M. S.

2007 Structural Intricacies: Emergent 
Thrusts and Blind Thrusts of 
Central Kachchh, Western 
India.

Current Science, 93(9), 1271-1280. 
[Impact Factor 0.897]

6 Sharma, B., S. S. Teotia 
and Dinesh Kumar.

2007 Attenuation of P, S, and coda 
waves in Koyna Region, India.

J. Seism., 11, 327-344. 
[Impact Factor 0.673]

7 Singh, A. P., U. C. 
Mohanty, M. Mandal, and 
P. Sinha.

2007 Impact of different land surface 
processes on Indian summer 
monsoon circulations.

Natural Hazards, 42(2), 423-438. 
[Impact Factor 1.398]

8 Bhatt, Kaushalendra 
Mangal, Andreas Hordt 
and Santosh Kumar.

2008 Seismicity analysis of the 
Kachchh aftershock zone and 
tectonic implication for 26 Jan 
2001 Bhuj earthquake.

Tectonophysics, 465, 75-83. 
[Impact Factor 2.509]

9 Chopra, Sumer, K. 
Madhusudhan Rao, B. 
Sairam, Santosh Kumar,
A. K. Gupta, Hardik Patel, 
M.S. Gadhavi and
B. K.Rastogi.

2008 Earthquake Swarm Activities 
after Rains in Peninsular India 
and a Case Study from 
Jamnagar.

J. Geol. Soc. In., 72, 245-252. 
[Impact Factor 0.673]

10 Chopra, Sumer, R. B. S. 
Yadav, Hardik Patel, 
Santosh Kumar, K. M. 
Rao, and B. K. Rastogi, 
Abdul Hameed and Sanjay 
Srivastava.

2008 The Gujarat (India) Seismic 
Network.

Seismological Research Letters (79) 6, 
806-815.
[Impact Factor 1.826]

11 Jaiswal, R.K., B.K. 
Rastogi, Tad Murthy.

2008 Tsunamigenic sources in the 
Indian Ocean.

J. Science of Tsunami Hazards, 27(2), 
32-50.

12 Joshi, A., and K. Mohan. 2008 Simulation of accelerograms 
from simplified deterministic 
approach for the 23rdOctober 
2004 Niigata-ken Chuetsu, 
Japan earthquake.

J. Seismology., 12, No.1, 35-51. 
[Impact Factor 0.673]

13 Sharma, B, Arun K Gupta, 
Kameswari Devi, Dinesh 
Kumar, SS Teotia and BK 
Rastogi

2008 Attenuation of high frequency 
seismic waves in Kachchh 
Region, Gujarat, India

Bull. Seism. Soc. Am., 98 (5), 2325­
2340
[Impact Factor 2.027]

14 Yadav R.B.S., J.N. 
Tripathi, B.K. Rastogi and 
S. Chopra.

2008 Probabilistic assessment of 
earthquake hazard in Gujarat 
and adjoining region, India.

Pure and Applied Geophysics, 165, 1813 
-  1833.
[Impact Factor0.938]
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M a rc h  2 , 2 0 1 2 , P a p e r N o .  0 3 0 , p p ., 1 -12 .

2 . R a s to g i,  B .  K . ,  C h o u d h u ry ,  R . D u m k a , K .  M .  S re e jith ,  a n d  T .  J. M a ju m d a r  (2 0 1 2 ) ,  S tress  p u ls e  
m ig r a t io n  b y  v is c o e la s t ic  p ro c e s s  f o r  lo n g -d is ta n c e  d e la y e d  t r ig g e r in g  o f  s h o c k s  in  G u ja ra t ,  In d ia ,  
a f te r  th e  2 0 0 1  M w 7 .7  B h u j e a r th q u a k e , in  Extrem e E ven ts and N atural hazards: The C om plexity 

Perspective, G e o p h y s . M o n o g r .  S e r., v o l .  196 , e d ite d  b y  A .S .  S h a rm a  e t a l. 6 3 -7 3 , A G U ,  
W a h in g to n ,  D . C ., D O I :  10. 1 0 2 9 /2 0 1 1 G M 0 0 1 0 6 1 .

3. R a s to g i,  B K  (2 0 1 2 ) .  E a r th q u a k e  m e c h a n is m , s e is m ic  w a v e s , p a ra m e te rs , s tro n g  m o t io n ,  e ffe c ts , 
a n d  h a z a rd s , D S T -S E R C  S c h o o l o n  S e is m o -E le c tro m a g n e t ic s ,  R B S  C o lle g e , B h ic h p u r i,  A g ra ,  
L e c tu re  N o te s  V o l .  I ,  2 4 4 -2 7 5 .

4 . R a s to g i,  B K  (2 0 1 2 ) .  R e s e a rc h  o n  s h o r t  a n d  m e d iu m - te rm  e a rth q u a k e  fo re c a s ts  in  In d ia ,  D S T -  
S E R C  S c h o o l o n  S e is m o -E le c tro m a g n e t ic s ,  R B S  C o lle g e , B h ic h p u r i,  A g ra ,  L e c tu re  N o te s  V o l .  I ,  
2 7 6 -2 9 1 .

5. R a s to g i,  B K  (2 0 1 2 ) .  S e is m ic i ty  o f  In d ia n  s ta b le  c o n t in e n ta l r e g io n ,  D S T -S E R C  S c h o o l o n  S e is m o - 
E le c t ro m a g n e t ic s ,  R B S  C o lle g e ,  B h ic h p u r i,  A g ra ,  L e c tu re  N o te s  V o l .  I ,  2 9 2 -3 0 9 .

6. A ja y  M a n g l ik  a n d  G . P a v a n  K u m a r  (2 0 1 2 ) ,  C u r re n t  c h a n n e lin g  a n d  E le c t r ic a l  a n is o tro p y  in  th e  
M a in  C e n tra l T h ru s t  Z o n e , S ik k im  H im a la y a ,  D S T  N e w s le t te r ,  2 -5

1 2 .4  R E S E A R C H  P A P E R S  C O M M U N I C A T E D  I N  N O N - S C I  J O U R N A L S

1. C h o u d h u ry ,  P a lla b e e  S u m e r C h o p ra  a n d  B .K .  R a s to g i (2 0 1 2 )  S tro n g  M o t io n  S tu d ie s  in  G u ja ra t ,  
f o r  J a ik r is h n a  V o l .  I I T r ,

2 . R a s to g i,  B . K  (2 0 1 2 ) ,  E a r th q u a k e  H a z a rd  A s s e s s m e n t: M a c ro  to  m ic r o  le v e l,  p a p e r  N o . :  A 0 1 2 ,  
P ro c e e d in g s  o f  IS E T  G o ld e n  ju b i le e  S y m p o s iu m .

1 2 .4  T e c h n ic a l  R e p o r ts

1. D u m k a , R .K .  a n d  M o h a r  S in g h . P r e l im in a r y  re p o r t  o n  r o l l in g  d o w n  o f  v e h ic le s  a t T u ls h i  S h y a m  o f  
J u n a g a d h  D is t r ic t ,  Jan . 2 0 1 2 , IS R  T e c h n ic a l R e p o r t  N o .  6 3 , p p .1 -6 . _ _ _ _ _
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2 . R a o , K .M . ,  D r .  K a p i l  M o h a n , A s h is h  B h a n d a r i a n d  P ra b h in  S u k u m a ra n . P ro p o s e d  P ip e l in e  o f  
H D N P L  f r o m  H a z ir a  to  D a h e j,  W .  G u ja ra t ,  In d ia  (P u n j L o id s ) ,  A n  A b r id g e d  R e p o r t  o n  
S e is m o lo g ic a l a n d  G e o lo g ic a l /  G e o m o rp h o lo g ic  S e tu p , M a y  2 0 1 2 , IS R  T e c h n ic a l R e p o r t  N o .  6 4 , 
p p .1 -1 3 .

3. R a s to g i,  B .  K . ,  S u m e r C h o p ra , K a p i l  M o h a n , B .S a ira m , A .  P  S in g h , S a n de e p  A g g ra w a l,  A s h is h  
B h a n d a r i a n d  P a lla b e e  C h o u d h u ry  (2 0 1 2 )  F in a l  R e p o r t  o n  S e is m ic  H a z a rd  A s s e s s m e n t o f  G u ja ra t  
In te rn a t io n a l F in a n c e  T e c - C it y  ( G IF T )  A re a ,  IS R  T e c h . R e p o r t  N o .  6 5 , 169  p p .

4 . R a s to g i,  B .K .  e t  a l.  (2 0 1 2 )  F in a l  R e p o r t  o n  “ S e is m ic  S tu d y  o f  D h o le ra  S p e c ia l In v e s tm e n t R e g io n , 
IS R  T e c h n ic a l R e p o r t  N o .  6 6 , p p .3 1 5 . [R E S T R IC T E D ]

5. R a s to g i,  B .K .  e t  a l. (2 0 1 2 ) .  G IS -B a s e d  M a p s  o f  S e c to r /W a rd  W is e  D i f f e r e n t  A t t r ib u te s :  R a p id  
V is u a l  S u rv e y  f o r  S e is m ic  E v a lu a t io n  o f  E x is t in g  B u i ld in g s  in  G a n d h id h a m  a n d  A d ip u r  C it ie s -  
V o l .  I I I ,  IS R  T e c h n ic a l R e p o r t  N o .  6 7 , p p .4 2 .

6. R a s to g i,  B .K .  e t a l. (2 0 1 2 )  P ro g re s s  R e p o r t  o n  “ G e o te c h n ic a l &  G e o p h y s ic a l In v e s t ig a t io n s  f o r  
M u lt i - S to r ie d  B u i ld in g  a t V .  S. H o s p ita l ,  P a ld i,  A h m e d a b a d  c i ty ,  IS R  T e c h . R e p o r t  N o .  6 8 ,

7. R a s to g i,  B .K .  e t a l.  (2 0 1 2 )  D r a f t  R e p o r t  o n  “ G e o te c h n ic a l &  G e o p h y s ic a l In v e s t ig a t io n s  f o r  
M u lt i - S to r ie d  B u i ld in g  a t V .  S. H o s p ita l ,  P a ld i,  A h m e d a b a d  c i ty ,  IS R  T e c h . R e p o r t  N o .  6 9 , p p .8 1

8. R a s to g i,  B .K .  e t  a l. ( 2 0 1 2 )  R e p o r t  o n  “ G e o te c h n ic a l &  G e o p h y s ic a l In v e s t ig a t io n s  f o r  M u l t i ­
S to r ie d  B u i ld in g  a t V .  S. H o s p ita l ,  P a ld i,  A h m e d a b a d  c i t y ,  IS R  T e c h . R e p o r t  N o .  7 0 , p p .8 1 .

9. B h a n d a r i A s h is h  e t a l. (2 0 1 2 )  R e p o r t  o n  R a p id  V is u a l  S c re e n in g  w i t h  G e o lo g ic a l &  G P S  S u rv e y  in  
F A R A D I  V i l la g e ,  M a n d v i ,  K a c h c h h ,  G u ja ra t ,  IS R  T e c h . R e p o r t  N o .  7 1 , p p .1 -1 5 .

10. M a d e lla ,  M . ,  A j ith p ra s a d ,  P ., B a lb o ,  A . ,  S a iz , J. C ., C e c i l ia ,  F ., F o s , J. J. G . -G . ,  L a n c e lo t t i ,  C ., 
R o n d e ll i ,  B . ,  R a je s h , S. V . ,  R u iz ,  J ., M a te o s , J. L . ,  G a d e k a r , C . S ., D u m k a , R . K . ,  K o th y a r i ,  G . C ., 
M o r te k h a i,  P ., a n d  S u k u m a ra n , P .(2 0 1 2 )  "T h e  2 0 1 1  E x c a v a t io n  C a m p a ig n  o f  N o r t h  G u ja ra t  
A r c h a e o lo g ic a l  P ro je c t  (N o g a p )  In te r d is c ip l in a r y  A p p ro a c h  to  th e  S tu d y  S o c io -E c o lo g ic a l 
C o n te x ts  in  th e  H o lo c e n e  ( In  S p a n is h ) "  I n  R e p o r ts  a n d  w o r k  e x c a v a t io n s  a b ro a d  2 0 1 1 , e d ite d  b y  
Is a b e l A r g e r ic h ,  F e l ix  B e n ito ,  A n a  C a rra s s o n , S o le d a d  D ia z ,  M a n a  D o m in g o ,  G u i l le r m o  E n r iq u e z  
de  S a la m a n c a , A d o lo fo  G a rc ia , e t  a l. ,  2 6 1 -7 2 . M in is t r y  o f  E d u c a t io n  C u ltu re  a n d  S p o rts , S p a in .

1 2 .5  I n v i t e d  L e c tu r e s  /  K e y n o te  A d d r e s s  /  I n a u g u r a l  S p e e c h
1. B .K .  R a s to g i,  “ G u ja ra t  E a r th q u a k e  S tu d ie s  a n d  H a z a rd  A s s e s s m e n t” , G u j Sc. A c a d e m y  A n n u a l 

M e e t in g ,  S .P . U n i . ,  V a l la b h  V id y a  N a g a r ,  Ja n  8, 2 0 1 2

2 . B .K .  R a s to g i, “ M o n i to r in g  E a r th q u a k e  h a z a rd  in  G u ja ra t ” , S P IP A , A h m e d a b a d  Ja n  2 1 ,2 0 1 2  T h e  
D o I  o f  th e  T e c to n o p h y s ic s  p a p e r  o f  G u p ta  e t a l is  " A t te n u a t io n  C h a ra c te r is t ic s  o f  c o d a  w a v e s  in  
M a in la n d  G u ja ra t  ( In d ia )  b y  A r u n  G u p ta , A n u p  S u ta r, S u m e r  C h o p ra , S a n to sh  K u m a r  a n d  B  K  
R a s to g i (2 0 1 2 )  D o I  1 0 .1 0 1 6 / j. te c to .2 0 1 2 .0 1 .0 0 2

3. B .K .  R a s to g i,  d e l iv e r  4  le c tu re s  o n  S e is m o lo g y  in  In d ia  a t S E R C  S c h o o l o n  S e is m o - 
E le c t ro m a g n e t ic s  a t R .B .S . C o lle g e ,  B ic h p u r i ,  A g ra ,  4 .2 .2 0 1 2  to  1 0 .2 .2 0 1 2

4 . B .K .  R a s to g i,  g a v e  In v i te d  L e c tu re  o n  E a r th q u a k e  H a z a rd  A s s e s s m e n t in  In d ia ,  G e o lo g ic a l S u rv e y  
o f  In d ia ,  N o r th e r n  R e g io n  h e a d q u a r te r , L u c k n o w ,  F e b  2 0 1 2 .
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4 . B .K .  R a s to g i,  L e a d  L e c tu re  o n  “ E a r th q u a k e  a n d  T s u n a m i H a z a rd  in  G u ja ra t ” , G u ja ra t  S c ie n ce  
C o n g re s s , M .S .  U n iv e r s it y ,  B a ro d a , F e b  2 6 , 2 0 1 2 .

5. B K  R a s to g i,  G u e s t F a c u lty  to  c o n d u c t  an  in te ra c t iv e  se ss io n  o n  E x c ite m e n t  in  E a r th  S c ie n c e  o n  1st 
M a y  2 0 1 2  in  th e  “ V a c a t io n  T r a in in g  P ro g ra m m e  o n  B io re s o u rc e s  f o r  S c h o o l C h i ld r e n ” , fo u r - w e e k  
lo n g  t r a in in g  p ro g ra m m e  f r o m  2 0 th  A p r i l  to  1 8 th  M a y  2 0 1 2  o rg a n iz e d  b y  G u ja ra t  C o u n c i l  o f  
S c ie n c e  C it y ,  w o r k in g  u n d e r  th e  a e g is  o f  D e p a r tm e n t o f  S c ie n c e  &  T e c h n o lo g y ,  G o v e rn m e n t o f  
G u ja ra t ,

This  trainin g  p rogram m e w as been desig n ed  fo r m eritorio u s studen ts  o f  S td. X  who appeare d  the 

S S C  Board  exam ination this  year. The p rogram m e is  cataly z e d  and supported b y  the D epartmen t 

o f  B iotechnology, G overnm ent o f  India. The p rogram m e aim s to p rovid e p roper awareness and 

understandin g  about th e im portance o f  bio resources, their sustainable use and conservation. It  will  

also p rovid e an opportunity to the you ng studen ts  to in teract with leadin g  scien tists and experts 

f rom the Held. A bo u t 3 0  studen ts  are selected f rom 2 6  dis tricts o f  th e state fo r this  p rogramme, 

who are th e toppers o f  their dis tricts. A s  a part o f  the p rogramm e, w e have arranged  fo r education 

trip to variou s eco-regions and wildlife  sanctuary  in  G uja rat.

6. B .K .  R a s to g i,  L e c tu re  o n  “ S e is m ic i ty  o f  N E  In d ia  a n d  S c ie n t i f ic  M ic r o z o n a t io n ”  a n d  c h a ire d  a 
s e s s io n  o f  ‘ G e o s c ie n c e s  A r e a ’ o f  S y m p o s iu m  o n  “ S c ie n t i f ic  In te rv e n t io n s  f o r  S o c ie ta l 
D e v e lo p m e n t” , J o rh a t, D e c e m b e r  1 9 -2 1 , 2 0 1 2 .

7. B .K .  R a s to g i,  L e c tu re  o n  “ E a r th q u a k e  H a z a rd  A s s e s s m e n t o f  G u ja ra t ”  a t N a t io n a l S e m in a r  o n  
“ E a r th q u a k e  H a z a rd s : E d u c a t io n ,  P re p a re d n e s s  a n d  M a n a g e m e n t”  a t E n v ir o n m e n ta l  W a tc h  a n d  
M a n a g e m e n t In s t i tu te  u n d e r  th e  a e g is  o f  M O E S . H y d e ra b a d  a n d  G u w a h a t i ,  D e c e m b e r  2 8 , 2 0 1 2 .

8. B .K .  R a s to g i (2 0 1 2 )  In v i te d  le c tu re  e n t i t le d  “ S e is m ic ity  o f  N E  In d ia  a n d  S c ie n t i f ic  M ic r o z o n a t io n ”  
a n d  c h a ir  a  se ss io n  o f  ‘ G e o s c ie n c e s  A r e a ’ o f  S y m p o s iu m  o n  “ S c ie n t i f ic  In te rv e n t io n s  f o r  S o c ie ta l 
D e v e lo p m e n t”  o rg a n iz e d  b y  N o r t h  ea s t In s t i tu te  o f  Sc. &  T e c h .,  J o rh a t. D e c e m b e r  2 0 , 2 0 1 2

9. B .K .  R a s to g i (2 0 1 2 )  In a u g u ra l S p e e ch  “ E a r th q u a k e  R is k  M i t ig a t io n  f o r  S u s ta in a b le  D e v e lo p m e n t 
o f  N E  In d ia "  a t th e  N a t io n a l S e m in a r  o n  “ E a r th q u a k e  H a z a rd s : E d u c a t io n , P re p a re d n e s s  a n d  
M a n a g e m e n t”  o rg a n iz e d  b y  E n v ir o n m e n ta l  W a tc h  a n d  M a n a g e m e n t In s t i tu te ,  G u w a h a t i ,  D e c  2 8 , 
2 0 1 2 .

1 2 .6  L e c tu r e s  in  T r a in in g  C o u rs e s

1. B .K .  R a s to g i “ G e o lo g ic a l  H a z a rd s  (T s u n a m i a n d  S to rm  S u rg e s )” , in  t r a in in g  p ro g ra m m e  o n  
“ C o a s ta l H a z a rd  R is k  M a n a g e m e n t”  a t G I D M ,  S P IP A  C a m p u s , A ’ b a d  o n  2 2 /0 5 /2 0 1 2 .

2 . B .K .R a s to g i,  “ IS R  In i t ia t iv e  f o r  D is a s te r  M i t ig a t io n ” , in  th e  p ro g ra m  o n  “ In te ra c t io n  S tu d io  o f  
G e o m a tic s  D e p a r tm e n t” , C E P T  U n iv e r s it y ,  A h m e d a b a d , 0 4 /0 7 /2 0 1 2 .

