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Abstract:


On the basis of the seismic records of seismic events in Uttaranchal a review of the events have been done and probabilities of  the earthquake has been  workout in the  part of Garhwal-Kumaun-Himalaya in Uttaranchal. In the southern part of outer Himalaya.  thrust zones are expected to produce a long term probabilities of large earthquakes of magnitude more than 6, on Richter scale which have on and average 5 to 20 mm reactivation and neotectonic upliftments along the shear zones.  These zones have estimated to have future probabilities of earthquakes on these areas which are based on the historical seismic records, the long term slip rate and the displacement caused by the previous seismic events. The historical records of seismic events in these part of the Himalaya have the earthquake intensities varying from 4 to 6.0 on Richter scale in the geological past. The Kangra earthquake (1905) was recorded more than 7.0 Richter scale, Garhwal Earthquake (1883), (6.0), ‘Uttarkashi earthquake’ (1920), 1991 (5.6, 6.8) respectively, Chamoli earthquake (1999), 6.5 and the Dehradun earthquake of (1970). The approach followed for calculations of probabilities employ the estimated recurrence times with a model that assumes probability increases with  elapsed time from the large earthquake on the fault/thrust zone areas. Through the calculated probabilities the estimated natural disaster/hazards in the newly born state of Uttaranchal in Himalayan belt can be reduced.
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Introduction:


The past records of the  Seismic events along the Himalayan belt in Himachal - Uttaranchal - Nepal, stated to the geological,  structural ,  Seismic observation stations,  provides the principle means for evaluating the potential for future earthquakes (Table 1&2). After the Kangra (1905) earthquake, this area has experienced many earthquakes of lower magnitude,  which has caused  the in many areas in many areas formation of lakes by one earthquake  and it was  damaged by another earthquake, causes the floods in Bhagirathi and Alaknanda river  in the geological past in Uttaranchal Himalaya.  The Uttarkashi earthquake Oct., 1991, on 6.8 Richter scale and Chamoli Earthquake March 28, 1999,  on  6.5  Richter scale  caused an havok with a lot of deaths,  injuries and loss of properties and development of  cracks on the ground hill slopes and neotectonic activities as reactivation of landslides, hill slopes, and mass movement.  Both these earthquakes  located in the wide Main Central Thrust zone areas.


The main reasons for undertaking the calculation of 20 years probabilities due to the recent earthquakes and second consideration of several feature of regional seismicity that may indicate an increased potential of large earthquake, because of these earthquake the slip rate and neotectonic activities are higher.  In the Uttaranchal area have wide zone of thrust zone trending NW-SE in Higher/Central Himalayan area as well as in lower Himalayan which are characterised by  the presence of MBT in the SW part and Krol/Garhwal thrust,  Almora thrusts in the Lesser Himalaya and MCT distributed in the north (Fig.1). For the harvesting and harnessing the water resources the Government has planned 62 majors /minor dams on the various river valleys, to generate the hydroelectricity and irrigation both.  Since  the rocks of terrain is highly sheared  fractured with numbers of thrust zone, and fault zone, it may  not be able to bear the weight of the water column and load of structure, it will also create the triggered earthquakes in near future. 


Methods and models for estimated of earthquake probabilities are at an early stage of development.  Input parameters for the calculation of probabilities  are by their nature subject to alternative interpretation  that may affect specific assessment of hazard.  There are nonavailability of data for assessing the potentials for earthquake.  However on the basis of few available earthquake-data this probabilities have been calculated,  and it lead to the conclusion that there is a significant chances of one or more large earthquake in the Uttaranchal region in the coming decades,  due to high, strain and stress energy is accumulated that will be released in future in the form of large earthquake.

Geology and STRUCTURE: 
The major structures in the rocks of Garhwal Himalaya are characterised by folding, faulting and thrusting and associated minor structures.  The thrust tectonics  dislocate, separates the rocks of two different geological ages and at places separates the rocks of higher grade metamorphics from low grade metamorphic or sedimentaries. 

The important various thrust  from South to North in the Uttaranchal are as follows - (1) Main Boundary Thrust (MBT), (2) Krol Thrust (3) Garhwal Thrust (GT) (4) North and South Almora Thrusts  (NAT and SAT) (5)  Chail Thrust (6)  Vaikrita Thrust/Main Central Thrust and  (7)   Munsiari Thrust.

Central Crystalline Thrust Sheet  -
The term Main Central Thrust (MCT) was introduced by Heim and Gansser (1939) for the tectonic plane, which separates the epi, meso, and ata zonal  metamorphics of the Greater Himalaya from the less metamorphosed sedimentary sequence of the lesser Himalaya. According to them the so called Central crystallines represented about 10-20 km. thick mass of metamorphosed sediments and intrusive bodies with a cover of 10-15 km. thick Algonkian metasedimentaries and Mesozoic sediments. Present author (Shandilya 1984) considered that the present line of this tectonic dislocation represents the root zone of an extensive sheet of the Crystalline rocks.  The crystalline rocks of Almora, Baijnath, Dudatoli, Lansdowne in Kumaon and in Garhwal,  Narkonda in Himachal were considered to be the part  of the southernly slipped thrust slices from the north.


