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The aftershock sequence of the March 1999 Chamoli earthquake (Ms 6.6) in
the western Himalaya is analysed to examine the seismic characteristics of the
active fault. About 350 aftershocks recorded by about 40 seismic stations are
used to map the b-value and fractal correlation dimension (Dc) in the
earthquake source area. The maximum likelihood method is used to estimate
the b-value, and the correlation integral method for the fractal correlation
dimension. A comparatively higher b-value (0.7) is mapped to the north at the
Main Central Thrust (MCT) zone with respect to a lower b-value (0.5) to the
south at the Alakananda fault (ANF) zone. The cross section of the b-value
imaged the seismically active ANF at depth. The fractal dimension map, on
the other hand, identiﬁed the ANF with Dc *0.8–0.9, that implies a near
linear seismogenic structure at the ANF.

1.

Introduction

The Chamoli earthquake occurred on March 29, 1999 in the Chamoli district,
Garhwal tectonic block of the Main Himalayan Seismic Belt (MHSB) in western
Himalaya (ﬁgure 1). The magnitude of the earthquake was estimated at between
Ms 6.6 and ML 6.8, the epicentre located at 30.5128N, 79.4038E and the focal
depth at *15 km (IMD 2000). The maximum intensity was reported to be VII
(MSK) which was delimited by the Alakananda fault (GSI 2001). In addition to
the network of eight permanent stations in the Garhwal Himalaya, various
national organizations such as the Geological Survey of India (GSI), India
Meteorological Department (IMD), Wadia Institute of Himalayan Geology
(WIHG), National Geophysical Research Institute (NGRI), Delhi University and
the Indian Institute of Technology - Roorkee (IIT-R) deployed temporary seismic
stations to monitor the aftershocks for about 3 months immediately after the main
shock. In total about 40 stations were in operation for monitoring aftershocks.
Seismotectonics of the Chamoli earthquake sequence was reported by Kayal et al.
(2003a). Based on the local permanent network data (M 4 2.5) they gave a
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Figure 1. (a) The epicentre map of the 1999 Chamoli earthquake sequence. MCT: Main
Central Thrust, ANF: Alakananda Fault (Kayal et al. 2003b); (b) north–south cross-section of
the aftershock sequence; (c) seismotectonic model of the Chamoli earthquakes recorded by the
permanent network within 12 days of the main shock; solid star indicates the IMD and the
open star the USGS locations of the main shock (Kayal et al. 2003b). Inset: HA: Himalayan
Arc, CBR: Carlsberg Ridge, BA: Burmese Arc. The arrow indicates the Indian plate
movement.

seismotectonic model showing that the main shock occurred on the plane of
detachment at the Alakananda fault (ANF) end at a depth of 15 km. The main
shock triggered the ANF to generate the aftershocks (ﬁgure 1). They further
studied about 350 aftershocks (M  1.0) recorded by the eight permanent and
about 30 temporary microearthquake seismic stations run by the above
organizations, which also ﬁt into this model (Kayal et al. 2003b).
In this paper we have considered a total of 348 aftershocks (M  1.0), which were
recorded by both the permanent and the temporary networks consisting of about
40 seismic stations. The frequency–magnitude relation (b-value) and fractal
correlation dimension (D) are studied to understand the seismic characteristics of
the Chamoli earthquake source zone and the seismogenic active fault(s) in the
western Himalaya.

2.

