MESSAGE

| am pleased to note that Institute of Seismological Research (ISR) is bringing out its
2014-15 Annual Progress Report Such reports are effective tool for dissemination of
recent findings even before they are published in scientific journals for the benefit of the
society. In case of ISR it is more important as the findings could be useful in saving lives
and damage to property from earthquakes.

The scientific research at ISR started in mid 2006 and has proved to be a unique
Institute in the world as research is undertaken in 16 different branches of earthquake
science. Since then the institute has grown leaps and bounds under the able leadership of
Prof. (Dr.)) B.K. Rastogi, DG, ISR to the heights of national and international repute. The
institute has very focused plans for the seismological studies in India with particular
reference to the monitoring of seismicity in Gujarat The institute has put three multi-
parametric geophysical observatories in Kutch which add a new dimension to the
earthquake prediction studies.

ISR is not only carrying out research in applied Seismology but also basic research
of understanding Physics of earthquake process. It carries out research in assessment of
earthquake hazard, helps education of earth science and works for various types of energy
sector industries. NPCIL has acknowledged the technical knowhow which it received over
the years for seismic resistant design of nuclear power plants from Institute of
Seismological Research, Gujarat State Petroleum Corporation acknowledged its work on
seismic safety factor for LNG Storage Terminal and Gujarat Inti. Finance Tec- City for
suggesting seismic safety factor for cluster of skyscrapers. ISR is bridging the gap between
academics and construction as well as other industries with the help of its research
activities in the field of earthquake science and different fields of geosciences.

(G. R. Aloria)

Chief Secretary, Gujarat State
& Chairman Executive Committee of ISR
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. MESSAGE

Gujarat has been excelling in the field of Science & Technology since long.
Carrying forward this tradition, the State Department of Science and Technology
started Bhaskaracharya Institute for Space Application and Geo-informatics
[BISAG), Institute of Seismological Research (ISR), Gujarat Council of Science City,
Gujarat State Biotechnology Mission and Gujarat Council of Science and Technology

over a period of time.

It is worthwhile to mention that within a short span of a few years, ISR has
become a Premier International Institute. Its data generated for Intraplate
Earthquakes and Geotechnical Studies have formed basis for Frontier Research. ISR
has been credited to have started disseminating information about Earthquakes
within minutes of their occurence through VSAT-connected network of about 60
Broadband Seismographs which are rated one of the best in the Country. Round-
the-clock watch is kept for safety from Earthquakes and Tsunami. ISR is helping in
Seismic Safety of Nuclear and Hydropower projects. For Petroleum prospects it is
assessing new source zones. ISR is promoting Earth Science Education and
Popularization of Seismology. ISR has A to Z expertise in Seismic Microzonation as
also equipments for different types of Geophysical Surveys. The network of
Geodetic GPS and InSAR studies has also given precious insights into the cause of

Kutch Earthquakes.

On this occasion when the ISR is bringing out 2014-15 Annual Report, | wish

this premier organisation all success in its future endeavours.

XSTTHaider)

Secretary, Department of Science and Technology, Gujarat State

i
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CHAPTER

EARTHQUAKE MONITORING AND SEISMICITY
PATTERNS IN GUJARAT

(Santosh Kumar, A.P. Singh, Jyoti Sharma, P. Mahesh, Vandana Patel, Ketan Singharoy)

11  SEISMIC NETWORK

Fig. 1.1: Gujarat network consists of 60 Broadband Seismograph (BBS) stations
(including 2 Very Broad Band Seismographs) out of which 49 are online. There
are also 54 Strong Motion Accelerographs (SMA).

As Gujarat falls in seismic zones Il to V seismic monitoring of Gujarat is done by ISR through a
dense network of 60 broadband seismograph stations (49 connected by VSAT) and 54 Strong
Motion Accelerographs (Fig.1.1). The network has detectibility of M2.0 in the Kachchh active
area and M2.5 in the other areas of Gujarat. The mainshocks during 1668 to 2014 in Gujarat
are depicted in Fig. 1.2. ISR also gets worldwide data online. The system is having advanced
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auto location, dissemination and archiving facility. Presently earthquake epicenter and
magnitude is informed within minutes. It is planned to have information in seconds. By
installing Earthquake Early Warning System if a large earthquake occurs at Kachchh, it will be
informed within seconds to multistory buildings, high speed trains and nuclear power plants
etc.

Fig. 1.2a: Epicenters of earthquakes of M>2 from 1668 to 2014 in Gujarat excluding
foreshocks and aftershocks (Stars are shocks in year 2014).

Fig. 1.2b: Epicenters of earthquakes of M>2 from 1668 to 2014 in Gujarat excluding
foreshocks and aftershocks.

1.2 DESCRIPTION OF RECORDED EARTHQUAKES
Strong Motion Accelerograph Data

In the year 2014, in Kachchh a tremor on 8th March 2014 of M4.1 which occurred 8 km NNW
of Bhachcau (Table 1.1, Fig. 1.3) was recorded on 4 SMA stations. Some 25 shocks of M2.8-4.1
were recorded on strong motion accelerographs. Out of which 3 shocks (in Kachchh) were
recorded on 2 or more stations. Remaining shocks were recorded on only 1 SMA station. In
Kachchh 17 shocks were recorded in one of the accelerographs.
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Table 1.1: List of earthquakes of M~4 or more and no. of SMA stations triggered

M Date Time Lat Long Dep NST Region
(GMT)
41 08-Mar-14 19:01 2336 7029 365 4 08 km NNW from Bhachau, Kachchh

Fig. 1.3: Location of the earthquake of M4.1that occurred in Kachchh on 8.3.2014
Description of Earthquakes in Different Parts of Gujarat During 2014

Epicentres of earthquakes in magnitude range 0.4 to 4.1 in Gujarat during 2014 are shown in
Fig. 1.4.

Fig. 1.4: Epicentres of earthquakes in magnitude range 0.4 to 4.1 in Gujarat during 2014



Magnitude-wise distribution of earthquakes in the three regions of Gujarat during 2014 is
given in Table 1.2. In the Kachchh region 960 shocks were located of M0.7- 4.1 (59% of total in
Gujarat). In the Saurashtra region 215 shocks were located of M0.7 -3.5 (13% of total in
Gujarat). In the mainland 457 shocks were located of M0.4 - 3.7 (28% of total in Gujarat).

Table 1.2: Regional Distribution of Earthquakes Located in Gujarat during 2014

Region <2.0 2-29 3-39 449 Total
Kachchh 687 227 45 1 960
Saurashtra 160 50 5 0 215
Mainland* 415 38 4 0 457
Total 1262 315 54 1 1632

*Includes shocks recorded on SSNNL network

Monthwise seismicity in three regions, namely Kachchh, Saurashtra and Mainland of Gujaratin
year 2014 are listed in Table 1.3 and shown inn Fig. 1.5.

Table 1.3: Monthwise seismicity in three regions, namely Kachchh, Saurashtra and
Mainland of Gujarat in year 2014

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

Region

Kachchh 68 67 75 96 97 61 84 71 109 91 53 88 960
Saurashtra 12 10 17 14 20 13 22 16 14 10 28 39 215
Mainland 91 47 47 48 43 25 38 16 28 28 25 21 457
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Fig. 1.5: Histogram showing the month wise seismicity in three regions namely Kachchh,
Saurashtra and Mainland of Gujarat in year 2014.
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During 2014, the network recorded nearly 1811 shocks of M0.4 to 4.1 out of which
hypocentral parameters of 1632 shocks were located. Additional 34 regional earthquakes
were also recorded from other states including M6.4, Nicobar earthquake on 21¢ March 2014.
Some 187 distant earthquakes of M5.0 or greater were recorded including M8.2, Chile
earthquake on 1sApril 2014.

Seismicity in Kachchh

Seismicity in Kachchh has consistently been lower since 2008 (Fig. 1.6 and Table 1.3) with
about 60 shocks of M>3/y. During 2014 it is quite low. However, one M5 earthquake in 2012
has reminded its continuance to moderate level. Magnitude wise total No: M3-3.9= 2437, M4-
4.9= 271, M>5=21

Table 1.3: showing the no. of earthquakes of MS3.0 which occurred in Kachchh since 2001
Year 3-39 449 5-57 Total

Magnitude
2001 877 186 15 1078
2002 135 15 0 150
2003 98 3 1 102
2004 99 6 0 105
2005 267 16 0 283
2006 405 20 4 429
2007 143 6 0 149
2008 66 5 0 71
2009 73 4 0 77
2010 52 1 0 53
2011 62 3 0 65
2012 56 2 1 59
2013 59 3 0 62
2014 38 2 0 40
Total 2187 252 21 2460

These years in Kachchh there were 687 shocks of M0.7-1.9, 227 shocks of M2.0-2.9, 45 shocks
of M3.0-3.9, and 1 shock of M4.1. The shock of M4.1 occurred on 8thMarch 2014,08 km NNW
from Bhachau, Kachchh.

Fig. 1.6: Annual no. of shocks in Kachchh during 2001 to 2014.
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Focal depths of Kachchh earthquakes for M>3.0 which occurred in year 2014 are depicted in
Fig. 1.7.

Seismicity in Saurashtra

This year in Saurashtra there were 160 shocks of M<2.0, 50 shocks of 2.0-2.9, and 5 shocks of
M3.0-3.9. Shock of Mmax.3.5 occurred on 05-01-2014, 17km NNW of Upleta. Epicentres
of earthquakes of magnitude 0.7 to 3.5 in Saurashtra during 2014 are shown in Fig. 1.8.

During August 2006 to December 2014, 128 earthquakes have occurred of M3-3.9, 7
earthquakes of M4-4.9 and 2 earthquakes of M5.0 & M5.1 in Saurashtra (Tables 1.4 to 19 &
Figures 1.9 & 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 and Rajkot (Mmax.3.4 on 19th Sept. 2012). 12
shocks of M1.-3.2 were recorded in Jamnagar. This year seismicity was nil in Bhanvad-
Adwana area. Focal depths of shocks in Saurashtra are from near surface to about 10km.
Surendranagar area showed a large no. of mcroearthquakes: M<2 are and M2-2.9 are .

Seismic activity in Talala of Junagadh District:

In the year 2014, some 34 shocks of M0.7- 3.2 were recorded from Talala area. Earthquake of
Mmax.3.2 occurred on 13thJune 2014, 10km NNE of Talala.

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 214 Oct. and another of
M4.0 on 12thNovember 2012 were also strongly felt.

Table 1.4: Seismicity of M> 3.0 from Aug. 2006 to December 2014 in the Saurashtra

region
M No. of earthquakes in Saurashtra
3.0-3.9 128
4.0-4.9 7

>5.0 2
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Fig. 1.8: Epicentres of earthquakes in magnitude range 0.7 to 3.5 in Saurashtra during
2014

Fig. 1.9: Number of earthquakes in Saurashtra during Aug. 2006-Dec. 2014 in three
magnitude categories.

Table 1.5: List of earthquakes with magnitude M> 3.0 in Saurashtra during 2014.

Date HR Lat Long Depth M Region
05-01-14 0:50 21.877 70.205 31 35 17km NNW of Upleta
12-05-14 6:06 22326 70.072 172 33 16 km NNE of Lalpur
13-06-14 18:17 21136 70.568 121 32 9 km NNE of Talala
22-06-14 17:40 22293 69.862 30.6 30 15 km NNW of Lalpur
27-08-14 18:34 21231 70.887 45 30 42km ENE of Talala

g b~ WN P

Table 1.6: Annual number of earthquakes of M 0.5 to 5.1 in different areas of the
Saurashtra region during 2007 to 2014.



Year
Rajkot
Surendranagar
Talala
Jamnagar
Total

2007 2008 2009
7 12 20
39 174 325
361 375 67
87 25 29

494 586 441

2010
33
314
113
182
642

2011 2012
21 12
311 537
465 83
24 8
821 393

2013
6
139
34
4
183

2014
12
103
14
11

140

Table 1.7: Annual number of earthquakes of M 0.5 to 5.1 in Saurashtra region during
2007 to 2014 magnitude wise.

Year
30-39
o I
50-59
Total

2007 2008 2009
30 12 6

1 2 0

1 0 0

32 14 6

2010
12
0
0
12

2011

18

23

2012
6

0
0
6

2013

3

0
0
3

2014
5

0
0
5

Fig 1.10: Histogram showing the year wise seismicity variation in Jamnagar, Talala

(Junagarh), Surendranagar and Rajkot district of Saurashtra

Table 1.8: List of earthquakes region wise with magnitude M0.9-3.6 in the Saurashtra
region in 2014.

Region
Lalpur
Porbandar
Talala
Bhavanagar
Rajkot
Surendranagar

<20 20-29
4 5
0 0
10 2
49 12
11 7
81 22

3.0-39

R O N ONDN

Total
11
0
14
61
19
103

Table 1.9: Monthwise list of earthquakes within the Saurashtra region during 2014.
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Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Total

Lalpur (Jamnagar) 0 1 0 3 1 1 0 0 1 0 1 3 11
Dwarkia 0 0 0 0 0 0 1 0 0 0 0 0 1
Talala (Junagadh) 2 3 0 3 0 1 2 1 0 0 1 1 14
Bhavanagar 4 4 9 4 8 3 3 5 4 3 4 10 61
Rajkot 2 1 1 0 2 2 1 1 1 1 6 1 19

Seismic activity around Rajkot:

In the year 2014, 19 shocks were recorded with M1.3-3.5. Shock of Mmax.3.5 occurred on
05-01-2014, 17km NNW of Upleta

Seismic activity around Surendranagar:

In the year 2014, 103 shocks of M1.1-2.5 were recorded. 2 Shocks of Mmax.2.5 were recorded
on 14th March 2014, 21 km South of Surendranagar, and on 5th August 2014, 27 Km SW of
Surendranagar respectively.