The MCT of Garhwal and Himachal Himalaya has been delineated and studied by many workers including Valdiya (1978), Saklani (1971),  Saklani and Bahuguna (1983), Mehdi et al. (1972), Raina (1978), Pati and Rao (1983), Agarwal and Kumar (1980) and  Jain (1971) and Shandilya (1984) etc. In the MCT zone two tectonic planes are recognizable along which the Central Crystalline rocks are thrust over the allochthonous Berinag (=Pratapnagar) quartzite of Dudatoli (=Chandpur) group and which is resting over the Deoban = Garhwal group.  Out of these two tectonic planes,  i.e., the lower one wherever present separates the Central Crystalline Group from the Deoban=Garhwal, while higher tectonic plane divides the former into two tectonic units;  the lower and the upper,  which are physical continuation of Chail and Jutogh formation of H.P. Himalaya, respectively.  Hence the higher tectonic plane at the base of the Jutogh Fmn. can be correlated with ‘Jutogh Thrust’ and the lower tectonic plane at the base of the Chail tectonic unit is correlated  with the Chail thrust.  In the Tons, Yamuna, Bhagirathi, Bhilangana, Mandakini, Alaknanda and in Pinder valleys the two tectonic planes have been traced.  The general trend of these thrusts is almost WNW-ESE to NNW-SSE and dipping northwardly at angle of 15o to 23o with slight local variation. 


In the south of area the higher tectonic unit overlaps the lower one and as a results of Jutogh Formn. directly rest over the Deoban (autochthons). Between the Bhagirathi and Bhilangana valleys the high angle Balganga fault offsets the lower tectonic contact (=Chail thrust).  From Chirpatiyakhal upto the Mandakini it trends in ENE-WSW and dips the N -at 20o-30o.  The  Jutogh thrust (=MCT)  trend in NW-SE direction from the Bhagirathi to Mandakini river and  towards the E,  the Tectonic plane,  separating the Crystalline Group from the  Deoban Group of rocks trends in roughly EW between the Mandakini and Alaknanda rivers.  From Alaknanda river it takes a turn and it strikes is almost NNW-SSE along the Pinder river and dips at low to moderate angle due NE.  From Pinder river onwards again it takes NE-SW direction upto Kali river in Kumaon-Himalaya.  In the Kumaun Sector, Valdiya (1980) has suggested a new name, Munsiari and Vaikrita Thrust to MCT and differentiated these two on the basis of the grade of metamorphism..

Almora Thrusts 

Heim and Gansser (1939) have designated the name to two flanks of the asymmetrically synformal thrust sheet as North Almora Thrust and South Almora thrust (NAT and SAT) respectively,  whose roots are lying in the base of the Great Himalayan ranges implying that it is the prolongation of the Munsiari Thrust.  This thrust sheet defines the tectonic base of the great Almora nappe built up of medium grade metamorphics and granitoid.   In the Kumaun region the South Almora Thrust have been  worked out by the various workers including - Vashi and Merh (1965),  Power (1971),  Valdiya (1980), Mishra and Sharma (1972), Raina and Dungarkoti (1975).


In the northern flanks of this thrust sheet,  North Almora Thrust have also been described by a group of worker as Great Fault by Middlemiss (1888), Saryu Thrust by Valdiya (1962a)  Srinagar Thrust by Mehdi et al., (1972), Kumar et al., (1974), Ghosh (1973), Ghosh et al., (1974), Kumar and Agrawal (1975),  and Shandilya (1984).  This thrust  sheet  is  described  here  as  floor  thrust.  Another thrust is Pratapnagar Thrust (=Berinag/Khirsu) thrust which is thrust over the rocks of the Garhwal Calc (=Deoban) Group.  This thrust have been considered as the Roof Thrust. 

Lansdowne/Garhwal Thrust 

The rocks of the Lansdowne areas is characterised at its base by the presence of the Amri Thrust and by the Bijni Thrust. The Garhwal Duplex is characterised by the presence of the Amri thrust as Floor Thrust and Bijni Thrust as Roof Thrust in the Lansdowne.  Satengal-Banali areas from the frontal chain and the Askot-Baijnath-Nandprayag klippen make the chain between the Almora Nappe and its root at the base of the Great Himalayan range. Amri thrust was recognised by Auden (1937) in the Lansdowne hill, separates the medium grade mica schist capped by the gneissoes Lansdowne granite from epi grade metasediments of Bijni thrust sheet. Bijni nappe is thrust over the schists which has been described as Garhwal Thrust by Auden (1937).  In the Kumaun area these thrust has been renamed as Baijnath and Askot Thrust which is forming a Baijnath duplex in Kumaun Himalaya. 

Ramgarh Thrust 

The rocks of Ramgarh group are thrust over  the Nagthat formation of Krol belt has been designated as the ‘Ramgarh Thrust’  in Kumaon Himalaya (Pandey, 1950) in the north of Chukka on the Kali river section,  through Diuri on the Tanakpur-Champawat bridle path. Valdiya (1962)  has described this thrust as Lodhiya Thrust in the Lodhiya valley.  This thrust has been equated with the Chail Thrust of Pilgrim and West (1928) in the western most extension of the Ramgarh-Chail Thrust. In the Central Nepal this thrust delimiting the base of the Chail Nappe-2 of  Fuchs and Frank (1970).

