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ABSTRACT. The Uttarkashi earthquake of 20 October 1991, which caused widespread damage in the
Garhwal Himalayan region, was followed by a prominent aftershock activity extending over a period of about
two months. The aftershock activity was monitored using temporary networks established after the
mainshock and the permanent stations in operation in the region. About 142 aftershocks could be located
accurately using the data of these stations. The b-value of the Gutenberg-Richter's relationship for the
aftershock sequence works out to be 0.6. The temporal distribution of the afiershocks suggests a hyperbolic
decay with a decay constant (p) of 1.17. Macroseismic observations derived from field surveys show good

agreement with the instrumentally determined source parameters.
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1. Introduction

A moderate, but destructive earthquake of body-
wave magnitude 6.6 occurred in the early hours of
20 October 1991 which caused widespread damage
to property and structures and left 768 people killed
in the Garhwal Himalayan region. The earthquake
has caused extensive landslides and ground fissures
in the Bhagirathi and Bhilangana valleys although
no evidence of surface faulting was found in the
field (Narula and Shome 1992). Among the
engineering structures which suffered major
damage was an iron-span bridge at village Gawana
about 8 km from Uttarkashi.

Seismic activity in this region is mostly ascribed
to several thrust planes running parallel to the
Himalayas, viz,, the Indus Suture Zone (ISZ), Main
Central Thrust (MCT), Main Boundary Thrust
(MBT) and Main Frontal Thrust (MFT) and other
transcurrent features. These tectonic features, in
turn, are the manifestations of the processes related
to northward movement of Indian plate with respect
to Eurasian plate. This earthquake with its epicentre

located east of Unarkashi is very close to MCT and
the fault plane solution of USGS suggests a pre-
dominant reverse faulting on a NW-SE trending
plane dipping in northeast direction.

The mainshock was preceded by two foreshocks
and followed by a number of afltershocks over a
period of about two months. The largest one with a
magnitude of 52 (M) occurred just eight hours
after the main event. On the very first day, eight
aftershocks strongly jolted the nearby areas sending
the local population flee outdoors. While few
aftershocks widened the old cracks and caused
fresh ones in houses and other buildings, some of
them even caused damage to those structures which
were badly affected by the mainshock. The paper
presents a detailed analysis of the aftershocks that
followed the mainshock.

2. Monitoring of aftershock activity
The aftershock activity is monitored by the tem-

porary networks set up by India Meteorological
Department (IMD), Geological Survey of India

* Views expressed in this paper are of the author only and do not reflect those of the organisation he is working for.
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TABLE 1

Location of seismic stations

Station

Long. (°E)

Elevation

deg

(m)

min

Temporary Network

Chinyali-Saur (CHL) 78
Uttarkashi (UTK) 78

78
Barkot (BAK) 78

Bhatwari (BTW) 78

Ghansali (GHL) 78
Ghuttu (GTU) 78

Tehri (TEH) . 78

1949 29-30 Oct
3 Nov4 Dec

26.81 30 Oc1-13 Nov
27.00 21 Nov-10 Dec

11.89 4-15 Nov

36.60 5 Nov-5 Dec
21 Nov-12 Dec

38.76 16 Nov-4 Dec
47.52 25 Nov-4 Dec

29.40 17 Nov-9 Dec

Permanent Stations of IMD

Dehradun (DDN) 78
Shimla (SML) 4 7
Dalhousie (DLH) 75

Dharamsala (DHM) 76

03.00

10.00

58.00

20,00

(GSI) and National Geophysical Research Institute
(NGRI), Hyderabad in addition to the permanent
observatories maintained in the region by IMD and
Wadia Institute of Himalayan Geology (WIHG),
Dehradun. A list of temporary and permanent seis-
mic stations togetherwith their location and period
of observation, operated by various departments/
organisations, is given in Table 1. It includes only
those stations whose data has been used in the
estimation of hypocentral parameters of after-
shocks. The temporary seismic stations set up in the
region are also shown in Fig 1. It may be seen that
the number of seismic stations set up and the dura-
tion of operation was not uniform over the period of
observation. This has resulted in varying levels of
detection and location capabilities of the network
over different periods of observation. For example,
the number of located events during the first
fortnight is much less than the actual activity, as the
events could be located using the data of distant per-
manent stations only. Similarly, the number of
located events is more during the period when
closely spaced stations were in operation during