Earthquakes in Mainland Gujarat

In the mainland 457 shocks (includes shocks recorded on SSNNL network) were located of
MO0.4 - 3.7. Out of these 2 shocks are of M>3.0. Shock of M3.6 occurred at 1ST 09:29 PM on 21t
June 2014 at 38km ESE of Bharuch district in Valia Taluka (66km NE of Surat city). The
Earthquake was felt in Bharuch, Surat and Narmada districts. The villages near the epicenter
are Gundia, Petia, Rajpara, Sevad, Kamaliya, Jabugam, Itakla. Also most of the people living in
high-rise buildings in nearby cities felt the earthquake, however no damage was reported.
Shock of Mmax.3.7 occurred on 19th Nov 2014, 21 km NNE of Deesa in North Gujarat.

Seismicity around the epicenter of M3.6 Bharuch Earthquake ofJune 21, 2014

An earthquake of magnitude 3.6 occurred at 09:29 PM on 214 June 2014 at 38km ESE of
Bharuch district in Valia Taluka (66km NE of Surat city). The Earthquake was felt in Bharuch,
Surat and Narmada districts. The villages near the epicenter are Gundia, Petia, Rajpara, Sevad,
Kamaliya, Jabugam, Itakla etc. (Figure 1.11). Also most of the people living in high-rise
buildings in nearby cities felt the earthquake, however no damage was reported. There are
some 20 Seismograph stations within about 200km radius of Bharuch which are used for
location.

The Bharuch region has experienced 9 earthquakes of magnitude 3.1-5.4 in historical past
(Table 1.10). The earthquake of Mmax.5.4 occurred on 23-03-1970 near Bharuch city. District
Bharuch is in seismic zone Ill where earthquakes of magnitude up to 6 can be expected. It is
considered to be moderately seismic. The region has a major fault along Narmada river and
some other smaller faults. However, there is no known geological fault mapped in the area
near the June 2014 epicenter. Geological faults in the region are shown in Figure 2. A small
NW-SE trending Rajpardi fault of 20 km length is there north of the area and in East of
Bharuch and Ankleshwar. The old faults are sometimes activated with small to moderate
earthquakes. Moreover, Rajpardi fault is a small fault along which any major earthquake is not
expected. Hence, no immediate action is warranted.
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Fig. 1.11: Villages near the epicenter of the earthquake of M3.6 which occurred on 21-
06-2014.

Table 1.10: Past earthquakes of M>3.0 in Bharuch and nearby region

Year MM Date Lat Long M Region Ref.
1970 3 23 217 730 5.4 Bharuch NGRI
1970 8 9 217 73 3.5 Bharuch USGS
1970 8 30 217 73 41 Bharuch USGS
1970 9 10 216 727 3.4 Bharuch USGS
1971 6 18 217 73 34 Bharuch IMD
1979 8 24 2211 7243 31 Khambhat GERI
1980 6 4 21.68 7321 31 Nartrang GERI
1980 7 21 22.87 72.14 31 Nartrang GERI
1982 3 10 21.38 73 31 Bharuch GERI

MS 4.23-W-H70

Fig 1.12: Geological faults of the area and epicenters of earthquakes of M3.0-4.5 which
occurred during 1984-2014 and also of 1970 Bharuch earthquake of M5.4.



Institute of Seismologica! Research

Intensity of Mw 3.9 tremor of March 19, 2015 in north Mahesana District

A tremor of magnitude Mw 3.9 of March 19, 2015 at 3:11 PM had epicenter 15 km NNW of
Dharoi in north Mahesana district (24.027 N, 72.703 E, depth 5 km). The earthquake was felt
in Sabarkantha, Banaskantha and Mahesana districts of north Gujarat on Thursday creating
panic among people. At several places people from houses and shopping malls, cricket fans
watching the India-Bangladesh World Cup tie and students taking exams rushed out in panic
after experiencing the tremors. Many shop owners also downed their shutters for some time
fearing larger tremors to follow.

The tremor caused maximum intensity which is assigned grade V on M M Scale as the tremor
was strongly felt, vessels fell down and minor cracks were reported at places with distances
up to 65 km: in Himmatnagar of Sabarkantha district at 65 km in SSE direction and at
distances of 35 to 60 km up to Amirgadh, Vadgam, Danta, Ambaji etc. all in eastern
Banaskantha district in NW to NE direction from the epicenter. The area within 30 km radius
has thin population hence not many felt reports have been received from near distances. Also
felt area is less in east-west direction and more in north-south direction (Fig. 1.13, Table 1.11).

The area is about 35 km east of Cambay basin and covered by soil. Precambrian hard
rock's may be near surface. Felt area is large due to presence of rocks at shallow depth. There
is no fault line near the epicenter. Hence, only some small fault may be there along which
stresses due to normal tectonic processes when accumulated to critical stage are released in
small tremors. In Cambay basin a transverse NE trending fault if extended will pass close to
the epicenter.

The past earthquakes within about 100km radius of the epicenter are listed in Table 1.12.
These tremors were around Mt. Abu, Patan and Palanpur. Mt Abu earthquakes are of
magnitude up to 5.7. Others are of magnitude 3.1 to 4.6.

As Dharoi dam and reservoir are 15 km east and presently water depth is only 19 m (as
against maximum 29 m), the tremor is not related to Dharoi dam.

DESCRIPTION OF FELT AND DAMAGE REPORTS

Reporting of Cracks

Sabarkantha District: In Himmatnagar glass window panes cracked on the 3rd floor of a
shopping complex. Some houses also reported minor cracks. Two benches in school of Mahor
village of Vadali tahsil, near Himmatnagar damaged and two girls of 9th class fainted due to
fear and were taken to hospital.

Banaskantha District: Cracks reported in school and some houses in Virampur and vessels
fell down. In Danta’s Punjpur, Balvantpura, Velwada and Ratanpur villages cracks were
reported in some houses. Cracks in Walls of some houses were reported and utensils fell at
Malan, Amirgadh, Ambaji, Hadai. A few cracks in houses of Palanpur, Vadgam. In Malan village
near Palanpur cracks were reported in a school.
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Strongly Felt: Tremor was felt for a few seconds. People ran out of houses and
children from schools.

Sabarkantha District: People came out from the multi-storey buildings and shopping malls at
Tower road, Himmatnagar.

People of Prantij, Idar, Wadali, Khed Brahma, Poshina, Lamdia, Bhiloda, Vijaynagar as well as
in villages of Deshotar, Umedgadh, Bolundra, Masal, Ratanpur near ldar were Panicked.

Banaskantha District: At Malan Primary School some 900 children ran out. At Isrol a
person reported that his bed shook. At Rajpur village people ran out of houses. At Maheadeo,
Umedpur, Medhasan, Sirdoi, Madhupur and Sampur there was first rumbling sound and then
shaking. Shaking of utensils and disturbed decoration pieces were reported from many
houses.

Mahesana District: Felt at Satlasana, Kheralu and Vadnagar.

Not Felt : Tremor was not felt at Dahod in Sabarkantha district. Tremor not felt in western
part of Banaskantha district at places like Vaav, Tharad, Deesa, Bhabhar, Diyodar, Kankarej,
Lakhani and Dantivada.

Table 1.11: Felt reports of M3.9 Dharoi tremor of March 19, 2015. Information about
cracks in walls of houses, falling vessels and felt reports collected from News

papers Divya Bhaskar, Sandesh, Gujarat Samachar, Rajasthan Patrika. The press
clippings are attached.

District Banaskantha Mahesana Sabarkantha

wise effect  pistrict District District

Cracks At Malan school & Amirgadh, In Himmatnagar:
At Virampur's School & ) Third Floor glass window
Houses. At Danta and nearby Cracks in some panes of a shopping Mall
places like Punjpur, houses had broken

Balvantpura, Velvada &
Ratanpur At Ambaji & Hadai

Falling of Vessels fell down from racks

objects at several places.
Strongly Felt In Eastern Part at areas like: Satlasana, Himmatnagar, Prantij, Idar,
Danta, Amirgadh Kheralu, Vadali, KhedBrahma,

Vadnagar Poshina, Lambadiya,

Vadgam and Palanpur
g P Bhiloda, Vijaynagar

Not Felt Western Part of Banaskantha
district like: Vaav, Tharad, No felt reports
Disa, Bhabhar, Diyodar, from south of Not felt at Dahod

) ) ) Mahesana
Kankarej, Lakhani, Dantivada

Table 1.12: Shocks earlier experienced in about 70km radius of the epicenter
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SN Year MM DD OT Lat Long M MMI  Location

1 1848 4 26 244 727 57 VI MountAbu

2 1906 8 15 244 727 43 V MountAbu

3 1962 9 1 201 24 73 4.6 Palanpur

4 1969 10 24 1145 248 725 55 MountAbu

5 2010 3 30 1957 236 726 32 Mahesana

6 2010 9 2 8:39 239 719 44 Patan

7 2011 11 7 3:.05 244 727 31 Palanpur

8 2013 8 3 1:17 244 729 33 44 km NNE from Dharoi

9 2014 11 19 1526 244 722 31 23 km NNE from Deesa,
Banaskantha

*10 2015 3 19 941 24.1 727 39 \ 18 m WNW from
Dharoi

*Present Tremor

Fig. 1.13: Isoseismals for M3.9 Dharoi earthquake of March 19, 2015 and past nearby
earthquakes

1.3 EMPIRICAL RELATIONSHIPS FOR THE EARTHQUAKE EARLY WARNING
SYSTEMS

(Ketan Singha Roy, Sorabh Sharma, Pallabee Choudhury, Santosh Kumar and B. K. Rastogi)

An earthquake early warning (EEW) system forewarns an urban area of forthcoming strong
shaking, normally with a few seconds to a few tens of seconds of warning time, i.e., before the
arrival of the destructive S-wave part of the strong ground motion. The initial part of the P-
waveform is very useful for determining magnitude, peak ground acceleration (PGA).
Following Wu and Kanamori (2008), we have determined peak ground motion parameter Pa
from the initial 3 sec of the P waveforms of high-pass filtered vertical seismogram and
developed log-log empirical relationship Pa and PGA. Also, an attenuation equation among Pa,
hypocentral distance and magnitude has been developed.
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We selected 218 earthquakes occurred in the Kachchh region during 2006 to 2014 with
magnitude range 1.7-5.2 listed in ISR catalog. All these earthquakes were recorded by 24
strong accelerograph (SMA) installed and operated by ISR. A total of 589 records are used in
this study. Each accelerogram is integrated to velocity and displacement. We applied a 0.075
Hz high-pass recursive Butterworth filter to remove low frequency drift caused by integration
process. From the first 3s of the P phase of vertical acceleration, velocity and displacement
time series, we estimate the maximum acceleration (Pa), velocity (Pv) and displacement (Pd)
respectively. Peak ground acceleration (PGA), velocity (PGV) and displacement (PGD) are
estimated form the larger ground motion of the two horizontal components of the
acceleration, velocity and displacement time series. Logarithmic - logarithmic empirical
relationships between each of Pa, Pv, Pd with each of PGA, PGV, PGD are estimated.

According to our analysis, the Pa - PGA relationship (Fig. 1.14) shows minimum
standard deviation S=+ 0.223. Thus, in order to estimate PGA, the following linear
equation is proposed as an optimal relationship for the Kachchh region by compiling
all available data:

log(PGA) =0.692*log(Pa) + 0.527, S=+ 0.223

We attempt to find attenuation equation between Pa, hypocentral distance R and magnitude M
as given below:

M= 0.442 *log(Pa)+ 1.433 *log(R)+ 1.341, S=+ 0.495

Fig.1.14: A log-log relationship between Pa and PGA. Solid grey line represents mean
PGA and dotted grey lines are mean PGA + 1std.
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CHAPTER

PHYSICS OF EARTHQUAKE PROCESS

21 IMAGING SEISMOGENIC FAULT OF THE 2001 BHUJ EARTHQUAKE OF MW
7.7: DOUBLE DIFFERENCE SEISMIC TOMOGRAPHY

(A. P. Singh, Santosh Kumar andJ. R. Kaya! with collaboration Prof. Catherine Dorbath
IRD, EOST, 5rue Rene Descartes, 67084 Strasbourg, cedex, France)

Some 834 Kachchh Rift Basin (KRB) aftershocks (Mw >2.4) of 2006-2014 recorded on 22 local
broadband seismographs are relocated in this study by double difference seismic tomography
(TomoDD) method. This method is combination of both hypoDD (double difference method;
and Thurber's SIMULPS tomography algorithm. The relocated aftershocks and the
velocity images shed new light in understanding seismogenic fault(s). A near vertical deeper
fault is well imaged that correlates with the geologically mapped South Wagad fault (SWF) in
the source area of the main shock and aftershocks. Among the other geologically known faults,
the Kachchh Mainland fault (KMF) and the Gedi fault (GF) are also well reflected in the seismic
sections. The geological and seismological models are critically examined to understand the
deeper (10-35 km) intraplate earthquakes in the KRB.

22  STATION CORRECTION AND EARTHQUAKE HYPOCENTER RELOCATION
USING THE JOINT HYPOCENTER DETERMINATION METHOD IN THE
KACHCHH REGION OF WESTERN INDIA

(AP. Singh, Mayank Dixit, P. Mahesh, Santosh. Kumar)

A set of 3650 shallow (of Mw >2.4 and depth 0-45 km) earthquakes recorded by some 32
broadband seismographs (BBS) during 2006-2013 in the Kachchh region of Gujarat state,
western India are relocated by the Joint Hypocenter Determination (JHD) method. The region
generated one of the largest intraplate earthquakes Mw 7.6 in 2001, and the aftershock
activity is still continuing. The JHD method determines the station corrections, and relocates
the hypocenters with higher precision. The hypocenter relocations show relatively large
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horizontal as well as vertical shifts from that located by the routine Hypo71 analysis. Further,
the station correction map produced by the JHD method shows significant lateral variations of
seismic velocity in the uppermost crust. The station corrections indicate larger variations from
-0.37 to +0.48 s for P-wave and from -0.58 to +1.09 s for the S-wave. The positive station
corrections (lower velocity sites) are obtained near the 2001 main shock epicenter area,
whereas negative station corrections (higher velocity sites) are obtained in the surrounding
areas. One negative correction zone is identified between KMF and KHF fault zones outside the
main shock epicenter area where not many aftershocks occurred. The station corrections are
comparable with the surface geology and crustal heterogeneities imaged by seismic
tomography. The relocated events have brought out a precise seismicity pattern and the
earthquake source structure much precisely. The earthquakes are mostly confined at a depth
range 10-35 km, and a hidden near vertical structure is well identified.