Krol Thrust Sheet 

Auden (1934) has designated the sharply defined tectonic plane at the base of the Krol succession as the ‘Krol Thrust’,  this thrust sheet has brought various litho-stratigraphic units of the Krol Units namely,  Mandhali, Chandpur, Nagthat, Blaini, Krol, and Tals over one or the other of the three Tertiary formations,  namely subathu, Dagshai, and Kasauli on the Siwaliks.  In the Kumaon Himalaya,  excepting the short stretch in the west of Yamuna, where a narrow horizon of the Subathu intervenes,  everywhere the Siwalik is overridden by one or the other of the six units of the Krol belt.  In a way,  thus there is a thrust which serves as the boundary of  Siwalik sub province. This fact has been led by the most of workers including Heim and Gansser (1939),  Mishra and Valdiya (1961),  Valdiya (1962a),  Rupke (1974) and Shandilya (1986),   to refer the Krol Thrust as the Main Boundary Thrust.  At some places the Chandpur Group rocks are brought at the M.B.T. over the Tertiary in Garhwal. The Krol thrust has overlapped the concealed the M.B.T. completely in the Yamuna valley and in Kotdwar-Jim Carbet park sections in Garhwal. 
Main Boundary Thrust 

A tectonic contact between the Pre-Siwalik or Pre-Tertiary  with Siwalik  and the limit Siwalik sedimentation has been described  as Main Boundary Thrust (=Nahant thrust) by Middlemiss (1888).  The thrust fault that has brought the lower Eocene Subathu Formation over much younger lower siwalik sediments in the belt between Dakpathar-Dehradun-Rishikesh-Kotdwar in Garhwal is called as MBT/MBF.  This thrust in the lower most  thrust in a succession of a large number of lesser Himalaya thrusts, it has been subjected to repeated pressure and consequently overridden by the higher Krol thrust (Roof Thrust).  In the west of Yamuna valley the Nahan Thrust term has been used by various worker.  A majority of worker including myself have however describe the MBT=Krol thrust  in which Krol/ Subathu/ Chandpur /Blaini rocks etc.are thrust over the Siwalik rocks, in Garhwal Rishikesh Kotdwar area.

SEISMICTY RECORD IN GARHWAL 

The seismic records in Garhwal is of  violent earthquake of intensity VIII and  >VIII occurred on 1st Sept. 1803 in the Central Region of Garhwal range (30o3:70o18’).  This earthquake was highly destructive, a large part of the population perished and villages were burred by the fall of  cliffs and landslides (Smith 1843). Earthquake shocks of magnitude 5-6 on Richter scale have been  recorded in 1809, 1816, 1966, 1967, 1968, 1969, 1979 and 1986, 1991, Chamba Earth quake (24th March 1995 on 4.5 Richter scale) respectively.  Khattri et al. (1989) has investigated 252 microearthquake/seismic array in Garhwal, define a 140km. longbelt trending, NW-SE from Yamuna to Alaknanda Valley (Gour et al. 1985).  The Garhwal Seismic Belt (GSB) at it has been termed by  Jain and Ramesh Chander (1995) regional trends NW-SE. Over a distance of 35 km. between Yamuna and Bhagirathi valley the belt display a near E-W sinistral offset.  This belt in defined by about 20km.  wide zone of numerous epicenters in the SE through a few epicenters fall outside the zone in the vicinity of the North Almora Thrust. The northern boundary of GSB is better defined than the southern margin, where some epicenters are even located south of Tehri.  The GSB cut across all the numerous thrust sheets located within higher Himalaya.  The majority of earthquake in Garhwal are lie close to a south of MCT. The estimated depth of 193 local earthquake was less than 10km. and for 32 earthquakes was between 10 to 15 km.  In the overall picture for the period 1984 to 1991 indicate the seismicity is concentrated in the between MCT zone and MBT zone (Table 1 and 2). 

Table 1 : Chronological Listing of Earthquakes of M ( 5.5
	Ref. No.
	Year 
	M
	Dt.
	Hr
	Min
	Sec.
	Lat.N
	Long E
	Mar/M
	Depth
	Source