November and early part of December. The
aftershock data is analysed by GSI for the period 12
November to 4 December 1991 and by IMD for the
rdst of the period. Hypocentral parameters of all the
events are determined using localization pro-
gramme HYPO-71. A three layered velocity model,
as given below, is used in estimating the hypocen-
tral locations.

P-wave velocity
(km/sec)

Layer thickness
(km)
0—24 572

24 — 45 661
>45 8.22

V¥, = 174)

A minimum of three P-arrivals and two S-arrival
times are used for locating these events. For larger
afiershocks, magnitude (M) as measured from
Wood-Anderson seismograph is used wherever
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Fig. 1. Map showing the locations of temporary seismograph stations, mainshock, aflershocks

and surface trace of MCT

available. Magnitudes of smaller events are
estimated using the following empirical formula,

Mp = —244 + 261 log D (1)

where “Mp” is the duration magnitude and “D” is
the signal duration in seconds. Duration magni-
tudes estimated by IMD for the month of Qctober
1991 are based on the formula given below :

Mp = —087 + 2log D + 00035 R (#))

where “R” is the epicentral distance in km.

10—429 IMD/95

The list of aftershocks compiled by Kayal et al.
(1992) is updated and the locations of 142
aftershocks are given in Table 2.

The time residuals (RMS) and the errors in the
location of epicentre (ERH) and focal depth (ERZ)
are within 0.5 sec., 5 km and 5 km respectively for
most of the events.

3. Data analysis and discussion

Fig. 1 depicts the locations of seismograph
stations, mainshock, aftershocks and surface trace
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TABLE 2

Hypocentral parameters of aftershocks

Date Origin time (UTC) Lat.°N Long°E ‘Depth Mag. No. RMS ERH ERZ
YMD (km) (Mp) (sec) (km) (km)
H M S deg min deg min

911019 22 04 1774 30 4627 78 41.60 428 *34 16 0.68 16 13
911019 22 08 1727 30 37.84 78 31803 1251 *24 14 0.73 37 30
911019 22 29 2059 30 37.38 78 4290 071  *40 23 1.76 5.1 48
911019 22 4] 1826 30 4023 78 4070 1500 47 19 1.94 8.7 77
911019 22 56 2156 30 4190 78 44.05 129  *40 11 1.04 7.1 50
911019 23 10 694 30 43.03 78 4093 1208 — 15 1.50 69 EX
911019 23 19 3035 30 4226 78 4126 1203 *35 18 1.26 80 47
911020 01 04 26.77 30 4159 78 4825 1179 — 15 0.88 46 39
911020 01 13 1335 30 5060 78 47.36 200 %24 16 1.42 6.7 44
911020 01 21 204 30 4453 78 36.32 864  *23 21 1.60 6.5 45
911020 01 24 59.83 30 39.86 78 4778 689  *42 20 173 63 48
911020 03 34 2921 30 4600 78 5323 110 *29 2 1.68 51 45
911020 04 20 2787 30 4357 78 3785 556  *30 27 1.36 48 32
911020 04 k) 3028 30 4087 78 4372 882 *35 15 125 54 48
911020 05 12 2758 30 4393 78 37.85 201 *52 34 1.38 49 12
911020 05 54 4283 30 5221 78 4527 314 = 8 0.71 66 43
911020 05 57 3038 30 5226 78 39.39 355 = 8 0.48 43 29
911020 06 48 767 30 4505 78 31.57 262 31 24 1.57 62 48
911020 07 25 4958 30 35.82 78 3670 1500 29 15 1.65 71 70
911020 07 56 3154 30 39.90 78 45,65 11.45 35 29 1.50 59 45
911020 09 01 595 30 32.85 78 3507 2095 27 11 1.07 62 74
911020 09 45 5.10 30 4578 78 1724 191 27 9 0.66 42 40
911020 10 17 56.61 30 4465 78 37.58 157 27 12 112 50 41
911020 10 39 2. 30 4435 78 30.90 674 26 8 1.23 126 78
911020 11 10 2915 30 43.50 78 38.53 947 27 11 1.04 63 54
911020 21 48 4765 30 4420 78 4282 179 24 9 0.87 55 56
911020 23 58 37.90 30 4640 78 34.88 152 27 7 1.04 127 7