23 SEISMIC MOMENT TENSOR ESTIMATION FOR KACHCHH RIFT BASIN
EARTHQUAKES OF 2006-2013

(A. P. Singh, Santosh Kumar Collaboration with Prof. Li Zhao, Institute of Earth Sciences,
Academia Sinica, Taipei, Taiwan)

We have determined the focal mechanisms of 37 small and moderate earthquakes (3.4 < Mw <
5.2, Figs. 2.1 & 2.2) occurring from October 2006 to December 2013 in the Kachchh Rift Basin
(KRB) by fitting the three-component waveforms of P and S waves using the cut-and-paste
(CAP) method introduced in Zhao and Helmberger (1994) and improved by Zhu and
Helmberger (1996). These earthquakes are recorded at broadband stations of the Gujarat
seismic Network operated by the Institute of Seismological Research. Results show that the
earthquakes have primarily strike-slip mechanisms and reverse-faulting mechanisms. Most
earthquakes have depths between 15 and 35 km. We found that the nodal planes of the focal
mechanisms correlate well with the local trends of the known tectonic faults. The P-axes for
the obtained moment tensor solutions in the KRB region are oriented roughly NS and NNE,
which is consistent with ambient stress field owing to the northward motion of the Indian
Plate with respect to the Eurasian Plate. However, the orientations of P- and T-axes exhibit
more complexity beneath the Bhuj mainshock, which could be attributed to the variable
nature in the orientation of fractures.
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Fig. 2.1: Focal mechanism and waveform fit for the optimal solution for the 19 June 2012
earthquake. (a) Beach ball showing the focal mechanism. (b) Waveform fit for
the optimal solution. Black and red traces are the observed and synthetic
waveforms, respectively. The five columns of waveforms are, from left to right,
the vertical- and radial- component P wave, and the vertical-, radial- and
transverse-component S wave. The numbers below each trace are the time shift
in seconds (positive means a delayed record) and the correlation coefficient. The
station names are shown on the left and the number below each name is the
epicentral distance in km.

Fig. 2.2: The 37 fault plane solutions obtained in this study. Shown at the top of each
beach ball is the event number. Black lines are major faults. The sizes of the
beach balls are proportional to the magnitude, while the colors indicate source
depths (red: 15 km or shallower; green: 15-25 km; blue: 25 km or deeper).
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24  FOCAL MECHANISM BY MOMENT TENSOR SOLUTION
(Jyoti Sharma and B.K. Rastogi)

MTS for three earthquakes of M3.8 to 4.2 of 2014

The waveform inversion technique is popular for estimating source mechanism to study the
nature of faulting processes. In the present study, attempt has been made with fair degree of
precession, to estimate the MT solutions of three earthquakes of magnitude Mw > 3.8 (Table
2.1, Fig. 2.3) using 3-components data recorded at multi-stations of ISR seismic stations in
Gujarat region. Further, good signal to noise ratio velocity data has been used with epicentral
distance ranging from 10 to 150 km and azimuth vary from 21oto 320 a

The present analysis is based on FORTRAN and MATLAB codes based ISOLA software (Sokos
and Zahradnik, 2006), that is based on an extension of the Kikuchi and Kanamori method to
regional and local distances. ISOLA allows a full wavefield inversion, based on the discrete
wavenumber method of Bouchon (1981) and Coutant (1989), and provides a good stability. In
this technique, initially a set of predefined point-source positions along a line or plane is
considered. After obtaining a major point-source contribution or subevent, the corresponding
synthetics are subtracted from data, and the residual waveform is inverted for another point
source, and so on (Zahradnik et al., 2005). Because the optimum source position of each
subevent is also to be retrieved, the technique is nonlinear. However, because the point
sources are removed consecutively, one after another, each step has only two parameters
(source position and onset time), thus contributing to the stability of the inversion (Zahradnik
et al,, 2005).The grid search provides the best position and time in terms of the absolute value
of the correlation coefficient between the observed data and synthetics, which are calculated
automatically during the least square.

In the present analysis, we have used band-passed (0.05-0.3 Hz) and instrumentally corrected
velocity records as the input of ISOLA code. ISOLA integrates the input data to the band-
passed displacement, which are used as input for moment tensor inversion. Here, simple
triangular pulse is approximated for the source time function. Also, it is important to note that
all solutions obtained using ISOLA are close to the first approximation (Zahradnik et al., 2005).
Fig. 2.4 shows matching of waveform for the three earthquakes. Figs. 2.5 to 2.7 show MTS for
these earthquakes.

Table 2.1: List of Mw S 3.8 earthquakes occurred in kachchh in 2014

Event

No Year MN Date HR MM Sec Lat. Long. Depth M Mw

1 2014 3 8 19 1 95 23365 70297 365 4.1 42
2 2014 4 29 5 55 06 23490 70280 125 37 38

3 2014 9 26 22 38 553 23,678 70575 81 3.7 38
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Fig.2.3: Epicenters of the earthquakes of 2014 for which MTS have been determined.
1: March 8, 2: Apr 29, 3: Sep 26

Results

(€))] Waveform Match using moment tensor inversion for the 08thMarch 2014 (event
no. 1)

Waveform Match using moment tensor inversion for the 08thMarch 2014 (contd.)
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()] Waveform Match using moment tensor inversion for the 29th April 2014 (event
no. 2)

®3) Waveform Match using moment tensor inversion for the 26th Sept. 2014 (event
no. 3)

Fig. 2.4: Matching of observed and synthetic wave forms for estimated MTS of the three
earthquakes of M~4 that occurred during 2014
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Fig. 2.5: Moment tensor Solution for the 8thMarch 2014 earthquake using ISOLA
software

Fig. 2.6: Moment tensor Solution for the 29thApril 2014 earthquake using ISOLA
software

Fig. 2.7: Moment tensor Solution for the 26thSept. 2014 earthquake using ISOLA
software



MTS for an M4.0 earthquake of 2012 and M4.1 earthquake in 2013

MT solutions have been obtained for two earthquakes that occurred on 08th December 2012
and 30th March 2013 of magnitude M1 > 4.0 (Fig. 2.8) using 3-components data recorded at
multi-stations of ISR seismic stations in Gujarat region. Further, good signal to noise ratio
velocity data has been used with epicentral distance ranging from 10 to 250 km and azimuth
varying from 23oto 324a

In the present analysis, we have used band-passed (0.05-0.2 Hz) and instrumentally corrected
velocity records as the input of ISOLA code. ISOLA integrates the input data to the band-
passed displacement, which are used as input for moment tensor inversion. Here, simple
triangular pulse is approximated for the source time function. Also, it is important to note that
all solutions obtained using ISOLA are close to the first approximation (Zahradnik et al., 2005).
Fig. 29 shows the wave form matching and Fig. 210 & 2.11 show the Moment-Tensor
Solutions.

Fig.2.8: Epicentral map of the earthquakes, 1) 08thDecember 2012 (M1 4.0) and 30th
March 2013 (M1 4.1).
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RESULTS

(@) Waveform Match using moment tensor inversion for the 08thDecember 2012 (M
4.0)
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()] Waveform Match using moment tensor inversion for the 30th March 2013 (M
4.1)

Fig. 2.9: The waveform match between the observed (red) and synthetic (blue) filtered
displacement seismograms at different stations for the 30th March 2013
earthquake using ISOLA software.
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MOMENT TENSOR SOLUTION

HYPOCENTER LOCATION (ISR)

Oorigin ti 20121208 07:06:09 10
Let 23.139 Lon 70.391 Depth 15.9
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Fig. 2.10: Moment tensor Solution for the 08thDecember 2012 earthquake using ISOLA
software.

MOMENT TENSOR SOLUTION
HYPOCENTER LOCATION (ISR)

Origin time 20130330 06:33:54.50
Lat 23.579 Lon 70 Depth 24.5
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centroid Depth (unj 22
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VOoL% :0
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Fig. 2.11: Moment tensor Solution for the 30thMarch 2013 earthquake using ISOLA
software.

25 ONE-DIMENSIONAL REFERENCE VELOCITY MODEL OF THE SAURASHTRA
(P. Mahesh, Balwanth*, B. K. Rastogi) *SRTM University, Nanded, Maharastra)

We can estimate the seismic velocities beneath the area under investigation with the help of
known hypocentral parameters. Results of local earthquake tomography highly depend on the
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initial reference model (Kissling et al.,, 1994). Kissling et al. (1994) introduced the concept of
the minimum 1-D model in local earthquake tomography that can be use as a initial reference
model. The minimum 1-D model itself is a result of a series of simultaneous inversions of
hypocentral parameters, 1-D velocity models (Vo & W), and station corrections. Besides
serving as an initial reference model, the minimum 1-D model will provide high precision
hypocenter locations for use in 3-D local earthquake tomography. One, therefore, tries to
determine the hypocenters and the velocity structure simultaneously.

We wused the program "VELEST" (Kissling, 1995) for simultaneous determination of
hypocenters, 1-D P, S velocity structures and station corrections. The model geometry (layer
thicknesses) is held fixed during inversion. The travel times are calculated by ray tracing using
the shooting method (Thurber, 1981), and directly solves the normal equation with Cholesky
decomposition (Press et al, 1988). We derived an optimum 1D velocity model of the
Saurashtra region, based on analysis of 4200 seismograms generated at 20 digital broadband
seismic stations in the region during April 2006 and June 2012. These include data from 450
local earthquakes (Fig. 2.12) with azimuth gaps of <200°, each of which had a minimum of four
P- and three S-phase readings. The 1-D velocity model (Fig. 2.13) obtained from seismic
refraction/reflection studies (Rao, et.al, 2005) and an average Vp/Vs ratio of 1.72 abstracted
from the P- and S- wave arrival time data from our network using the Wadati diagram is used
as initial model.

The input velocity model was initially parameterized as stack of 2 km thick layers. The
inverted velocity models were then iteratively simplified by fusing layers with similar
velocities to form the next initial model (Kissling, 1994). The final P and S velocities obtained
from combined inversion is shown in Figure 2.13. The final velocity model resulting from
travel time inversion is well resolved only down to a depth of 13 km, because of very few
hypocenters and rays below 13 km (Fig. 2.14).

Fig. 2.12: Epicentral distribution of the earthquakes (circles) used for 1-D inversion.
The seismic stations used in this study are shown as triangles

Epicenter Map N
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Fig. 2.13: Initial and final velocity models for P- and S- waves.

Figure 2.14: Ray distribution in depth.

REFRENCES
Kissling, E. (1995). Velest User's Guide, Internal report 26, Institute of Geophysics, ETH
Zurich, Switzerland.

Kissling, E, W. Ellsworth, D. Eberhart-Phillips, and U. Kradofler (1994). Initial reference
models in local earthquake tomography, J. Geophys. Res. 99, 635-646.
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31 ELECTROMAGNETIC, MAGNETO-TELLURIC AND RESISTIVITY IMAGING

Magnetotelluirc investigations in Kachchh region for identification of faults and crustal
structure

(Kapil Mohan, B.K. Rastogi and Peush Chaudhary)

Detailed close station spacing (1-3 km) MT survey is conducted in the epicentral zone of 2001,
Bhuj earthquake in two profiles (Western and Eastern) and having lengths of 15 and 25 km,
respectively (Figure 3.1). The 2-D inversion of the acquired data gave the resistivity structure
of the area up to a depth of 20 km for western profile and 10 km for eastern profile and
suggested two conductors in each profile. Along the western profile, two conductors C3 and C4
(Fig. 3.2) are seen. The conductor (C3) dipping south (with a shallow dip) at a distance of 5 km
in the north of Dudhai might be the signature of the Kachchh Mainland Fault. The conductor C4
that is at a distance of 10 km in the north of the first conductor (C3) with resistivity 0.1 to 4
ohm-m and that falls in the straight line of the western extension of South Wagad Fault, might
represent the South Wagad Fault (Fig. 12 of Mohan et al, 2015). Along eastern profile, we
have been able to see KMF dips south near Sikra village and the group of South Wagad Fault
(dipping vertically up to 6 km and north dipping afterwards) near Vamka village. The area
between conductors C1 and C2 has conductive sediments (Samkhiyali basin) of about 2 to 3
km thickness over the resistive block. Along the western profile KMF is seen 5 km North of
Dudhai village and a possible extension of the South Wagad Fault is seen 10 km north of the
KMF. The sedimentary thickness in this area between KMF and SWF is varying from 1.2 km to
2 km.
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Fig. 3.1: Location map ofthe MT sites superimposed on geological map

Fig. 3.2: 2-D geoelectric section of the western profile(Mohan et. el, 2015).

Fig. 3.3: 2D Magnetotelluric depth section (Eastern) (TE-TM mode) from Sikra village in
the South to Kuda village in the North. C2: SWF and C1: KMF (Mohan et. el, 2015).
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Data acquired for 3D Magnetotelluric studies (MT and LMT) by ISR and NGRI in Kachchh is
shown in Fig. 34 and 3D interpretation in Fig. 5. There are total 37 MT stations with average
spacing of 3km. LMT observations were made at 16 of these sites. MT observations were made
for 3days and LMT for 2-3 weeks.

liy L /m NH

238 — 21\

236 236
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MT Stations

32— J Quaternary 232

] Deccan Trap
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Fig. 3.4: Recently acquired MT sites are shown as black Triangles in rectangular block.
The earlier acquired MT and LMT sites are also shown in the map.