3. B .K .  R a s to g i, E a r th q u a k e  h a z a rd  a sse ssm e n t ( I  &  I I ) ,  G I D M ,  12 Sep  2 0 1 2

4 . B .K .  R a s to g i,  C ase  S tu d ie s : E a r th q u a k e  D is a s te r  M a n a g e m e n t,  I - L a tu r  1993  e a rth q u a k e , I I -  B h u j 
2 0 0 1  e a rth q u a k e , G I D M ,  13 Sep  2 0 1 2

5. B .K .R a s to g i,  In t r o d u c t io n  to  G e o d y n a m ic s  (P la te  T e c to n ic s ) ,  G a n p a t U n iv . ,  M e h s a n a , 14 S e p 2 0 1 2

6. B .K .R a s to g i,  In t r o d u c t io n  to  S e is m o lo g y , G a n p a t U n iv . ,  M e h s a n a , 14 S e p 2 0 1 2

7. B .K .R a s to g i,  A p p lic a t io n s  o f  S e is m o lo g y , G a n p a t U n iv . ,  M e h s a n a , 14 S e p 2 0 1 2
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8. B .K .R a s to g i,  E a r th q u a k e  p a ra m e te rs , m a g n itu d e ,  in te n s i ty ,  e n e rg y , e ffe c ts ,  h a z a rd , G a n p a t U n iv . ,  
M e h s a n a , 21  Sep . 2 0 1 2

9. B .K .R a s to g i,  S e is m ic i ty  o f  In d ia ,  G a n p a t U n iv . ,  M e h s a n a , 21  Sep . 2 0 1 2

10. B .K .R a s to g i,  T e c to n ic s  o f  In d ia ,  G a n p a t U n iv . ,  M e h s a n a , 21  Sep . 2 0 1 2

11. B .K .R a s to g i,  “ E a r th q u a k e  m o n i to r in g  a n d  P re d ic t io n ”  a t  R e fre s h e r  t r a in in g  c o u rs e  f o r  T e a c h e rs  a t 
D e p a r tm e n t o f  E n v ir o n m e n ta l  S c ie n c e , G u w a h a t i  U n iv e r s it y ,  D e c e m b e r  2 9 , 2 0 1 2 .

12. B K  R a s to g i (2 0 1 2 )  “ S e is m ic  M ic r o z o n a t io n  a n d  R is k  M i t ig a t io n  a t th e  R e fre s h e r  t r a in in g  co u rs e  
f o r  T e a c h e rs  a t D e p a r tm e n t o f  E n v ir o n m e n ta l  S c ie n c e , G u w a h a t i  U n iv e r s i t y  o n  D e c .2 9 , 2 0 1 2 :

1 2 .7  A B S T R A C T S

In d o - U S  w o rk s h o p  o n  “ In t ra p la te  S e is m ic i ty ” , IS R , Jan  1 5 -1 8 , 2 0 1 2  ( A ls o  re p o r te d  in  th e  
p re v io u s  A n n u a l R e p o r t  u t  re p o r te d  h e re  a ls o  f o r  a  to ta l  n o . o f  2 0 1 2 )
Oral Presentations

1. B K  R a s to g i ( IS R ) ,  P ra n t ik  M a n d a l ( N G R I ) ,  M e c h a n is m  o f  In t ra p la te  E a rth q u a k e s , S 1 .4 , p .5 .

2 . J a v e d  N .  M a l i k  ( I I T k )  , M ic h io  M o r in o  ( O Y O  In t . ) ,  M a h e n d ra  S. G a d h a v i ( L D  E n g g .) ,  K h a l id  
A n s a r i  ( I I T k ) ,  C h ira n je e b  B a n e r je e ( I IT k ) ,  B K  R a s to g i ( IS R ) ,  F u m io  K a n e k o  ( O Y O  In t . ) ,  F  
B h a tta c h a r je e  ( IS R ) ,  A K  S in g h v i ( P R L , A ’b a d ) .A c t iv e  fa u l t  a n d  p a le o s e is m ic  e v id e n c e : 
Im p l ic a t io n  to w a rd s  s e is m ic  h a z a rd  in  K a c h c h h  re g io n ,  w e s te rn  G u ja ra t ,  S 4 .2 , p .2 7 .

3. B K  R a s to g i ( IS R ) ,  S a n de e p  K  A g g r a w a l( IS R ) ,  N a g a b h u s h a n  R a o  ( IS R ) ,  a n d  P a lla b e e  C h o u d h u ry  
( IS R )T r ig g e re d  S e is m ic ity  d u e  to  th e  2 0 0 1  M w7 .6  B h u j E a r th q u a k e , W e s te rn  In d ia ,  S 6 .1 , p .6 7 .

4 . P a lla b e e  C h o u d h u ry ,  R a k e s h  K  D u m k a  a n d  B  K  R a s to g i, C ru s ta l d e fo rm a t io n  s tu d ie s  b y  D G P S  in  
K a c h c h h ,  S 7 .4 , p .8 1 .

5. K .  M .  S re e jith ,  T . J. M a ju m d a r ,  A .  S. R a ja w a t a n d  A ja i  (G e o sc ie n c e s D iv isio n , M a rin e, G eo  

a n d  P la n eta ry S c ie n c e s G rou p, E P S  A , S A C (IS R O ); B .K .  R a s to g i,  P a lla b e e  C h o u d h u ry ,  a n d  
R a k e s h  K  D u m k a  ( IS R ) In S A R  a n d  G P S  e v id e n c e s  f o r  c ru s ta l d e fo rm a t io n  in  K a c h c h h ,  In d ia ,  
S 7 .5 , p .8 2 ..

6 . P a lla b e e  C h o u d h u ry  ( IS R ) ,  C ru s ta l d e fo rm a tu io n  s tu d ie s  in  G u ja ra t
P o s te r  P re s e n ta tio n s
7. S a n to s h  K u m a r ,  S a n de e p  K u m a r  A g g r a w a l a n d  B K  R a s to g i,  IS R ;S e is m ic i ty  o f  G u ja ra t  s ta te , 

W e s te rn  In d ia ,  S 1 -P 2 , p .1 3 .

8. B . S a ira m ( IS R ) ,  B K  R a s to g i( IS R )  a n d  P ra n t ik  M a n d a l ( N G R I ) ;  S tu d y  o f  S o u rc e  P a ra m e te rs  a n d  
F o c a l m e c h a n is m  s o lu t io n s  o f  e a rth q u a k e s  o c c u r r in g  in  th e  G u ja ra t  re g io n ,  In d ia .S 2 -P 1 , p .1 8 .

9. B K  R a s to g i, S a n to s h  K u m a r ,  S a n de e p  A g g ra w a l,  K a p i l  M o h a n , N a g a b h u s h a n  R a o  ( IS R ) ,  S u m e r 
C h o p ra  (M o E S ) ;  S o u rc e  P a ra m e te rs  a n d  e ffe c ts  o f  T a la la ,  S a u ra s h tra  M 5  e a rth q u a k e  o f  O c t  2 0 , 
2 0 1 1  a n d  a fte rs h o c k  s tu d y , S 2 -P 4 , p .2 1 .

10. S a n to s h  K u m a r ,  D in e s h  K u m a r  a n d  B .K .R a s to g i,  IS R ; S o u rc e  P a ra m e te rs  a n d  S c a lin g  r e la t io n  f o r  
th e  E a r th q u a k e s  in  J a m n a g a r r e g io n  o f  G u ja ra t ,  S 2 -P 5 , p .2 2 .

11. R a s to g i B K  ( IS R ) ,  M .  S. G a d h a v i ( IS R , N o w  L D  E n g g .) ,  J. N .  M a l i k  ( I I T k )  , A K  S in g h v i (P R L )  
a n d  M .  M o r in o  ( O Y O  In t . ) ;  P a le o s e is m ic  a n d  A c t iv e  F a u lt  S tu d ie s  in  K a c h c h h ,  S 4 -P 1 , p .3 8 .
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12. F a lg u n i B h a tta c h a ry a , B K  R a s to g i,  G C  K o th y a r i  ( IS R ) ,  A s c e r ta in in g  th e  s e is m ic i ty  u s in g  
m o rp h o m e tr ic  in d ic e s  in  th e  v i c in i t y  o f  W a g a d  a n d  G e d i F a u lts , e a s te rn  K a c h c h h , G u ja ra t ,  In d ia ,  
S 4 -P 2 , p .3 9 .

13. K o th y a r i ,  G C , B K  R a s to g i a n d  R a k e s h  K  D u m k a , IS R ; S u rfa c e  d e fo rm a t io n  zo n e  o f  th e  N o r th  
W a g a d  F a u lt  a n d  n e o te c to n ic  e v id e n c e s  in  th e  G e d i F a u lt  a re a  o f  K a c h c h h ,  S 4 -P 3 ,

14. S u m e r C h o p ra  ( M o E S ) ,  T a o - M in g  C h a n g  (N C R E E , T a iw a n ) ,  B .K .R a s to g i ( IS R )  a n d  R B S  Y a d a v  
( IN C O IS ) ;  C ru s ta l S tru c tu re  b e n e a th  G u ja ra t  re g io n , S 5 -P 1 , p .5 9

15. K .M a d h u s u d h a n a  R a o  ( IS R ) ,  M .  R a v i K u m a r  ( N G R I )  a n d  B .K .R a s to g i ( IS R ) ;  S e is m ic  c o n s tra in ts  
o n  a n is o tro p y  a n d  s tru c tu re  b e n e a th  N o r th w e s te rn  D e c c a n  V o lc a n ic  P ro v in c e  o f  In d ia ,  S 5 -P 4 ,
p .6 0 .

16. A .P .  S in g h , O .P . M is h r a  (D is a s te r  C e l l ,  S A R C , N e w  D e lh i) ,  N a v a n e e th  A n n a m , L ib u  Jose , a n d  
S a n to s h  K u m a r  ( IS R ) ;  3 -D  R a y le ig h  W a v e  G ro u p  V e lo c i t y  T o m o g ra p h y  o f  G u ja ra t ,  In d ia ,  S 5 -P 5 ,
p .6 2 .

17. B a b ita  S h a rm a  ( M o E S )  a n d  B .K .R a s to g i ( IS R ) ;  A t te n u a t io n  o f  S e is m ic  W a v e s  in  K a c h c h h  a n d  
S a u ra s h tra  R e g io n s , G u ja ra t ,  In d ia ,  S 5 -P 7 , p .6 4 .

18. K a p i l  M o h a n , S u n ita  D e v i,  ( IS R )  K .  V e e ra s w a m y  a n d  T .  H a r in a ra y a n a  ( N G R I ) ;  2 D -G e o e le c t r ic  
S u b s u rfa c e  s tru c tu re  in  th e  s u r ro u n d in g s  o f  th e  E p ic e n te r  Z o n e  o f  2 0 0 1 , B h u j E a r th q u a k e  U s in g  
M a g n e to te l lu r ic  S tu d ie s , S 5 -P 8 , p .6 4 .

19. S r ic h a n d  P ra ja p a t i ( IS R )  a n d  S. N .  B h a tta c h a ry a  ( I IS E R - K ,  M o h a n p u r ) ;  L i th o s p h e r ic  S tru c tu re  o f  
th e  L o w e r  In d u s  B a s in  as w e l l  as O n s h o re  a n d  O f fs h o re  W e s te rn  In d ia  E v a lu a te d  f r o m  S u r fa c e -  
W a v e  D a ta , S 5 -P 9 , p .6 5 .

2 0 . G .S w e th a  ( N G R I ) ,  G . P a v a n k u m a r  ( IS R )  a n d  A .  M a n g l ik  ( N G R I ) ;  In t ra p la te  S tress  A n a ly s is  b y  
C O M S O L  M u lt ip h y s ic s ,  S 5 -P 1 1

2 1 . R .K .  S in g h , B .K .  R a s to g i,  G o p a l R a o , O m  B e h a r i,  S id h a r th  D im r i  a n d  M  K i r a n  K u m a r  ( IS R ) ;  
P re p a ra t io n  o f  1 m .g a l In te r v a l  B o u g u e r  A n o m a ly  C o n to u r  m a p  o f  K a c h c h h  a n d  id e n t i f ic a t io n  o f  
F a u lts , S 6 -P 1 , p .7 4 .

2 2 . A .P .  S in g h , O .P . M is h r a  a n d  B .K .  R a s to g i,  IS R ; N e w  M o d e l  f o r  C ra c k  d e n s ity ,  S a tu ra t io n  ra te  a n d  
P o ro s ity  a t th e  2 0 0 1  B h u j e a r th q u a k e  H y p o c e n te r :  V in d ic a t in g  f l u id  d r iv e n  e a rth q u a k e , S 6 -P 3 , 
p .7 5 .

2 3 . A .P .  S in g h , R B S  Y a d a v ,  S a n to s h  K u m a r  a n d  B K  R a s to g i,  IS R ; C o u lo m b  s tress  c h a n g e s  a n d  
S e is m o g e n s is  b e n e a th  K a c h c h h  re g io n  d u e  to  2 0 0 1  B h u j e a rth q u a k e , S 6 -P 4 , p .7 6 . 
2 6 th G u ja ra t  S c ie n c e  C o n g re s s , M .S .  U n iv e r s it y ,  B a ro d a ,F e b . 2 6 , 2 0 1 2

2 4 . R a s to g i,  B .K .  (2 0 1 2 )  In v i te d  L e c tu re  “ E a r th q u a k e  a n d  T s u n a m i H a z a rd  in  G u ja ra t ” , P ro c . , 8 7 -8 8 . 
N a t .  S em . “ G e o lo g y  a n d  G e o -re s o u rc e s  o f  H im a la y a  a n d  C ra to n ic  R e g io n s  o f  In d ia ” , G e o lo g y  
D e p t.,  K u m a o n  U n iv . ,  N a in i t a l ,  1 0 -1 2  M a rc h ,  2 0 1 2 .

2 5 . B .K .  R a s to g i (2 0 1 2 ) .  In v i te d  L e c tu re  “ S e is m o te c to n ic s  o f  H im a la y a :  S o m e  n e w  F in d in g s ” , 
A b s t r a c t  V o l. ,p .1 8 .

2 6 . K o th y a r i ,  G C , R K  D u m k a , P D  P a n t, B S  K o t l ia  a n d  K e ta n  S in g h a  R o y  (2 0 1 2 ) .  E v a lu a t io n  o f  
n e o te c to n ic  D e fo rm a t io n  in  K u m a o n  H im a la y a :  In d ia ,  A b s t r a c t  V o l .  p  35
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2 7 . P D  P a n t, G C  K o th y a r i ,  R i t u  C h a u h a n  (2 0 1 2 ) .  T e r t ia r y  f a u l t  k in e m a t ic s  a n d  Q u a te rn a ry  
re a c t iv a t io n  in  N o r t h  A lm o r a  T h ru s t  ( N A T ) ,  L e s s e r  H im a la y a  K u m a u n . A b s t r a c t  V o l .  p  69

3 rd In t l .  G e o h a z a rd s  R e s e a rc h  S y m p ., D epartm ent o f  Physics, H .N .B . Garh w a l U niversity  T e h r i  
G a rh w a l,  Ju n e  1 0 -1 4 , 2 0 1 2

2 8 . R a s to g i,  B K  (2 0 1 2 )  E a r th q u a k e  r is k  m i t ig a t io n  in  H im a y a ,  , A bstract Volum e Page n o.5.

2 9 . S in g h , A .P . ,  B .K .  R a s to g i,  S a n de e p  A g g r a w a l a n d  S a n to s h  K u m a r  (2 0 1 2 )A s s e s s m e n t o f  s ite  
re sp o n se  u s in g  e a rth q u a k e  a n d  a m b ie n t  v ib r a t io n  m e a s u re m e n ts : A  case s tu d y  o f  D h o le ra ,  S p e c ia l 
In v e s tm e n t R e g io n  in  G u ja ra t ,  In d ia ,

3 0 . S a n to s h  K u m a r ,  D in e s h  K u m a r  a n d  B .K .  R a s to g i,  S c a lin g  L a w  a n d  K a p p a  ( K )  f o r  th e  K a c h c h h  
R e g io n  o f  G u ja ra t ,  A b s t r a c t  V o lu m e  P age  N o .  63 .

R e g io n a l S c ie n c e  C o n g re s s , M .  S. U n iv e r s i t y  B a ro d a , 15 th-1 6 th S e p te m b e r, 2 0 1 2
3 1 . K o th y a r i  G . C , R a s to g i,  B .K . ,  D u m k a  R . K  a n d  M u k e s h  C h a u h a n  (2 0 1 2 )  S u rfa c e  D e fo rm a t io n  o f  

N o r t h  W a g a d  F a u lt  in  K a c h c h h  R i f t  B a s in , G u ja ra t .  P re s e n te d  P o s te r, 15 th S e p t. 2 0 1 2 .

3 rd In t l .  G e o h a z a rd s  R e s e a rc h  S y m p ., D epartm ent o f  Physics, H .N .B . Garh w a l U niversity  T e h r i  
G a rh w a l,  Ju n e  1 0 -1 4 , 2 0 1 2

3 2 . R a s to g i,  B K  (2 0 1 2 )  E a r th q u a k e  r is k  m i t ig a t io n  in  H im a la y a ,  , A bstract Volum e Page n o.5.

3 3 . A .P .  S in g h , B .K .  R a s to g i,  S a n de e p  A g g r a w a l a n d  S a n to s h  K u m a r  (2 0 1 2 )A s s e s s m e n t o f  s ite  
re sp o n se  u s in g  e a rth q u a k e  a n d  a m b ie n t  v ib r a t io n  m e a s u re m e n ts : A  case s tu d y  o f  D h o le ra ,  S p e c ia l 
In v e s tm e n t R e g io n  in  G u ja ra t ,  In d ia ,
IS E T  G o ld e n  J u b ile e  S y m p ., I I T r ,  R o o rk e e , O c to b e r  2 0 -2 1 , 2 0 1 2

3 4 . R a s to g i,  B K  (2 0 1 2 )  E a r th q u a k e  h a z a rd  A s s e s s m e n t: M a c ro  to  M ic r o  le v e l,

3 5 . P a te l, V M ,  M .  B .  D h o la k ia ,  A .  P. S in g h  (2 0 1 2 )  T s u n a m i r is k  3 D  v is u a l iz a t io n :  th e  O k h a  C o a s t o f  
G u ja ra t ,  In d ia ,  P a p e r N o .  B 0 0 1

4 9 th A n n u a l C o n v e n t io n  o f  th e  In d ia n  G e o p h y s ic a l U n io n  “ T o w a rd s  th e  E n e rg y  S e c u r ity -  
E x p lo r a t io n  a n d  N e w  S tra te g ie s ” , A h m e d a b a d , O c to b e r  2 9 -3 1 , 2 0 1 2

3 6 . F a lg u n i B h a tta c h a ry a , B .K .  R a s to g i,  M a m a ta  M g a m g o m , M a h e s h  T h a k k a r  , R .C . P a te l, L a te  
Q u a te rn a ry  c l im a te  a n d  te c to n ic  re c o n s t ru c t io n  b a se d  o n  c h a n n e l f i l l  d e p o s its  in  th e  K a t r o l  H i l l  
R a n g e , K a c h c h h ,  W e s te rn  In d ia .

3 7 . C h o u d h u ry ,  P a lla b e e , S u m e r C h o p ra  a n d  B  K  R a s to g i, E s t im a t io n  o f  S e is m ic  H a z a rd  in  G u ja ra t  
R e g io n

3 8 . C h o u d h u ry ,  P a lla b e e , S u m e r C h o p ra  a n d  B  K  R a s to g i,  S tu d y  o f  R e sp o n se  S p e c tra  f o r  D if f e r e n t  
G e o lo g ic a l C o n d it io n s  in  G u ja ra t .