	1
	1816
	05
	26
	22
	-
	-
	30.90
	79.00
	6.5
	-
	IMD

	2
	1842
	03
	05
	21
	10
	-
	30.70
	78.00
	5.5
	-
	IMD

	3
	1902
	06
	16
	-
	-
	-
	31.00
	79.00
	6.0
	-
	IMD

	4
	1906
	06
	13
	-
	-
	-
	31.00
	79.00
	6.0
	-
	IMD

	5
	1911
	10
	14
	23
	24
	00.0
	31.00
	80.50
	6.7
	-
	GR

	6
	1926
	07
	27
	-
	-
	-
	30.50
	80.05
	6.0
	-
	IMD

	7
	1927
	10
	08
	07
	23
	36.0
	30.50
	80.50
	6.0
	-
	IMD

	8
	1935
	03
	05
	10
	34
	28.0
	29.75
	80.25
	5.8
	-
	GR

	9
	1945
	06
	04
	22
	15
	53.0
	30.30
	80.00
	6.5
	60
	IMD

	10
	1947
	08
	19
	12
	08
	55.0
	31.20
	79.09
	5.9
	-
	IMD

	11
	1949
	02
	05
	20
	07
	06.0
	31.20
	79.05
	5.5
	-
	IMD

	12
	1958
	12
	28
	08
	55
	20.0
	29.5
	80.00
	6.0
	-
	CGS

	13
	1961
	12
	24
	05
	34
	36.0
	29.43
	80.83
	5.6
	59
	ISS

	14
	1962
	07
	13
	07
	13
	30.0
	30.50
	79.60
	5.5
	25
	IMD

	15
	1962
	07
	14
	05
	01
	06.6
	30.40
	79.50
	5.5
	40
	IMD

	16
	1963
	01
	30
	15
	58
	53.7
	29.5
	80.90
	5.5
	-
	IMD

	17
	1964
	09
	26
	10
	33
	50.0
	29.96
	80.46
	5.8
	50
	ISC

	18
	1966
	03
	06
	00
	46
	02.6
	31.50
	80.50
	6.0
	50
	ISC

	19
	1966
	06
	27
	02
	15
	57.2
	29.62
	80.83
	6.0
	06
	ISC

	20
	1966
	06
	27
	10
	41
	08.1
	29.71
	80.89
	6.0
	36
	ISC

	21
	1966
	12
	16
	10
	59
	18.1
	29.62
	80.79
	5.7
	19
	ISC

	22
	1979
	05
	20
	20
	52
	16.3
	29.93
	80.27
	5.7
	16
	ISC

	23
	1991
	10
	19
	22
	59
	11.6
	30.77
	78.79
	6.4
	15
	ISC

	24
	1997
	01
	05
	21
	23
	15.0
	29.80
	80.50
	5.5
	16
	IMD/ISC


Table 2.Record of Seismic Events in the Part of Uttaranchal.
	Dates
	Msg.
	Lat N
	Long E

	Sept.
	1
	1803
	8.0
	30.300
	78.800

	May
	26
	1816
	6.5
	30.900
	79.000

	June
	6
	1902
	6.0
	31.000
	79.000

	Oct.
	14
	1911
	6.5
	31.000
	80.500

	Aug.
	28
	1916
	7.7
	30.000
	81.000

	July
	27
	1926
	6.0
	30.400
	80.400

	Oct.
	8
	1927
	6.0
	30.500
	80.500

	Mar.
	5
	1935
	6.0
	29.700
	80.200

	June
	4
	1945
	6.5
	30.000
	80.000

	Dec.
	28
	1958
	6.2
	29.500
	80.000

	Dec.
	31
	1958
	6.0
	30.100
	80.700

	Sept.
	26
	1964
	6.2
	29.600
	80.900

	June
	27
	1966
	6.0
	29.600
	80.900

	Oct.
	19
	1991
	6.8
	30.700
	78.770

	Mar.
	29
	1999
	6.4
	30.550
	79.424


SEISMOTECTONICS  :

Seismic activity along the Bhagirathi and Alaknanda valley is ascribed to north word movement of India plate against the Tibetan block of Eurasian plate at a rate of 0.05 to 0.06 in per year (Dewey and Bird, 1970, Molnar and Tapponnier 1975).  The geological across section shows the various schuppens, floor and roof thrusts through,  which have ridden over as duplexes.  The various local earthquake are marked on the section occurring in this region.  In the geological section correlation of the major tectonic units with  the microsceismicity is suggesting that most of the stress released through micro earthquakes occurred in  the Himalaya, in south of MCT zone.  North of MCT micro-seismic activity,  is comparatively reduced,  suggesting accumulation of stress, part of which was released in the recent Uttarkashi earthquake.  Along the Bhagirathi valley in Uttarkashi region lies in a seismic gap between the rupture zones of  1895 earthquake of Garhwal, 1905 Kangra and 1934 Bihar earthquakes, Middlemiss (1910) indicated an isolated contour of intensity VII surrounding.  Dehradun mussouri,  which are located 250 km SE of  Kangra. A rupture zone through out the entire 250 km.  Length from Kangra to Dehradun can be interpreted.  The rupture zone runs NW-SE and is confined to the MBT zone, whereas the Uttarkashi earthquake and the local earthquakes in Garhwal are concentrated south of the MCT zone.  It appears that both the thrust MBT and MCT are seismically active. 


The epicentre of the Uttarkashi  earthquake and Chamoli earthquake are located at a focal depth of 12 km (IMD) and 10.3km (USGS) lies in the Vaikrita, Chail Thrusts.  The micro earthquake activity is concentrated much further south of the MCT along the NAT and Pratap Nagar thrusts in Alaknanda valley.  These two thrusts lie within the Tehri, and Srinagar  dam sites.  In the Uttarkashi area south of MCT the Dharasu fault and Jutogh fault are active and associated with the growth of antiform.  These  major thrusts MCT,  Pratapnagar, and North Almora thrust become flattened at depth and become  linked with the basement thrust. 