MT study over Chabsar and Tuwa hot water spring region for identification of
geothermal source zone

(Kapil Mohan, Peush Chaudhary, Pavan Gayatri, Virander Choudhary, Pruthul Patel,
Mehul Nagar and B.K. Rastogi)

Magnetotelluric Survey is conducted at two sites Chabsar (Bavla) and Tuwa (Godhra) under
the project sponsored by Gujarat Power Corporation Ltd. (GPCL).

(i) Chabsar: Broadband MT data at 31 sites have been acquired in the vicinity of Bavla region,
Ahmadabad (Figure 3.5). The data processing and 1-D/ 2-D inversion of the acquired MT data has
been carried out for detailed subsurface information of the region for possible presence of
geothermal source. Apparent resistivity and phase curves of some sites are shown in figure 3.6.

Fig. 3.5: Location map of acquired MT sites in Chabsar (Bavla) area.
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Apparent resistivity and phase curves of some sites:

Fig 3.6: Apparent resistivity and phase curves at some sites along the profile

(ii)Tuwa: Broadband MT data at 41 sites have been acquired in the vicinity of Tuwa region,
Godhra (Figure 3.7). The processing and 1-D/ 2-D inversion of the acquired MT data has been
carried out for detailed subsurface information of the region for possible presence of
geothermal source. Apparent resistivity and phase curves of some acquired sites are shown in

figure 6.

Fig. 3.7: Location map of MT sites near TUWA hot water spring.

Fig. 3.8: Apparent resistivity and phase curves for some sites at Tuwa
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SURVEY PLAN:

Magnetotelluric survey has been started at Chabsar and Tuwa (Fig. 3.9) to identify geothermal
energy source if any in these areas. The project is entrusted by Gujarat Power Corp. Ltd.
Chabsar is just west of the West Cambay fault in soil area. Tuwa is 100 km east of Cambay
basin and in Proterozoic granite area. At Tuwa the survey has been suggested east of the hot
spring. At Chabsar there is no hot spring. Some bore wells were dug in which hot water is
coming out. One bore well is at Bhamasar and a few more are around it. Hot water is still
coming out from Bhamasar well. Chabsar (2248'N 7216’E) is in Ahmadabad district and 40 km
SSW of Ahmadabad city. Tuwa (2251'N 7334’E) is about 130 km SSE of Ahmadabad and is in
Panchmabhal district (20km short of Godhra).

Station deployment is such that in 5Skmx5km area is surveyed in more details and surrounding
area with sparse stations. The area covered (5X5=25 sq. km) is divided into grid of 1.25km X
1.25km (approx.). The central line having 11 stations has longer length of 10km. It extends

both sides of the grid with three stations at each side (at 2,3 &5km distance from the inner
grid). Total 31 stations are covered at each site.

OBJECTIVE

To image the subsurface in a grid pattern with the main objective of locating subsurface
structures related to geothermal resources in the area with a good resolution.

PRELIMINARY RESULTS

A conducting body of about 10km width is observed at a depth of 2.5km (Fig. 3.10).

Fig. 3.9: Locations of Chabsar and Tuwa on geological map. Stations deployment at
Chabsar is also shown
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Fig. 3.10: 2D view ofa 3D structure at Chabsar

Transient electromagnetic investigations in the Ahmadabad region, central Cambay
basin, Gujarat

(G. Pavan Kumar*, Virender Choudhary, E. Mahender, Yashavant Kumar Singh, K Damoder, Kapil
Mohan and B.K.Rastogi)

Time domain electromagnetic (TDEM) survey has been carried out at Chabsar in the Bhavla
region of the Ahmadabad district located just west of the Cambay basin (Fig. 3.11) to delineate
shallow subsurface resistivity image of the region. Fixed in-loop TDEM soundings were made
at 20 selected locations with 100 m sided transmitter loop.

Fig. 3.11: Location map of TDEM sites (stars) superimposed on geological map of
Gujarat

For each loop, the transmitter is operated for a sequence of data repetition frequencies
ranging from 32 Hz to 1 Hz. Rate of change of secondary magnetic field produced due to the
induced eddy current in the subsurface has been measured at every TDEM sounding site using
a receiver coil. The data were processed to get apparent resistivity as a function of decay time.
Decay curve and apparent resistivity curves for a site is shown in Fig. 3.12.
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Fig. 3.12: Decay and apparent resistivity curves for a site

One dimensional inversion of the data is carried out to obtained the true resistivity
distribution as a function of depth. The 1-D layer structure for a site is shown in figure 3.13.

Fig. 3.13: 1-D resistivity structure for a site along with the data fit.

Fig. 3.14: One dimensional resistivity structure for a N-S profile for the site shown in
figure 3.11

The subsurface electrical resistivity image obtained by combining the results of 1-D smooth
inversion for 10 locations along a 10 km long N-S line indicates in general at three-layered
structure upto 160m (Figure 3.14). A 20-30m thick conductive channel of resistivity ~10
H.mat a depth of 20-25m, interpreted as saturated/unconsolidated rock, is overlain on another
saturated rock (with possible content of sulfides, clay etc.) of comparably low resistivity. A
fractured resistivity zone (20-25H.m) at a depth of 20m extending to entire depth section is
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observed at the north central part of the line. The results could be integrated with hydro
geophysical information for further characterization of the aquifer and the fractured zones
observed in region.

Magnetotellurics data analysis over anisotropic and inhomogeneous medium- Results
from a synthetic study

(Mahender, E., Yashavant Kumar Singh, Damodar, K. and G. Pavan Kumar)

Anisotropy in upper mantle and lower crust of the earth subsurface has been inferred from
various geophysical investigations mainly through seismological and magnetotellurics (MT)
studies. Thus anisotropic modelling of subsurface could give better resolved image of the
earth interior as well as preliminary information on the fault zones, which indeed have
anisotropic in nature due to stress and strain variations. Analysis of MT data in presence of
anisotropy over a 2-dimensional medium is complex as the impedance tensor may not
decouple into two polarization modes. Here we present the results from analysis of synthetic
response of two models comprising electrical anisotropy and inhomogeneity each. We have
designed two block models based on a published MT results, one incorporating anisotropy
block (5/50/50 H.m) underlying on an isotropic block and another block model indeed having
inhomogeneity (Fig. 3.15). Forward responses of the two models are generated using an
algorithm for 2-D modelling of anisotropic media.

The analysis of the apparent resistivity and phase curves suggests that apparent resistivity
and phase curves splits in both anisotropic and inhomogeneous medium (Fig. 3.16). However,
the splitting occurs at the interface between overlying isotropic and top of the anisotropic
block, where as for the inhomogeneous medium the splitting observed at top and bottom of
the inhomogeneous block. The magnitude of splitting is depends on anisotropic ratio and
underlying resistivity contrast in anisotropic and inhomogeneous medium respectively. We
have also analysed the impedance tensors using phase tensor (PT) approach and method on
ellipticities of telluric vectors (ETV). The analysis suggests the non-zero skew angles for the
anisotropic block along with deviation of the major axes from the regional strike of the body.
The response from inhomogeneous medium show zero skew angles with major axes oriented
in regional strike. Non-zero ellipticities of the telluric vectors within the period band of the
anisotropic block have been obtained after ETV method and splitting in the telluric distortion
angle curve is observed similar to impedance phase. In case of inhomogeneous medium, the
ellipticities and distortion angles are equal to zero. Thus the analysis the distortion indices,
like PT- skew angle, distortion angle, and ellipticities of the telluric vectors might be good
indicators for presence of anisotropic body compared to apparent resistivity, phase curve
splits.

Fig 3.15: Forward model considered for the present study
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Fig. 3.16: App. Res & Phase curves for anisotropic (top) & inhomogeneous (bottom)
media

3.2 GRAVITY AND MAGNETIC STUDIES

(R.KSingh, S.Venkateswara Rao, B.KRastogi, Rakesh Dumka, Amit Mishra & Avinash
Chouhan)

1. Gravity and Magnetic Observations in Cambay basin

Total 160 gravity and 404 magnetic (including 244 locations where gravity observations
were earlier taken) observations were taken in Cambay basin along the sections Viramgam-
Sanand-Sarkhej-Odhav-Kathlal and Sardar Patel ring road of Ahmedabad (Fig. 3.17). Some 60
gravity observations and magnetic observations in Ahmedabad city area were done in early
morning between 2 AM & 6.30A.M to avoid traffic. Observations were conducted at an interval
of 1 km along the different sections covering 5 blocks of Cambay basin. The gravity surveys
were carried out with CG-5 Autograv gravimeter whose sensitivity is 0.001 mgals and
Magnetic surveys with Proton Precession Magnetometer.Precise location and elevation of the
gravity stations are taken by Real time kinematic (RTK) GPS survey. The Gravity and magnetic
data is processed using Geosoft software. Bouguer gravity map is prepared at an interval of 1
mgal interval for better resolution of different features of the basin. Different sections of
gravity and magnetic observations in Cambay basin are:

1) Dholka-Kheda-Mahmedabad 6) Detroji-Kadi

2) Vijapur-Visnagar 7) Kadi-Kalyanpur-Viramgam

3) Vijapur-Rampur (Mehsana) 8) Mehsana-Chanasma-Radhanpur

4) Gandhinagar-Vijapur 9) Viramgam-Sanand-Sarkhej-Odhav-Kathlal

5) Bechraji-Sitapur-Dalod-Mandal

Bouguer gravity map (Fig. 3.18) and magnetic map (total field, Fig. 3.19) show the
following features:

1 Becharaji basin (around 23°35'N) is reflected by low gravity and magnetic signature.

2 Regional fault trending NNW passing through Kheda-Odhav-Ahmedabad-Balol and
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terminated at Jotana and dipping towards NE is well reflected by sharp contrast of low
on east side and high on west side in Bouguer gravity map. Since this signature is not
present in magnetic map, the fault may be deep seated.

Two isolated magnetic highs near Kadi & Kalol may be mafic intrusions which are also
present in Bouguer gravity map, west side of a NNW trending regional fault.

Dholka & Bavla region occupied by gravity high west of the NNW trending regional
fault passing between Kheda & Mehamadabad, may be due to basement uplift. The
region is occupied by low magnetic field which suggests that the Deccan traps may be
absent or thin and lying at deeper depth.

Gravity high within the higher gravity region between Dholka & Kheda may be source
of local upliftment of basement which may be possibly source of geothermal energy.
But detailed gravity and Magnetic surveys are required to decipher the sub-
surface/basement configuration.

Gravity high along Sami-Harij-Patan-Sidhpur trending NE-SW supported by magnetic
high may be the reflection of Aravali formation for a width of 50 km at some depth
within the basin at around Patan (23°49' 48.77" N).

A portion of Radhanpur Arch covered in the survey shows gravity high.

Radhanpur-Deesa section shows the presence of Deccan traps which is reflected in
the form of magnetic high. The gravity low may be either due to lesser thickness of
traps along that section or larger thickness of meta-sediments.
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Fig. 3.17: Location map of gravity and magnetic observations in Cambay basin
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Fig. 3.18: Bouguer anomaly map of Cambay basin

Fig. 3.19: Magnetic (Total field intensity) map of Cambay basin.
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Establishment of permamnent Gravity Bases at useful locations like MOGO, seismic
stations and areas of active defomation:

Total 36 gravity stations were fixed in Kachchh basin adjacent to all the GPS locations
(Permanent & Campaign mode) for temporal variations of gravity field over these stations
(Fig. 3.20). To understand the vertical crustal deformation few stations were made along
North and South of KMF to observe the Crustal deformation along KMF. We have planned to
observe gravity values over these stations periodically every 3 to 6 months of interval.

Fig. 3.20: Location map of GTV (Gravity temporal variation) stations near GPS stations

3.3 SURFACE WAVE TOMOGRAPHY FOR THE GUJARAT REGION

(Jyoti Sharmal Enrico Brandmayr2 B. K. Rastogil Franco Vaccari2 and G F. Panza?
1 Institute ofSeismological Research, Gandhinagar, Gujarat.

2. Department ofMathematics and Geosciences (DMG), Trieste University, Italy

Seismic tomography is a technique to image the Earth interior with waves generated by
earthquakes. Seismic tomography as defined by Clayton (1984) is not limited to imaging the
Earth or part of the Earth using body-wave arrival time data; it has been extended to include
surface waves and waveforms as well. Hence, in the present study of surface wave
tomography, following methods are applied in sequence to get the 3-dimensional S-wave
velocity (Vs) models for the Gujarat region; (a) frequency - time analysis, FTAN (Levshin et al,,
1989 and references therein), to measure group-velocity dispersion curves of the fundamental
mode of Rayleigh waves; (b) two dimensional tomography (Yanovskaya, 2001 and references
therein) to map the distribution of group velocities of Rayleigh waves, discretised on a grid 20
X 20 to compile the cellular dispersion curves; (c) non-linear inversion (Panza, 1981 and
references therein) of the assembled cellular dispersion curves to calculate the set of accepted
Vsmodels for each cell.
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Data

Thirteen regional/teleseismic earthquakes recorded by 32 Broadband Seismographs (BBS),
operated by Institute of Seismological Research (ISR), Gujarat, India has been used in the
present study. The length of most of the epicentre-to-station paths considered does not
exceeded 3,000 km in order to have, as much as possible, reliable measurements of group
velocity at short and intermediate periods. The distribution of the ISR stations used in the
present study and ray path coverage are presented in Figure 1 and list of earthquakes are
provided in Table 1.

Longitude (°E)

Fig.3.21: Distribution of ISR stations (black triangle) and seismic paths used in the
present study.
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Table 3.1: List of earthquakes used in the present study with epicentral parameters.