911021 14 02 4432 30 4547 78 4821 182 *36 19 1.51 83 48
911021 14 28 12,17 30 47.34 78 1342 328 26 10 1.58 9.8 6.7
911021 14 36 3.08 30 4726 78 2723 183 26 13 1.24 80 43
911021 18 44 11.54 30 4793 78 37.98 025 25 8 0.70 69 47
911021 2 32 455 30 43.89 78 41.41 405 28 8 0.64 6.8 47
911022 06 19 26.60 30 4923 T8 1423 043 27 15 0.99 40 40
911022 11 15 3275 30 4861 1401 521 *34 2 0.44 29 1.8
911024 00 ¥l 46.60 30 4846 78 373 439 25 13 0.81 36 28
911024 08 1 2145 30 4411 78 1725 003 *32 10 0.57 47 32
911024 19 21 0.02 30 43.40 78 15.50 292 *35 19 1.46 50 4.0
911024 20 40 4.00 30 4373 78 2693 11.78 25 a8 0.93 90 535
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TABLE 2 (contd)
Date Origin time (UTC) Lat°N Long®E Depth Mag. No. RMS ERH ERZ
YMD (km) (Mp) (sec) (km) (km)
H M s deg min deg min
911025 15 2 43.44 30 4624 78 3828 157 29 9 117 104 64
9112s 19 09 253 30 50.19 78 3329 012 27 8§ 1@ 133 61
911027 00 40 2416 30 4457 78 46.64 372 41 13 125 6.0 39
91127 13 19 4054 30 4436 78 4243 327 %40 12 1.82 14.1 87
91127 19 29 3831 30 4674 78 4717 1500 27 7 137 149 -
911111 19 43 47 30 51.10 78 264 2648 238 6 40 58 86
911111 20 43 47.83 30 4398 78 3430 748 211 6 .16 21 46
oIl 21 01 2462 30 4342 78 08.01 0.86 1.85 5 08 16 -
ol 21 s 1366 30 5321 78 21.10 194 205 6 2 21 -
911112 05 03 01.79 30 4459 78 3801 088 1.89 5 29 11 74
911112 20 28 5269 30 3872 78 3856 1.60 197 5 .53 71 -
911112 23 50 1226 30 43.03 78 3713 059 266 6 K7} 11 -
911113 00 31 3427 30 4158 78 3832 782 276 6 A7 27 51
911113 01 06 13.81 30 4239 78 39.86 110 255 5 18 20 -
9113 12 11 13.87 30 4510 78 1243 134 286 5 31 27 -
911113 18 35 0076 30 4213 78 36.15 031 273 6 14 19 -
9llll4 00 04 2794 30 36.65 78 4921 050 316 6 30 34 -
9llll4 07 44 38.03 30 4225 78 35.13 6.11 1.99 6 18 26 68
911114 10 32 09.89 30 4347 78 36.09 1.17 232 6 20 11 -
911114 17 31 5733 30 3378 78 3873 1127 261 6 09 16 32
911114 17 5 38.85 30 4436 78 3358 107 20, 6 10 1.1 -
911114 18 26 14.09 30 4047 78 41.02 216 229 6 12 20 -
911114 19 52 2842 30 4081 78 36.62 141 149 6 19 18 -
911114 20 36 01.%4 30 4346 78 3820 115 144 6 91 94 -
911114 22 53 16.77 30 4341 78 3520 1.17 155 6 08 09 -
911115 03 44 4251 30 4007 78 4556 099 258 6 14 24 -
911115 12 11 21.84 30 4159 78 3991 141 1.88 6 37 20 -—
911115 13 (7] 1633 30 45.15 78 3§58 1037 243 5 04 09 13
911115 15 39 1439 30 4189 78 37.08 558 119 6 07 1.0 26
911115 18 30 57.92 30 4174 78 3542 245 1.04 6 16 04 26
911115 20 43 392 30 3075 78 292 15.90 1.50 5 34 92 -
911116 01 04 4645 30 3446 78 3939 137 295 6 10 09 -
911117 13 32 07.78 30 4455 78 3598 139 1.76 6 14 18 -
911117 18 44 5059 30 4500 78 3743 184 279 5 12 28 54
911118 00 19 17.79 30 4405 78 3348 037 210 5 08 14 -
911118 03 22 262 30 43.14 78 kil ) 108 235 6 05 04 62
911118 15 18 148 30 4237 78 3548 108 301 s 02 01 14
911118 16 09 5520 30 5565 78 1731 089 217 6 A6 81 -
919 12 03 1747 30 4594 78 33.87 212 305 L; 34 37 -
911119 14 38 06.66 30 4320 78 3562 1046 290 6 28 3l 70
9119 15 11 5867 30 4593 78 3667 1161 155 6 12 16 22
911119 19 43 3340 30 46.07 78 3493 291 257 6 20 27 10.0
ae 21 50 06.81 30 5059 78 2440 116 214 5 23 is -
911120 03 (17} 26.79 30 4418 78 3398 093 1.95 6 09 06 -
911120 15 47 28.89 30 24 78 36.81 855 208 6 A1 12 33
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TABLE 2 (conid)