On the basis of data available on the techonic deformation, neotectonic activity direction of crustal shortening in the quaternary sediments,  source mechanism of discrete seismic events, and  seismicity pattern and Narula et al. (2000) have evaluated the seismotectonics of NW  Himalaya and classified them into Five seismotectonic domains of discrete deformation phases and  seismic behaviour.  These seismic zones are - (1) Main Himalayan seismic zone (2) High plateau seismic zone (3) High Himalayan seismic zone (4) Kashmir syntaxial seismic zone (5) Foot hill  seismic zone.  The Garhwal region were the Chamoli earthquake occurred on 28.03.1999, is located in the Main Himalayan seismic zone,  the seimicity of which is predominantly related to the  underthrusting  decollement surface.  Narulla (1991) suggest that the MCT in north and MBT in south,  displays a concentration of seismic events at different localities in Garhwal and Kumaun Himalaya.


Narula (1992)  has devided the main longitudinal Himalayan seismic zone into discrete seismotectonic segments with will defined transverse boundaries marked by interpretative fundamental faults. The segments are - (1) Kashmir block (2) Chamba Kishtwar block (3) Kangra block (4) Simla block (5) Garhwal block (6) Kumaun block. 

The assessment of the Uttarkashi (20.10.1991) and Chamoli (1999)  earthquakes source mechanism located near the intersection of the Himalayan transverse fault which has displaced  the MCT in Bhagirathi valley near Uttarkashi and the fault propagation has taken place in south eastern direction and along the Alaknanda valley in Central Garhwal region.  The seismicity defined by the local networks have indicated concentration of events in the vicinity of MCT and MBT.  The seismicity is  prominently north of the MCT and in Okhimath Gopeshwar area these are in either side of MCT (Khattri 1992), consistent with teleseismic concentration.  The majority of the local network events are located within a depth of 15 km. (Khattri 1992), represent the deformation of the lesser Himalaya ranges and from seismic front roughly following the elevation front.  It is therefore, clear that the  Garhwal region have high level of seismic activity,  the Chamoli earthquake 29 March, 1999 and  Uttarkashi 20.10.1991 are the prominent seismic recent events in the area.  Incidentally in 1962, two earthquakes of magnitude 5.5 on Richter scale were recorded from the same epicentral location. 

MAIN SHOCK/AFTER SHOCKS

The main shock on Oct. 20, 1991 of 6.6 on Richter scale in Uttarkashi area and 29 March 1999 of 6.5 on Richter scale in Chamoli area were followed by more a thousand after shocks within a  magnitude range 0.5 to 5.2,  the later being the largest aftershock,  which occurred on the next day. The Indian Meteorological Deptt. (IMD),  New Delhi relocated the epicenter with 26 seismic station data within 300 km of the affected area and determined the epicenter as 30o75’N and 78o86’E for Uttarkashi Earthquake and 30o40'8"N and 79o41'6"E for Chamoli earthquake at the depth 12 km and 21 km. respectively.  Based on the data from very close seismic station network (one of them being in epicentral region)  operated by the Tehri Dam Project authourity WIHG and NGRI.. The WIHG has located the epicenter east of Uttarkashi.  The US Geological Survey,  based on 525 observation from the global network data gave the epicenter east of Uttarkashi.  The epicenter given by various organisations confirms its location east of Uttarkashi inspite of a discrpancy  of the order of 10 km - 12 km between  the various determinations.  In the Chamoli region the maximum number of shocks were felt between Mandal and Chamoli.  30 after shocks of magnitude about 3 or more, occurred on the first day i.e., on 29/03/2000 and over 10 each on the next two days.


Field stations daily recorded 20-30 shocks of magnitude over 1.0 for about a month.  Subsequently,  the aftershocks gradually reduced an aftershock of 5.3 occurred an hour after mainshock. The largest aftershock of 5.5 occurred on 14.4.99.  After Chamoli earthquake the after shocks of magnitude > 4 and 5.0 which occurred in 20 days.  In comparison to Uttarkashi earthquake have seven aftershocks of magnitude > 4.0,  which occurred in eight day (with 1 shock of >5.0).  The total moment released for Chamoli after shock sequence is 6.2 x 1024 dynes cm., which is 7 times more than  that of Uttarkashi aftershock segment,  but 8 time less than that for the Chamoli main shock.


After shocks which continued for about two months in Uttarkashi area, occurred in are are of 30 x 40 sq.km. between Bhagirathi and Bhilangana valleys and define a NW-SE trend.  Most of the after shocks are less than 15 km. deep.  The peak accelarations were highests at Bhatwari and Uttarkashi  being of order of 30% of g.  The maximum duration of acceleration or strong shaking with acedaration more than 1% of was 40 second (Radhakrishna 1992).

Methodology  :

The probability of earthquake recurrence have been calculated following the approach described by the  USGS(1990)circular no.(1053).  The approach used in the study is based upon a model of earthquake occurrence that assumes the probability of an earthquake along the thrust and fault segment is initially low, following a  large segment rupturing earthquake and increases with  time as stress on the segment recovers the stress drop of the recent earthquake (Uttarkashi earthquake. 1991, Chamoli earthquake 1999).  The thrust/fault segment expected to rupture in coming earthquake are deleaned using a variety of observation and judgment along the thrust zone, landslide zone, river valley etc. 