Oriai
Event Date rigin Lat. Long.
No ( /MM/DD) Time (E Depth  Mag. Place
' vy (Hr:Mn:Sc) (@) (&)
56 Km WSW of
1 2013-04-20 00:02:47 30.308 102.888 6.6 6.6 . m . ©
Lingiog, China
85 Km NNE of
2 2013-09-28 07:34:06 27.183 65.505 12.0 6.8 Awaran,
Pakistan
11 km WNW of
3 2013-10-03 06:12:39 27.290 88.402 9.9 52 . .
Singtam, India
24 Km S of
4 2013-11-06 04:16:16 26412 93.645 34.3 54 .
Bokakat,India
5 2014-02-12 09:19:49 35905 82.586 10.0 6.9 272 ESE of
T ' ' ' ' Hotan, CHINA
111 Km ESE of
6 2014-03-21 13:41:09 7745 94334 215 6.4 m ES .0
mohean, India
13 Km NNW
7 2014-05-05 11:08:43 19.656 99.670 6.0 6.1 from Phan,
Thailand
Northern
8 2014-05-18 01:02:32 4248 92.757 35.0 6.0
Sumatra
276 Km SE of
9 2014-05-21 16:21:54 18.201 88.038 47.2 6.0 _O
Konak, India
29 km NWW of
10 2014-05-30 01:20:15 25.000 97.845 10.0 59 ) .
Pingyam, China
11 2014-07-31 13:41:00 12435 92.200 58 58 280 km_ENE (?f
Port Blair, India
11 Km W of
12 2014-08-03 08:30:13 27.189 103409 120 6.2 _m O.
Wenping, China
13 2014-09-09 09:28:23 22.160 93.141 10.0 54 40 _Km SSE_ of
Saiha, India
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Methodology

The 2D seismic tomography

The group and/or phase surface wave velocities, observed along different paths, are widely
used to map local values of the velocities for a set of periods, monitoring the horizontal and
vertical variations in the Earth's structure. The group velocity is most efficiently obtained
performing a moving window analysis to the signal (Dziewonski and Hales, 1972; Levshin et
al, 1972 and 1992). These measurements lead to a change 5t, in the arrival time of a narrow-
band wave packet with centre frequency w, that can be related to the average group velocity
perturbation along the reference ray in the laterally homogeneous background model:

St =\S\ — |ds = — ~ \SUds @

The obtained dispersion measurements are linear integrals of the local perturbations in the
group velocity (Eq 1). The local velocity perturbation can be obtained by a tomographic
inversion of the integral (1). The 2D seismic tomography technique used in the present study
is based on time residuals, which can be directly used to estimate lateral variations of surface
wave velocities (Yanovskaya, 2001).

For regional studies it is possible to use the method for the general inverse problem for the
travel times with Cartesian coordinates (x, y) because a small part of a spherical surface is
easily reduced to the case of a plane by the Mercator transformation of the coordinates and
velocity (Yanovskaya, 1982; Yanovskaya et al., 1990; Yanovskaya and Ditmar, 1990). If the
given data are the phase and/or group velocities at different periods and along some paths,
crossing the region under investigation, and if we want to determine a function which fits the
data, the general two-dimensional tomography problem can be formulated in the framework
of ray theory (Yanovskaya and Ditmar, 1990), i.e, to assume surface waves to travel along
paths that are lines. It is generally supposed that the source-station travel time is given by an
integral over the ray. Accordingly, the time residual relative to some initial approximation is
determined, in a linearized formulation, from the functional:

where Vc(r) is the velocity in the initial approximation; 5V(r)=V(r) - Vc(r); Lmis the path
corresponding to the initial approximation.

Further, the Backus-Gilbert method is used to get the unique solution of the problem. The
Backus-Gilbert method imposes a restriction on the behaviour of the desired functions: the
solution must have the minimum norm (to minimize the integral of the squared derivative).
Moreover, Ditmar and Yanovskaya (1987) and Yanovskaya and Ditmar (1990) have provided
the method for constructing the solution for a flat Earth approximation that is valid when the
region is smaller than 4000 km. The resolution is estimated at any point by the size of the
averaging area, similarly to the Backus-Gilbert method, where the resolution is given by the
length of the averaging interval.
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The “Hedgehog" non-linear inversion method

The Hedgehog method (Valyus, 1972; Valyus et al., 1969; Knopoff, 1972), is an optimized
Monte Carlo search. In this technique, the unknown structural Earth model is replaced by a set
of parameters; therefore the retrieval of the model is reduced to the determination of the
numerical values of the parameters. For each cross-section, the theoretical values are
computed by comparison with real data and the discrepancy between the computed data and
the observed ones is calculated. The set of cross-sections for which the discrepancy is
sufficiently small is the solution of the problem. Therefore the problem is reduced to find the
zone of minimum of a multidimensional function in the space of the unknown parameters of
the cross-section (Panza, 1981) and it is independent from the starting solution.

In this technique, multidimensional region is divided into a M-dimensional grid, in the
investigated model space (M equals the number of independent parameters). The function of
parameters is calculated in every knot of the grid and finally the points in which the function is
sufficiently small are chosen. The criteria to choose one cross-section as solution of the
inversion problem is the following: for each structural model selected in the model space,
surface wave dispersion curves are calculated and the differences between the theoretical and
the experimental dispersion curves are computed. If, at each period, this difference is less than
the measurement errors and if the rm.s. (root mean square) of the differences, at all periods
considered, is less than a chosen quantity (usually 60-70% of the average of the measurement
errors), the model is accepted (Panza,1981).

Output

Fig. 3.22: FTAN diagram obtained after multiple filter analysis for group velocity of
Rayleigh waves.
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Fig. 3.23: Comparison between raw waveform (in black) and extracted waveform of
fundamental Rayleigh wave (in red), which corresponds to the dispersion curve
that will be used in the 2D tomography.

Fig. 3.24: Distribution of group velocity at 30 s period using Rayleigh wave tomography.
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CHAPTER

LONG-TERM EARTHQUAKE PROGNOSIS

4.1. PALEOSEISMOLOGY AND ACTIVE FAULT INVESTIGATION IN KACHCHH
BASIN

4.1.1 Tectonic Activity along a newly identified South Katrol Hill Fault, Kachchh,
Western India

Archana Das*, Tarun Solanki, S. P. Prizomwala and B. K. Rastogi

Katrol Hill Fault (KHF) is one of the active faults of Kachchh (Fig. 4.1). The Southern Kachchh
Mainland is delimited by KHF in north and Gulf of Kachchh in south. Some 15 - 20 km south of
scarp of north KHF ~ is a younger and relatively smaller scarp which runs in the same
direction (i.e. E-W). Spatial and temporal variations in tectonic activity lead to the formation of
characteristic slopes and valley shapes. Steep and straight mountain fronts with cross-cutting
“V” shaped valleys characterize areas where tectonic processes prevail, whereas gentle and
sinuous mountain fronts with cross-cutting “U” shaped valleys characterize areas where
erosional processes prevail. In semi-arid climates, the sinuosity of the mountain fronts, the
cross-sectional shapes of the valleys (“V” or “U” shaped), and steepness of the stream channels
have been found useful geomorphic markers to help quantify tectonic activity of fault
segments in both high- or low-strain regions. Several studies have shown use of topography,
drainage pattern analysis and geomorphic features in evaluating recent and present-day
tectonic features and activity along them.

Here we employ geomorphic indices to study the geomorphic evidences of South
Katrol Hill Fault and evaluate relative tectonic activity along its various segments. We studied
seven drainages cutting the SKHF for longitudinal river profile, stream length gradient index,
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hypsometric integral, valley floor width to height ratio and mountain front sinuosity. These
parameters provided useful insights into variation in valley shape, gradient and relief as rivers
cut through SKHF.

Fig. 4.1: a) Inset map of India, b) major faults in Kachchh and c) Seismicity and
drainages across South Katrol Hill Fault (SKHF)

It is believed that the Katrol Hill Fault (NKHF) is a tilt block structure in Kachchh mainland
which is dipping towards south. Based on anomalous increase in river incision in the middle
reaches, it was suggested that the southern Kachchh Mainland is divided into two blocks by an
E-W running fault, which most likely is a splay structure of the main KHF (NKHF). The position
of increase in incision in the south flowing drainages coincides with a young escarpment. We
employed longitudinal river profile and SL index, which responds to gradient changes.
Interestingly the position of SKHF is associated with SL peak and convex nature of longitudinal
river profile in all the drainages except Vengdi. Although the variations in SL values and
longitudinal river profile are governed by rock strength, in our case the SKHF lies in segment
with same lithology, hence we attribute this SL peaks and changes in longitudinal river profile
to be manifestation of tectonic activity along SKHF. The lack of variation observed in Vengdi
River could be due to lack of tectonic activity in west compared to eastern and central
segments of Kachchh mainland. The lower values of mountain front sinuosity estimated by
studying the E-W escarpment, hints at an uplifting structure ~ the SKHF. Similarly the lower
values of Vfjust downstream of the SKHF also suggest a younger valley, mostly produced by an
uplifting structure. Interestingly the presence of deeply incised ravines exactly south of SKHF
(i.e. on the uplifted block of SKHF) is a manifestation of uplift in the form of tectonic phase
experienced by the SKHF during Late Quaternary period. Figure 4.2 shows the tilt tectonic
configuration of southern Kachchh mainland and major tectonogeomorphic signatures.
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Fig. 4.2: Schematic diagram of tectonic configuration of tilt block structure of Southern
Kachchh Mainland along with Tectono-geomorphic features.

Table 4.1: Spatial variation in Relative Index of Tectonic Activity along SKHF

River SMF HI VF SL RIAT RIAT
class class class class class
Vengdi 2 4 3 3 3 3
Kharod 2 1 3 1 1.75 2 Lesser Active
Rukmawati 4 1 2 1 2 2
Khari 3 3 4 2 3 3 Moderate|y
Nagwanti 1 2 3 1 1.75 2 Active
Phot 2 1 3 2 2 2
Very Active
Bhukhi 1 2 2 1 15 1

In order to ascertain relative tectonic activity undergone by various segments of SKHF, we
classified all geomorphic indices into four arbitrary classes with decreasing activity from class
1 to class 4. All the indices were combined and averaged to form a new parameter called the
‘Relative Index of Tectonic Activity'. The values of this parameter were then sub divided as,
class 1 < 20; very active, 20 <class 2 < 2.5; active, 2.5 < class 3 < 3.0; moderately active and
class 4 > 3.0; least active (Table 4.1). The eastern KHF shows highest tectonically active class
i.e. class 1 followed by central segment with class 2 and then western segment with class 3.
The presence lowest HI value (0.38; class 4) and concave nature compared to other rivers with
convex to concave-convex shapes hints, at lesser active western segment of southern Kachchh
mainland. The presence of lower Vfand Snfvalues in eastern KHF also corroborated the claim
that eastern SKHF is more active segment. Our RIAT suggests eastern and central segments of
SKHF (corresponding to eastern NKHF) belong to ‘very active to active’ tectonic classes.

The parameters studied corroborates the earlier claim that southern Kachchh mainland is a
south dipping tilt block structure with a E-W trending fault, south of main Katrol Hill Fault, ~
known as a South Katrol Hill Fault which shows neotectonic activity. The study of spatial
variation in tectonic activity along SKHF shows that the eastern KHF is an ‘Active’ segment of
SKHF corresponding to class 1 of RITA followed by central and western segments.



4.1.2 Uplift/Incision rate along the Eastern Kachchh Mainland Fault during the Late
Pleistocene-Holocene period, Kachchh, Western India

(S. P. Prizomwala, Archana Das, Tarun Solanki and B. K. Rastogi)

1819*
Great Rann of Kachchh

Banni Plains

Little Rann
of Kachchh

Jakhau

Earthquake Epicenters
* Mw>=70

Gulf of Kachchh

. Banm Plain / Great Rann of Kachchh
Alluvial Fan

X

Kachchh Mainland Fault
Habo Dome

Kaswali

Khirsara R.

Kachchh Mainland Northern Hill Range

Fig. 4.3: a) Inset map of India showing Kachchh, b) major seismicity and study area in
Kachchh and c) geomorphic setting of eastern Northern Hill Range (NHR)

Kachchh Mainland Fault (KMF) is a 170 km long major fault (4.3) responsible for generation of
several earthquakes during the historical past. The KMF is dissected by several NE-SW
oriented transverse strike-slip faults along its length. It is well known that the KMF is an active
fault but this present study attempts to identify which segment of the KMF is more active
relative to the other segments. In order to estimate the spatial variation in activity along the
KMF, we attempt to estimate the uplift/incision rate of various segments which is of vital
importance for understanding longterm earthquake history and tectonic activity of KMF.

In present study we selected Lothia River in the eastern Northern Hill Range (NHR) for
detailed sedimentological, geomorphic and chronological study. We explored the
geomorphology and Quaternary sediments in Lothia River and identified a site for detailed
study. The site selection was based on presence of a strath terrace where Lothia River had
incised a bedrock upto 11m and had a thin valley fill Quaternary sequence of 4m on top (Fig.
4.4). Before entering the Banni sediments the Lothia River abruptly incises the bedrock and
then merges in to the Quaternary sediments of Banni Plains. We attribute this anomalous
incision in bedrock dominantly to uplift along the KMF. This is based on understanding that
the fluvial systems in Kachchh region which typically experiences annual precipitation less
than 30 cm cannot incise the bedrock solely controlled by climatic phenomenon. Figure 4.4
shows the lithostratigraphy of Lothia section with OSL chronology.
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Fig. 4.4: Strath terrace section in Lothia River with OSL chronology.

Based on regional studies the Late Pleistocene period has been known for arid climate in
western India. We attribute the bedrock incision as dominantly uplift driven along the KMF
and hence based on OSL chronology of three samples we suggest a minimum uplift rate of 1.12
mm/a for eastern KMF during the Late Pleistocene-Early Holocene period.