3 9 . C h o u d h u ry ,  P a lla b e e , S u m e r  C h o p ra  a n d  B  K  R a s to g i,  D e te rm in is t ic  S e is m ic  H a z a rd  A s s e s s m e n t 
f o r  G u ja ra t  R e g io n . (P age  N o .  3 5 )

4 0 . G ir is h  C h . K o th y a r i ,  A .  K .  G u p ta , S a n de e p  A g r a v a l,  S a n ja y  P ra ja p a t i a n d  R a k e s h  K . ,  A  F e lt  
E a r th q u a k e  M w  5 .0  o n  June  2 0 , 2 0 1 2 , in  K a c h c h h  re g io n  o f  W e s te rn  In d ia  (P a g e  N o .  3 2 ).

4 1 . K u m a r ,  S a n to s h , S a n de e p  K u m a r ,  A .P .  S in g h , P . M a h e s h , K e ta n  S. R o y ,  V a n d a n a  P a te l, a n d  B .K .  
R a s to g i,  S e is m ic  N e tw o r k  a n d  S e is m ic i ty  o f  G u ja ra t  S ta te . (P a g e  N o .  4 0 )
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4 2 . K a p i l  M o h a n , D e te rm in is t ic  S e is m ic  H a z a rd  A s s e s s m e n t in  K a c h c h h  (G u ja ra t ) ,  U s in g  S e m i­
e m p ir ic a l  a p p ro a c h .(P a g e  n o . 4 3 )

4 3 . R a s to g i,  B .K . ,  G ir is h  C h . K o th y a r i ,  S andeep  K .  A g g r a w a l a n d  S. K .  B is w a s ,  S e is m ic i ty  a n d  
T e c to n ic  M o d e l  o f  C a m b a y  B a s in . (P a g e  N o .  3 1 )

4 4 . R a s to g i,  B .K .  a n d  J y o t i  S h a rm a , T e m p o ra l P a tte rn  o f  G lo b a l S e is m ic ity .  (P a g e  n o . 3 4 )
4 5 . R a s to g i,  B .K . ,  K a p i l  M o h a n , A s h is h  B h a n d a r i,  V a s u  P a n c h o li,  B . S a ira m , A .  P. S in g h , G ir is h  C h . 

K o th y a r i ,  S a n de e p  K .  A g g r a w a l,  S e is m ic  M ic r o z o n a t io n  o f  D i f f e r e n t  P a rts  O f  G u ja ra t .  (P age  N o . 
3 3 )

4 6 . S a ira m , B . a n d  B . K .  R a s to g i,  P re p a ra t io n  O f  T h e  P ro b a b i l is t ic  S e is m ic  H a z a rd  A n a ly s is  M a p s  
A n d  S tru c tu ra l R e sp o n se  M a p s  O f  G u ja ra t .  (P a g e  N o .  3 4 )

4 7 . S h a rm a , J y o t i  a n d  S u m e r C h o p ra , S o u rc e , p a th  a n d  s ite  c h a ra c te r is t ic s  u s in g  a c c e le ro g ra m s  f o r  
G a rh w a l-K u m a o n  a n d  S ik k im  H im a la y a  re g io n . (P a g e  N o .  3 9 )

4 8 . S in g h , A .P .  a n d  O . P. M is h ra ,  C ru s ta l h e te ro g e n e it ie s  b e n e a th  th e  2 0 1 1  T a la la ,  S a u ra s h tra  
e a r th q u a k e , G u ja ra t ,  In d ia  s o u rc e  z o n e  a n d  its  S e is m o te c to n ic  Im p l ic a t io n s .  (P age  N o .  3 7 )

4 9 . V e e ra s w a m y  K . ,  K .K .  A b d u l  A z e e z , K a p i l  M o h a n , A . K .  G u p ta , T . H a r in a ra y a n a  a n d  B .K .  
R a s to g i,  U p p e r  c ru s ta l fa u lts  in  th e  B h u j e a rth q u a k e  re g io n  as im a g e d  b y  M a g n e to te l lu r ic s .  (P age  
N o .  4 2 )

P o s te r  p re s e n ta tio n s :

5 0 . A n n a m , N a v a n e e th , A .  P. S in g h  a n d  C h in m a y e e  S a h o o , L o c a l S ite  E f fe c ts  E s t im a te d  F ro m  
E a r th q u a k e  a n d  A m b ie n t  V ib r a t io n  M e a s u re m e n ts  a t K a c h c h h ,  G u ja ra t ,  In d ia .(P a g e  N o .  4 7 )

5 1 . C h o u d h u ry ,  P a lla b e e , R a k e s h  D u m k a , M o n ik a  W a d h a w a n , S w a g a t ik a  D a s  a n d  B  K  R a s to g i,  
E s t im a t io n  o f  P la te  V e lo c i t y  a n d  C ru s ta l D e fo rm a t io n  in  th e  G u ja ra t  R e g io n , W e s te rn  In d ia  U s in g  
G P S  M e a s u re m e n ts . (P a g e  N o .  4 5 )

5 2 . C h o u d h u ry ,  P a lla b e e , S u m e r C h o p ra  a n d  B  K  R a s to g i,  S ite  d e p e n d e n t re sp o n se  s p e c tra  d e r iv e d  
f r o m  g ro u n d  m o t io n s  re c o rd  in  G u ja ra t ,  In d ia .  (P a g e  N o .  4 5 )

5 3 . G u p ta , S a n de e p , P. M a h e s h , K .  S iv a ra m , S. S. R a i , S e is m ic i ty  n e a r  th e  T e h r i  d a m , G a rh w a l 
H im a la y a .  (P a g e  N o .  4 8 )

5 4 . G u p ta  A r u n  K . ,  A n u p  K .  S u ta r, S u m e r C h o p ra , S a n to s h  K u m a r  a n d  B .K .  R a s to g i, C o d a  w a v e s  
a tte n u a t io n  in  M a in la n d  G u ja ra t .  (P a g e  n o . 4 6 )

5 5 . K u m a r ,  P a v a n  G . a n d  A .  M a n g l ik ,  L o c a l iz e d  E n h a n c e m e n t I n  M a g n e t ic  F ie ld  A t  T h e  N o r th e rn  
B o u n d a ry  O f  T h e  M a in  C e n tra l T h ru s t  Z o n e , S ik k im  H im a la y a .  (P a g e  N o .  1 0 3 )

5 6 . K a p i l  M o h a n , P e u sh  C h a u d h a ry , P a v a n  K u m a r ,  S u n ita  D e v i  a n d  B .K .  R a s to g i,  M a g n e to te l lu r ic  
s tu d y  to  d e lin e a te  th e  s u b s u rfa c e  g e o -e le c t r ic a l s tru c tu re  in  th e  W e s te rn  m o s t p a r t  o f  th e  C a m b a y  
B a s in  (P a g e  N o .  1 1 8 ).

5 7 . K a p i l  M o h a n , B .S a ira m , V a n d a n a  P a te l a n d  B .K .R a s to g i,  D e te rm in is t ic  S e is m ic  H a z a rd  
A s s e s s m e n t in  th e  W a g a d  a re a  o f  K a c h c h h . (P a g e  N o . 5 1)

5 8 . R o y ,  K e ta n  S in g h a , J y o t i  S h a rm a  a n d  B .K .R a s to g i,  E s t im a t io n  o f  th e  s ite  re sp o n se  c h a ra c te r is t ic s  
b y  u s in g  d i f fe r e n t  te c h n iq u e s  f o r  th e  G u ja ra t  re g io n . (P age  N o .4 8 )
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5 9 . S a ira m , B . a n d  B . K .  R a s to g i,  K e ta n  R o y  a n d  V a n d a n a  P a te l, P re p a ra t io n  o f  th e  S ite  C h a ra c te r is t ic  
M a p  o f  G u ja ra t .  (P a g e  N o .  4 4 )

6 0 . S in g h , A P . ,  I n d r a j i t  G . R o y  a n d  J. R . K a y a l,  A p p ra is a l  o f  s e is m ic  c h a ra c te r is t ic s  o f  th e  2 0 0 1  B h u j 
a n d  th e  2 0 0 7  T a la la  e a rth q u a k e s  in  G u ja ra t :  F ra c ta l a n d  b -v a lu e  s tu d ie s . (P age  n o . 4 6 )

N a t io n a l C o n fe re n c e  o n  “ N A T U R A L  H A Z A R D S  A N D  IT S  M I T I G A T I O N ”  o rg a n iz e d  b y  E s h a n  
C o lle g e  o f  E n g in e e r in g ,  F a ra h , M a th u ra ,  D e c  0 4 -0 5 , 2 0 1 2

6 1 . S u s h a n ta  K u m a r  S a h o o , M .S .B .S .  P ra sa d , K . M .  R a o  a n d  B .K .  R a s to g i (2 0 1 2 )  D e te c t io n  o f  U L F  
E le c t ro m a g n e t ic  e m is s io n s  as a  p re c u rs o r  to  th e  E a r th q u a k e  ( M = 5 .0 )  a t  K u tc h ,  G u ja ra t  w i t h  
P o la r iz a t io n  a n a ly s is

A m e r ic a n  G e o p h y s ic a l U n .  F a l l  m e e t in g  a b s tra c ts  2 0 1 2 , S an  F ra n c is c o

6 2 . P u rn a c h a n d ra  R a o , N . ,  R a o , C .N .,  H a z a r ik a ,  P ., T iw a r i ,  V . M . ,  R a v i K u m a r ,  M . ,  S in g h , A . ,  2 0 1 2 . 
S tru c tu re  a n d  T e c to n ic s  o f  th e  A n d a m a n  S u b d u c t io n  Z o n e  f r o m  m o d e l in g  o f  S e is m o lo g ic a l a n d  
G r a v i t y  d a ta , D e c . 15, 2 0 1 2 .

IS R  S E M I N A R  T A K L S  ( IN H O U S E  S E M IN A R S )

F o l lo w in g  12 ta lk s  w e re  d e liv e re d  b y  IS R  s c ie n t is ts  o n  1 2 .1 2 .1 2  f o r  12 m in u te  d u ra t io n  each :

1. S a n to s h  K u m a r ,  S e is m ic  N e tw o r k ,  S e is m ic ity ,  S e is m ic  B a c k g ro u n d  N o is e  o f  G u ja ra t  N e tw o r k  a t 
IS R , D e c . 12, 2 0 1 2

2 . A .P .  S in g h , 3 -D  S e is m ic  S tru c tu re , C ra c k  A t t r ib u te s  a n d  b -V a lu e s  o f  th e  K a c h c h h  G u ja ra t ,  In d ia  
a n d  I ts  Im p l ic a t io n  f o r  th e  E a r th q u a k e  H a z a rd  M i t ig a t io n ,  a t IS R , D e c . 12, 2 0 1 2

3. G ir is h  C h . K o th y a r i ,  N e o te c to n ic  a t t r ib u te  o f  th e  G e d i F a u lt  in  W a g a d  a re a  o f  K a c h c h h ,  G u ja ra t  
In d ia ,  a t  IS R , D e c . 12, 2 0 1 2

4 . P. M a h e s h , S e is m o te c to n ic s  o f  th e  K u m a u n -G a rh w a l H im a la y a ,  a t  IS R , D e c , 12, 2 0 1 2

5. B . S a ira m , p r o b a b il is t ic  S e is m ic  h a z a rd  a sse ssm e n t (P S H A )  o f  G u ja ra t ,  a t IS R , D e c . 12, 2 0 1 2

6. S. P . P r iz o m w a la ,  Is  th e  s o u th e rn  c o a s t o f  K a c h c h h  u p l i f te d ?  a t IS R , D e c . 12, 2 0 1 2

7. S. P. P r iz o m w a la ,  S ig n a tu re s  o f  T e c to n ic  U p l i f t  R e c o rd e d  b y  M a r in e  N o tc h e s  a lo n g  D iu  C o a s t, 
W e s te rn  In d ia ,  a t  IS R , D e c . 12, 2 0 1 2

8. B .K .  R a s to g i,  D e l in e a t io n  o f  F a u lts  a n d  B a s e m e n t S tru c tu re  in  K a c h c h h  U s in g  H ig h  R e s o lu t io n  
G r a v i t y  S u rv e y , a t  IS R , D e c . 12, 2 0 1 2

9. B .K .  R a s to g i,  S e is m ic ity  o f  G u ja ra t  F ro m  2 0 0 1  to  2 0 1 2 , a t  IS R , D e c . 12, 2 0 1 2

10. B .K .  R a s to g i,  S e is m ic  M ic r o z o n a t io n  w o r k  in  G u ja ra t  b y  IS R , a t IS R , D e c . 12, 2 0 1 2

11. B .K .  R a s to g i,  S e is m ic  H a z a rd  A s s e s s m e n t o f  th e  In d u s t r ia l  s ite s  in  K a c h c h h ,  a t IS R , D e c . 12, 2 0 1 2

12. B .K .  R a s to g i,  S e is m ic ity  o f  H im a la y a ,  a t  IS R , D e c . 12, 2 0 1 2
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CHAPTER 13
P R O J E C T S

SN P ro je c t S p o n s o r in g
A g e n c y

P e r io d V a lu e  R s. L

1 Paleoseismology in Kutch GoG Apr.2007-
Continuing

100.00/yr

2 Microzonation in Gujarat GoG Apr.2007-
Continuing

100.00/yr

3 Seismic Study for Dholera Special Investment 
Region

GIDB Dec. 2008- 
Jul 2013

200.00

4 Seismotectonic Study around Mundra GSPC Oct 2008- 
Sep 2012

138.94

5 Seismic Microzonation of Guj. Intl. Finance Tech 
City

GIFT May 2009- 
June 2012

27.00

6 Active fault investigation in Kachchh GSDMA Apr 2009-Aug. 
2013

5.00

7 Crustal Deformation in Kutch and Narmada MoES-2 Apr 2007- 
Sep 2012

77.88

8 Assessment of Vulnerability of Installations near 
Gujarat Coast vis-a-vis Seismic Disturbances

MoES-3 
Coastal Vul

April 2009 -  
Aug 2013

153.84

9 Seismic Microzonation of Ahmedabad, Gujarat MoES-4
Ahmedabad

April 2010- Sep 
2013

37.68

10 Imaging of 3D Geoelectric subsurface structure of 
the Source Zone of 2001, Bhuj earthquake with 
Magnetotellurics

MoES-5
MT

June 2011-Aug 
2013

10.00

11 Surface deformation mapping using SAR 
interferometry in Kachchh

SAC, ISRO Apr. 2008-Feb 
2013

19.00

12 Generation of site specific ground motion (spectra) 
with due considerations of measure shear wave 
velocities and soil conditions for industrial sites of 
Bhuj region

BRNS, Atomic 
Energy

Apr 2011- March 
2012

7.40

13 *Tsunami Studies GPCL Jan 2012-March 
2012

1.80

14 Morphotectonic and geological Investigation of 
Kumaun Lesser Himalaya

DST, SERC 
Fast Track

September 2011- 
September 2014

19.95

15 *Calibration & Valuation of satellite signals SAC, ISRO Apr 2012 Mar 
2017

81.50

16 *GPR, RTK and seismic surveys at 
Archeological Survey: (

2.00

Total 1381.99

* N E W  P R O J E C T S
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G R A N T S  R E C E I V E D :
A g e n c y F u n d s ,  R s . D a te

1 G o G  P la n 3 ,8 2 ,0 0 ,0 0 0
2 G o G  N o n -P la n 1 ,1 5 ,0 0 ,0 0 0
3 C o rp u s  F u n d  In te re s t 1 ,4 5 ,6 0 ,0 0 0
4 G IC C - G ID B ,  D h o le ra  S IR 3 9 ,1 1 ,4 0 0 7 .4 .2 0 1 2
5 G S D M A ,  A c t iv e  F a u lt  S tu d y 2 ,9 3 ,5 0 0 1 6 .4 .2 0 1 2
6 P u n j L o y e d 1 ,0 0 ,0 0 0 5 .5 .2 0 1 2
7 S A C - IS R O , C A L - V A L 1 7 ,5 0 ,0 0 0 3 0 .5 .2 0 1 2
8 S A C - IS R O , L o s s  A s s e s s m e n t 4 ,6 0 ,0 0 0 3 .8 .2 0 1 2
9 S A C - IS R O , P re c u rs o ry  s tu d y 1 ,5 0 ,0 0 0 1 1 .2 .2 0 1 3
10 U n iv .  G e o s c ., I t a ly 6 ,1 4 ,5 8 2

7 ,2 1 ,8 2 7
8 .6 .2 0 1 2
5 .1 2 .2 0 1 3

11 A h m e d a b a d  M u n ic ip a l  C o rp . 8 ,5 0 ,0 0 0 1 2 .7 .2 0 1 2
12 G o I ,  F a s t T ra c k 5 ,0 0 ,0 0 0 1 .8 .2 0 1 2
13 S A C - IS R O -3 ,  L o s s  A s s e s s m e n t 4 ,6 0 ,0 0 0 3 .8 .2 0 1 2
14 G S P C  L N G ,  M u n d ra 1 0 ,7 8 ,2 0 0 5 .1 0 .2 0 1 2
15 A s s a m  S ta te  D is a s te r  M a n a g e m e n t A u th o r i t y 2 ,5 0 ,0 0 0 3 1 .1 2 .1 2
16 A r c h e o lo g y  D e p a r tm e n t 3 ,1 0 ,0 0 0 4 .2 .2 0 1 3
17 G U J C O S T 1 ,0 0 ,0 0 0 6 .2 .2 0 1 3

T o ta l 7 ,5 6 ,4 9 ,5 0 9

228 A n n u a l  R e p o r t  2 0 1 2 - 1 3



I n s t i t u t e  o f  S e i s m o l o g i c a l  R e s e a r c h , G a n d h i n a g a r

CHAPTER 14
I N S T R U M E N T S  P R O C U R E D

L is t  o f  I n s t r u m e n t  P u r c h a s e d  d u r in g  y e a r  2 0 1 2
P a r t y  N a m e I n s t r u m e n t

D e s c r ip t io n
Q t y F o r e ig n

C u r r e n c y
I N R  +  C u s to m  
+ S h ip p in g  c h rg s .

T o ta l P r o je c t

M /s .  E m e ra l p o w e r
S ys te m s ,
A h m e d a b a d

S o la r  S y s te m  se t 2 0
- '

2 8 ,3 7 ,1 0 0 /- C o rp u s
F u n d

M /s .H u g h e s  
C o m m u n ic a t io n  In .

F iv e  y e a rs  T o ta l  
C o s t.

- - 3 4 ,2 2 ,0 3 0 /-

M / s . L E M I  U k ra in e 3 c o m p le te  sets 
in d u c t io n  
m a g n e to m e te r  
L E M I - 3 0

3 4 5 ,9 9 0 /-
E u ro

3 2 ,6 7 ,7 5 0 /-
In s t.c o s t.

1 ,6 8 ,2 8 9 /-  C u s to m  
d u ty
2 4 ,1 3 0 /-  S h ip p in g  

c h rg

3 4 ,6 0 ,1 6 9 /- C o rp u s
F u n d

M /s  G E M  S y s te m s  
C a n a d a

M a g n e to m e te rs  
O v e rh a u s h e r  D /1  
M a g n e to m e te rs

3 1 ,3 8 ,7 9 5 /-  
C a d  $

7 0 ,3 7 ,1 8 4 /-
In s t.c o s t.

2 ,4 7 1 / -  
c u s to m  d u ty  

5 9 ,2 4 9 /-  
S h ip p in g  c h rg .

7 0 ,9 8 ,9 0 4 /- C o rp u s
F u n d

M /s .N a n o m e t r ic s
C a n a d a

B ro a d  B a n d  
S e is m o g ra p h .

4 8 0 ,3 3 0 /-
U S D

4 0 ,0 9 ,9 8 1 /-
In s t.c o s t.

3 ,7 5 ,1 7 4 / -  c u s to m  
d u ty  2 1 ,2 9 4 /-  
S h ip p in g  ch a rg e s .