The probability of earthquake recurrence  have been calculated following the method suggested by Rikitake (1974) and Hagiwara (1974).  The approach used in this study is based upon a model of earthquake occurrence that assumes that the probability of an earthquake along a fault / thrust zone is initially low  following a large segment-rupturing earthquake and increases with the time as stresses on the thrust zone segment recoveries the stress drop of the prior earthquake. Fault / Thrust zone segments are expected to rupture in coming earthquakes are delineated  using a variety of observation  and judgement. 


Probability of the occurrence of the thrust zone-rupturing earthquake in some  time interval are obtained from a probability density function for the random time of recurrence,  ' T.',  Input parameters for the calculation of the probability of recurrence along a particular fault/thrust zones are Te, the elapsed time, since the last thrust zone-rupturing  earthquake;  T-the median recurrence interval of the next segment-rupturing event,  an (, a measure of dispersion or spread in the recurrence time distribution.  The time is set to zero at the occurrence of the most recent earthquake. 


The fraction of all earthquake  recurrence time is an interval (t, t+(T) is  obtained from the log normal probability density function  by  integration  : 

P (t < T < t + (T) = 

 exp. 



...(1)

The probability we report below employ the additional knowledge that the earthquake has not occurred prior to time TC.  The probability conditional on the earthquake not having occurred prior to TC is -


P (TC ( T ( TC + (T/T > TC) = 



...(2)

Figure 4 : 
illustrates a lognormal probability density function and the graphical interpretation of the probabilities appearing a equation (2). All probabilities reported below are conditional probabilities and employ Tc corresponding to March 28, 1999 (Chamoli earthquake). 
An estimation  of the Indian recurrence time T,  has been obtained using the time predictable method as suggested by  Reid (1910), Shimazaki and Nakata (1980). According to the time predictable method,  the most likely elapsed time  to the next earthquake equals the slip in the  last event divided by average slip rate.







 = D/V



... (3)

Where D=is the best (median)  estimate of  displacement in the previous segment rupturing earthquake and V is the best (median) estimate of long term slip rate. 


For a lognormal distribution,  ( represents the standard deviation of natural logrithm of the recurrence time.  We have taken as ( the total  or net standard deviation, ( N, which is the square root of the sum of the square of two components -

(1) (p
-
a parametric uncertainty in 

 arising from the uncertainties in D&V and 

(2) (1
-
an intrinsic uncertainty which reflects the event to event variability in recurrence time when 

 is perfectly known. 


Nishenko and Buland (1987) calculated the intrinsic variability of characteristic recurrence time for the Circum Pacific earthquakes,  an estimate of (marginal) intrinsic uncertainly is 0.21.  Because recurrence  the data are limited, the value of (1 may not be  well defined, particularly for strike slip earthquakes.


 Thrust / fault zone boundaries have been chosen on the basis of whatever seismic, geologic and neotectonic evidences are available.  Different pieces of evidences usually agree to within 5-10 km wide zone and on this basis of estimate an uncertainty of rupture boundaries about ( 10 km (( values represent estimates of one standard deviation).  I would consider a thrust zone forecast to be successful,  if more than 50% of the zone ruptures during an earthquake. 


The relation between the surface expression of fault/thrust and an actual thrust/fault surface at depth may be 

complex.  An evidence of  complex 3D structure of the shock zone and the diversity of after shock focal mechanism of Uttarkashi and Chamoli. Earthquake (Shandilya 2000).  The uncertainties in  thrust zone areas also apply to the depth interval that produces the earthquake.  On these thrust /fault zone with micro 

earthquakes, the maximum depth of significant microseismicity marks probable lower depth limt of an earthquake rupture (Sibson 1984). 

Table 3  : Recurrence time 

 and not uncertainty (N of MCT  in Uttaranchal
	Segment
	Previous event
	Magnitude
	Expected magnitude
	T
	6N

	Uttarkashi
	20-21 Oc 1991
	6.5
	6 to 7
	90.9
	0.31

	Chamoli
	28.3 1999
	6.8
	6 to 7
	106.7
	0.51

	Almora
	
	6.0
	5 to 6.5
	108.7
	0.51

	Kangra
	1905
	8.0
	7 to 8
	136.3
	0.35

	Dehradun
	
	6.0
	6 to 7.5
	139.3
	0.35

	Assam
	1950
	8.2
	>8.0
	228.3
	0.36

	North Bihar
	1934
	7.8
	>8.0
	228.3
	0.36


Table 4 : Earthquake probability in thrusts zone areas. 
	Thrust zone
	Approx. length in km.
	Approx. width zone in km.
	Expected magnitude or Richter scale

	MCT
	400 
	5 to 10.0
	6 to 7

	Almora thrust
	350
	1.0 to 4.0
	5.5 to 6

	Krol thrust
	250 
	1.0 to 4.0
	5.5 to 6

	MBT
	400 
	0.5 to 2.0
	6 to 7


Factors considered which affect the estimates of probabilities are  -

(1) Faster fault slip rate - Estimate of the long term rates of slip on the MBT, MCT, Krol and Almora thrusts and associated faults are revised upward relative to the previous estimates.  A higher slip rate shortens the expected time to the next earthquake and increases the likelihood of  an earthquake.  The estimates of slip rate on MBT in foot hills of Himalayas to be 20-22 mm/yr compared to the earlier estimates of 15-16 mm/yr. The slip rate on the NAT/SAT and MCT in lesser Higher Himalaya is estimated at  9 to 11 mm/yr.  compared to  earlier estimate of 6-7 mm/yr. 