Tectonic setting of the region

Seismically, the 1999 Chamoli earthquake area in the western Himalaya falls in the
MHSB that continues all along the Himalaya within a *50 km-wide zone between
the Main Boundary Thrust (MBT) and the Main Central Thrust (MCT) (Kayal
2001). Most of the moderate-magnitude earthquakes in the western Himalaya
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occur at a shallower depth (10–20 km), above the plane of detachment (Seeber
et al. 1981, Ni and Barazangi 1984, Kayal 2001, 2008). The Indian plate is underthrusting the Eurasian plate along a low-angle (5–158) thrust plane called the
detachment plane (ﬁgure 1). In a seismotectonic model of the MHSB, Seeber et al.
(1981) and Ni and Barazangi (1984) suggested that below the MCT lies the
basement thrust front (BTF) or a ramp, the transition zone between the plane of
detachment and the basement thrust to the north. They further envisaged that the
ramp below the MCT acts as a geometrical asperity for stress concentration for the
MHSB earthquakes. The seismotectonic model for the Chamoli earthquake
sequence (ﬁgure 1(c)), however, suggests that the ramp lies to the south of MCT
in the Garhwal Himalaya (Kayal 2001, Kayal et al. 2003a). The Chamoli area in
the Garhwal Himalaya tectonic zone lies to the south of the MCT, where an
anticlinal structure is present. This is a part of the large-scale synformal and
antiformal structures caused by folding of the south vergent thrust sheets (Valdiya
1976). This schuppen structure is delimited to the south by the east–west-trending
ANF that also delimited the high intensity VII isoseismal of the Chamoli main
shock (GSI 2001). From the hypocentre location and fault plane solution it has
been interpreted that the main shock occurred at the ANF end on the plane of
detachment by thrust faulting (Kayal et al. 2003a, 2003b) (ﬁgure 1). The thrustfaulting solution of the aftershocks to the north of ANF is also comparable with
the dipping ANF (Kayal et al. 2003b). Seismic characteristics, b-value and fractal
dimension of this interpreted active fault are examined here.
3.

Data analysis

We have used the aftershock data of Kayal et al. (2003b) to estimate the frequency–
magnitude relation (b-value) of the earthquake sequence. These data include the
aftershocks recorded by the permanent as well as by the temporary networks for 3
months after the main shock. The aftershock map shows that the events are mostly
located within the zone of ANF and MCT (ﬁgure 1(a)). The north–south crosssection illustrates that the aftershocks are of shallow origin, within a depth range of
0–15 km (ﬁgure 1(b)). The cross-section of the higher magnitude (M 4 2.5) aftershocks recorded by the permanent network within 12 days of occurrence of the main
shock also shows a similar observation (ﬁgure 1(c)).
3.1

b-value

The b-value of these aftershocks is estimated using the Guttenberg and Richter
(1944) frequency–magnitude relation: log10 N ¼ a – bM, where N is the number of
earthquakes in the group having magnitudes larger than M, a and b are constants.
The constant ‘a’ indicates the seismicity level, and the coeﬃcient ‘b’, the slope of the
log-linear relation, is known as the b-value. The b-value varies mostly from 0.5 to 1.5
in a tectonically active region at the plate margins like that in the Himalayas (Kayal
2008). The variability of b-values in diﬀerent tectonic domains may be related to
structural heterogeneity and stress distribution in space (Mogi 1962, Scholz 1968). A
higher b-value means that a smaller fraction of the total earthquakes occur at the
higher magnitudes, whereas a lower b-value implies a larger fraction occurs at higher
magnitudes. In other words, a higher b-value indicates lower stress, and a lower
b-value indicates higher stress in a earthquake source zone (Wyss 1973).
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The b-value is estimated by the Maximum Likelihood Method (MLM) given by Aki
(1965), which is based on theoretical consideration as:
b ¼ ðlogeÞ=ðMa  Mc Þ

ð1Þ

where Ma is the average magnitude and Mc is the lower limit or the threshold
magnitude, above which the data are complete. We estimated the Mc ¼ 1.0 by
plotting magnitude and cumulative number of earthquakes. For mapping the spatial
variation of the b-value, we have divided the aftershock area into small grids of
0.0018 6 0.0018, and estimated the b-value for each grid using the MLM. We used
the ZMAP software (Wiemer and Wyss 1997) for computation. The centre of the
grid is taken as the plotting point, and thus obtained the b-value map of the
aftershock area is shown in ﬁgure 2(a). The map shows a spatial variation of
the b-value from 0.4–0.7, higher values to the north and lower to the south. The
b-value is relatively higher in the vicinity of the MCT and it reduces to the south
towards the ANF. The average b-value for the entire data set is estimated to be about
0.6, which is, however, lower than the normal b-value 1.0 for a seismically active
region. A north–south cross-section of the b-value is then examined; the section is
shown in ﬁgure 2(b).
3.3