4.1.3 Geoenvironmental and Geotechnical studies in the parts of Central Gujarat alluvial
plain, Sabarmati basin

(Thokchom Sarda, Falguni Bhattacharya with Dr. Navin Juyal ofPRL, Ahmedabad)

The present study is focused on the middle alluvial segment of ephemeral Sabarmati River in
western India. The Sabarmati River originates in the southwestern spurs of the Aravalli hills in
Mewar region and flows through a semi-arid region with a mean annual rain-fall 650 mm. The
river finally debouches into the Gulf of Cambay (Fig. 4.5). The river traverses through three
geomorphic zones, viz. the rocky upland, the middle alluvial plains and the lower estuarine
zone (Tandon et al., 1997). Regional stratigraphy based on subsurface data shows that nearly
300-m thick Quaternary sediments overlie the Tertiary basement Biswas, 1987; Maurya et al.,
1995; Tandon et al,, 1997). In the foregoing, it is amply clear that the Late Quaternary alluvium
in the Sabarmati basin is a potential geological archives to discern the pattern of climate
(monsoon) variability as also to understand the recent (late Quaternary) tectonic history.
During the recent times, Sabarmati basin is witnessing proliferation of constructional
activities. These structures are built on the Sabarmati alluvium. As a contribution towards the
societal implication of the present study, attempt has also been made to evaluate the
granulometric properties of the alluvial succession. This study indicates that the alluvial
sequences are silty-sand in characteristic. Therefore, constructional activities need to address
mechanical properties of the sediment.
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Fig. 4.5: Stratigraphy of Alluvial Sequence along Sabarmati River

Broadly four major palaeo-hydrological/palaeo-environmental events have been identified
during the deposition of fluvial sequences. These are the event-l dominated by braided-
meandering fluvial system, suggesting high sediment water ratio. Event-Il constitutes laterally
avulsive channel deposit, implying deposition under consistent flow regime. The event-lIl is
identified as a mixed fluvio-aeolian sedimentation suggesting fluctuating hydrological
condition. Finally the event-IV which marks the termination of sediment succession at the
study area represents dwindling hydrological condition and onset of desert condition. Further
investigation is undergoing in order to meet the above mentioned objectives.

4.1.4 Study of Neotectonics near proposed Pancheshwar dam site on Kali River, Kumaun
Lesser Himalaya, Uttarakhand

(Girish Ch. Kothyari)

Geomorphological investigations have been done around the proposed Pancheshwar dam
(height 315 m) site on two rivers Kali (N-S flowing) and Saryu (SE flowing) in Kumaun Lesser
Himalaya on Nepal border (Fig. 4.6). The proposed dam height is 315 m and the area likely to
be submerged by the reservoir will be ~120 km2in India and ~14 km2in Nepal. Study has
been done for a stretch of 20 km in NW direction starting from the proposed dam site up to
Naichun along the Saryu river that follows the North Almora Thrust (NAT). Morphotectonic
evidences have been observed along the imbricated zone of southwest dipping high angle
North Almora Thrust (NAT). These features include tilting of terraces towards the hanging
wall of NAT, development of three levels of strath terraces, incision of river forming deep
gorge at Ghat and southward shifting of river channel.
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Fig. 4.6: (a) Location of the study area showing major thrusts and faults (Godin, 2003),
(b) geological map of the study area (modified after, Valdiya and Kotlia, 2001),
(c) simplified geological cross section across the Lesser Himalaya (Valdiya,
1980).

During 1966 and 1979, the region experienced earthquake swarm with the strong magnitude
of 6.7 and 7.5, respectively. Seismicity of M>3.5 is being continuously recorded till date.

4,15 Active Faulting and OSL Chronology of Quaternary Landforms around Gedi Fault,
Eastern Kachchh, India

(Girish Ch Kothyari, B. K. Rastogi, P. Morthekai and Rakesh KDumka)

North of Wagad region of Kachchh rift basin (western India) experienced an earthquake of
magnitude 5.7 in 2006 along the E-W trending Gedi Fault (GF). Enhanced seismicity has been
seen in the area, since then. The area is 60 km NE of the epicenter of 2001 Mw 7.7 earthquake
(—80 km NE of Bhachau) at the northern end of the Wagad upland. Active fault mapping in the
area (around Desalpar-Gedi-Fatehgadh) was carried out including. Development of an active
fault scarp, shifting of a river channel, offsetting of streams along left-lateral E-W trending GF
and SE tilting of the ground indicate that the terrain is undergoing active deformation. Based
on detail field investigations three major fault controlled uplifts have been identified in the GF
zone. These uplifts were developed in a step-over zone of GF and formed due to compressive
force generated by left-lateral motion within the segmented blocks. Optically Stimulated
Luminescence (OSL) age of the sediments from the footwall of GF yielded an age of 8020 + 860
years for oldest sediment and 1050 *+ 90 years for youngest sediments. These ages suggest
that the average rate of uplift is of 0.29-1.12mm/yr during the last 9 ka.
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4.1.6 Secondary Surface deformation Along North Wagad Fault/Bharudia Fault (BhF)
Zone in Kachchh rift basin, western India

(Girish Ch. Kothyari and Rakesh K. Dumka)

We mapped secondary surface deformation from the 2001 Mw7.7 Bhuj earthquake near the
surface trace of the North Wagad Fault (NWF) just north of Bharudia and about 20 km NE
from the 2001 main shock epicenter (or 30km N of Bhachau) with the help of ASTER satellite
data followed by ground checks. A 10km long and 350m wide stretch has been covered.
Important active deformational geomorphic features present in the NWF zone are fault scarps,
block tilting, co-seismic uplift, and drainage offsets.Northward movement of the hanging wall
caused fault bend folding of Wagad sandstone, whereas horizontal strain caused surface
deformation on the hanging wall and forelimb of the fault. It also results in development of
numerous north dipping tensional fractures. We used Ground Penetrating Radar (GPR) to
identify several north-dipping surface breaking subsidiary faults within a 324 m wide zone
across the BhF/NWF. These tensional features have been mapped along ~10 km strike length
of the NWF. Real Time Kinematic (RTK) geodetic survey along eastern part of the BhF/NWF
indicates ground uplift of 1.5 m and lateral spreading of tensional fractures in 500m x 900m
area (ISR Annual Report, 2010-11 and 2011-12). Based on these observations, we propose a
model to understand brittle and ductile behavior of the BhF/NWF that may be useful for
evaluation of seismic hazards in the region.

Deformation during the 2001 earthquake resulted into secondary uplift in the Bharudia area.
At one site, thrusting of Jurassic Wagad sandstone over Quaternary deposits created a 2m high
scarp (Fig. 4.7). Coseismic deformation resulted in southward tilting of the Wagad Mesozoic
sandstone units by 8°. The secondary surface rupture might be due to thrust movement along
the E-W faults BhF/NWF. Numerous north dipping surface breaking subsidiary faults were
also identified. The co-seismic movement has resulted into the development of tensional
fractures all along the strike length of the BhF/NWF. Northward movement of the hanging
wall caused fault bend folding within the BhF/NWF zone.

The seismological aftershock data show that the upper part of the crust (down to 8 km) is not
seismogenic, and the earthquakes being mostly confined between 8 and 35 km depth. Brittle
and ductile behavior of the BhF/NWF zone has been modeled on the basis of geological and
seismological observations. The observed structures like tensional fractures and fault scarp
are illustrated in the model as observed in the field. It is however interesting to note that the
seismogenic zone is south dipping at depth (8-40 km), while the surface fault/fractureson the
other hand are shallow and dipping towards north. The hanging wall movement along the
south dipping fault has generated tangential longitudinal strain on the upthrown block
resulting into bending of the Wagad sandstone in brittle regime.Bending of the rock units
generates extensional strain in the convex side of the anticline fold resulting into development
of tensional cracks all along the fault zone.
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Fig. 4.7: Three dimensional block model of the fault rupture zone showing development
of secondary surface deformational features during the 2001 Bhuj earthquake in
Bharudia area

4.1.7. Optical dating of fluvial terraces along the Pachcham and Wagad island, Kachchch,
Gujarat. (Falguni Bhattacharya)

Fig. 4.8: Map showing geology and major structures of Kachchh Mainland, Wagad
highland and Island Belt Fault zone.

The tectonically active Kachchh rift basin is characterized into discrete blocks which behave
differently (Biswas, 1974). Six major uplifts describing the structural evolution of the Kachchh
basin are: Pachcham, Bela, Khadir island, Chorar Hill, Wagad Highland and the Kachchh
Mainland (Fig. 4.8). The 'Mainland' uplift is the largest which is followed by the 'Wagad-uplift’
occurring in en-echelon fashion with ‘Island-Belt' in the north and ‘Mainland’ in the south
(Biswas, 1974).

Four terraces have been identified along the island belt fault zone. The samples from these
terraces are optically dated for determination of the age of the terraces. The four fluvial
terraces along the Island belt fault zone are dated to be: ~60 ka, 45 ka, 30 ka and 2 ka (Table
4.2). Considering that the Island belt is traversed by the geologically youngest NE-SW and NW-
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SE trending strike-slip faults (Biswas, 1995), we ascribe the landform deformation as observed
in the present study to the activity along these faults.

Table 4.2: Details of OSL dating along island belt (Gy=Grays, ED=Equivalent Dose,
OD=over dispersion, CAM=Centralized Age Model, MAM=Minimum Age Model)

Sample No. CAM De (Gy) MAM De (Gy) Age (ka) OD%
BN-1A 51+3 45 +2 45 £ 3 (MAM) 40
BN-2A 67 £2 66 + 2 31 + 1 (CAM) 25
BN-3 119 £ 5 60 + 4 30 + 2 (MAM) 44
BN-4 65 £03 303 2+ 02 (MAM) 43
JP-2 187 £ 7 101 + 8 62 + 5 (MAM) 31
JP-3 120 +3 110 +2 60 + 3 (CAM) 20
KR-1 4+02 2202 26+ 0.2 (CAM) 44
PPR-1A 144 £ 5 78 £ 6 38 + 3 (MAM) 34
PPR-2 67 +1 39 +2 32 +1 (CAM) 23

4.1.8. Optical dating of fluvial terraces along the Wagad upland, Kachchch, Gujarat.
(Falguni Bhattacharya)

It has been suggested that the eastern part of Kachchh is a highly strained zone for potential
earthquakes (Biswas and Khattri, 2002; Mathew et al. 2006) and is capable of generating large
magnitude earthquakes in near future (Rastogi, 2001; Mandal et al. 2004). Wagad upland is
the second largest upland area in Kachchh (Biswas and Deshpande, 1970; Biswas, 1987) which
extends from latitude 23°20' and 23°45' and longitude 70°15' and 71°10'. The area is
surrounded by Rav basin to the north and the Little Rann of Kachchh to the south-east.
Lithologically, the terrain is dominated by Jurassic and Cretaceous sand stone, shale and lime
stone with some out crop of Tertiary lime stone and sand stone in the north and southeast of
Wagad (Biswas and Deshpande, 1970). The E-W trending faults in the eastern Kachchh are
identified as the SWF, NWF and the GF (Biswas and Khattri, 2002; Rastogi, 2001; Mandal et al.
2004) (Fig. 4.9).

70°300°E 70°450°E 7100E

23°450'NH

23°300'N;

23150'N

Fig. 4.9: Geology and major structures of Wagad upland
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In addition to this, Manfara Fault (MF) which trends NE-SW (transverse fault) has displaced
the E-W trending faults suggesting its young age. The 2001 Bhuj earthquake was associated
with the activity along the MF (Rastogi, 2001; McCalpin and Thakkar, 2003). Additionally,
moderate earthquake of Mw 5.0 during 2006 was associated with the GF implying the active
nature of this fault (Rastogi, 2008).

The present study is focused on the basin morphology and drainage network of Wagad
highland in order to understand understand the role of seismicity (structure) in the evolution
of drainage basins. Two generations of terrace formation have been identified in Wagad
highland. River terraces are considered as geomorphic and sedimentologic manifestations of
unsteady vertical channel incision (Schumm et al,, 1987; Bridgland, 2000). Optical dating of
the samples from the river terraces have been done. Details of the optical dating can be found
in the previous section. The tectonic phases developing the river terraces along the Wagad
highland have been dated prior to ~29 ka and ~15 ka (Table 4.3).

Table 4.3: showing details of OSL dating along Wagad upland

Sample No. CAM De (Gy) MAM De (Gy) Age (ka) OD%
BGD Loc2_1 10+038 45+ 05 2+02 (MAM) 71
BGD-1 40+ 14 22+14 44 + 2 (CAM) 30
BGD-2 44 £ 2 44 +2 29 + 2 (CAM) 30
BGD2-Loc2 15+008 14 +£0.09 1+ 0.04 (CAM) 48
BGSB-1 12 £0.07 12 £0.07 0.2 +0.02 (MAM) 62
KRD-1B 3+015 3+0.14 1+ 0.1 (MAM) 40
KRD-2 5+ 04 2+02 1+ 0.1 (MAM) 66
KRS-Loc2 37+ 15 19+14 8+ 1 (MAM) 37
KRS Ch-bottom 6+0.18 5+019 3+ 01 (CAM) 24
KRS Ch-top 32+0.18 3+015 2+ 0.1 (MAM) 40

(Gy=Grays, ED=Equivalent Dose, OD= Over dispersion, CAM=Centralized Age Model,
MAM=Minimum Age Model)

4.1.9. Optical Dating of fluvial sediments along the Gujarat alluvial plain
(Falguni Bhattacharya)

Optical Dating of fluvial sediments have been carried out along the Gujarat alluvial plain. Banas
and Saraswati are the two rivers along the Gujarat Alluvial Plain (Fig. 4.10). Gujarat Alluvial
Plain extends from the Narmada river basin in the south to the Luni river basin in the north.
Major part of the Mainland is included within the Cambay and the Narmada grabens (Merh
and Chamyal, 1997). Precambrian rocks of Delhi and Aravalli super group marks the tectonic
boundary along the East and the North-east. The Eastern Cambay Basin Bounding Fault
extending almost N-S broadly delineates the Quaternary alluvium deposits of the Gujarat
alluvial plain from the Precambrian rocks of Delhi and Aravalli super group. Rivers in the
region have deeply incised the Quaternary alluvium. Older rivers traversed southwest to west
from the rocky upland and were guided by E-W to NE—SW trending fractures and step faults
(Maurya et al., 1995). According to Merh and Chamyal (1997) the region experienced major
tectonic activity after the aeolian sedimentation that not only shifted the rivers to their
present course but also caused them to incise the sediments (Juyal et al,, 2006).
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Fig. 4.10: Map showing drainages and geology of Gujarat alluvial plain

Chronology suggests that fluvial sedimentation commenced along the Banas basin at ~37 ka
which continued till ~6 ka. Aeolian sedimentation initiated at 6 ka and blanketed the fluvial
sediments till 1 ka. Optical dating suggests that the sediment sequence along the Saraswati
river basin initiated at ~32 ka. Aeolian activity depositing fine sand to silt is dated to 2 ka.