(2) Model of crustal deformation indicate that stress increased on nearby segment of MBT, KT, NAT, SAT and MCT after the Kangra earthquake (1905). Uttarkashi earthquake (1991), Chamoli earthquake (1999), recent earthquake.  The stress increase shorterns the time to the next earthquake on these segment. 

Recurrence model:  The earthquake proability estimates in this paper  are based on current stochastic recurrence models of characteristic earthquake, including explicit consideration of the uncertainty in the values of the parameters of these models. By “Characteristic earthquakes” I mean the relatively narrow range of  large events assocaited with successive complete ruptures of a specific segment (Schwartz and Coppersmith, 1984).  The frequency of occurrence of such events are not necessarily predicted by extrapolation of the conventional (Gutenberg Richter) Linear (log) frequency vs. magnitude relationship. Further, because characteristic earthquakes are associated with a cycle of  major stress drop and stress recovery, it is believed that the interevent or recurrence,  times of these events may follow a temporal pattern associated with a relatively narrow  probability distribution (Poissonian recurrence model).  In contrast to the Gutenberg-Richter magnitude-frequency distribution and familiar poission recurrence model,  the two general  characteristics are - (1) a relatively narrow magnitude (slip per event)  range and (2) a relatively narrow recurrence time distribution  are consistent with the notions of near constant strain rate and a nearly determinstic characteristic earthquake cycle. 


There are many probabilistic models that display these two basic characteristics-

(1) Renewal model 
(2) Time predictable model 

(1)  Renewal models  

This model for characteristic events on a segment is based on the assumption of (Probabilitistic)  independence among the sequence of recurrence time (T1 - T2 -T3 ...... Tn) and the sequence of slip per events  (D1, D2, D3....... Dn) probability forecasts are based on conditional probability statement the condition being that no event has occurred between the previous event and the day of forecast,  that is a time Te,  has elapsed since that last event.  For the several model the forecast the the next 2 years interval written. 


Te = P [ Te < T ( Te + 20 / T ( Te] = 


....(4)

in which the cumulative distribution function, FT(t), is related to the density function by   -  

FT(t) = P [T ( t] = 

 



.... (5)

Fig.5 : Graphical interpretation of 

, the conditional probability of Te < T < Te + 20 given T > Te. 

In the above Fig.2.the typical plot of the function 

, versus Te (for given parameters value  

 and () are shown in Fig. 1.

Fig.6 : Conditional  probability  

 of  an  earthquake  in  the  next 20 year given as

elapsed time of Te since the last event,  for several value of (1 the degree of dispersion in the recurrence time distribution. 


In the above figure 2  the value of ( indicate, the sensitivity of the forecast to the elapsed time for ( ( 1.0,  the probability is virtually independent of the elapsed time. 


A graphical reprentation of equation-1 is given in Fig.4. The equation 1 is equivalent to the equation-2 is the main body of the text typical plots of the function 

 verses Tc for given paramter value, 

 and (1  are shown in Figure 3.  The value of (' indicates the sensitivity of the forecast to the elapsed time,  far ( ( 1.0,  the probability is virtually independent of the elapsed time more precisely, for an exponential recurrence distribution, that is, for a poissonian recurrence model, which has a coefficient of variation of 1.0, 

 is independent of Tc.  In other words, the  poisson process has no memory.  Note  that, in  general, when Tc is about 2/3 of 

 the hazard is approximately equivalent to the of poisson model, no matter, what the value of (.

Parametric UNCERTAINTY:

In practice it is difficult to known with precision the numerical values of parameters in this model for a specic tectonic features, i.e. Thrust/fault zone.  The uncertain parameters in turn as random variables. The simplest model of  parametric undertainty considers only 

,  the median, as uncertain and ignores the uncertainty in the dispersion  measure.  Nishenko and Buland (1987)  has reported the common numerical value 0.21,  as the representative value for the Circum pacific region. It will be seen below that the precise value of this parameter estimates is not critical provided it is less than about  0.3. It is  assumed that the parametric uncertainties in the median, 

,  can be represented by  a lognormal (prior) distribution with a specific best estimate (median) value and a specified parametric uncertainty measure, denoted (p,  which is the standard deviation of the  (natural) log of the uncertain median. (p reflect the combined uncertainty in the slip per event and slip rate whose ratio is used to estimate the median 

.  Typical values are shown  in Table.