4 4 ,0 6 ,4 4 9 /-

C O M P U T E R S  /  S O F T W A R E S  P R O C U R E D  D U R I N G  2 0 1 2
S r .n o N a m e S u p p l ie r Q t y P r ic e P r o je c t
1 H P  L a p to p S h ree  S a ik ru p a

C o m m e rc ia l
E n te rp r is e

01 4 2 ,4 5 0 /- F a s t T ra c k

2 H P  6 2 0 0  D e s k to p  
S y s te m

D a ta  T e c h  c o m p u te rs 06 2 ,0 1 ,9 1 5 /- G O G  -  N o n  P la n

3 T re n d  M ic r o  
E n te rp r is e  S e c u r ity  
E n d p o in t  -  S ta n d a rd

W e l lm a r k  I T  C o n s u lta n t 101 1 ,2 2 ,1 3 7 /-
G O G - P L A N

4 C is c o  C 1 9 0 5  R o u te r W e l lm a r k  I T  C o n s u lta n t 01 3 6 ,7 5 0 /- G O G  -  N o n  P la n
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CHAPTER 15
S P E C I A L  E V E N T S

1 5 .1  F O U N D A T I O N  D A Y  C E L E B R A T I O N

F o u n d a t io n  D a y  w a s  c e le b ra te d  o n  2 0 th  M a y .  IS R  F o u n d a t io n  S to n e  w a s  la id  b y  S r i N a re n d ra  M o d i ,  
H o n o ra b le  C M  o n  2 0 th  M a y  2 0 0 7 . F o u n d a t io n  D a y  le c tu re  w a s  d e liv e re d  b y  D r .  A ja i ,  G ro u p  D ir e c to r ,  
M a r in e  a n d  E a r th  S c ie n c e s , S A C - IS R O  e n t i t le d  "C l im a te  C h a n g e  S tu d ie s : R o le  o f  S pace  T e c h n o lo g y " .

T h e  le c tu re  w a s  fo l lo w e d  b y  re m a rk s  f r o m  S r i R a v i S a x e n a  a n d  D r .  S K  B is w a s  a n d  d in n e r  f o r  fa m il ie s  
a n d  g u es ts
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15.2 Cultural Evening and dinner for the summer trainees

A  C u ltu r a l  E v e n in g  a n d  d in n e r  f o r  th e  s u m m e r  tra in e e s  w a s  o rg a n is e d  o n  7 .6 .2 0 1 2 . D r .  B .K .  R a s to g i 
w e lc o m e d  th e  s tu d e n ts , IS R  s ta f f  a n d  g u e s ts  f o r  th e  fu n c t io n .  H e  s a id  th a t  b e s id e s  d is s e r ta t io n s  o f  M .S c .  /  
M .  T e c h . S tu d e n ts  f o r  p e r io d s  o f  a  fe w  m o n th s  to  a  y e a r ,  IS R  h a s  tw o  p ro g ra m s  o f  s tru c tu re d  s u m m e r 
a n d  w in te r  t r a in in g  p ro g ra m s  c a lle d  S u m m e r  o f  A p p l ie d  G e o p h y s ic s  E x p e r ie n c e  (S A G E )  a n d  W in te r  o f  
A p p l ie d  G e o p h y s ic s  E x p e r ie n c e  ( W A G E ) .  T h e se  t r a in in g  p ro g ra m s  c o n s is t  o f  le c tu re s  b y  IS R  s c ie n t is ts  
a n d  in v i te d  fa c u l ty ,  f ie ld  t r a in in g  o f  d i f fe r e n t  ty p e s  o f  g e o p h y s ic a l s u rv e y s  a n d  th e i r  p ro c e s s in g  a n d  
in te rp re ta t io n  o f  a c q u ire d  d a ta . T h e  s ig h ts e e in g  a n d  e x c u rs io n  v is i t s  a re  a ls o  a rra n g e d . T h e  C h ie f  G u e s t: 
w a s  D r .  S .K . B is w a s , F o rm e r  D ir e c to r  O N G C . H e  re m a rk e d  th a t  s tu d e n ts  n e e d  to  le a rn  th e  s u b je c ts  to  
a c q u ire  k n o w le d g e  a n d  n o t  m e re ly  to  pass th e  e x a m s . H e  th e n  re c a lle d  h o w  w i t h  h a rd  w o r k  a n d  g re a t 
in s ig h ts  he  d is c o v e re d  s e v e ra l o i l  f ie ld s  in  A s s a m  a n d  G u ja ra t .  T h e  s tu d e n ts  a t th e  e n d  e x p re s s e d  th e i r  
u tm o s t  s a t is fa c t io n  o f  th e  r ic h  e x p e r ie n c e  a n d  G u ja ra t  h o s p ita l i t y .

1 5 .3  S e m in a r s /S y m p o s ia /W o r k s h o p s  O r g a n is e d

1 5 .3 .1  C o -h o s te d  w i t h  G E R M I  a n d  P D P U  th e  4 9 th  A n n u a l C o n v e n t io n  o f  th e  In d ia n  G e o p h y s ic a l U n io n  
“ T o w a rd s  th e  E n e rg y  S e c u r it y -E x p lo r a t io n  a n d  N e w  S tra te g ie s ” , A h m e d a b a d , O c to b e r  2 9 -3 1 , 2 0 1 2

R e s p o n s ib i l i t ie s  S & T  D e p t.  a n d  IS R : 

* G U J C O S T  p ro v id e d  fu n d  o f  R s . 1 .00  la k h  

* H o u s e d  75  d e le g a te s  a t IS R  C a m p u s

* R a s to g i,  B K :  C o n v e n o r  4 9 th  IG U  C o n v e n t io n ,  C h a irm a n  o f  th e  se ss io n  o n  ( i )  “ In te r  a n d  In tra p la te  
s e is m ic i ty ”  a n d  ( i i )  th e  p a r t  o f  th e  In v i te d  T a lk s  b y : D r .  R a s ik  R a v in d ra  a n d  D r .  S u i ja la l  S h a rm a  in  th e  
s e s s io n  o n  A tm o s p h e r ic  &  P la n e ta ry  S c ie n c e s  a n d  re le a s e d  T e c h n ic a l P ro g ra m  a t th e  In a u g u ra l F u n c t io n

* D r .  K a p i l  M o h a n : C h a irm a n  S e s s io n  V -  S o lid  E a r th  G e o s c ie n c e s  (P o s te r  S e s s io n ) o f  th e  4 9 th  A n n u a l 
C o n v e n t io n  o f  th e  In d ia n  G e o p h y s ic a l U n io n .

I N A U G U R A L  P R O G R A M  A T  P D P U

D r .  O m k a r  J a n i, Sc. G E R M I :  I n v i t in g  d ig n ita r ie s  to  th e  d ia s .

D r .  H a r i  N a ra y a n a , D ir e c to r  G E R M I :  W e lc o m e  A d d re s s
D r .  P . K o te s w a r  R a o : R e p o r t  o f  S e c re ta ry  IG U

D r .  V P  D im r i :  P re s id e n t ia l A d d re s s  a n d  p re s e n ta t io n  o f  A w a rd s

S r i D .J . P a n d ia n , C h ie f  G u e s t: R e le a se  o f  A b s t r a c t  V o lu m e  a n d  In a u g u ra l A d d re s s

D r .  B .K .  R a s to g i: R e le a se  o f  T e c h n ic a l P ro g ra m  a n d  R e m a rk s

P ro f .  P .K .  B a n ik ,  D ir e c to r  G e n e ra l P D P U : R e m a rk s  a n d  V o te  o f  T h a n k s

R e m a rk s  b y  B K  R a s to g i d u r in g  th e  In a u g u ra l F u n c t io n  o f  th e  4 9 th  C o n v e n t io n  o f  In d ia n  G e o p h y s ic a l 
U n io n

S r i D .J . P a n d ia n , P r in c ip a l  S e cy . E n e rg y  &  P e tro c h e m ic a ls  D e p t .  G o v t .  o f  G u ja ra t  a n d  C h ie f  G u e s t, 
P a d m a s r i D r .  V P  D im r i ,  P re s id e n t In d .  G e o p h y s . U n . ,  P ro f .  H a r i  N a ra y a n a , C o n v e n e r ,  IG U  a n d  m e m b e rs  
h a v e  b e e n  h e lp in g  IS R  f o r  i ts  d e v e lo p m e n t s in c e  its  in c e p t io n .  N o w  i t  is  th e  age  o f  m u lt i fa c e te d  re se a rch . 
In d . S oc . E a r th q . Sc. has  b e e n  s ta r te d  to  fo s te r  s y n e rg y  b e tw e e n  d i f fe r e n t  b ra n c h e s  o f  S e is m o lo g y  as w e l l  
as b e tw e e n  S e is m o lo g y  a n d  E a r th q u a k e  E n g in e e r in g . T o w a rd s  th is  IS R  h a d  h e ld  an  In t l .  S y m p . o n  
E a r th q . Sc. in  th e  y e a r  2 0 1 1  a n d  sam e is  p la n n e d  b i- a n n u a l ly .  H e n c e , th e  n e x t  In te rn a t io n a l S y m p o s iu m
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o n  A d v a n c e s  in  E a r th q u a k e  S c ie n c e  is  to  b e  o rg a n iz e d  d u r in g  F e b ru a ry  1 -2 , 2 0 1 3  fo l lo w e d  b y  In t l .  
S c h o o l o n  E a r th q u a k e  H a z a rd  A s s e s s m e n t n a m e d  as “ U s e  o f  e - in f ra s t ru c tu re s  f o r  a d v a n c e d  s e is m ic  
h a z a rd  a sse ssm e n t in  In d ia n  S u b c o n t in e n t”

I n  fu tu re  w e  p la n  to  h o ld  j o i n t  C o n v e n t io n s  o f  IG U  a n d  IS E S .

I t  is  m y  g re a t p le a s u re  to  re le a se  th e  T e c h n ic a l P ro g ra m .
H ig h  l ig h ts  o f  th e  S e m in a r  o n  “ T o w a rd s  th e  E n e rg y  S e c u r it y -E x p lo ra t io n ,  E x p lo i ta t io n  a n d  N e w  
S tra te g ie s ”

A b o u t  5 0  o ra l a n d  5 0  p a p e rs  w e re  p re s e n te d  in  3 d a ys  s e m in a r  in  th e  f o l lo w in g  sess ions :

T o w a rd s  th e  E n e rg y  S e c u r it y -E x p lo ra t io n ,  E x p lo i ta t io n  a n d  N e w  S tra te g ie s

I. In te r  a n d  In t r a  P la te  S e is m ic ity

I I .  M a r in e  G e o s c ie n c e

I I I .  A tm o s p h e r ic  &  P la n e ta ry  Sc.

I V .  S o l id  E a r th  G e o s c ie n c e s

H ig h l ig h ts :  A b o u t  3 0 0  d e le g a te s  a tte n d e d  th e  s e m in a r  in  w h ic h  5 0  o ra l a n d  5 0  p o s te r  p a p e rs  w e re  
p re s e n te d . IS R  s c ie n t is ts  a n d  JR F s  p re s e n te d  2 0  p a p e rs  in  se ss io n s  I I  a n d  V .  T h e  C o -C h a irm a n  o f  S e ss io n  
I I  D r .  D ip a n k a r  S a rk a r  re m a rk e d  th a t  h ig h l ig h t  o f  th e  se ss io n  w a s  p a p e rs  p re s e n te d  b y  IS R  s c ie n t is ts . IS R  
h a s  m a d e  a  c o m p le te  s tu d y  o f  s e is m ic  h a z a rd  o f  G u ja ra t  a n d  o th e r  s ta tes  n e e d  to  e m u la te  th a t.

I n s t i t u t e  o f  S e i s m o l o g i c a l  R e s e a r c h , G a n d h i n a g a r

JVENTION
INDIAN GEOPHYSICAL UNION

4991 ANNUAL CONVENTION
'TOWARDS THE ENEMY SECURITY - EXPLORATION 

EXPLOITATION AND NEW STRATEGIES'

Sponsored by

BRNS/DAE
Council of Sdentifc & Industrial Research 

Electrotek International Inc.
DMTGmbH

Geometries - Results Marine 
SERB/DST

Indian National Centre for Ocean Information Services 
Indian Institute of Geomagnetism 

National Centre for Antarctic and Ocean Research 
CSIR-National Institute of Oceanography 

Oil and Natural Gas Corporation Ltd.
Gujarat Council on Science & Technology 

Gujarat State Petroleum Corporation Limited 

Gujarat Power Corporation Limited 
Ministry of Earth Sciences 

Ministry of New and Renewable Energy
InvironiiMnui Geophyucs
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1 5 .3 .2 . IS R  C o -h o s te d  w i t h  G E R M I  th e  2 n d  In d o - G e r m a n  W o r k s h o p  o n  “ M a g n e t o t e l lu r i c  D a ta  
A c q u is i t i o n ,  P ro c e s s in g  a n d  M o d e l in g ” , G a n d h in a g a r ,  N o v e m b e r  1 - 3 , 2 0 1 2 .

R e s p o n s ib i l i t ie s :

S r i R a v i S a xe na : C h ie f  G u e s t a n d  in a u g u ra te d  th e  W o rk s h o p .

D r .  B K  R a s to g i: d e liv e re d  W e lc o m e  A d d re s s  as C o o rd in a to r  2 nd In d o -G e rm a n  W o rk s h o p  o n  
“ M a g n e to te l lu r ic  D a ta  A c q u is i t io n ,  P ro c e s s in g  a n d  M o d e l in g ”

D r .  K a p i l  M o h a n : C o n v e n e r  f r o m  IS R .

H o s te d  a b o u t 45  tra in e e s  a n d  2 0 R e s o u rc e  p e rs o n s  in  IS R  C a m p u s

A r ra n g e d  f ie ld  d e m o n s tra t io n  o f  tw o  ty p e s  o f  g e o p h y s ic a l s u rv e y s  a t G IF T  C i t y  a n d  I I T g  s ite

W E L C O M E  A D D R E S S  B Y  D G - IS R  D U R IN G  T H E  IN D O - G E R M A N  W O R K S H O P  O N  
M A G N E T O T E L L U R IC S  D A T A  A C Q U IS IT IO N ,  P R O C E S S IN G  A N D  M O D E L I N G ”  N o v e m b e r  1, 
2 0 1 2

C h ie f  G u e s t M r .  R a v i S a xe n a , A d d l.  C h ie f  S e c re ta ry , S &  T  D e p t.  G o v t .  o f  G u ja ra t  , P re s id e n t In . 
G e o p h y s . U n .  P a d m a s r i D r .  V P  D im r i ,  a n d  G u e s t o f  H o n o r ,  D r .  S u d h a k a r, A d v is o r  M o E S ,  c o o rd in a to rs  
P ro f .  H e in r ic h  B ra s s e , f r o m  F re e  U n iv . ,  B e r l in  a n d  P ro f .  H a r i  N a ra y a n a , o th e r  d ig n ita r ie s  o n  th e  d ia s , i t  is  
h e a r te n in g  to  w e lc o m e  y o u  a l l  in  th e  S e c o n d  In d o -G e rm a n  w o rk s h o p  o n  “ M a g n e to te l lu r ic  D a ta  
A c q u is i t io n ,  P ro c e s s in g  a n d  M o d e l in g ”  j o i n t l y  o rg a n iz e d  b y  In s t i tu te  o f  S e is m o lo g ic a l R e s e a rc h  ( IS R ) ,  
G E R M I  a n d  N G R I .  I  w e lc o m e  c o n v e n e rs  D r .  K a p i l  M o h a n , f r o m  IS R  a n d  D r .  A ja y  M a n g l ik  o f  N G R I .

I  w e lc o m e  so m e  2 0  In d ia n  re s o u rc e  p e rs o n s  so m e  o f  w h o m  h a v e  a lre a d y  a r r iv e d :

N G R I :  N a n d in i  N a g a ra ja n , A ja y  M a n g l ik ,  B .P .K .  P a tro , S .P  S h a rm a , S .K  V e rm a , K . K  A b d u l  A z e e z

W a d ia  In s t i tu te  o f  H im a la y a n  G e o lo g y :  B .R . A ro ra ,

S N  B o s e  N a t io n a l C e n tre  f o r  B a s ic  S c ie n c e , K o lk a ta :  B B  B h a tta c h a ry a

I I T  R o o rk e e : D r .  M d .  Is r a i l ,  S r i N iw a s ,  P K  G u p ta

I I T  B o m b a y :  E . C h a n d ra s e k h a r,

In d ia n  In s t i tu te  o f  G e o m a g n e t is m  ( I IG ) :  S .G . G o k a rn

I  s p e c ia l ly  w e lc o m e  th e  G e rm a n  re s o u rc e  p e rso n s :

P ro f .  M ic h a e l B e c k e n  o f  U n iv e r s i t y  o f  M u n s te r ,

P ro f .  B u le n t  T e z k a n  o f  U n iv e r s i t y  o f  C o lo g n e ,

D r  K a t r in  S c h w a le n b e rg  o f  B u n d e s a n s ta lt  f u r  G e o w is s e n s c h a f te n  u n d  R o h s to f fe  (B G R ) ,

D r .  F r ie d r ic h s  B e rn h a rd  o f  M e t r o n ix  

a n d  D r .  U lr ic h  M a tz a n d e r  a ls o  o f  M e t r o n ix

IS R  has c a r r ie d  o u t  c o n s id e ra b le  a m o u n t o f  G e o p h y s ic a l In v e s t ig a t io n s  re la te d  to  e a rth q u a k e  s tu d ie s . In  
M a g n e to te l lu r ic s ,  IS R  a lo n g  w i t h  N G R I  has  p io n e e re d  3 -D  s u rv e y  m e th o d  f o r  u p p e r  c ru s t. IS R  has d o n e
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d e ta il  s u rv e y  f o r  d e te c t io n  o f  s u b s u rfa c e  fa u l ts  in  In d ia .  I  h a v e  n o t  seen  in  l i te ra tu re  su ch  c le a r  
in d ic a t io n s  o f  fa u lts  as in fe r r e d  in  K a c h c h h  as w e l l  as C a m b a y .

L a te ly  M T  m e th o d  o f  g e o p h y s ic a l e x p lo ra t io n  is  e m e rg in g  as an  in e x p e n s iv e  a lte rn a t iv e  to  s e is m ic  
m e th o d s  a n d  in  so m e  cases l ik e  D e c c a n  t ra p  c o u n t r y  th e  o n ly  s u c c e s s fu l m e th o d . M o re o v e r ,  i t  is  th e  o n ly  
re l ia b le  m e th o d  f o r  d e e p e r s tru c tu re  to  3 0 -4 0 k m . I t  has  b e e n  u s e d  f o r  o i l  e x p lo ra t io n ,  g e o th e rm a l 
e x p lo ra t io n  a n d  th e  s tu d y  o f  l i t h o s p h e r ic  s tru c tu re . I t  has  b e e n  u s e d  in  la n d  as w e l l  as o ce a n . I t  is  a ls o  
g o o d  to  n o te  th a t  e x te n s iv e  e x p e r t is e  h a s  b e e n  d e v e lo p e d  w i t h in  In d ia  in  re c e n t t im e s . A s  th e  e x p e r t is e  o f  
in te rp re ta t io n  is  fa s t d e v e lo p in g ,  th e  y o u n g  re s e a rc h e rs  a re  k e e n  to  le a rn  th e  sam e f r o m  th e  e x p e rts . I t  is  
e v id e n t  f r o m  th e  o v e rw h e lm in g  re sp o n se  f r o m  th e  p a r t ic ip a n ts  a n d  re s o u rc e  p e rs o n s . M o re  th a n  4 0  
p a r t ic ip a n ts  a re  f r o m  12 o rg a n iz a t io n s  in c lu d in g  fo u r  I I T s  (K a n p u r ,  R o o rk e e , K h a ra g p u r ,  B o m b a y ) ,  
O N G C , H in d u s ta n  Z in c ,  A to m ic  M in e ra ls  D iv is io n  ( A M D ) ,  N G R I ,  In d .  In s t.  o f  G e o m a g n e t is m , N a t .  
R e m o te  S e n s in g  C e n te r , H y d e ra b a d . .

T h e  t r a in in g  c o n s is ts  o f  le c tu re s ; h a n d  o n  e x p e r ie n c e , f ie ld  t r a in in g ,  n u m e r ic a l m o d e l in g  a n d  d a ta  
in te rp re ta t io n  m a k in g  i t  a  c o m p le te  p a c k a g e .