Table 4.4: showing details of OSL dating along Gujarat alluvial plain

sample ED (CAM) ED (MAM)  Age (ka) OD%

SDS-1A 10343 57+4 32+15 (CAM) 29
SDS-OSL-3A 13616 71+6 27+2 (MAM) 38
SDS-0SL-3B 11945 623 20+1 (MAM) 39
SDS-OSL-4B 9+0.3 9+0.3 3+0.1(CAM) 28
SDS-0SL-5 4+0.1 4+0.1 2+0.1 (CAM) 10
SDS-0SL-6 0.18+0.01 0.18+0.01  0.1+008 (MAM) 54
SDS-OSL-7 0.49+0.02 0.2+0.01(CAM) 20
D-1 111+4 109+6 37+2(CAM) 35
D-2 92+4 48+4 22+2 (MAM) 47
ID-3A 9346 4745 18+2 (MAM) 47
D-3B 783 3745 11 + 1.6 (MAM) 80
ID-5 80+4 41+3 12+1 (MAM) 39
D-6 842 47+4 10.5+1 (CAM) 14
D-7 27+2 13+1 56405 (MAM) 52

JD-8 17+0.3 17+0.3 3+0.1 (CAM) 10



JD-PB 7+0.7 3+0.4 1.0£0.1 (MAM) 76

ID-MFP 3+0.4 3+1 0.7+0.1 (CAM) 10
DW-1 98+4 564 2621.6 (CAM) 25
DW-2 25+1 25+1 55+0.3 (CAM) 33
GN-1 8013 42+3 20£2 (MAM) 39
GN-2 2.2+0.1 2+0.1 1+0.1 (MAM) 56
0G-1 98+2 97+2 37+2(MAM) 25
0G-2 82+4 43+4 31+3 (MAM) 35
1QB 37+1 20+1 5.0+£0.3(MAM) 37
MA 62+2 33£2 252 (MAM) 29

(Gy=Grays, ED=Equivalent Dose, OD= Over dispersion, CAM=Centralized Age Model,
MAM=Minimum Age Model)

4.1.10. Luminescence dating of fluvio-lacustrine sediments of Kashmir basin
(Falguni Bhattacharya,Javid Ahmad Dar, Jagdish Vadher)

The Kashmir valley, located in the northwestern Himalayas, provides an intermontane valley
fill comprising unconsolidated fluvio-lacustrine sediments of more than a km thickness. The
intermontane basin-fill of Kashmir is basically a result of the orogenic processes associated
with the Himalayan uplift. The upthrusting of the Pir Panjal range (Burbank and Reynolds,
1984), southwest of the main Himalayan Zanskar Range, resulted in the formation of a vast
lake. Subsequent uplift and downcutting by rivers have exposed the fluvio-lacustrine deposits,
known as Karewas. The present study has been carried out in the fluvio-lacustrine sediments
of Kashmir basin (Fig. 4.11). Both Upper and Middle Karewa successions have been studied for
both vertical and lateral variations. The Upper Karewa successions have been studied in
districts of Baramulla (site-1) and Pulwama (site-2), while as Middle Karewa succession is
studied in district Budgam (site-3). Following are the tentative dates obtained along the Upper
and Middle Karewas.

74 742 74.4 746 74.8 75 75.2 75.

Fig. 4.11: Sampling locations along the Kashmir basin situated between Zanskar and
Pirpanjal Ranges.
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Table 4.5: Showing details of OSL dating along Kashmir basin
Sample ED (CAM) ED (MAM) Tentative age (in ka) OD%

C-1 164+ 4 96 +5 36 = 0.03 (CAM) 23
C-7 5+04 2 +05 1+ 0.01 (MAM) 54
C-10 86 £4 44 =3 4+ 0.04 (MAM) 45
C-11 117 +4 63 +4 4 +0.04 (CAM) 32
C-13 76 +4 75 4 16 + 0.02 (CAM) 35
C-15 69 =3 36 =3 16 + 0.02 (CAM) 35
GL-1 28 £1 14 +1 1+0.01 (MAM) 52
GL-2 37 £2 33 +£2 8 +0.01 (CAM) 33
GL-3 24 £2 24 £2 5+ 0.05 (MAM) 52

(Gy=Grays, ED=Equivalent Dose, OD= Over dispersion, CAM=Centralized Age Model,
MAM=Minimum Age Model)

4.1.11 Chronology of late Quaternary climatic and tectonic changes in the Rukmawati
river basin, Kachchh, Western India

(Archana Das, Falguni Bhattacharya and B.K.Rastogi in collaboration with Dr. Navin
Juyal (PRL, Ahmedabad), M.G. Thakkar (K.S.K.V. Kachchh University, Bhuj)

Dryland Rivers by virtue of their preservation potential, serve as suitable archives towards
understanding climate-tectonic coupling. Dryland fluvial systems are not sediment limited
instead there is a transport deficit. Even though the sensitivity of the dryland compared to its
humid counterpart is high, however, study pertaining to its response to climate and tectonic
perturbations are very limited (Candy et al., 2004; Waclawik et al., 2008). The arid and
semiarid western India was the focus of research on river response to monsoon variability
(Pant and Chamyal, 1990; Tandon et al., 1997; Juyal et al., 2000; 2006; Jain and Tandon, 2003;
Prasad et al.,, 2014). Attempt has also been made to deconvulate the climate tectonic signal
(Srivastava et al., 2001). These studies have been limited to the northern and central Gujarat
alluvial plain, and only limited data base exists from the tectonically active Kachchh region
(Mathew et al., 2006; Bhattacharya et al,, 2013; 2014).

Kachchh peninsula as whole and the southern Kachchh in particular are considered to be one
of the most seismically active regions in India (Biswas, 2005; Rastogi et al., 2012). In the
present study we investigated the fluvial records of southerly-draining rivers in the semi arid
southern Kachchh, western India (Fig. 4.12). The present study investigates the southern
flowing Rukmawati River which originates from the southern slopes of the Katrol Hill Range
(KHR). The geomorphic setups shows that Rukmawati River can be divided into four major
zones 1) rocky uplands consisting of domes and hills, 2) pedimont zone fringing the domes
and hills, 3) deeply incised ravines in the pedimont/alluvial cover and 4) alluvial zone
consisting of alluvial plains in the south (Fig. 4.13).
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Fig. 4.12: a) Key map of India showing Gujarat. b) Tectonic map of Kachchh showing
major faults along with study area

Valley fill sequences in the Rukmawati River can be traced from its rocky uplands to the
coastal alluvial plains. We studied three sites 1) Rampar south of the NKHF (i.e. hang wall
block), 2) Asambia Gangaji south of the SKHF (i.e. hang wall block) and 3) Kodai in the alluvial
zone, for detailed sedimentological investigation. Here only upland site is precisely explained
with stratigraphy and depositional environment along with chronology.

Fig. 4.13: Geomorphic map shows rocky upland, piedmont zone and alluvial surface

RAMPAR - The 9.2 m thick sedimentary sequence investigated in the present study overlies
the beveled Mesozoic (Fig. 4.14). Based on the sediment characteristics, the succession can be
divided into 9 units following the sedimentary facies classification of Miall (1996). The Gecm
facies lying above the beveled planar bedrock represents erosional contact. The beveling of the
bedrock occurs due to change in the ratio of vertical to lateral erosion which is a characteristic
of the down-cutting river in an active terrain (Hancock and Anderson, 2002; Bhattacharya et
al, 2014). The beveling takes place during conditions of low sediment supply (Lave and
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Avouac 2001); which provide accommodation space for the valley fill aggradation. Deposition
of angular to sub-angular clasts dominated gravel (unit-1) indicates deposited under high
sediment water ratio similar to debris flows. In dry land fluvial system such flows are
generated by episodic rainout events which mobilize the sediments from poorly vegetated
catchment during stressed climatic condition. Deposition of 120 cm thick coarse to medium
planar cross-stratified sand (unit-2) indicates improved hydrological condition having well
regulated sediment flux from the catchment. Planar cross stratified sand can be interpreted as
channel bar facies deposited under lower flow regime. Presence of the platy lithoclast
indicates occasional contribution from the proximal slopes. The overlying crudely laminated
fine sand (unit 3) suggests gradual improvement in the hydrological condition. Mottled in the
sand suggests sediment were exposed to atmosphere (oxidation) before the deposition of the
overlying horizon (unit-4). Deposition of poorly organized angular and platy lithoclast in unit
4 suggest weakening of the hydrological condition with occasional mobilization of sediments
from poorly vegetated proximal areas during episodic storm surge events as sediment gravity
flow (Miall, 1996). The overlying crudely laminated mottled coarse sand suggests
reestablishment of improved hydrological condition with seasonality. Presence of endurated
clay suggests flood plain environment implying lateral avulsive channel. Occurrence of
rhizolith in the upper part is indicative of vegetative cohesive banks (Juyal et al., 2000).
Presence of diffused carbonate in association with rhizolith can be ascribed to weakly soil
forming event on the laterally avulsive flood plain (Kraus, 1997). From unit-6 to unit-9,
sediments are dominated by miliolite sand. Considering that the miliolite in Kachchh are
primarily deposited by aeolian process (Bhaskaran et al., 1989; Mathur, 2005) they have been
fluvial reworked and transported under varying hydrological conditions (Bhatacharya et al.,
2013). For example, the massive miliolite sand with rhizoliths (unit-6) and nodular calcrets
(unit-8) can be interpreted as deposition moderately flow condition (transitional braided-
meandering system). The intervening trough cross-stratified miliolite (unit-7) indicate short-
lived flashy events (braided channel). The upper most crudely laminated platy lithoclast
dominated unit-9 indicates their deposition under sediment gravity flow implying weakening
in the hydrological condition.

The sedimentary succession preserved at Rampar Vekra allows us to draw the following
inferences:

Absence of sediment prior to 12 ka indicate that prior to 12 ka, due to the weak ISM (Sirocko,
et al., 1993) the hydrological condition were subdued. In dry land fluvial environment, weak
monsoon conditions are represented by flashy condition, which might mobilize large volume
of sediment from poorly vegetated catchment, but this sediment rarely get preserved in the
fluvial record due to infrequent storm surge events. Therefore absence of appreciable
sediment pile on the beveled Mesozoic sands stone basement except for the thin angular
ferruginous sand stone litho- clasts, suggests that fluvial energy was utilized for the frequent
mobilization and lateral planation of the bed rock. Following this except for the deposition of
angular Mesozoic lithoclast dominated unit-3, dominance of laminated coarse to medium sand
with occasional rhizolith and mottling dated between 12 ka and 9 ka suggests prevalence of
improved hydrological condition with minor fluctuations implying overall strengthened ISM in
Kachchh. Continental record of strengthened monsoon during the early Holocene is also
obtained from the northern Gujarat alluvial plain (Srivastava et al., 2001; Juyal et al., 2006),
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Ganga plain Srivastava et al., (2003) and from the central Himalaya (Ray and Srivastava 2010;
Juyal et al, 2010). Similarly, the marine record from the Arabian Sea show enhanced
productivity during the early Holocene which is interpreted as intensified monsoon activity in
the western and northwestern Arabian Sea (Van Campo, 1986; Overpeck et al,, 1996; Sirocko
et al., 2000).

Rampar Vekra

Fig. 4.14: Lithofacies and stratigraphy of Rampar Vekra section, Kachchh

After 9 ka the sedimentary record at Rukmawati indicate a short-lived decrease in the river
hydrological as indicated by the deposition of locally derived gritty sand admixed with the
platy lithoclast from the surround catchment slopes. However, a persistent decrease
(compared to a period between 12 ka and 9 ka) can be suggested during the deposition of the
uppermost fluvially reworked massive miliolite horizon dated to 8 ka. In the adjoining
Gunawari river valley, Bhattacharya et al,, (2014) suggested that the due to the decline in the
monsoon strength after around 7 ka the river becomes avulsive in nature. Within the dating
uncertainty, this observation accords well with the temporal changes in the hydrological
condition inferred from the Rukmawati River. Considering that in the Kari and Gunawari river
preserved sediment till around 3 ka, absence of sediment younger than 8 ka in Rukmawati
river could be due to lack of preservation which can be assigned to episodic high intensity
rainfall events and or terrain instability caused due to the tectonic activity.