Fractal dimension

Spatial distribution of earthquakes can be represented by a self-similar mathematical
construct, the ‘fractal’, and the scaling parameter is called the fractal dimension D
(Mandlebrot 1982). The variability of the fractal dimension in diﬀerent zones may be
related to geological heterogeneity (Aviles et al. 1987). It is scale-invariant and is
introduced as an eﬃcient statistical parameter to quantify the dimensional
distribution of seismicity and, with that, the proportion of randomness and
clusterization (e.g. Kagan and Knopoﬀ 1980, Hirata 1989, Ogata 1988, Bhattacharya et al. 2002). The fractal dimension is calculated using the correlation integral
technique given by Grassberger and Procaccia (1983):
Dwr ¼ limr>0 ðlogðCr ÞÞ=ðlogr Þ

ð2Þ

where (Cr) is the correlation function. The correlation function measures the spacing
or clustering of a set of points, and is given by the relation
CðrÞ ¼ ð2=ðNðN  1ÞÞÞ  NðR < rÞ

ð3Þ

where N (R 5 r) is the number of pairs (Xi, Xj) with a smaller distance than r. The
correlation integral is related to the standard correlation function as given by Kagan
and Knopoﬀ (1980):
C ðrÞ  rD

ð4Þ

where D is fractal dimension, more strictly, correlation dimension (here after called
Dc). A similar exercise is made to obtain the fractal dimension map using the same
grids that are used in b-value mapping; the Dc map is shown in ﬁgure 3.
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Figure 2. (a) b-value map of the Chamoli aftershock area; (b) north–south cross-section
showing the variation of b-value with depth.

4.

Discussion and conclusions

The b-value map of the Chamoli aftershock sequence gives us detailed information
about the spatial variation of the frequency–magnitude relation of the Garhwal
tectonic zone in the western Himalaya. The seismotectonic model shows that the
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Figure 3.

Fractal dimension (Dc) map of the Chamoli aftershock area.

MCT is not the seismogenic fault for the 1999 Chamoli earthquake sequence (ﬁgure
1(c)). The main shock occurred on the plane of detachment at the ANF end by
thrust-faulting, and the ANF was triggered to generate the aftershocks by thrustfaulting (Kayal et al. 2003a,b). The spatial as well as depth variation of the b-value
clearly shows that the ANF zone possesses a lower b-value compared with the MCT,
which implies that the ANF zone is more stressed than the MCT. Further, the
overall b-value of the whole aftershock zone is 0.6, which is, however, much lower
than the normal value of 1.0 for a seismically active region like that of a continent–
continent collision zone in the Himalaya. The lower b-value implies that the zone is
not only highly stressed, but also that the fraction of higher magnitude earthquakes
is greater in this tectonic zone. This observation sheds light on the medium-to-strong
earthquake risk in this zone.
Kayal et al. (2003a) reported the b-value for the aftershock sequence of the ﬁrst 12
days that was recorded immediately after the main shock by the eight-station local
permanent network and found the b-value to be 0.57. They also estimated the
b-value using the temporary network data of about 3 months, 12 days after the main
shock, and found it to be 0.61 (Kayal et al. 2003b). These observations are
comparable with our overall estimate of a b-value of 0.6. In addition to the overall
estimate of the b-value of the aftershock sequence, we have mapped the spatial as
well as depth variation of the b-value in this study, and the detailed heterogeneities in
the tectonic structure in space and depth are imaged (ﬁgures 2(a) and (b)). The
seismic characteristics, heterogeneities and vulnerability of the ANF and MCT are
depicted in these maps. The ANF is clearly identiﬁed not only as an active fault but
also as a more stressed zone due to the Himalayan collision tectonics.
The fractal dimension Dc for epicentre distribution characterizes the fault
structure. Normally, the Dc ranges from 0–2 (Tosi 1998); when all events cluster
into one point, D ¼ 0; when homogeneously distributed over a two dimensional
embedding space, D ¼ 2; and when D ¼ 1, this indicates a line source or linear
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structure. The estimated fractal dimension contour map shows a linear trend along
the ANF with a Dc of 0.8–0.9, but such a trend is absent at the MCT; further north
the contours are an artefact as no earthquake is caused by the MCT; the MCT is not
the causative fault either for the main shock or for the aftershock sequence (ﬁgure 1).
The Dc *0.8–0.9 at the ANF indicates that the seismogenic ANF is near to a linear
structure. The aftershocks are neither clustered at one point nor homogeneously
distributed in the source area; the source zone structure may be quantiﬁed as Dc
*0.8–0.9. These seismic characteristics, the frequency–magnitude relation and
fractal dimension of the ANF are useful to evaluate the earthquake risk in this
tectonic zone.
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