I  a m  su re  th a t  th e  w o rk s h o p  w i l l  a c t as a n  e x c e lle n t  t o o l  to  d is s e m in a te  th e  a d v a n c e  k n o w le d g e  in  th e  
E le c t ro m a g n e t ic s  a n d  th e  p a r t ic ip a n ts  w i l l  u t i l i z e  i t  in  t h e i r  in d iv id u a l  o rg a n iz a t io n  f o r  N a t io n  b u i ld in g  in  
te rm s  o f  o i l  a n d  m in e ra l  e x p lo ra t io n ,  s e is m ic  h a z a rd  a sse ssm e n t ( id e n t i f ic a t io n  o f  fa u lts )  e tc .

R e m a rk s  o f  th e  G e rm a n  C o o rd in a to r :  T h e  G e rm a n  C o o rd in a to r  P ro f .  H e in r ic h  B ra s s e , f r o m  F re e  U n iv . ,  
B e r l in  re m a rk e d  th a t  th e  M a g n e to te l lu r ic  d a ta  c o m in g  o u t  f r o m  In d ia  is  n o w  o f  h ig h  q u a l i t y  a n d  In d ia n  
G ro u p  m a y  b e c o m e  la rg e s t m a g n e to te l lu r ic  g ro u p  in  th e  W o r ld .

R e m a rk s  b y  th e  G u e s t o f  H o n o u r  D r .  M .  S u d h a k a r , A d v is o r  M o E S : T h e  p re s e n t c e n tu ry  m a y  b e  th e  
E a r th  S c ie n c e  C e n tu ry  b e ca u se  o f  re s o u rc e s  a n d  e n e rg y  c ru n c h . H e n c e , th e  s tu d e n ts  a n d  re s e a rc h e rs  h a v e  
g re a t r e s p o n s ib i l i t y  in  th e  c o m in g  y e a rs .

R e m a rk s  b y  P re s id e n t IG U  D r .  V P  D im r i :  S e v e ra l ty p e s  o f  s tu d ie s  a n d  g e o p h y s ic a l s u rv e y s  a re  b e in g  
d o n e  b y  IS R  f o r  e a r th q u a k e  s tu d ie s . In  re c o rd  s h o r t  t im e  IS R  has b e c o m e  C e n tre  o f  E x c e lle n c e .

R e m a rk s  b y  th e  C o o rd in a to r  D r .  T . H a r i  N a ra y a n a , D ir e c to r  G E R M I :  E x p re s s e d  th a t  IS R  s h o u ld  h a v e  a t 
le a s t 5 m o re  M T  u n its  f o r  e f fe c t iv e  a n d  fa s te r  s u rv e y s .

I n a u g u r a l  A d d r e s s  b y  C h ie f  G u e s t  S r i  R a v i  S a x e n a :

1. S tu d e n ts  h a v e  to  p re p a re  f o r  th e  g re a te r  n e e d  o f  w o r k  in  E a r th  s c ie n c e  in  th is  c e n tu ry  o f  E a r th  
S c ie n c e .

2 . G a n d h in a g a r  is  b e c o m in g  k n o w le d g e  h u b  as e a r l ie r  i t  w a s  H y d e ra b a d . I t  is  a p p a re n t f r o m  th e  fa c t  
th a t  c a rn iv a l o f  G e o p h y s ic s  is  o rg a n is e d  b y  G E R M I ,  P D P U  a n d  IS R  b y  w a y  o f  h o ld in g  4 9 th  
C o n v e n t io n  o f  In d ia n  G e o p h y s ic a l U n io n  a n d  th e  In d o -G e rm a n  W o rk s h o p  o n  “ M a g n e to te l lu r ic  
D a ta  A c q u is i t io n ,  P ro c e s s in g  a n d  M o d e l l in g ”  in  w h ic h  th e  S & T  D e p t  o f  G o G  is  a s s o c ia te d  w ith .

3 . T h e  H o n o u ra b le  C M  sends g o o d  w is h e s  f o r  th e  w o rk s h o p .  H e  is  a lw a y s  h a p p y  to  m e e t th e  
S c ie n t is ts , b u t  c o u ld  n o t  d o  so d u e  to  b u s y  s c h e d u le .
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4 . T h e  G o G  uses e -T e c h n o lo g y  f o r  a d m in is t ra t io n .  I t  has  f iv e  d e p a r tm e n ts . U n d e r  G S B T M  th e  l io n  
g e n o m e  s e q u e n c in g  h a s  b e e n  d o n e . G U J C O S T  is  p o p u la r iz in g  sc ie n c e . E n ro lm e n t  in  S c ie n ce  
s tre a m  h a s  in c re a s e d .

G u ja ra t  h a d  2 0 0 0  y r  o f  m ic ro c o s m  a n d  p o p u la t io n  w a s  b u s y  in  t ra d in g .  N o w  th e  ta s k  is  in s t i l l in g  
th e  S c ie n c e  c u ltu re .

5. S ix  y e a rs  b a c k  fo c u s in g  o n  e a rth q u a k e  s tu d ie s  an  in s t itu te  o f  th is  n a tu re  w a s  e s ta b lis h e d  w h ic h  is  
f u l l y  d e d ic a te d  to  e a rth q u a k e  s tu d y . D r .  R a s to g i h a s  b r o u g h t  i t  a  lo n g  w a y .  T h e  In s t i tu te  is  n o w  
w e l l  re c o g n is e d  a l l  o v e r  th e  w o r ld .  I t  h a s  a ls o  p a rtn e re d  w i t h  th e  e n g in e e r in g  c o m m u n ity .  W o r k  o n  
in t ra -p la te  s e is m ic i ty  w a s  re c o g n is e d  as b e s t d a ta  sets a n d  v a lu a b le  assets f o r  fu tu re  re s e a rc h . T h e  
In s t i tu te  has  3 m a jo r  S ch e m es  o f  w o r k :  S tu d y  o f  P h y s ic s  o f  th e  E a r th q u a k e  P ro ce ss , E a r th q u a k e  
H a z a rd  A s s e s s m e n t a n d  E a r th q u a k e  F o re c a s tin g .

N o w  M T  M e th o d  w i l l  b e  u s e d  w i t h  v ig o u r  as I  a g re e  f o r  b u y in g  o f  10 m o re  M T  U n its  as s u g g e s te d  b y  
E x p e r ts  p re s e n t in  th e  in a u g u ra l fu n c t io n .

In  fa c t ,  c o u n t r y  as a  w h o le  a n d  G u ja ra t  a ls o  is  p la n n in g  to  in c re a s e  th e  in v e s tm e n t in  R & D  to  1 %  o r  
m o re .

H ig h l ig h ts  o f  th e  2 nd In d o -G e rm a n  W o rk s h o p  o n  “ M a g n e to te h u r ic  D a ta  A c q u is i t io n ,  P ro c e s s in g  a n d  
M o d e l l in g ”  -  C o n c lu d in g  S e ss io n

R e m a rk s  b y  D r .  B .K .  R a s to g i, C h a irm a n :

D r .  H e in r ic h  B ra s s e , R e s o u rc e  P e rs o n s , P a r t ic ip a n ts ,  I  a m  su re  y o u  h a d  tw o  d a y s  o f  in te n s iv e  c ra c k  
c o u rs e  o n  m a g n e to te l lu r ic s .  O n e  m o re  d a y  is  f o r  t r a in in g  o n  F ie ld  d e p lo y m e n t ,  re c o rd in g  a n d  P ro c e s s in g  
e x p e r ie n c e  o n  tw o  m e th o d s  o f  M T  &  T E M .  S o m e  3 6  p a r t ic ip a n ts  a n d  2 2  re s o u rc e  p e rs o n s  a tte n d e d  f r o m  
a  d o z e n  d i f fe r e n t  o rg a n iz a t io n s  f r o m  d i f fe r e n t  p a rts  o f  In d ia  a n d  G e rm a n y .

T W O  D A Y S  L e c tu re s  C o v e re d  ( i )  F u n d a m e n ta ls  ( i i )  N e w  a n d  im p ro v e d  in s t ru m e n ta t io n  in c lu d in g  R a d io  
M T  a n d  V L F  f o r  s h a llo w  s u b -s u r fa c e  ( i i i )  Im p ro v e d  in te rp re ta t io n  te c h n iq u e s  f o r  2 D  a n d  E x p o s u re  to  3 D  
in te rp re ta t io n  ( i v )  T u to r ia l  o n  s o ftw a re

I  ta lk e d  to  so m e  o f  th e  p a r t ic ip a n ts .  T h e y  a re  h a p p y  to  k n o w  so m a n y  a sp e c ts  o f  M T  S u rv e y  a n d  m a n y  
n e w  a d v a n c e s  d ir e c t ly  f r o m  re n o w n e d  e x p e rts .

T h is  is  a l l  g o o d  b u t  in  fu tu re  y o u  c a n  p la n  o n e  w e e k  T r a in in g  c o u rs e  fo c u s s in g  m o re  o n  f ie ld  
d e p lo y m e n t ,  p ro c e s s in g  a n d  in te rp re ta t io n .  T h a t  s h o u ld  n o t  h a v e  m a n y  th e o re t ic a l d e v e lo p m e n t a n d  case 
s tu d ie s . T h e  s u g g e s tio n  w a s  s u p p o r te d  b y  s e v e ra l re s o u rc e  p e rs o n s  a n d  s tu d e n ts .

R e m a rk s  o f  P ro f .  H e in r ic h  B ra sse :

T h e  s tu d e n ts  s h o u ld  d o  th e i r  o w n  p ro g ra m m in g .  L e a rn  w h a t  a v a ila b le  s o ftw a re  is  d o in g . T h e  s u g g e s tio n  
w a s  s u p p o r te d  b y  s e v e ra l d e le g a te s  a n d  s tu d e n ts . In v e r s io n  in  S e is m o lo g y  is  s im i la r  t o  M T .  H e n c e , 
S e is m o lo g ic a l d e v e lo p m e n ts  c a n  be  b ro u g h t  f o r  M T .  T h is  is  n e e d e d  f o r  3 D  in v e rs io n  o f  M T  d a ta . H e  
in fo rm e d  th a t  an  In te rn a t io n a l S y m p o s iu m  o n  M T  w i l l  be  h e ld  in  G e rm a n y  A u g u s t  e n d  o f  2 0 1 4  a n d  th e  
N e x t  In d o -G e rm a n  w o rk s h o p  m a y  be  h e ld  in  2 0 1 6 .
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In west coast ot India Tsunar

... I S R
INSTITUTE OF SEISMOLOGICAL RESEARCH

T S U N A M I S T U D IE S

ISR Stall at Vibrant Gujarat Global Trade Show 2013, 
During 3-11 Jan. 2013 at Mahatma Mandir, Gandhinagar.
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A  R e p o r t  o n  2 nd I n t e r n a t io n a l  S y m p o s iu m  o n  “ A d v a n c e s  in  E a r t h q u a k e  S c ie n c e ”  ( A E S -2 0 1 3 ) ,  
F e b r u a r y  1 - 2 ,2 0 1 3
A n  In te rn a t io n a l S y m p o s iu m  o n  “ A d v a n c e s  in  E a r th q u a k e  S c ie n c e  ( A E S - 2 0 1 3 ) ”  w a s  h e ld  d u r in g  
F e b ru a ry  1 -2 , 2 0 1 3  a t In s t i tu te  o f  S e is m o lo g ic a l R e s e a rc h , G a n d h in a g a r .

T h e  S y m p o s iu m  w a s  s p o n s o re d  b y  M in is t r y  o f  E a r th  S c ie n c e  a n d  N u c le a r  P o w e r  C o rp o ra t io n  a n d  w a s  
o rg a n iz e d  to  ta k e  s to c k  o f  re s e a rc h  in  In d ia  in  th e  f ie ld  o f  S e is m o lo g y  a n d  p la n  fu tu re  re s e a rc h  d ire c t io n s . 
I t  w a s  to  p ro m o te  e x c h a n g e  o f  id e a s  a m o n g s t th e  s e is m o lo g is ts ,  g e o lo g is ts ,  e a r th q u a k e  e n g in e e rs  a n d  
g e o te c h n ic a l e n g in e e rs  b y  d is c u s s io n  o n  s u b je c ts  o f  in te re s ts  in  th e  f ie ld  o f  E a r th q u a k e  S c ie n c e .
In  th e  S y m p o s iu m , 8 fo re ig n  a n d  150  In d ia n  d e le g a te s  p a r t ic ip a te d  in c lu d in g  6 5 %  y o u n g  re se a rch e rs . 
F o re ig n  d e le g a te s  w e re  f r o m  I t a ly ,  G e rm a n y  a n d  T a iw a n . In d ia n  d e le g a te s  w e re  f r o m  d i f fe r e n t  p a r ts  o f  
th e  c o u n t r y  f r o m  U t ta ra k h a n d  in  th e  n o r th w e s t ;  D e lh i  a n d  U P  in  th e  n o r th ;  A s s a m , A ru n a c h a l P ra d e sh  
a n d  M iz o r a m  in  th e  n o rth e a s t, W e s t  B e n g a l in  th e  east, A n d h r a  P ra d e sh , K a rn a ta k a  a n d  T a m iln a d u  in  the  
s o u th  a n d  M a h a ra s h tra  as w e l l  as G u ja ra t  in  th e  w e s t.

>  S o m e  80  o ra l a n d  2 0  p o s te r  p a p e rs  w e re  p re s e n te d . L e c tu re s  w e re  a t th re e  le v e ls .  S r. S c ie n t is ts  
d e liv e re d  K e y  N o te  L e c tu re s  r e v ie w in g  s ta tu s  o f  d if fe r e n t  th e m e s . C u t t in g  e d ge  s ta te  o f  th e  a r t  
le c tu re s  w e re  b y  e x p e r ie n c e d  s c ie n t is ts  a n d  n e w  re s e a rc h  b y  y o u n g  s c ie n t is ts .

D E T A I L S  O F  D I F F E R E N T  S E S S IO N S

1. E a r t h q u a k e  P r e c u r s o r s  a n d  P r e d ic t io n  S tu d ie s ,  C o n v e n e r :  B R  A r o r a ,  U C O S T ,  D e h r a d u n ) :
R e c o g n iz in g  th a t  e a rth q u a k e  p re c u rs o ry  re s e a rc h  h o ld  k e y  to  e a rth q u a k e  p re d ic t io n ,  s e a rc h  f o r  p re c u rs o rs  
a n d  t h e i r  d o c u m e n ta t io n  has  c o n t in u e d  in  d i f fe r e n t  p a rts  o f  th e  g lo b e . A c c u m u la te d  e v id e n c e s  b r in g  fo r th  
v a r ie ty  o f  p re c u rs o ry  s ig n a ls  in c lu d in g  s e is m o lo g ic a l,  a tm o s p h e r ic / io n o s p h e r ic ,  g e o d e t ic /g e o m a g n e t ic ,  
e le c t r ic a l r e s is t iv i t y /h y d r o lo g ic a l  as w e l l  as g e o c h e m ic a l a n o m a lie s . D e s p ite  c e r ta in  d e f in i te  success  
cases, s c e p t ic is m  p re v a i ls  as n o te d  c h a n g e s  a re  n o t  o b s e rv e d  a t a l l  e a rth q u a k e s  s ite s  o r  e v e n  f o r  d if fe r e n t  
e a rth q u a k e s  in  th e  sam e  re g io n . T h e  d i la ta n c y - d i f f u s io n  m o d e l b a se d  o n  b e h a v io u r  o f  ro c k s  u n d e r  
s tresses in  la b o ra to r y  c o n d it io n s  has  so m e  success  in  e x p la in in g  so m e  o f  th e  n o te d  p re c u rs o ry  s ig n a ls . 
In d u c t io n  o f  c o n -c u r re n t  m u lt i- s e n s o r  m e a s u re m e n ts  a n d  a v a i la b i l i t y  o f  s a te ll i te  d a ta  h a v e  b e g u n  to  
d e m o n s tra te  th e  p ro m is in g  r o le  o f  n o n -s e is m o lo g ic a l p a ra m e te rs  in  e a rth q u a k e  fo re c a s t in g  p ro g ra m s . 
P a p e rs  in  th e  s e s s io n  r e v ie w e d  th e  a d v a n c e s  in  e a rth q u a k e  p re c u rs o ry  p ro g ra m s  a n d  d e v is e d  ro a d  m a p  f o r  
fu tu re  p la n n in g  a n d  p ra c t ic a l a p p l ic a t io n  o f  e a rth q u a k e  p re c u rs o ry  re se a rch . P a p e rs  d e a l in g  w i t h  s e v e ra l 
a sp e c ts  o f  e a rth q u a k e  p re c u rs o ry  re s e a rc h  w e re  p re s e n te d . P a p e rs  fo c u s e d  o n  m o d e rn  m a th e m a t ic a l to o ls  
to  is o la te  p re c u rs o ry  s ig n a tu re  in  re a l t im e ,  e s ta b lis h in g  th e ir  s p a c e - t im e  r e la t io n  to  e a rth q u a k e  c y c le  a n d  
h ig h l ig h t in g  s tra te g ie s  f o r  in te g ra t in g  m u lt i- s e n s o r  da ta .

2 . S e is m ic  /T s u n a m i  H a z a r d  A s s e s s m e n t ,  C o n v e n e r :  A .  P e re s a n ,  T r ie s te ,  I t a l y
P u rp o s e  o f  th e  s e is m ic  h a z a rd  a sse ssm e n t ( S H A )  is  to  p ro v id e  a  s c ie n t i f ic a l ly  c o n s is te n t e s t im a te  o f  
s e is m ic  h a z a rd  f o r  e n g in e e r in g  d e s ig n  a n d  o th e r  c o n s id e ra t io n s . S e ss io n  in c lu d e d  p a p e rs  o n  th e  a d v a n c e d  
m e th o d s  f o r  s e is m ic  h a z a rd  a sse ssm e n t a n d  s e is m ic  m ic ro z o n a t io n  u t i l i z in g  u p - to  d a te  e a rth q u a k e  
s c ie n c e  p r in c ip le s  to  d e r iv e  th e  s e is m ic  h a z a rd  in  te rm s  o f  a  g ro u n d  m o t io n  o r  re la te d  q u a n t i ty  a n d  its  
o c c u rre n c e  fre q u e n c y  a t a  s ite , as w e l l  as th e  a s s o c ia te d  u n c e r ta in ty .  T h e  I t a l ia n  s c ie n t is ts  p re s e n te d  th re e  
p a p e rs  o n  N e o - D e te r m in is t ic  m e th o d o lo g y  a n d  re s u lts  f r o m  I ta ly .
C h a irp e rs o n  A .  P e re sa n  re m a rk e d  th a t  re g a rd in g  H a z a rd  S tu d ie s  a n d  E n g g . S e is m o lo g y  a m a z in g  a m o u n t 
o f  d a ta  o f  h ig h  q u a l i t y  has  b e e n  g e n e ra te d  b y  IS R  a n d  d i f fe r e n t  ty p e s  o f  a n a ly s is  h a v e  b e e n  c a r r ie d  o u t. 
In d ia  is  a  g o o d  p la c e  to  c a r r y  o u t  n e w  re s e a rc h  a n d  c h e c k /v a lid a te  n e w  m o d e ls .  I  a m  g o in g  b a c k  w i t h  
p o s it iv e  fe e l in g .
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E a s t c o a s t o f  In d ia  is  a f fe c te d  b y  ts u n a m i g e n e ra te d  a lo n g  A n d a m a n -S u m a tra  s u b d u c t io n  z o n e  a n d  w e s t 
c o a s t f r o m  M a k ra n  s u b d u c t io n  zo n e . N u m e r ic a l  m o d e l l in g  to  d e te rm in e  th e  ts u n a m i p ro p a g a t io n ,  
p o te n t ia l  ru n -u p s  a n d  in u n d a t io n  f r o m  ts u n a m ig e n ic  so u rc e s  is  re c o g n iz e d  as u s e fu l a n d  im p o r ta n t  to o l ,  
s in c e  d a ta  f r o m  p a s t ts u n a m i a re  u s u a l ly  in s u f f ic ie n t  to  p la n  fu tu re  d is a s te r  m i t ig a t io n  a n d  m a n a g e m e n t 
p la n e s . M o d e ls  c a n  be  in i t ia l iz e d  w i t h  p o te n t ia l  w o rs t  case  s c e n a r io s  f o r  th e  ts u n a m i so u rc e s  o r  f o r  th e  
w a v e s  ju s t  o f fs h o re  to  d e te rm in e  c o r re s p o n d in g  im p a c t  o n  n e a rb y  c o a s t. M o d e ls  c a n  b e  in i t ia l iz e d  w i t h  
s m a lle r  s o u rce s  to  u n d e rs ta n d  th e  s e v e r ity  o f  th e  h a z a rd  f o r  th e  less  e x tre m e  b u t  m o re  f re q u e n t  e v e n ts  a n d  
a ls o  fa r  ta k in g  in to  a c c o u n t th e  shape  o f  th e  c o a s t l in e  a n d  s h e lf .  P a le o ts u n a m i s tu d y  is  im p o r ta n t  to  
d e c ip h e r  p r e -h is to r ic  ts u n a m is . A l l  th is  in fo rm a t io n  th e n  fo rm s  th e  b a s is  f o r  c re a t in g  ts u n a m i e v a c u a t io n  
m a p s  a n d  p ro c e d u re s . P a p e rs  w e re  p re s e n te d  o n  th e se  to p ic s  re g a rd in g  ts u n a m i a n d  s e is m ic  h a z a rd  
a sse ssm e n t s tu d ie s .