Date Origin time (UTC) Lat°N Long°E Depth Mag. No. RMS ERH ERZ
YMD (km) (Mp) (sec) (km) (km)
H M S deg min deg min
91120 16 14 s645 30 2911 78 3310 134 306 5 20 09 -
911120 19 S0 0697 30 4176 78 4459 085 206 6 E R U J—
911121 01 03 0327 30 4041 78 3615 097 228 6 12 1w -
911121 07 52 3572 30 4619 78 2988 701 004 6 18 22 58
911121 15 48 3537 0 4209 78 3685 008 155 6 29 12 =
91121 19 s4 0362 30 4949 78 848 927 214 6 09 16 12
911122 15 52 2421 30 4355 78 37.719 15.13 298 8 24 21 i3
92 20 48 2995 30 3972 78 4016 104  Ll4 6 06 04 97
N2l o4 52 0747 30 41 78 3663 614 113 7 25 2.1 87
91123 18 45 2628 30 4478 78 2892 028 198 6 13 7 —
911123 18 a6 0244 0 4414 78 2877 132 145 6 21 21 -
911123 18 3 3920 30 3909 78 4551 119 225 6 29 09 -
911123 19 18 3012 30 4105 78 4051 1214 119 6 09 10 22
91123 19 52 4444 0 4257 18 208 106 132 6 30 if =
923 20 5 0383 0 4574 78 3656 031 158 6 ¥ ¥ =
911123 21 2 0749 30 4245 78 3671 153 159 6 08 02 26
911124 01 02 4715 30 4068 T8 ®IS 960 262 6 31 3 92
911124 06 18 4024 30 4327 718 3965 551 — 6 16 19 62
911124 13 19 4031 30 4559 78 28.77 0.86 2.81 6 05 03 74
911124 23 31 0948 30 40.06 78 3834 023 136 6 28 27 -
911125 14 29 4989 30 41.76 78 37.68 0.34 172 8 29 19 —
911125 18 59 47.40 30 43,64 78 35.05 2.69 349 6 a5 17 —_
911125 19 36 13.80 0 5141 78 964 119 242 6 34 i§ ==
911125 21 31 01.96 30 4348 78 3673 202 1.18 6 49 5.0 _
911126 07 02 1633 30 4055 78 4149 1495 235 8 76 6.5 -
911126 08 21 4442 30 4308 78 1795 1044 180 6 06 07 15
911126 10 32 2537 30 46.84 78 39.26 9.18 247 8 19 19 24
911126 18 01 17.46 30 45.06 78 2407 1.13 048 6 37 28 —
911128 05 01 2812 30 5023 78 2592 7.68 278 8 21 24 32
911128 22 13 26.68 30 45.68 78 3451 0.60 328 8 25 22 —
911129 01 53 0470 0 4725 78 13127 1046 140 6 28 38 56
911129 23 47 4601 30 3972 78 3576 030 261 é 14 12 -
911130 00 09 2027 30 4756 78 3450 0.70 1.78 6 23 34 —_
911130 12 20 2634 30 44 56 78 3245 10.12 224 8 .03 02 04
911130 13 01 50.54 30 4351 78 31389 072 239 6 10 08 _
911130 21 22 3238 30 3932 78 30.66 1.36 203 6 23 03 B3
911130 21 29 16.68 30 4165 78 3964 124 138 [ 0 1.1 —-
911201 15 18 0744 a0 47,04 78 402 12.81 1.66 6 0 15 1.6
911201 16 02 36.31 30 39.69 78 53.10 543 2.04 5 J1.71 144 —_—
911201 16 19 1127 30 43.46 78 135 120 146 6 iy 0.6 86
911203 03 4 5147 0 4650 3526 624 225 6 0¢ 08 15
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TABLE 2 (contd)
Date Origin time (UTC) Lat®N Long®E Depth Mag. No. RMS ERH ERZ
YMD (km)  (Mp) (sec) (km)  (km)
H M S deg min deg min