The simplest way to deal with parametric uncertainty is to “Fold it in”  with the intrinsic obtaining what is called a “predictive distribution” on the recurrence T.  For the assumptions here it can be shown by Benjamin and Cornell (1970) that the predictive distribution of T is again lognormal with median 

 and net uncertainty  parameters (N : 




(N = 

 




.... (6)

in which (1 is now used to denote  the intrinsic random a event to event recurrence time variability observed on a given segment, the  parameter which was set equal to 0.21 in the discussion above. With this approach, one can again use equation-1 to calculate  ‘the’ conditional probability of an event in the next 20 year given an elapsed time interval of Tc years.  The result is ‘the’ value of this probability is that it has effectively considered each possible value of 

 and its relative likelihood (multiplied times of 20 years probability associated with that value of 

).  As we shall see below,  the result can also be interpreted as a ‘mean’ estimate of  this conditional probability  

, equation-6 explains why these  estimates of 

 are insensitive to the intrinsic variability (1; if the parametric uncertainity (1 is approximatily 0.4 or more than the net uncertainty (N - is insensitive to (1, provided (1 is  less than about 0.3. 


It has been found effective when dealing  with technical probability assessments to report more than simply a best estimate, we can also make explicit the degree of  uncertainty in the estimates. Here the parameteric uncertainty in the median (value of (p) induces uncertainty in 

, if we rewrite equation 1 - as 





 (

)  = 

 


....(7)

It emphasizes the fact that 

is a function of the uncertain parameter 

 (it is understood in this para that the distribution FT (t; 

) has for its dispersion level only the intrinsic value (​1 that is 0.21 in these calculations).  Assuming that 

(

) is monotonically decreasing in 

 in the range of interest, we can find the fractile; c’ of 

 by calculating the probabiliting that 

 is less than  the corresponding value of median, t’.  (for a given value of c’,  the corresponding value of t’ is found by solving equation - (7)  for 

).  To calculate this probability we must use the distribution on the incertain parameter 

.  This compulation is complicated somewhat by the fact that the distribution on 

 must be updated to reflect the information that this particular current recurrence time is greater than Tc.  The elapsed time since the last event (Davis et al. 1989). The updating uses of Bayes Theorum -





 (t \ T > Tc) = K 

(t) P [ T > Tc / 

=t] ................. (8)

In this equation 

 (t) is the ‘prior’ distribution on the uncertain median (here longnormal with dispersion (p), while 

 (t / T > Tc) is the posterior distribution (given the observation that T>Tc).  Note that 

 (t) is modified by the “liklihood function” (that is, the likelihood of the observation given that the true median, 

, has value t), which there is  - P [T > Tc / 

 = t]. 


This probability is obtained from the (intrinsic ( = (1)  distribution on the recurrence time.  T, but as a function of its median. 

 in this application P [T > Tc / 

 = t] varies  from zero to one as t is increases; for example, if the true median is very small, it is unlikely that one would have observed a recurrence interval as large as Tc.  Therefore, such small values of 

 are down weighted.  Finally, the coefficient K in equation (7) is a normalizing factor that ensures that the posterior distribution on  

 has unit area.  In practice these compulations are conducted by numerical integration (or simulation).  Making the claculations at a set values C,  defines the probability distribution on the uncertain forecast 

 induced by the uncertainty in the parameter 

.  From this distribution one can read specified fractiles, for example quantites corresponding to probabilities of 0.25-0.5,  and 0.75.  In addition to practice, one can calculate the mean of the distribution of 

;  it can be shown that it is equivalent to the probability calculated from equation-1, using the predicting distribution on T, that is using  the total uncertainity  (N (equ - 6).  Therefore this result which was also used for the probability - implicity include the uptating of the distribution on the median due to the open interval information T >Tc. 

SUMMARY:

By using the available information, reasonable assumption, and simple models recurrence models, renewal models, it  strives to make projections about the location size and times of future earthquakes. The types of basic information  used are as follows. 

1. Identification major thrust /fault zone judges to be capable of producing large earthquake in future. 

2. Estimate of the amount of displacement and thus the magnitude of future large earthquakes likely to occur during  rupture these thrust zones. 

3. Estimate of the median recurrence intervals and their uncertainty for major earthquake on the thrust zones.

4. Earthquake of the date of most recent large earthquake for each of the thrust zone. 


There are considerable uncertainties assocaited with each of these types of basic earthquake information.  In particular, knowledge of the average time interval between segment rupturing earthquakes, which might be learned from palaeoseismic studies, might permit major revisions of the consensus forecast presented here. In the part of Uttaranchal Himalaya the possibilities of earthquakes have benn calculated that  in the coming 20 years  there is  a chance of experiencing a major earthquake of more than  7.0 magnitude in the Thrust  zone area. In the present calculation for the 20 year probability of one or more earthquake of magnitude 6.0 to 7.0 in Uttaranchal Himalaya along MCT zone and MBT zone to be 0.5 to 0.7 value.  The probability was aggregated from the probabilities computed for individual thrust zone,  which  includes the Almora thrust (0.3 - 0.4), Garhwal-Krol thrust zones (0.4-0.5) and MCT-MBT zone have higher probability 0.5 to 0.7 value.  
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Fig.6    Conditional probability of C  of an earthquake in the next 20 years given an elapsed time of Tc since  last event for several value of  6,  the degree of depression  in the  recurrence time distribution in the recurrence time distribution.  (Assumption : Recurrence interval   is much greater than 20 years. 
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