From the middle reach (Gangaji mandir) the lowermost sample dated from unit 2 is 30+1.5 ka
and unit 4 is dated to 28+1.4 ka. Similarly from the lower reach (Kodai) the lowermost sample
dated from unit 4 is 33+2 ka and unit 6 is dated to 16+1 ka. At this stage, either of this
interpretation would remain conjectural till more sequences are studied from the
southern Katrol hill range.
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4.2. CRUSTAL DEFORMATION STUDIES BY GPS MEASUREMENTS
(Rakesh K. Dumka, B.K. Rastogi, Pallabee Chodhury, Prakash Kumar and Sandip Prajapati)

GPS derived deformation estimates of Gujarat region

Crustal deformation rate in Gujarat is measured starting 2006 with 22 permanent and 10
campaign mode GPS stations. To measure the deformation rate near Anjar and Dudhai area,
where vertical deformation was identified by our previous studies using InSAR, two new GPS
permanent and 10 campaign mode sites were established in May 2014 by ISR. Data of 22
stations were processed using GAMIT-GLOBK 10.50 software. Campaign mode survey has
been conducted twice a year in Kachchh region during April and November every year. GPS
data at first were converted into the RINEX (Receiver Independent Exchange) format using the
program TEQC (translation, editing and quality control). This program is used for general data
pre-processing and 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, numbers 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, 1998, Herring et al., 2010) to
create constrained solution (H-) files of parameter estimates and covariances (Herring et al.,
2006). 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. 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 1ISC (Bangalore, India), HYDE (Hyderabad-India), KIT3 (Kitab-Uzbekistan),
LHAZ (Lhasa-China), DGAR (Diego Garcia Island- UK., TEHN (Tehran-lran), KUNM
(Kunming-China), URUM (Urumgqi-China), POL2 (Bishkek - Kyrghyzstan), COCO (Cocos Island
- Australia), DARW (Darwin- Australia), KARR (Karratha-Australia), SELE (Almaty-Kazakstan),
and MALI (Malindi-Kenya). After processing the data in GAMIT time series of the sites (Fig..),
after removing outliers, were generated. By stabilizing core IGS stations using GLOBK site
velocities were calculated in ITRF2008 reference frame (Table 4.6 and Fig. 4.15). Estimated
time series of 22 permanent sites of ISR are shown in Fig. 4.16

Fig. 4.15: Estimated velocities of GPS sites of ISR in ITRFO8 reference frame
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Table 4.6: ITRFO8 velocity of sites of Gujarat region, monitored by ISR

SN SITE Long Lat Velocity Velocity Sigma Region
ITRFO8 w.r.t. Indian plate

1 BARW 749017 22.04442 51.599 32 0.062 South Gujarat
2 ALRP 74.35227 22.28713 50.207 16 0.062 South_Gujarat
3 SAGB 73.79038 2154723 51.836 31 0.079 South_Gujarat
4 KEVA 73.67406 21.89908 49.846 13 0.049 South_Gujarat
5 DHAR 72.84671 24.007 49.156 0.8 0.04 North Gujarat
6 MABU 7277982 24.65318 48.295 0.7 0.051 North Gujarat
7 ISRR 72.6685 23.1597 48.097 0.9 0.037 Central Guj.

9 DEVG 72.01238 21.6304 49575 0.9 0.05 Saurashtra
10 LALP 69.96315 22.34688 49.29 0.4 0.034 Saurashtra
11 DWAR 69.03661 22.2887 49.437 05 0.049 Saurashtra
12 UNAG 70.9264 20.97739 50.05 11 0.147 Saurashtra
13 FATH 70.86448 23.68293 48.699 17 0.049 Kachchh

14 BELP 70.80122 23.87382 47.053 3.8 0.139 Kachchh

15 GADH 70.69398 23.89794 47.387 16 0.033 Kachchh

16 DESA 70.68661 23.742 48.12 1.0 0.046 Kachchh

17 RAPR 70.6585 2355939 47.843 21 0.118 Kachchh

18 LLPR 70.63573 2352631 49.65 22 0.061 Kachchh

19 BADR 70.57085 2347477 48.58 18 0.136 Kachchh

20 SUAI 70.49246 23.6138 48.196 19 0.034 Kachchh

21 VAMK 70.43061 23.42506 48.245 18 0.118 Kachchh

22 EKAL 70.40765 23.60946 46.912 25 0.124 Kachchh

23 GIBF 70.37312 23.8665 47.975 18 0.045 Kachchh

24 BACH 70.3489 23.30048 48.469 16 0.125 Kachchh

25 DUDH 70.14488 23.32784 49527 16 0.267 Kachchh

26 CHAD 70.14176 23.28485 49.2 13 0.045 Kachchh

27 HUBA 69.85214 23.3538 49.253 19 0.282 Kachchh

28 KHAV 69.76609 23922 46.027 3.9 0.032 Kachchh

29 KBET 69.71321 23.9909 45.885 31 0.078 Kachchh

30 VAND 69.39497 23.02491 48.926 0.9 0.046 Kachchh

31 VKOT 69.19615 24.21525 46.833 23 0.053 Kachchh

32 RADP 7161723 23.81996 48.401 11 0.043 Kachchh

Local deformations of all the sites were estimated in Indian reference frame using the Euler
pole given by Mahesh et al. (2012). Kachchh region shows deformation rate of 1-4 mm/yr. GPS
sites south of Narmada rift at Barwani (MP) and Sagbara (Maha) indicate deformation rate of
>3 mm/yr. Two sites north of Narmada Alirajpur (MP) and Kevadia (Guj) show deformation of
1.6 and 1.3 mm/yr, respectively. Most part of mainland Gujarat and Saurashtra region indicate
less than 1 mm/yr of deformation
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Fig. 4.16: Estimated time series of 22 permanent sites of ISR

GPS study of Kumaun Himalaya, Uttarakhand
(Rakesh K Dumka)

We present the geodetically estimated crustal strain rates in Kumaun Himalaya which has
been considered as a part of seismic gap region. The GPS data in campaign mode, obtained
from the sites covering all the litho-tectonic units of Kumaun Himalaya (Table 4.7), were
processed using GAMIT-GLOBK software. Interpretation of site velocities (Figure 4.17.) of our
study area reveals that at present HFF and MBT are locked with the Indian plate, showing
almost negligible amount of deformation. Maximum deformation of about 15 mm/yr is
estimated towards the northern part between NAT and Higher Himalaya w.r.t. GBPK while
sites in Lower Lesser and Shivalik Himalaya indicate 1-2m//yr deformation. Analysis of strain
reveals that most of the strain is being accommodated in the vicinity of seismically active MCT
and Higher Himalaya (Fig. 4.18.) being in the range of 6 - 8 x 10-07 strain/year. Strain tensor
results confirm that maximum compressional strain is also functional in the zone of MCT as
well as hanging wall of MCT in the higher Himalaya. A correlation of observed strain pattern
with present day seismic activity in the study area indicates that the rupture may have been
generated at down dip edge of fault system due to the southward motion of the Higher
Himalaya. Neotectonic activities in the zone of MCT are also recognised in the form of
geomorphic rejuvenation of terrain (Fig. 4.18) (Dumka et al., 2014). Almost negligible
amount of strain is estimated in the Sub and Lesser Himalayan parts.



Fig. 4.17: Velocities of GPS sites in Kumaun Himalaya in (A) ITRFO8 and (B) in Indian
reference frame (Dumka et al., 2014).
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Table 4.7: GPS stations on campaign mode in Kumaun, Himalaya

Site
code
HALD
BANB
CHND
MUDI
OGLA
TAPO
BAGR
KAPK
NTLP
RANI
GWAL
GBPK
LASP
BUGD
LILM
KHAL
BALA
JPT
LMAR
CHIA
GARB
KALA
NABH
BURF
MART

Site
Locality
Haldwani
Banbasa
Chandak
Mudiyani
Ogla
Tapovan
Bageshwar
Kapkot
Nainital
Raniket
Gwaldom
Almora
Laspa
Bugdiyar
Lilam
Khalia
Bala
Jipti
Lamari
Chialekh
Garbyang
Kalapani
Nabhidhang
Burfu
Martoli

Latitude
(Degree)
2021
29.10
29.69
2933
29.76
29.86
20.82
29.78
30.35
2964
30.00
2964
30.29
30.22
30.15
30.06
30.02
30.01
30.07
3011
30.13
30.22
30.24
30.36
30.32

Longitude  Velocity
(Degree) (mm/yr)

7951
80.18
80.23
80.09
80.34
80.56
79.77
79.90
7925
7943
7957
79.62
80.20
80.22
80.24
80.19
80.15
80.74
80.80
80.83
80.86
8091
80.98
80.19
80.20

49.85
49.63
46.72
4544
4102
38.85
46.59
4519
46.10
48.55
47.35
47.10
34.84
3834
3255
3323
3793
37.90
382
39.38
36.32
36.25
3591
30.69
35.07

S.D.
(mm/yr)
197
161
184
213
100
103
108
106
198
109
112
107
179

177
103
297
125
111
210
206
217
179
261
284
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Tectonic
unit
Sub-Himalaya
Sub-Himalaya
Lesser Himalaya
Lesser Himalaya
Lesser Himalaya
Lesser Himalaya
Lesser Himalaya
Lesser Himalaya
Lesser Himalaya
Lesser Himalaya
Lesser Himalaya
Lesser Himalaya
Higher Himalaya
Higher Himalaya
Higher Himalaya
Higher Himalaya
Higher Himalaya
Higher Himalaya
Higher Himalaya
Higher Himalaya
Tethys Himalaya
Tethys Himalaya
Tethys Himalaya
Tethys Himalaya
Tethys Himalaya
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Fig. 4.18: Estimated strain tensors in Kumaun Himalaya along with distributed strain
rate (B) presence of various Geomorphic features representing the imprints of
neotectonic activity in the zones of Main Central Thrust (MCT) (Dumka et al.,

2014)

Joint Crustal Deformation Studies of ISRO and ISR in parts of KMF in Kachchh

Two new permanent sites in Dharampur (N of KMF) and Jhikdi (S of KMF) (both being 35km
west of Bhachau) are established under a collaborative program between ISR-NRSC and ISRO.
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CHAPTER

EARTHQUAKE HAZARD ASSESSMENT

51 NEW RESULTS FROM GEOTECHNICAL INVESTIGATIONS, SEISMIC HAZARD
ASSESSMENT AND MICROZONATION IN GUJARAT

(B.K. Rastogi, Kapil Mohan, Pallabee Choudhury, Vasu Pancholi, B. Sairam, A.P. Singh and Ketan
Singharoy)

Earthquake hazard assessment for India is done at ISR from macro to micro level ie. for the
whole country, states, regions, areas and individual sites. The scheme of investigations is
different for different levels. At macro level the Institute has prepared Probabilistic Seismic
hazard Assessment map of India for the Bureau of Indian Standards. Earthquake hazard is also
estimated at state level. Vulnerability of coastal installations from earthquakes and tsunami is
being studied in coasts of Gujarat. Site characteristic map of Gujarat has been prepared based
on Vs30, shear-wave velocity to 30m depth measured by MASW shallow seismic and PS
logging. Various geological units have been assigned ranges of values. GIS based intelligent
shake map of Gujarat is being prepared. At micro level seismic microzontation has been done
for several cities and areas while earthquake hazard assessments are made for critical
structures like Nuclear Power Plants, LNG Terminals and clusters of Skyscrapers. The Institute
has unique expertise of carrying out all aspects of seismic microzonation.

These studies in anutshell are as listed below:
At international level participation in global efforts of seismic hazard assessment:

0] Global Earthquake Model (With Italy and Germany)
(i) Seismic & Tsunami hazard using EU - India e-Infrastructure (with Italy) using Grid &
cloud computing.

National level: Probabilistic Seismic Hazard (PSH) Map of India for BIS.
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Regional Scale (Seismic Hazard Maps):

(iii)  Probabilistic Seismic Hazard map of Gujarat.

(iv) Characteristic frequency and amplification map of Gujarat.

) Vs30 Map of Gujarat.

(vi) Deterministic PGA Map and Response Spectra for important selected areas of Gujarat
(vii)  Vulnerability Assessment of Ports and installations in Coastal Gujarat.

ISR has done seismic microzonation studies at:

i. At Gandhidham-Kandla -Anjar area, Anmedabad and Gandhinagar.

. Dholera Special Investment Region between Ahmedabad and Bhavnagar along the Delhi-
Mumbai Corridor where a no. of cities with high-rise buildings, industrial hubs, an airport, a
railway station are planned.

ii.  The cities of Surat & Bharuch have been taken up in collaboration with Geological Survey
of India. Now every year one new area will be taken up for seismic microzonation.

iv. Review has been done of Seismic Microzonation work of Guwahati City and suggestions
have been made for its improvement and for incorporation of seismic hazard in Town
Planning.

Seismotectonic and geotechnical studies at Local scale:

i. ISR has done seismotectonic study for cluster of skyscrapers coming up in Gujarat
International Finance Tec (GIFT) city at Gandhinagr which will have humerous buildings of
30 to 100 storeys. Two buildings of 28 floors are constructed which are designed based on
our suggestion of seismic safety factor and foundation depth as well as design.
v.  Sardar Patel Statue of Unity near Sardar Sarovar dam on Narmada river which is planned to
be the tallest statue of height 182 m ie. double than Statue of Liberty
vi. LNG storage terminals at Mundra and Dahej,

vii. Nuclear Power Plants at Kakrapar and Kota,
viii. Proposed 16-storey V S Hospital, Ahmedabad
iX. Proposed multi-storey commercial complex, 'The Capital' on Science City road,
Ahmedabad.

X.  About 30m high pavilions of exhibition site of Vibrant Gujarat at Gandhinagar.

The details of some aspects are given as follows:

SEISMIC ZONING MAP OF INDIA

Seismic Zoning Map of India (Fig. 1, Bureau of Indian Standards, 2000) divides India in zones
11, 111, IV and V having potential of earthquake intensities VI (M5), VIl (M6), VIII (M7) and >IX
(M>8), respectively. This map is prepared on the basis of intensities experienced at places and
their tectonic belts. Himalayan belt is assigned zone V and IV. Kachchh is the only area outside
Himalaya-Andaman belt which is assigned zone V. Koyna and Latur area is assigned zone 1V.
The Indo-Gangetic plains, Saurashtra peninsula, the west coast region and the Narmada belt is
zone I1l. Most other parts of peninsular India are in zone Il.

Geographically Gujarat is divided into three parts: The Kachchhh Peninsula which is
westernmost, the Saurashtra Peninsula south of it and the Mainland which is east of both these
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regions. The Kachchh region is seismically one of the most active intraplate regions of the
World. It falls in zone V of the seismic zoning map of India with potential of M8. The other two
regions mostly fall in zone 11l with M<6 potential.

PROBABILISTIC SEISMIC HAZARD ASSESSMENT MAP OF INDIA

ISR has prepared Probabilistic Seismic Hazard Assessment (PSHA) map of India for
Bureau of Indian Standards which will help all the