911203 01 36 2721 30 4870 78 3876 10.14 202 6 .19 26 21
911203 06 04 3219 30 37.01 78 27.10 8.87 220 6 063 85 —
911203 18 54 KR V) 30 4095 78 50.15 330 1.95 7 097 27 6.6
911205 00 01 639 30 40.60 78 43.82 946 196 6 018 23 57
911205 03 12 46.56 30 3938 78 4326 1095 219 6 0.04 06 03
911206 11 31 4329 30 4870 78 34.07 854 242 8 0.49 42 26
911207 00 13 3812 30 4287 78 3790 396 1.76 6 0.19 14 6.1
911207 01 08 433 30 47.07 78 3346 6.01 1.81 6 025 1.1 1.7
911207 17 16 18.68 30 41.70 78 3944 15.00 214 7 040 37 23
911208 15 46 3179 30 4264 78 36.70 1025 317 13 091 50 23
911228 17 27 2197 30 4374 78 3an 374 28 15 1.08 6.6 42
920213 20 23 0534 30 39.64 78 4438 1.68 19 15 0.94 59 38
920302 14 48 2133 30 277 78 3144 15.00 34 16 1.76 104 71
920314 12 40 2749 30 3222 78 3478 1.77 49 11 0.83 6.6 49
920315 03 15 3043 30 3640 78 4465 0.15 28 14 097 59 43
920422 06 08 46.71 30 5740 78 1270 7.04 s 15 1.72 109 62
920516 08 41 07.78 30 3239 78 3174 848 27 15 1.31 8.0 58
920630 13 06 4991 30 4286 78 2951 352 26 8 0.81 58 33