3 . N e o te c to n ic s ,  C o n v e n e r :  V C  T h a k u r ,  W I H G ,  D e h r a d u n
N e o te c to n ic s  is  th e  s tu d y  o f  y o u n g  te c to n ic  e v e n ts  w h ic h  h a v e  o c c u r re d  o r  a re  s t i l l  o c c u r r in g  in  a  g iv e n  
r e g io n  a f te r  i ts  o ro g e n y  o r  a f te r  i ts  la s t  s ig n i f ic a n t  te c to n ic  s e t-u p . T h e  te c to n ic  e v e n ts  a re  re c e n t e n o u g h  
to  p e rm it  a  d e ta ile d  a n a ly s is  b y  d if fe re n t ia te d  a n d  s p e c if ic  m e th o d s , w h i le  t h e i r  re s u lts  a re  d ir e c t ly  
c o m p a t ib le  w i t h  s e is m o lo g ic a l o b s e rv a tio n s . T h is  a p p ro a c h  has b e e n  a c c e p te d  b y  m a n y  re s e a rc h e rs . I t  is  
a ls o  d e f in e d  as th e  s tu d y  o f  g e o lo g ic a l ly  re c e n t m o t io n s  o f  th e  E a r th ’ s c ru s t,  p a r t ic u la r ly  th o s e  p ro d u c e d  
b y  e a rth q u a k e s , w i t h  th e  g o a ls  o f  u n d e rs ta n d in g  th e  p h y s ic s  o f  e a rth q u a k e  re c u rre n c e , th e  g r o w th  o f  
m o u n ta in s ,  a n d  th e  s e is m ic  h a z a rd  e m b o d ie d  in  th e se  p ro ce sse s . A n o th e r  so u rc e  o f  d if fe r e n t  
in te rp re ta t io n s  f o r  a  re g io n  is  th a t  c h a n g e s  in  d if fe r e n t  te c to n ic  p la te s  o f  th e  re g io n  m a y  o c c u r  a t d if fe r e n t  
t im e s ,  g iv in g  r is e  to  th e  n o t io n  o f  th e  " t r a n s i t io n a l t im e " ,  d u r in g  w h ic h  b o th  p a la e o te c to n ic  a n d  
n e o te c to n ic  fe a tu re s  c o e x is t .  F o r  e x a m p le , f o r  c e n tra l/n o r th e rn  E u ro p e , th e  t r a n s it io n a l p e r io d  s tre tch e s  
f r o m  th e  m id d le  e a r ly  M io c e n e  to  th e  M io c e n e -P lio c e n e  b o u n d a ry . T h is  s e s s io n  in c lu d e d  p a p e rs  o n  th e  
p ro b le m s  o f  re c e n t te c to n ic  m o v e m e n ts  th a t  o c c u rre d  in  th e  u p p e r  p a r t  o f  T e r t ia r y  (N e o g e n e )  a n d  in  th e  
Q u a te rn a ry , w h ic h  p la y e d  a n  e s s e n tia l ro le  in  th e  o r ig in  o f  th e  c o n te m p o ra ry  to p o g ra p h y .

4 . R e a l-  t im e  s e is m o lo g y ,  C o n v e n e r :  J R  K a y a l ,  V i s i t in g  P ro fe s s o r ,  IS R ,  G a n d h in a g a r
A im  o f  th e  r e a l- t im e  s e is m o lo g y  is  to  c o l le c t  a n d  a n a ly z e  s e is m o lo g ic a l d a ta  r a p id ly  d u r in g  a  s e is m ic  
c r is is  a n d  u t i l iz e  th e m  f o r  d e v e lo p in g  in fo rm a t io n  o n  h a z a rd , p o te n t ia l  d a m a g e  o f  la rg e  e v e n ts , a c tu a l 
d a m a g e , a n d  a fte rs h o c k  r is k ,  w i t h  th e  a im  o f  m i t ig a t in g  th e  e a rth q u a k e  im p a c t  o n  h u m a n  s o c ie ty . B e fo re  
a  m a in  s h o c k  th e  fo c u s  is  o n  p r o v id in g  in d ic a t io n s  f o r  a n  im p e n d in g  e v e n t b y  t im e -d e p e n d e n t a sse ssm e n t 
o f  h a z a rd  a n d  r is k .  D u r in g  a  s h o c k  an  a le r t  a n d  sh a ke  m a p s  o f  g ro u n d  s h a k in g  a l lo w  ra p id  a sse ssm e n t o f  
th e  d a m a g e  in  a f fe c te d  a re a  f o r  r e l ie f  w o r k ;  in  m a n y  cases s e v e ra l se co n d s  to  a  m in u te  m ig h t  be  a v a ila b le  
f o r  e a r ly  w a rn in g  o f  s tro n g  s h a k in g  w i t h  o p t io n s  to  s h u t d o w n  c r i t ic a l  fa c i l i t ie s ,  se cu re  in d u s t r ia l  
f a c i l i t ie s ,  a n d  is su e  a la rm s  w h e re  a p p ro p r ia te .  A f t e r  th e  m a in  s h o c k  th e  ra p id  d a m a g e  e s tim a te s  b a se d  o n  
s e is m o lo g ic a l in fo r m a t io n  a n d  o n  a  m o d e le d  g ro u n d  c o n d it io n s  c a n  b e  d e liv e re d  to  th e  a g e n c ie s  h a n d l in g  
e m e rg e n c y . A ls o ,  th e  r is k s  a s s o c ia te d  w i t h  a f te rs h o c k s  c a n  be  assessed. O p e ra t io n a l s y s te m s  c o v e r in g  
so m e  o f  th e  a sp ec ts  m e n t io n e d  a b o v e  a re  b e in g  a tte m p te d  in  th e  c o u n tr y .  P a p e rs  w e re  p re s e n te d  d e a lin g  
w i t h  th e  s ta te -o f- th e -a r t  o f  th is  e v o lv in g  te c h n o lo g y .
C h a irm a n  J .R . K a y a l c o m p lim e n te d  IS R  f o r  o rg a n iz in g  th e  s y m p o s iu m  o n  a n n u a l b a s is  a n d  th is  w i l l  h e lp  
in  d is s e m in a t in g  n e w  id e a s /re s e a rc h  a n d  w i l l  c e r ta in ly  h e lp  y o u n g  s c ie n t is ts /re s e a rc h e rs . P re s e n ta t io n  o f  
o n lin e  d a ta  a n a ly s is  a n d  d i f fe r e n t  ty p e s  o f  a n a ly s e s  w i t h  s ta te  o f  th e  a r t  m e th o d s  in  th is  S e m in a r  m a d e  m e  
so h a p p y . T h e  re s u lts  f r o m  A n ta r c t ic a  w h ic h  w e re  p re s e n te d  in  th e  s y m p o s iu m  w e re  fa s c in a t in g .
5 . L i t h o s p h e r ic  s t r u c tu r e ,  C o n v e n e r :  M  R a v i  K u m a r  N G R I ,  H y d e r a b a d
O u r  u n d e rs ta n d in g  o f  th e  E a r th  as a  d y n a m ic  s y s te m  has p r im a r i ly  e v o lv e d  o w in g  to  d e v e lo p m e n t o f  n e w  
in c is iv e  to o ls  to  p ro b e  th e  E a r th ’ s in t e r io r  f r o m  th e  c ru s t  to  c o re , tre m e n d o u s  s tr id e s  in  a c q u is i t io n  o f
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h ig h  q u a l i t y  d a ta  f r o m  dense  o b s e rv a t io n a l n e tw o rk s  c o u p le d  w i t h  e n h a n c e d  c o m p u ta t io n a l p o w e r .  
M u l t id is c ip l in a r y  k n o w le d g e  a c c ru e d  f r o m  h ig h  r e s o lu t io n  s tu d ie s  o f  th e  c o n t in e n ta l l ith o s p h e re ,  n a tu re  
a n d  d e fo rm a t io n  o f  s u b d u c t in g  s la b s , p h y s ic a l a n d  th e rm a l s ta te  o f  th e  m a n t le  t r a n s it io n  z o n e , th e  
lo w e rm o s t  m a n t le  re g io n  a n d  th e  in n e r  c o re  in  c o n ju n c t io n  w i t h  m in e ra l  p h y s ic s  e x p e r im e n ts  is  
c o n t in u a l ly  r e f in in g  th e  fo r e f r o n t  o f  k n o w le d g e  th e re b y  u n v e i l in g  th e  fu n d a m e n ta l g lo b a l a n d  re g io n a l 
sca le  d y n a m ic  p ro ce sse s  o f  o u r  p la n e ta ry  in te r io r .  P a p e rs  w e re  p re s e n te d  o n  o u r  c u r re n t  k n o w le d g e  o f  th e  
d e e p  s tru c tu re , e v o lu t io n  a n d  d y n a m ic s  o f  th e  s ta b le  c o n t in e n ta l in te r io r s  a n d  a c t iv e ly  d e fo rm in g  p la te  
b o u n d a ry  re g io n s  in  d iv e rs e  te c to n ic  s e tt in g s  c o v e r in g  re s e a rc h  f r o m  a  w id e  v a r ie ty  o f  d is c ip l in e s  f r o m  
a c t iv e  a n d  p a s s iv e  s e is m o lo g y , g e o d y n a m ic s  a n d  M a g n e to te l lu r ic s .  P a p e rs  w e re  p re s e n te d  o n  e v o lu t io n  
o f  th e  In d ia n  s h ie ld  a n d  its  p la te  b o u n d a ry  re g io n s  l ik e  th e  H im a la y a ,  B u rm a  a n d  A n d a m a n  a rc .
C h a irm a n  M .  R a v i K u m a r  re m a rk e d  th a t  i t  w a s  h e a r te n in g  to  h a v e  seen  n e w  a n d  v e r y  in te re s t in g  re s u lts  
b e in g  p re s e n te d  b y  y o u n g  s c ie n t is ts . H e n c e , th e re  is  h o p e  f o r  fu tu re .  T h e re  w a s  a m a z in g  le n g th  o f  
d is c u s s io n  a f te r  e a ch  ta lk .  I t  n e c e s s ita te d  th e  se ss io n  c h a irm e n  to  re d u c e  th e  p re s e n ta t io n  t im e  a n d  
in c re a s e  th e  d is c u s s io n  t im e .  T h e  se ss io n s  w e re  le a rn in g  e x p e r ie n c e  f o r  e v e n  S e n io r  S c ie n t is ts . H e  o p in e d  
th a t  th e  p re s e n t re s e a rc h  in  th e  f ie ld  o f  C ru s ta l S tru c tu re  is  m o re  t o o l  ba sed . I t  s h o u ld  b e  m o re  p ro c e s s  
ba sed . H e  s tre sse d  a  n e e d  f o r  a  re g io n a l c ru s ta l m o d e l o f  In d ia  as lo ts  o f  to m o g ra p h ic  s tu d ie s  a re  c a r r ie d  
o u t  b y  v a r io u s  re s e a rc h e rs  w h ic h  c a n  be  u s e d  to  d e v e lo p  re g io n a l m o d e l.  I t  n e e d s  to  b e  p re p a re d  as i t  w i l l  
b e  u s e fu l f o r  h a z a rd  m o d e l in g  a ls o .
6. E n g in e e r in g  s e is m o lo g y : a d v a n c e d  a p p ro a c h e s  a n d  p ra c t ic a l im p le m e n ta t io n ,  C o n v e n e rs : A n to n e l la  
P e re san  ( U n iv e r s i t y  o f  T r ie s te  a n d  IC T P - S A N D  g ro u p ,  I t a ly )  a n d  Im t iy a z  P a rv e z  ( C S IR - C M M A C S ,  
B a n g a lo re , In d ia ) .

L e s s o n s  le a rn t  f r o m  re c e n t d e s tru c t iv e  e a rth q u a k e s  s h o w  th a t  a  s in g le  h a z a rd  m a p  c a n n o t m e e t a l l  th e  
re q u ire m e n ts  f r o m  d i f fe r e n t  e n d -u s e rs . N o w a d a y s  i t  is  re c o g n iz e d  b y  th e  e n g in e e r in g  c o m m u n ity  th a t  
p e a k  g ro u n d  a c c e le ra t io n  (P G A )  e s tim a te s  a lo n e  a re  n o t  s u f f ic ie n t  f o r  th e  a d e q u a te  d e s ig n  o f  s p e c ia l 
b u i ld in g s  a n d  in f ra s t ru c tu re s ,  s in c e  d is p la c e m e n ts  m a y  p la y  a  c r i t ic a l  ro le  a n d  th e  d y n a m ic a l a n a ly s is  o f  
th e  s tru c tu re  re sp o n se  re q u ire s  re lia b le  t im e  se rie s  o f  g ro u n d  m o t io n .  A  re lia b le  c h a ra c te r iz a t io n  o f  th e  
m a x im u m  d is p la c e m e n t a t d i f fe r e n t  p e r io d s  is  e s s e n t ia l, f o r  e x a m p le , to  th e  d e s ig n  o f  s e is m ic a lly  is o la te d  
s tru c tu re s  a n d  o th e r  s p e c ia l in f ra s t ru c tu re s . M o re o v e r  f o r  s tru c tu re s  o f  c o n s id e ra b le  l in e a r  d im e n s io n s  
(e .g . b r id g e s  a n d  a ls o  so m e  b u i ld in g s ) ,  i t  is  n e c e s s a ry  to  a c c o u n t f o r  th e  p o s s ib le  a s y n c h ro n o u s  g ro u n d  
m o t io n  a lo n g  th e  base  o f  th e  s tru c tu re .
W h e n  d e a lin g  w i t h  th e  p ro te c t io n  o f  c u ltu ra l  h e r ita g e  a n d  c r i t ic a l  s tru c tu re s  (e .g . n u c le a r  p o w e r  p la n ts ) ,  
w h e re  i t  is  n e c e s s a ry  to  c o p e  w i t h  h a z a rd  f o r  e x t r e m e ly  lo n g  t im e  in te rv a ls ,  th e  s ta n d a rd  p r o b a b i l is t ic  
a p p ro a c h  to  s e is m ic  h a z a rd  a sse ssm e n t (P S H A )  is  b y  fa r  u n s u ita b le ,  d u e  to  its  b a s ic  h e u r is t ic  l im ita t io n s .  
E x t r a p o la t in g  g ro u n d  m o t io n  w i t h  a n  i n f in i t e l y  lo n g  re tu rn  p e r io d  f r o m  a  fe w  h u n d re d  y e a rs  o f  th e  
a v a ila b le  e a r th q u a k e  c a ta lo g u e s , in  fa c t ,  m a y  tu r n  o u t  to  b e  a  p u re ly  n u m e r ic a l e x e rc is e  w i t h  n o  
c o n n e c t io n  w i t h  r e a l i ty .  A n o th e r  m a jo r  p ro b le m  in  c la s s ic a l m e th o d s  f o r  s e is m ic  h a z a rd  a sse ssm e n t 
c o n s is te d  so fa r  in  th e  a d e q u a te  c h a ra c te r iz a t io n  o f  th e  a tte n u a t io n  m o d e ls ,  w h ic h  m a y  b e  u n a b le  to  
a c c o u n t f o r  th e  c o m p le x i t y  o f  th e  m e d iu m  a n d  o f  th e  s e is m ic  so u rce s , a n d  a re  o f te n  w e a k ly  c o n s tra in e d  
b y  th e  a v a ila b le  o b s e rv a tio n s . T h e  re c e n t in t r o d u c t io n  o f  th e  N e x t  G e n e ra t io n  A t te n u a t io n  ( N G A )  
a p p ro a c h  m a y  n o t  b e  a b le  to  re m o v e  th e  p ro b le m  in  th a t  N G A  re d u c e s  th e  p ro d u c t  o f  e a r th q u a k e  so u rce  
te n s o r  w i t h  th e  G re e n  fu n c t io n  o f  th e  m e d iu m , i.e . th e  te n s o r  p ro d u c t  r o u t in e ly  u s e d  to  f o r m a l ly  re p re s e n t 
a  s e is m o g ra m , to  a  s c a la r  (p e a k  v a lu e )  a n d  s u c h  a  s tro n g  s im p l i f ic a t io n  ca n  b e  t o t a l l y  in a d e q u a te , in  
p a r t ic u la r  w h e n  d e a lin g  w i t h  th e  c o m p le x  g e o lo g ic a l s tru c tu re s  w h ic h  a re  p re s e n t, as a  ru le ,  in  a c t iv e  
d e fo rm a t io n  a reas. T h e re fo re  th e  n e e d  f o r  an  a p p ro p r ia te  e s tim a te  o f  th e  s e is m ic  h a z a rd , c a p a b le  o f  
p r o p e r ly  a c c o u n t in g  f o r  th e  lo c a l  a m p l i f ic a t io n s  o f  g ro u n d  s h a k in g  ( w i t h  re s p e c t to  b e d ro c k ) ,  as w e l l  as 
f o r  th e  fa u l t  p ro p e r t ie s  (e .g . d i r e c t iv i t y )  a n d  th e  n e a r - fa u l t  e f fe c ts  is  a  p re s s in g  c o n c e rn  f o r  s e is m ic
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e n g in e e rs . S u ch  p ro b le m s  a re  e x p e c te d  to  be  o v e rc o m e  in  th e  N e o - D e te r m is i t ic  m o d e l in g  p ro p o s e d  b y  
th e  I t a l ia n  g ro u p . C o n t r ib u t io n s  w e re  o n  a d v a n c e d  to o ls  f o r  s e is m ic  h a z a rd  a sse ssm e n t, p a r t ic u la r ly  o n  
th e  f o l lo w in g  to p ic s :

•  G ro u n d  m o t io n  m o d e lin g
•  S ite  e f fe c ts  c h a ra c te r iz a t io n
•  S o u rc e  c h a ra c te r iz a t io n  a n d  s im u la t io n
•  S e is m ic  in p u t  d e f in i t io n  f o r  s p e c ia l in f ra s t ru c tu re s
•  In te r d is c ip l in a r y  s tu d ie s  a b o u t th e  re sp o n se  o f  s tru c tu re s  to  s e is m ic  in p u t
•  A p p lic a t io n s ,  p ra c t ic a l p ro b le m s  a n d  re q u ire m e n ts  in  e a rth q u a k e  e n g in e e r in g

A N N O U N C E M E N T  O F  F O R M A T I O N  O F  W O R K I N G  G R O U P S
B K  R a s to g i in fo rm e d  th a t  as th e  d e le g a te s  h a v e  e x p re s s e d  n e e d  f o r  fo ru m s  f o r  f r e q u e n t  in  d e p th  
d is c u s s io n s  a n d  c o lla b o ra t io n  o n  v a r io u s  a sp ec ts  i t  is  p ro p o s e d  to  fo r m  W o r k in g  G ro u p s  o n  v a r io u s  
a sp e c ts  l ik e  E a r th q u a k e  P re c u rs o rs , A c t iv e  F a u lts ,  C ru s ta l D e fo rm a t io n ,  S e is m ic  M ic r o z o n a t io n ,  S e is m ic  
H a z a rd , E a r th q u a k e  C a ta lo g s  a n d  R e a l-T im e  S e is m o lo g y , N e tw o rk s  a n d  D ig i t a l  D a ta  p ro c e s s in g  u n d e r  
th e  a e g is  o f  IS E S .