Y —  Year Mp —  Duration magnitude

M — Month RMS — Root Mean Square

D — Day ERH — Location error in epicentre

H — Hour ERZ —  Error in focal depth

M — Minute . — Richter magnitude

S —  Second

of MCT. The aftershock activity defines a zone of 30
X 40 sq km extending in NW-SE direction and the
mainshock is located on the eastern margin of this
zone. It has been observed in the past by various
workers that the mainshock usually falls on the
periphery of the aftershock zone and the area boun-
ded by the aftershocks defines the source dimen-
sions of the mainshock. The largest aftershock of
magnitude 5.2 (M;) occurred at the centre of this
zone. According to Bath’s law, the difference in
magnitude between the mainshock and the largest
aftershock is roughly 1.2, which is 1.0 in the present
case. The mainshock and the aftershocks are
located close to the surface trace of MCT and may
be related to it, indicating that MCT is active. The
shallower shocks, particularly those which are
located south of MCT, may be associated with
smaller thrusts or faults genetically related to
MCT.

While the focal depth of the mainshock is
estimated as 12 km, majority of the aftershocks have

focal depths varying between 0-15 km with few
exceeding 15 km. About 62% of the events occurred
within the top layer of 5 km thickness, 36% between
6 and 15 km and only 2% in the depth range of 16-30
km. Thus, the foci of the aftershocks lay mostly
within 15 km below the surface. Although the
depth-wise distribution of aftershocks does not
indicate any clear trend, it is observed that the
deeper and larger magnitude events are mostly con-
centrated along a NE-SW trending plane southeast
of the shallow cluster of events. The available data
set with regard to focal depth resolution, does not,
however, permit any further inference on the likely
fault plane of the mainshock. The fault plane solu-
tion for the mainshock, as given by USGS, however
indicates a shallow northeast dipping, northwest-
southeast trending nodal plane with predominant
reverse type of faulting.

The magnitude-wise distribution of aftershocks
reveals that one aftershock is of magnitude greater
than 5 and seven are of magnitude between 4 and 5.
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Fig. 2. Frequency-magnitude plot of aftershocks

The frequency-magnitude plot for the aftershock
sequence is shown in Fig. 2. It may be seen that the

number of events reported for magnitudes less than:

about 2.0 is considerably less than that predicted by
the Gutenberg-Richter’s frequency-magnitude rela-
tion. A least-square fit of the whole data sets yields
lower estimates of ‘a’ and ‘b’ as 2.5 and 0.4 as against
3.5 and 0.6 respectively for the data set with M > 2.0,
which is in good agreement with the estimates
obtained by Gibowicz (1973) for aftershock sequen-
ces in California and New Zealand regions.

Seismic wave energy is an important parameter
used to quantify the strength of an earthquake and
may be estimated using the empirical formula
(Richter 1958),

log E = 58 + 24 M (&)

For the mainshock, seismic wave energy works
out to 4.37* — 10**21 ergs. However, for the
aftershocks, energy is computed from M, using the
following relationship (Richter 1958),

log E = 99 + 1.9 M; — 0.024 M;2 (4)

The energy release in the largest aftershock (M)
= 5.2) is estimated as 1.35* 10** 19 ergs and the
same for the aftershocks during the first week
(excluding the largest aftershock) works out to be
0.30* 10** 19 ergs. The energy released in the rest of
the aftershock sequence is about 0.45% 10** 19 ergs.
The energy released in the entire aftershock
sequence is about half the energy released in the
largest aftershock and about two orders less than
that of the mainshock

Temporal distribution of aftershocks is studied
using the data of Shimla (SML) for which a more
or less complete data set is available. Fig. 3 is a
histogram showing the number of events recorded
at SML, with the highest number of 80 events
recorded on 20 October 1991. On subsequent days,
the frequency of aftershocks dropped to 38 and 20
respectively and within a week the average
dropped to 5 to 6 shocks per day. The decay pat-
tern of aftershocks is usually expressed by the well
known relationship after Utsu (1961), according to
which, the activity decays hyperbolically with
time,

N () = At=P )

where N(7) is- the number of aftershocks after time
“t" and “4” and “p" are constants. The constant “A”
determines the level of activity and “p” determines
the decay rate. Normally “p” takes a value close to 1.
The aftershock data of SML fits the following

relationship, obtained by least-squares method :
N@) = 83%L17 (6)

The unit time interval is taken as 1 day in
deriving the above relationship. Srivastava and
Kamble (1972) reported decay constants varying
between 1.27 and 1.49 for five earthquakes in the
Himalayan region, which show good agreement
with the aftershock decay pattern of Uttarkashi
earthquake.

Macroseismic observations obtained from direct
field studies are of great importance in supplement-
ing the instrumentally recorded quantities. Field
investigations carried out by GSI indicated that the
maximum intensity of IX is confined to a localised
area in a linear tract (Narula and Shome 1992). The
peak ground acceleration recorded by the strong
motion instruments at Bhatwari and Uttarkashi are
of the order of 30% g (Chandrasekharan and Das
1991). A Number of workers have attempted to
empirically relate maximum intensity (f;), ground
acceleration (a,), seismic wave energy and magni-
tude. The recorded peak ground acceleration of 30%
g at Bhatwari and Uttarkashi is in good agreement
with the following relationship between maximum
intensity and ground acceleration proposed by
Richter (1958) :

I,=3loga, + 15 (€]
The following empirical relationship (Kamik

1965) also predicts a maximum intensity of IX for
an carthquake of magnitude Mg = 7.1 (USGS),
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Fig. 3. Histogram showing the number of aftershocks recorded at Shimla (SML) observatory

=23* I, +1

Fault length (L) may be estimated from earthquake
magnitude, as proposed by Press (1975) and Rastogi
(1987) respectively :

log L = 062 M, + 219 (L in cm) 8)

log L = 035 M, — 068 (L in km) (L))

where “L” is fault length. The fault length as
estimated from the long axis of the aftershock area
is about 40 km and shows good agreement with the
above relationships.

Fault dislocation (D) may be obtained from seis-
mic moment (M,) and fault area (4), as suggested by
Aki (1966),

= pd D (10)
where, M,—seismic moment, A—fault area and p—
rigidity of the medium.

For M, = 1.8* 10** 26 dyne cm. (USGS)

A = 1200 sq km

and p = 33* 10** 11 dyne/cm2,

the dislocation works out to be 46 cm. For a circular
fault of radius 20 km [r = (4/n)172)], the stress drop
(Ao) works out to be 10 bars from the relation
(Kanamori and Anderson 1975):

.
Stress drop (Ac) = —~ 2

11
16 r an

Gibowicz (1973) studied eighteen aftershock
sequences from California and New Zealand
regions and found that the stress drop in the main
earthquake determines the principal characteristics
of the aftershock sequences. A low stress drop leads
to a low value of the coefficient “b”, high magnitude
of the largest aftershock and short duration and
conversely. For the set of*earthquake sequences
studied, he obtained a linear relationship between
M} and log Ag, according to which a stress drop of
10 bars characterises a shock of M; = 6.5, showing
good agreement with the present estimates.
Dynamic source parameters, viz., seismic moment,
source radius and stress drop of some foreshocks
and aftershocks of Uttarkashi earthquake have
been worked out by Dattatrayam et al. (1995) using
the P-wave displacement spectra. They have found
that the stress drop in the Uttarkashi earthquake
sequence decreased from about 10 bars in the
mainshock to about 1.7-44 bars in the
aftershocks.