In d o - I ta l ia n  In t .  S c h o o l o n  "U s e  o f  e - in f ra s t ru c tu re s  f o r  a d v a n c e d  s e is m ic  h a z a rd  a sse ssm e n t in  In d ia n  
S u b c o n t in e n t" ,  d u r in g  F e b ru a ry  4 -7 , 2 0 1 3  a t In s t i tu te  o f  S e is m o lo g ic a l R e s e a rc h  ( IS R ) ,  R a is a n , 
G a n d h in a g a r .

T h e  In te rn a t io n a l S c h o o l p ro v id e d  t r a in in g  o n  a d v a n c e d  to o ls  f o r  s e is m ic  h a z a rd  e s t im a t io n . A b o u t  4 0  
tra in e e s  f r o m  d i f fe r e n t  e a rth q u a k e  a ffe c te d  p a rts  o f  In d ia  t o o k  p a r t  in  th e  In te rn a t io n a l S c h o o l.

T h e  In te rn a t io n a l S c h o o l w a s  o rg a n iz e d  u n d e r  a  p ro je c t  fu n d e d  b y  F r iu l i  V e n e z ia  G iu l ia  R e g io n  S e rv ic e  
f o r  In te rn a t io n a l R e la t io n s  a n d  E u ro p e a n  In te g ra t io n  w i t h  th e  f o l lo w in g  P a rtn e rs :

( i )  C S IR  C e n tre  f o r  M a th e m a t ic a l M o d e l in g  a n d  C o m p u te r  S im u la t io n  ( C - M M A C S )  [c o u n c i l  
o f  S c ie n t i f ic  &  In d u s t r ia l  R e s e a rc h ]

( i i )  In te rn a t io n a l C e n tre  f o r  T h e o re t ic a l P h y s ic s  ( IC T P )
( i i i )  D e m o c r ito s  M o d e l in g  C e n tre  f o r  R e s e a rc h  in  A to m is t ic  S im u la t io n  (D e m o c r ito s )
( iv )  U n iv e r s ita  D e g l i  S tu d i D i  T r ie s te  (D e p a r tm e n t o f  M a th e m a t ic s  a n d  G e o s c ie n c e s )

B e s id e s  th e  b a s ic  le c tu re s  o n  s e is m o lo g y  a n d  s tro n g  m o t io n  p ro c e s s in g , th e  le c tu re s  c o v e re d  th e  
fo l lo w in g  to p ic s :

i .  P ro b a b i l is t ic  a n d  D e te rm in is t ic  m e th o d s  o f  s e is m ic  h a z a rd  a n a ly s is  a n d  th e  ne o  
d e te rm in is t ic  m e th o d  d e v is e d  b y  th e  I t a l ia n  g ro u p .

i i .  A d v a n c e d  to o ls  o f  S e is m ic  H a z a rd  A s s e s s m e n t, a n d
i i i .  U se  o f  W o r ld w id e  e - in f ra s t ru c tu re  f o r  G R ID  o r  C L O U D  c o m p u ta t io n  f o r  n e w  m o d e ls  

e n a b lin g  m o re  c o m p u ta t io n a l p o w e r  th a n  e v e n  a  ‘ S u p e r C o m p u te r ’ .
T h e re  w e re  m o re  c o m p u ta t io n a l e x e rc is e s  w i t h  so m e  n e w  P ro g ra m s  d e v e lo p e d  in  I ta ly .

•  T h e  fa c u l t y  c o n s is te d  o f  s ix  f r o m  U n iv .  o f  T r ie s te , I ta ly :  M s .  A n to n e l la  P e re san , F ra n c o  V a c c a r i,  
S te fa n o  C o z z in i,  A n d re a  M a g r in ,  F a b io  R o m a n e ll i ,  F ra n c e s c o  D e  G io r g i  a n d  f iv e  f r o m  In d ia :  
( i )  Im t ia z  P a rv e z  o f  C - M M A C S ,  B a n g a lo re , ( i i )  I D  G u p ta , D ir e c to r  C W P R S , P u n e , ( i i i )  P ro f.  
J .R . K a y a l,  ( i v )  D r .  S u s h il G u p ta  o f  R M S I  a n d  ( v )  D r .  B .K .  R a s to g i

•  P ro f .  B K  R a s to g i c o o rd in a te d  th e  In te rn a t io n a l S c h o o l f r o m  In d ia n  s id e  a n d  P ro f .  A n to n e l la  
P e re san , U n iv e r s i t y  o f  T r ie s te , I t a ly  c o o rd in a te d  th e  In t .  S c h o o l f r o m  th e  I t a l ia n  s ide .
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Govw mw nl of Gujarat

eicome to

W e lc o m e  to

INTERNATIONAL

SCHOOL

USE OF

f r a s t r u c t u r

FOR

^ADVANCE SEISMIC
h a z a r d

a s s e s s m e n t  in

AN SUBCONTINE
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A p p e n d ix  1 : C A T A L O G U E  O F  E A R T H Q U A K E S  I N  G U J A R A T  R E G I O N  F R O M  E A R L I E S T
T I M E  T O  D e c 2 0 1 2

Y e a r M M D D O .T . L a t
(N )

L o n g
(E )

D ep . M a g . M M I
M a g .

L o c a t io n R e f.

1668 05 06 25.00 68.00 7.8 X Samaji Indus IMD
1684 21.20 72.90 3.7 Surat USGS
1819 06 16 24.00 69.00 ^1 bo X Kachchh IMD
1820 01 27 23.20 69.90 3.7 Kachchh USGS
1820 11 13 23.20 69.90 3.7 Kachchh USGS
1821 08 13 22.70 72.70 4.6 Kaira USGS
1828 07 20 23.24 69.66 4.4 Kachchh USGS
1840 11 10 23.05 72.67 4.6 Ahmedabad USGS
1842 10 09 22.30 73.20 4.3 V Baroda OLD
1843 02 08 23.00 72.70 3.7 IV Ahmedabad OLD
1844 24.33 69.50 4.3 Lakhpat USGS
1845 04 19 23.80 68.90 6.3 VIII Lakhpat OLD
1845 06 19 23.80 68.90 5.7 VII Lakhpat OLD
1848 04 26 24.40 72.70 5.7 VII Mount Abu OLD
1856 11 02 23.20 69.90 4.6 Anjar USGS
1856 12 25 20.00 73.00 5.7 VII Surat CHAN
1858 12 31 21.00 75.00 4.3 V Khandeish OLD
1863 11 18 22.00 75.00 5.0 VI Barwani IMD
1864 04 29 22.30 72.80 5.7 VII Ahmedabad CHAN
1869 07 04 20.20 74.20 4.3 V Nasik OLD
1869 07 12 20.90 74.80 4.3 V Dhulia OLD
1871 01 03 21.20 72.90 4.3 V Surat OLD
1871 01 31 21.20 72.90 5.0 Surat USGS
1872 04 14 21.75 72.15 5.0 VI Bhavnagar CHAN
1882 06 10 23.20 71.38 3.5 Bhachau MALIK
1882 06 28 23.35 70.58 5.0 Lakadia MALIK
1882 06 29 23.35 70.58 5.0 Bhachau MALIK
1883 10 20 21.70 71.97 4.4 Bhavnagar USGS
1886 04 14 22.47 70.10 4.4 Jamnagar USGS
1887 11 11 22.30 70.88 4.4 Rajkot USGS
1888 08 20 23.83 70.00 3.5 Khavda MALIK
1890 06 01 23.83 68.83 4.0 Lakhpat MALIK
1891 07 27 21.33 71.37 4.4 Amreli USGS
1892 01 11 23.83 70.00 3.5 Lakhpat MALIK
1892 07 09 23.50 70.72 3.5 Rapar MALIK
1893 11 04 23.83 68.83 3.5 Lakhpat MALIK
1896 02 26 23.83 69.67 3.5 Lakhpat MALIK
1897 10 00 23.00 72.70 3.7 Ahmedabad USGS
1898 01 30 23.16 70.08 3.5 Anjar MALIK
1898 04 01 23.25 69.67 4.0 Bhuj MALIK
1898 09 13 23.30 69.75 4.0 Bhuj MALIK
1898 10 23.05 72.67 4.3 Kheda USGS
1898 10 15 23.33 69.67 4.0 Bhuj MALIK
1900 12 21 23.50 70.67 3.5 Rapar MALIK
1903 01 14 24.00 70.00 5.6 Kachchh IMD
1904 04 09 23.33 68.67 4.0 Bhuj IMD
1904 04 28 23.50 70.16 4.0 Anjar MALIK
1904 07 30 23.83 70.33 3.5 Khadir MALIK
1904 11 30 24.33 69.58 3.5 Lakhpat MALIK
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L o n g
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L o c a t io n R e f.

1905 07 10 23.33 69.67 3.5 Bhuj M ALIK
1906 01 11 23.83 70.33 3.5 Khadir M ALIK
1906 06 30 23.83 69.75 3.5 Khavda M ALIK
1906 08 15 24 .40 72.70 4.3 V Mt. Abu U SG S
1907 03 12 23.83 69.75 3.5 Khavda M ALIK
1907 07 12 22.91 69.83 3.5 Mundra M ALIK
1907 10 09 23.83 69.75 3.5 Khavda M ALIK
1907 10 21 23.25 70.33 3.5 Bhachau M ALIK
1908 09 29 23.83 69.75 3.5 Khavda M ALIK
1908 10 21 23.83 69.75 3.5 Khavda M ALIK
1909 02 07 23.83 69.75 3.5 Khavda M ALIK
1909 04 09 23.25 70.33 3.5 Bhachau M ALIK
1910 03 24 23.25 69.75 3.5 Bhuj M ALIK
1910 08 01 23.83 69.67 3.5 Khavda M ALIK
1910 12 13 23.41 70.58 4.0 Lakadia M ALIK
1910 12 16 23.25 70.33 3.5 Bhachau M ALIK
1911 01 23 23.41 70.58 3.5 Lakadia M ALIK
1911 10 11 24.33 69.50 3.5 Lakhpat M ALIK
1912 10 01 23.83 69.75 3.5 Khavda M ALIK
1912 11 07 23.83 70.33 3.5 Khadir M ALIK
1913 06 26 23.75 69.75 3.5 Khavda M ALIK
1918 06 10 23 .50 70.41 3.5 Bhachau M ALIK
1919 04 21 21 .70 72.25 5.7 VII Ghogha (Bhavnagar) CH A N
1920 10 18 23 .50 70.75 3.5 Rapar M ALIK
1920 11 13 23.33 69.58 3.5 Bhuj M ALIK
1921 02 11 25 .00 70.70 4.2 Thar Pakistan ISC
1921 10 26 25 .00 68.00 5.5 Indus K achchh IM D
1921 10 27 23.83 69.67 4.0 Narayan Sarovar M ALIK
1922 02 09 23.41 70.67 3.5 Chitrod M ALIK
1922 03 13 23.41 69.37 3.5 M andvi M ALIK
1922 03 13 22 .00 71.00 4.3 V Jhalavad CH A N
1923 08 07 22.91 69.45 4.0 Bhuj M ALIK
1924 03 05 23.91 69.83 3.5 Khavda M ALIK
1924 10 25 23 .67 68.91 3.5 Khavda M ALIK
1925 10 01 23.83 69.67 3.5 Khavda M ALIK
1925 10 13 23.33 70.28 3.5 Shikra M ALIK
1926 12 26 23.91 69.70 3.5 Khavda M ALIK
1927 11 18 23.45 69.67 3.5 Bhuj M ALIK
1930 22 .40 71.80 4.3 V Paliyad CH A N
1930 12 30 23.91 69.45 3.5 Khavda M ALIK
1932 03 06 23.83 70.33 3.5 Khadir M ALIK
1935 01 25 23.75 70.67 3.5 Rapar M ALIK
1935 07 20 21 .00 72.40 5.7 Surat IM D
1935 07 23 23.25 69.50 3.5 Bhuj M ALIK
1938 06 22 .30 71.60 5.0 Botad T A N
1938 07 19 22 .40 71.80 5.0 Paliyad CH A N
1938 07 23 22 .40 71.80 5.7 VII Paliyad CH A N
1940 10 31 10 03 22 .50 70.40 5.0 VI Jamuanathali Jamnagar CH A N
1940 11 13 23 .57 70.33 4.0 Anjar M ALIK
1941 01 30 23.83 70.25 3.0 Khadir M ALIK
1950 06 14 04 24 24 .00 71.20 5.3 K achchh CH A N
1956 07 21 15 32 23 .30 70.00 35 M w 6.0 VIII K achchh IM D
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1956 07 22 23.16 70.00 3.0 Anjar MALIK
1962 03 12 24.10 70.90 3.0 Kachchh MALIK
1962 09 01 22 01 24.00 73.00 4.6 Palanpur IMD
1963 07 13 19 08 24.90 70.30 35 5.3 Thar, Pakistan IMD
1965 03 26 10 04 24.40 70.00 33 5.1 Kachchh IMD
1966 05 27 22 14 24.46 68.69 5.0 5.0 Thar, Pakistan ISC
1966 11 12 12 16 25.12 68.04 33. 4.8 Kachchh ISC
1967 01 06 11 41 21.97 74.27 4.5 Tankhala IMD
1968 21.60 71.25 4.3 V Amreli GSI
1968 21.73 70.45 4.3 V Dhoraji GSI
1969 03 23 04 21 24.54 68.79 19 4.4 Kachchh ISC
1969 10 24 11 45 24.76 72.54 31 5.5 Mount Abu IMD
1970 02 13 15 05 24.60 68.61 33 5.2 Kachchh USGS
1970 03 23 01 53 21.60 72.96 8 5.4 Bharuch USGS
1970 08 09 21.70 73.00 3.5 Bharuch USGS
1970 08 30 21.70 73.00 4.1 Bharuch USGS
1970 09 10 21.60 72.70 3.4 Bharuch USGS
1971 05 14 17 14 25.12 68.11 57 4.5 Thar Pakistan USGS
1971 06 18 21.70 73.00 3.4 Bharuch IMD
1973 06 05 01 19 25.09 68.07 33 4.8 Thar Pakistan USGS
1974 10 20 21.70 74.20 4.6 Narmada USGS
1975 22.10 71.20 4.3 V Jasdan GSI
1975 09 19 16 49 24.69 71.03 33 3.7 Kachchh USGS
1975 09 25 20.80 74.20 4.2 Gujarat USGS
1976 06 04 00 43 24.51 68.45 18 5.1 Allah Band Pakistan ISC
1977 09 26 19 48 25.38 68.24 33 4.5 Kachchh ISC
1978 04 10 09 10 21.84 72.90 3.0 Amod IMD
1978 11 25 10 09 21.97 72.91 2.8 Amod IMD
1979 02 22 22 11 21.33 72.15 3.3 Bhavnagar GERI
1979 06 09 22 43 21.83 73.85 2.6 Rajpipla GERI
1979 08 24 01 13 22.11 72.43 3.1 Khambhat GERI
1979 09 05 10 08 21.33 72.12 3.6 Bhavnagar GERI
1979 09 22 22 48 21.75 72.15 3.3 Bhavnagar GERI
1979 12 10 22 19 21.90 72.90 3.2 Amod GERI
1980 01 06 00 42 22.23 71.78 3.2 Botad GERI
1980 03 18 18 22 21.81 73.03 2.9 Nabipur GERI
1980 06 04 11 16 21.68 73.21 2.6 Nartrang GERI
1980 06 04 11 17 21.68 73.21 3.1 Nartrang GERI
1980 07 21 04 08 22.87 72.14 3.1 Nartrang GERI
1980 08 27 06 20 22.82 72.82 2.7 Chandraga GERI
1980 10 20 11 40 21.96 72.95 2.6 Kevadia GERI
1981 04 26 18 12 24.12 69.51 33 4.3 Bhuj ISC
1982 01 31 16 48 24.21 69.84 33 4.8 Kachchh ISC
1982 03 10 03 45 21.38 73.00 3.1 Bharuch GERI
1982 04 09 09 00 22.07 72.19 2.9 Khadi GERI
1982 05 10 01 00 21.90 72.27 3.2 Bhavnagar GERI
1982 06 24 01 27 22.00 72.88 3.6 Amod GERI
1982 06 26 18 48 22.25 71.82 3.1 Dhandhuka GERI
1982 07 02 16 30 21.86 72.04 3.5 Bhavnagar GERI
1982 07 18 15 46 23.40 70.66 33 4.8 Bhuj ISC
1984 09 13 04 48 24.95 70.46 33 4.2 Allah Band Pakistan ISC
1985 04 07 21 10 24.36 69.74 33 5.0 Kachchh ISC
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1985 04 27 04 59 20 .66 73.21 4.6 Dharampur GERI
1985 09 03 21.03 70.88 4.3 Visavadar, Junagadh GERI
1986 02 26 12 47 20 .48 73.72 33 4.3 Gujarat U SG S
1986 09 16 20 .60 71.40 3.8 Rajula GERI
1986 11 15 00 25 24.45 73.57 22 4.1 N ear M ount Abu ISC
1987 02 10 22 02 24 .10 70.39 10 3.9 K achchh ISC
1987 04 10 24.55 70.12 10 2.0 K achchh IM D
1987 12 31 21.71 74.38 3.5 Narmada GERI
1988 07 17 25 .16 70.00 33 2.0 K achchh IM D
1989 03 21 00 57 24 .27 68.96 33 4.0 Bhuj ISC
1989 06 21 15 35 20 .09 72.91 33 4.1 Valsad ISC
1989 12 10 11 58 24.81 70.88 33 4.7 K achchh ISC
1991 01 20 23.13 69.83 35 2.0 K achchh IM D
1991 01 20 19 44 23 .40 69.71 33 4.9 Bhuj U SG S
1991 01 30 10 44 20.55 73.15 4.6 A nklach GERI
1991 09 10 06 54 24 .16 68.68 35 4.7 K achchh ISC
1991 09 10 07 20 24 .28 68.80 26 4.7 K achchh ISC
1992 05 04 11 20 24 .52 70.13 33 3.4 A llah  Band, Pakistan ISC
1993 02 09 20 51 24 .62 68.93 36 4.3 A llah  Band, Pakistan ISC
1993 08 09 20 .60 71.40 3.1 Rajula GERI
1993 08 24 23 18 20 .60 71.40 29 5.0 Rajula IM D
1993 12 31 13 32 21 .12 72.72 35 4.1 Rajula ISC
1996 02 17 23.33 69.67 33 4.5 Bhuj IM D
1996 08 05 22 15 22.83 68.43 23 3.8 Bhuj ISC
1996 11 17 18 12 21 .40 73.06 10 4.0 Gujarat ISC
1998 07 19 22 .42 70.86 4.4 Rajkot IM D
1998 09 21 06 23 21.81 71.93 3.0 Bhavnagar GERI
1998 10 08 15 01 24.45 69.80 33 3.7 Bhuj ISC
1998 11 28 16 59 21 .94 71.06 3.2 Gondal GERI
1999 09 21 11 00 21 .70 72.10 2.5 Bhavnagar GERI
2000 08 10 13 30 21 .78 72.31 3.6 Bhavnagar GERI
2000 08 13 13 28 21 .02 70.99 7 4.6 Tulsi Shyam,Junagadh ISC
2000 09 12 00 53 21 .72 72.16 10 4.2 Bhavnagar IM D
2000 12 24 11 22 24.01 70.09 43 4.7 Bhuj ISC
2001 01 26 03 16 23 .44 70.31 16 M w 7.7 X K achchh ISC
2001 21 .02 70.88 2.5 Tulsi Shyam, Junagadh GERI
2003 01 13 22 .30 70.93 2.0 Rajkot GERI
2003 01 29 21 .46 70.51 3.1 Haripur, Junagadh IM D
2003 08 22 .20 69.92 2.5 LalpurTq, Jamnagar GERI