4. Conclusions

The aftershock activity that followed the 20
October 1991 Uttarkashi earthquaxe, continued for
over a period of about two months and was moni-
tored by permanent as well as temporary networks
operated by various departments/organisations.
The afiershock activity defines an elliptical zone of
about 40 X 30 sq km extending in a NW-SE direc-
tion. While the mainshock is located on the eastern
edge of this zone, the largest aftershock of
magnitude 5.2 (M), which occurred just eight hours
after the mainshock, f: lls in the centre of this zone.
The mainshock and the aftershocks are located
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close to the surface trace of MCT and may be
related to it. The energy released in the entire
aftershock sequence is estimated as 0.75* 10** 19
ergs and is about half the energy released in the
largest aftershock. The energy released in the
mainshock is, however, two orders higher than that
of the entire aftershock sequence including the
largest aftershock. The focal depths of the
mainshock and the aftershocks lie mostly between
near surface and 15 km and majority of them are
confined to the top layer of 5 km thickness. The
deeper and larger magnitude events are mostly con-
centrated along a NE-SW trending plane southeast
of the shallow cluster of events. However, the avail-
able aftershock data does not permit any further
inference on the likely fault plane of the mainshock.
The difference in magnitude between the main-
shock and the largest aftershock is 1.0 and follows
the Bath’s law approximately. The b-value of the
Gutenber-Richter’s relationship for the aftershock
sequence works out to be 0.6. The decay pattern of
aftershock activity at Shimla (SML), for which a
more or less complete data set is available, suggests
a hyperbolic decline with time with a decay cons-
tant of 1.17, in agreement with the relationship of
Utsu (1961) and the decay constants obtained for
five other Himalayan earthquakes (Srivastava and
Kamble 1972). Macroseismic observations obtained
from field investigations show good agreement with
several instrumentally determined parameters in
accordance with various standard empirical
formula.

Acknowledgements

One of the authors, R. S. Dattatrayam, is grateful
to the Secretary, Department of Science and
Technology, New Delhi for encouragement The
authors are also thankful to the Director General of
Meteorology for permission to publish the paper.

References

Aki, K., 1966, “Generation and propagation of G-waves from the
Niigata earthquake of June 16, 1964. Part. 2. Estimation of

earthquake moment, released energy and stress-strain drop from
the G-wave spectrum,” Bull. Earth. Res. Instt, 44, 73-78.

Chandrasekharan, A R and Das, J., 1991 “Analysis of strong
motion accelerographs of Uttarkashi earthquake of Oct
20, 1991", Earthquake Engineering Studies Report No.
EQ: 91-10, University of Roorkee, Roorkee.

Danatrayam, R. S, Kamble, V. P. and Srivastava, H. N, 1995,
“Source characteristics of some foreshocks and afier-
shocks of Oct. 20, 1991 Uttarkashi earthquake vis-g-vis the
Himalayan earthquakes”, Memoir Geslogical Society of
India, 30, 51-64.

Gibowicz, S. B., 1973, “Stress drop and afiershocks”, Bull. Seismol.
Soc. Am., 63, 1433-1446.

Kanamori, K. and Anderson, D. L., 1975, “Theoretical basis of
some empirical relations in Seismology”, Bull. Seismol.
Soc. Am., 65, 1073-1095.

Karnik, V., 1965, “Magnitude—Intensity relations for European
and Mediterranean seismic regions,” Srud. Geophy. et.
Geodaet. (Prague), 9, 236-249.

Kayal, J. R, Kamble, V. P. and Rastogi, B. K., 1992, “Aftershock
sequence of Uttarkashi earthquake of Oct. 20, 19917
Geological Survey of India, Special Publication No. 30,
203-217.

Narula, P. L and Shome, S. K, 1992, “Macroseismic inves-
tigations of Uttarkashi earthquake of 20th Oct, 19917,
Geological Survey of India, Special Publication No. 30, 1-
165.

Press, F., 1975, “Earthquake Prediction,” Scientific American,
232

Rastogi, B. K, 1987, “Source mechanism of earthquakes in
Himalaya and nearby regions”, Proc. Indo-US Workshop
on Earthquake Disaster Mitigation Research, DST, New
Delhi, Vol. 149 10 IV-64.

Richter, C. F., 1958, Elementary Seismology, Freeman and Co.,
San Francisco.

Srivastava, H. N. and Kamble, V. P, 1972, “Afiershock charac-
teristics in Himalayan mountain belt and neighbour-
hood”, Indian J. Met. Geophys. 23, 75-82.

Utsu, T. 1961, “A statistical study on the occurrence of
aflershocks”, Geophys. Mag. (Tokyo), 30, 521-605.