2 0 0 4 1 8 2 3 .9 1 7 0 .9 0 2 0 .0 4 .2 G e d i/ Is .  B e lt  F .
2 0 0 4 6 7 2 3 .8 7 7 0 .1 5 2 9 .4 4 .2 D h o la v ir a / I s .B e ltF
2004 21 .00 70.50 3.0 Talala Junagadh GERI

2 0 0 5 3 8 2 3 .8 5 6 9 .7 4 11 .6 4 .3 G o ra  D u n g a r  F . ISR

2 0 0 5 10 8 2 3 .3 5 7 0 .6 9 2 4 .0 4 .5 S o u th  W a g a d  F. ISR

2 0 0 5 10 9 2 3 .7 4 6 9 .9 3 6 .6 4 .3 G o ra  D u n g a r  F . ISR

2006 02 03 00 54 23 .92 70.44 28 Mw5.0 mb4.5 Gedi, Rapar NGRI
2006 03 07 18 20 23 .79 70.73 3 Mw 5.6 Mw5.5 Gedi, Rapar NGRI
2006 04 06 12 02 23 .78 70.74 3 Mw 4.8 mb4.9 Gedi, Rapar NGRI
2006 04 06 17 59 23 .34 70.39 29 Mw 5.6 mb5.5 Lakadia NGRI
2006 04 10 22 05 23.51 70.06 4.9 Mw 4.9 mb4.9 Banni, K achchh NGRI

2 0 0 6 6 12 2 3 .8 8 7 0 .4 3 2 7 .3 4 .4 Gedi/IBF Tr. NGRI

2006 09 30 00 16 22.31 70.21 10 Mw 4.0 V Khankotda, Jamnagar ISR
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2 0 0 7 5 13 2 3 .4 4 7 0 .4 2 2 0 .4 4 .7 S o u th  W a g a d  F.
2 0 0 7 5 2 4 2 3 .2 9 8 7 0 .0 2 6 9 .0 4 .1 K M F
2007 07 16 21 21 22 .49 71 .29 18 M w 3.9 Paliyad ISR
2007 09 02 16 38 22.33 70 .22 10 M w 3.2 Khankotda, Jamnagar ISR
2 0 0 7 10 8 2 3 .2 9 5 7 0 .0 7 5 9 .6 4 .7 4 .5 KM F ISR

2007 10 09 03 49 21 .08 70.73 11 Mw 3.1 A nkolw adi, Junagadh ISR
2007 11 06 00 27 21 .12 70.51 8.5 Mw 4.8 mb4.9 H irenvel, Junagadh ISR
2007 11 06 09 38 21 .16 70 .54 4.5 Mw 5.0 mb5.0 Haripur, Junagadh ISR
2007 11 11 13 03 21.93 69 .82 10 Mw 2.9 Verad, Bhanwad ISR
2007 12 10 21.05 70 .66 7.4 3.1 A nkolw adi ISR

2 0 0 7 12 15 2 4 .0 3 6 9 .8 7 15 .0 3 .7 A BF ISR

2008 01 25 23 36 21 .79 71 .76 35 Mw 2.8 Bhavnagar ISR
2008 2 15 21.66 71 .77 3.1. 2.7 Bhavnagar ISR
2008 2 24 22.25 71.01 6.1 2.9 Kotda, Rajkot ISR
2008 03 09 23.39 70.33 30 Mw 4.9 mb4.5 Chobari, K achchh ISR
2008 4 4 23.00 70 .36 11.1 2.6 Kandla ISR
2008 05 20 08 57 21 .16 73.05 7.4 Mw 3.2 Surat ISR

2 0 0 8 7 5 2 3 .5 3 6 9 .8 8 .9 3 .3 Banni F. ISR

2008 11 5 03:53 21.95 73 .89 8.5 Mw 2.9 K evadiya ISR
2008 10 4 05:29 21 .90 69 .96 3.7 Mw 3.6 Bhanvad ISR
2009 3 28 05:57 22 .17 70.75 6.2 Mw 3.0 Rajkot ISR
2009 10 28 2 3 .7 1 6 9 .9 1 8.5 4 .4 4 .4 G o ra  D u n g a r  F
2010 1 26 01:22 23 .29 72 .98 15 Mw 2.3 Gandhinagar ISR
2010 3 30 19:57 23.61 72 .57 11 Mw 3.2 M ehsana ISR
2010 9 2 08:39 23 .88 71 .87 6.1 Mw 4.4 Patan ISR
2010 6 23 16:54 22 .16 71 .36 21 Mw 3.3 Botad ISR
2010 9 23 23:44 21 .90 69.7 3.1 Mw 3.0 Advana ISR
2010 11 28 07:04 22 .28 70.25 6.6 Mw2.7 Sanala ISR
2010 12 6 23:35 22.35 74.03 12 Mw 3.2 Chota Udaipur ISR
2011 01 18 20:26 23 .27 70.51 Mw3.8 Samkhayali
2011 4 18 07:36 22.45 71.51 6.1 Mw 2.4 Sayla ISR
2011 4 29 02:47 21 .27 70 .49 3.1 Mw 4.1 Talala ISR
2011 5 17 16:00 23.55 70 .57 18.2 Mw 4.2 E ofNorth Wagad, 

K achchh
ISR

2011 5 23 23:43 21.1 70.53 3.9 Mw 4.0 Talala ISR
2011 7 3 00:26 21 .14 73 .16 26 Mw 3.2 Bardoli ISR
2011 9 27 23.12 70.31 38 3.0 Kandla ISR
2011 8 13 02:59 23.45 70 .40 22.2 Mw 4.5 South Wagad, 

K achchh
ISR

2011 8 20 18:20 22.43 70.93 8.4 Mw 2.6 Rajkot ISR
2011 9 14 23:16 22 .38 69 .99 6.3 Mw 3.4 Lalpur, Jamnagar ISR
2011 10 3 06:35 22.65 72 .47 32.3 M l 1.5 D holka, Ahm edabad ISR
2011 10 18 05:50 21 .26 71 .19 7.9 Mw 3.1 Visavadar ISR
2011 10 20 17:18 21 .09 70.45 5.8 Mw5.1 Talala ISR
2011 11 7 03:05 24 .38 72 .66 13.7 Mw 3.1 Palanpur ISR
2012 4 14 03:22 2 3 .3 9 1 7 0 .5 3 7 18 .9 4 .1 S W F ISR

2012 6 19 20:14 2 3 .6 4 5 7 0 .2 8 3 11.1 5 .0 N  o f  N W F ISR

2012 12 8 07:06 2 3 .1 3 4 7 0 .4 2 2 21 4 .5 K a n d la ISR

2013 3 30 23.56 70 .38 24 4.5 Chobari ISR
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A p p e n d ix  2 :
L i s t  o f  e a r th q u a k e s  r e c o r d e d  o n  s in g le  s ta t io n ,  m o s t ly  a t  S M A  s ta t io n  in  H i r e n v e l ,  T a la la .

Y e a r M O N D D H R M M S ec L A T L O N G D e p th M
2 0 1 2 6 19 2 0 14 0 .4 2 3 .6 3 8 7 0 .2 8 1 10.5 5 .0
2 0 1 2 6 19 2 0 19 5 5 .6 2 3 .6 1 7 7 0 .2 6 1 8 2 .2
2 0 1 2 6 19 2 0 2 6 4 7 .6 2 3 .6 5 1 7 0 .2 7 7 11.3 2 .6
2 0 1 2 6 19 2 0 3 2 3 8 .5 2 3 .6 4 9 7 0 .2 8 3 8 .8 2 .3
2 0 1 2 6 19 2 0 3 7 4 0 .5 2 3 .6 4 4 7 0 .2 7 4 11.5 1.7
2 0 1 2 6 19 2 0 4 2 12 .4 2 3 .6 3 2 7 0 .2 7 4 13 .8 3 .0
2 0 1 2 6 19 2 0 45 3 6 .9 2 3 .6 4 4 7 0 .2 8 11 .7 2 .9
2 0 1 2 6 19 21 3 2 .2 2 3 .6 5 4 7 0 .2 7 9 12.3 2 .5
2 0 1 2 6 19 21 8 5 2 .1 2 3 .6 6 4 7 0 .2 8 4 18 .6 1.5
2 0 1 2 6 19 21 11 7 .8 2 3 .6 2 2 7 0 .2 6 4 8 .3 2 .8
2 0 1 2 6 19 21 15 5 6 .6 2 3 .6 3 9 7 0 .2 5 9 12 .8 2 .8
2 0 1 2 6 19 21 2 6 1.3 2 3 .6 4 1 7 0 .2 8 6 14 1.7
2 0 1 2 6 19 21 4 4 17 .2 2 3 .6 2 2 7 0 .2 6 6 11.3 1.9
2 0 1 2 6 19 21 4 6 2 2 .9 2 3 .6 4 4 7 0 .2 6 2 8 .6 2 .0
2 0 1 2 6 19 23 2 6 3 9 .6 2 3 .6 4 6 7 0 .2 7 8 10 .6 1.8
2 0 1 2 6 19 23 4 7 3 .6 2 3 .6 5 3 7 0 .2 9 2 9 .1 2 .5
2 0 1 2 6 2 0 0 11 5 3 .2 2 3 .6 4 5 7 0 .2 6 8 6 .7 1.8
2 0 1 2 6 2 0 0 2 8 58 2 3 .6 8 7 0 .2 8 3 3 .9 2 .3
2 0 1 2 6 2 0 1 2 7 5 5 .5 2 3 .6 4 4 7 0 .2 7 6 9 .9 1.8
2 0 1 2 6 2 0 2 2 8 2 7 2 3 .6 3 7 7 0 .3 0 3 15 .2 2 .3
2 0 1 2 6 2 0 7 2 0 5 0 .5 2 3 .6 3 9 7 0 .2 8 5 7 .1 2 .6
2 0 1 2 6 2 0 8 15 3 2 .8 2 3 .6 4 7 7 0 .2 8 1 9 .8 1.7
2 0 1 2 6 2 0 8 4 0 45 2 3 .6 4 5 7 0 .2 9 1 9 .7 2 .3
2 0 1 2 6 2 0 14 8 2 2 .8 2 3 .6 2 5 7 0 .2 7 6 .8 2 .2
2 0 1 2 6 2 0 14 3 9 5 9 .1 2 3 .6 3 9 7 0 .2 6 1 6 .3 1.7
2 0 1 2 6 2 0 18 3 5 3 .3 2 3 .6 2 4 7 0 .2 6 9 6 .1 1.7
2 0 1 2 6 2 0 2 0 1 5 7 .8 2 3 .6 4 9 7 0 .2 7 18.5 1.7
2 0 1 2 6 2 0 2 0 4 8 3 1 .9 2 3 .6 5 6 7 0 .2 8 15.1 1.6
2 0 1 2 6 21 4 53 5 7 .3 2 3 .6 2 4 7 0 .2 6 4 6 .8 2 .7
2 0 1 2 6 21 11 33 2 .7 2 3 .6 6 4 7 0 .2 8 3 6 .5 1.8
2 0 1 2 6 21 2 0 5 2 0 .5 2 3 .6 4 7 7 0 .2 8 7 12 .7 2 .6
2 0 1 2 6 23 0 18 5 1 .3 2 3 .6 3 9 7 0 .2 9 1 12 .7 1.5
2 0 1 2 6 23 18 4 6 5 2 .1 2 3 .6 4 7 7 0 .2 8 4 12 .4 1.5
2 0 1 2 6 23 21 38 13 .6 2 3 .6 6 7 0 .2 9 6 7 .9 1.8
2 0 1 2 6 2 4 19 2 4 3 7 .1 2 3 .6 3 6 7 0 .2 7 5 6 .2 1.6
2 0 1 2 6 25 9 17 5 0 .6 2 3 .6 1 5 7 0 .2 6 6 8 .4 1.6
2 0 1 2 6 25 10 2 4 2 1 .6 2 3 .6 2 4 7 0 .2 7 9 6 .9 1.9
2 0 1 2 6 25 11 3 0 3 3 .7 2 3 .6 4 4 7 0 .2 6 6 6 .1 1.9
2 0 1 2 6 25 12 31 17.5 2 3 .6 4 5 7 0 .2 6 1 6 .3 1.7
2 0 1 2 6 25 21 1 3 3 .1 2 3 .6 7 7 0 .2 8 1 9 .8 3 .0
2 0 1 2 6 2 7 7 5 6 2 2 .1 2 3 .6 4 6 7 0 .2 7 3 9 .1 2 .5
2 0 1 2 6 28 23 6 1.1 2 3 .6 3 3 7 0 .2 9 9 15.3 1.7
2 0 1 2 6 2 9 14 5 2 0 .7 2 3 .6 2 8 7 0 .2 9 3 15.1 2 .0
2 0 1 2 6 2 9 15 2 9 5 3 .3 2 3 .6 2 7 7 0 .2 7 14 .7 1.9
2 0 1 2 7 1 6 2 6 0.5 2 3 .6 3 3 7 0 .2 7 3 11 1.9
2 0 1 2 7 1 14 4 9 3 4 .9 2 3 .6 2 5 7 0 .2 7 4 6 .1 2 .5
2 0 1 2 7 1 18 7 5 8 .8 2 3 .6 5 3 7 0 .2 9 2 10.5 1.9
2 0 1 2 7 1 6 2 6 0.5 2 3 .6 3 3 7 0 .2 7 3 11 1.9
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Y e a r M O N D D H R M M S ec L A T L O N G D e p th M
2 0 1 2 7 1 14 4 9 3 4 .9 2 3 .6 2 5 7 0 .2 7 4 6 .1 2 .5
2 0 1 2 7 1 18 7 5 8 .8 2 3 .6 5 3 7 0 .2 9 2 10.5 1.9
2 0 1 2 7 2 12 0 4 4 .1 2 3 .6 1 5 7 0 .2 8 4 10 1.5
2 0 1 2 7 2 12 19 2 1 .8 2 3 .6 2 7 7 0 .2 7 8 9 .5 2 .5
2 0 1 2 7 2 13 5 6 33 2 3 .6 3 4 7 0 .2 9 1 2 2 .2 1.7
2 0 1 2 7 2 12 0 4 4 .1 2 3 .6 1 5 7 0 .2 8 4 10 1.5
2 0 1 2 7 2 12 19 2 1 .8 2 3 .6 2 7 7 0 .2 7 8 9 .5 2 .5
2 0 1 2 7 2 13 5 6 33 2 3 .6 3 4 7 0 .2 9 1 2 2 .2 1.7
2 0 1 2 7 3 8 2 8 19.3 2 3 .6 3 1 7 0 .2 7 5 7 .5 1.7
2 0 1 2 7 3 8 2 8 19.3 2 3 .6 3 1 7 0 .2 7 5 7 .5 1.7
2 0 1 2 7 6 8 41 16 .4 2 3 .6 1 5 7 0 .2 5 9 6 .9 1.5
2 0 1 2 7 6 8 41 16 .4 2 3 .6 1 5 7 0 .2 5 9 6 .9 1.5
2 0 1 2 7 8 8 58 2 5 .4 2 3 .6 3 2 7 0 .2 8 3 10 .7 3 .5
2 0 1 2 7 8 8 58 2 5 .4 2 3 .6 3 2 7 0 .2 8 3 10 .7 3 .5
2 0 1 2 7 9 16 4 2 5 0 .1 2 3 .6 3 5 7 0 .2 8 1 6 .3 1.9
2 0 1 2 7 9 16 4 2 5 0 .1 2 3 .6 3 5 7 0 .2 8 1 6 .3 1.9
2 0 1 2 7 10 0 45 4 1 .7 2 3 .6 1 9 7 0 .2 8 3 12.3 1.5
2 0 1 2 7 10 0 45 4 1 .7 2 3 .6 1 9 7 0 .2 8 3 12.3 1.5
2 0 1 2 7 11 11 41 3 0 .8 2 3 .6 1 5 7 0 .2 7 8 6 .1 1.9
2 0 1 2 7 11 11 41 3 0 .8 2 3 .6 1 5 7 0 .2 7 8 6 .1 1.9
2 0 1 2 7 16 10 55 11 .8 2 3 .6 3 7 0 .2 7 7 6 .1 2 .8
2 0 1 2 7 16 10 55 11 .8 2 3 .6 3 7 0 .2 7 7 6 .1 2 .8
2 0 1 2 7 2 0 5 3 2 14 .8 2 3 .6 1 3 7 0 .2 7 6 16 .8 1.9
2 0 1 2 7 2 0 5 3 2 14 .8 2 3 .6 1 3 7 0 .2 7 6 16 .8 1.9
2 0 1 2 7 21 5 9 5 1 .8 2 3 .6 3 2 7 0 .2 8 7 16.1 1.5
2 0 1 2 7 21 5 9 5 1 .8 2 3 .6 3 2 7 0 .2 8 7 16.1 1.5
2 0 1 2 7 25 8 23 3 5 .3 2 3 .6 1 1 7 0 .2 6 7 13.1 1.9
2 0 1 2 7 25 8 23 3 5 .3 2 3 .6 1 1 7 0 .2 6 7 13.1 1.9
2 0 1 2 7 2 6 6 9 6.5 2 3 .6 1 4 7 0 .2 8 6 14 .2 2 .8
2 0 1 2 7 2 6 12 2 6 4 9 .5 2 3 .6 0 3 7 0 .2 6 4 8 .2 1.6
2 0 1 2 7 2 6 6 9 6.5 2 3 .6 1 4 7 0 .2 8 6 14 .2 2 .8
2 0 1 2 7 2 6 12 2 6 4 9 .5 2 3 .6 0 3 7 0 .2 6 4 8 .2 1.6
2 0 1 2 7 2 7 7 5 0 3 3 .5 2 3 .6 3 3 7 0 .3 11 .7 1.5
2 0 1 2 7 2 7 7 5 0 3 3 .5 2 3 .6 3 3 7 0 .3 11 .7 1.5
2 0 1 2 8 2 23 2 12.3 2 3 .6 0 5 7 0 .3 1 6 2 0 .6 2 .2
2 0 1 2 8 7 15 38 3 3 .9 2 3 .6 2 1 7 0 .2 6 7 14 .4 1.7
2 0 1 2 9 2 23 2 9 2 0 .3 2 3 .6 2 4 7 0 .2 8 6 10 2 .6
2 0 1 2 9 4 0 3 6 5 4 .3 2 3 .6 1 2 7 0 .2 8 6 .1 3 .1
2 0 1 2 9 10 8 0 5 7 2 3 .6 2 7 0 .2 8 2 6 .7 1.7
2 0 1 2 10 2 3 3 9 2 9 .8 2 3 .6 2 2 7 0 .2 7 1 6 .1 1.7
2 0 1 2 10 18 8 6 6.1 2 3 .6 2 7 0 .2 6 4 9 1.5
2 0 1 2 10 30 14 38 4 9 .3 2 3 .6 2 6 7 0 .3 0 6 6 .1 3 .1
2 0 1 2 11 4 14 5 2 0 .4 2 3 .6 2 6 7 0 .3 0 6 9 .7 1.8
2 0 1 2 11 9 23 4 9 2 9 .7 2 3 .6 2 2 7 0 .2 7 9 10 .2 1.5
2 0 1 2 11 13 7 11 5 6 .5 2 3 .6 0 5 7 0 .2 9 2 15 2
2 0 1 2 11 2 0 23 12 2 7 .1 2 3 .6 1 8 7 0 .3 0 1 14.5 1.6
2 0 1 2 11 25 0 8 5 4 .6 2 3 .6 1 6 7 0 .2 7 1 6 .2 1.6
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