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The present study on C. versicolor revealed that there
is no relationship between internalized yolk mass and
maternal body size and mass, and clutch mass, but is sig-
nificantly influenced by breeding time through the egg
mass. The internalized yolk mass that is significantly
more in hatchlings born in the late breeding season is
correlated with their egg mass. Interestingly, the heavier
eggs in the later part of the breeding season did not pro-
duce large-sized hatchlings in terms of SVL compared to
those arising from the smaller eggs of early clutches.
Instead, there was an increase in the body mass as well as
the amount of internalized yolk in hatchlings born in the
late breeding season. In reptiles, hatchling size alone is
not an important correlate of hatchling survivorship, but
internalized yolk is also a component of fitness for spe-
cies whose hatchlings have to face competition for food
and adverse environmental conditions like winter. There-
fore, production of similar sized (SVL) hatchlings with
greater body mass and residual yolk is beneficial for im-
mediate post-hatching activity and survival’. The hatch-
lings of C. versicolor born later in the season may have
to compete with the larger conspecific hatchlings of ear-
lier clutches. Therefore, maximizing post-hatching en-
ergy through internalized yolk in the later part of the
breeding season may indeed outweigh the advantages, if
any, of maximizing the linear body size. Hence, in C.
versicolor, selection has favoured greater amount of body
mass and residual yolk to enhance fitness of late-born
hatchlings.
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The statistical characteristics of seismicity, fractal
dimension and b-values are mapped in the NE India
region using permanent microearthquake network
data and teleseismic data. The maps revealed the
seismogenic structures and the crustal heterogeneities,
which are useful for earthquake risk evaluation.

NORTHEAST India and adjacent areas are highly vulner-
able to earthquake hazards. Any realistic seismic hazard
assessment requires identification of seismic sources,
evaluation of seismic characteristics with space and time,
and frequency-magnitude relation for individual tectonic
zones governed by the characteristics of faults.

Magnitude of an earthquake is the most commonly
used parameter of earthquake size. The statistical distri-
bution of sizes, for a group of earthquakes, is very compli-
cated. Gutenberg and Richter' have provided a simplest
earthquake reoccurrence or magnitude—frequency relation
as logioN=a—bM, where N is the number of earth-
quakes in the group having magnitudes larger than M, a
and b are constants. The estimated coefficient b known as
the bH-value, varies mostly from 0.7 to 1.3, depending on
the tectonics of the region. The variability of b-values in
different regions may be related to structural heterogene-
ity and stress distribution in space®*. The b-value repre-
sents a statistical measurement of the relative abundance
of large and small earthquakes in the group. A higher
b-value means that a smaller fraction of the total earth-
quakes occur at the higher magnitudes, whereas a lower
b-value implies a larger fraction occur at higher magni-
tudes. The higher levels of motion at a site are dominated
by occurrences of the larger earthquakes. If b is large,
large earthquakes are relatively rare. It has been observed
that the b-value shows systemic variations in the period
preceding a major earthquake’ . Hence it is the most
investigated equation in seismology, observationally as
well as theoretically. It has wide applications, e.g. for
estimating the magnitude of future earthquakes, and to
perform probabilistic hazard analysis.

The earthquake phenomenon possesses fractal struc-
ture with respect to time, space and magnitude. The
Gutenberg—Richter' relation for frequency vs magnitude
is a power law involving magnitude. Similarly, the after-
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shock decay follows another power law involving time®.
The two-point spatial correlation function for earthquake
epicentres also displays a power law structure’. Hence
earthquakes are represented by self-similar mathematical
construct, the ‘fractal’, and the scaling parameter is
called the fractal dimension D'°. It is a powerful tool to
characterize the geometry that has a self-similar struc-
ture.

The fractal dimension of the spatial distribution of
hypocentres may be related to the heterogeneity of the
fractured material. The variability of the fractal dimen-
sion in different zones may be related to geological het-
erogeneity11 Fractal dimension gives vital information
about the stability of a region. A change in fractal dimen-
sion corresponds to the dynamic evolution of the states of
the system. It is scale-invariant and has introduced an
efficient statistical parameter to quantify the dimensional
distribution of seismicity and with that the proportion of
randomness and clusterization®''. reported
temporal variations in fractal dimension to quantify the
seismic process, and Shimazaki and Nagahama14 demon-
strated that active fault systems in Japan possess self-
similarity with fractal dimensions of 0.5 to 1.6. The frac-
tal dimension characterizes the degree to which the frac-
tal fills up the surrounding space. We can predict the
fracture characteristic by knowing the value of D. A

Hirata'?

value of D close to 3 implies that earthquake fractures are
filling up a volume of the crust, a value close to 2 sug-
gests that it is a plane that is being filled up, and a value
close to 1 means that line sources are predominant15
Tosi'® illustrated that possible values of fractal dimension
are bound to range between 0 and 2, which is dependent
on the dimension of the embedding space. Interpretation
of such limit values is that a set with D — 0 has all
events clustered into one point, and at the other end of
the scale, D — 2 indicates that the events are randomly
or homogeneously distributed over a two-dimensional
embedding space.

In this communication, an attempt has been made to
map the spatial distribution of D and b-value in northeast
India which is one of the most seismically active regions
in the world. The teleseismic data of the International
Seismological Catalogue (ISC) and the telemetric micro-
earthquake network data of the National Geophysical
Research Institute (NGRI) and Regional Research Labo-
ratory, Jorhat (RRL(J)) bulletins are used in this investi-
gation. Results of this study are discussed in terms of
seismotectonics of the region.

Northeast India and the adjoining areas, latitude 24—
28°N and longitude 89-98°E, fall in one of the most int-
ense seismic zones of the world. It has been the seat of
two great earthquakes (M > 8.0); the 1897 great Shillong
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Map showing epicentres of large earthquakes (M = 7.0) in the region; the two great earth-

quakes (M > 8.0) are shown as star symbols. The permanent seismic stations are shown by solid triangles.
MCT, Main Central Thrust; MBT, Main Boundary Thrust; DF, Dauki Fault; DT, Dapsi Thrust; KL,
Kopili Lineament. (Inset) Key map of the study area, HA, Himalayan Arc; BA, Burmese Arc; CBR, Carls

Berg Ridge.
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earthquake (M 8.7) and the 1950 great Assam earthquake
(M 8.7), with catastrophic damage to life and property in
the region. The region displays tectonically distinct geo-
logical domains occurring in intimate spatial association
(Figure 1). The Himalayan arc binds the region to the
north and the Burmese arc to the east. The earthquakes in
the Himalayan arc are referred to collision tectonics and
are correlated with the known regional thrusts, the Main
Boundary Thrust (MBT) and the Main Central Thrust
(MCT) (Figure 1). The earthquakes are confined within a
depth of 80 km (ref. 17). Thrust faulting is reported for
the teleseismic earthquakes in the Himalayan arc'®. Micro-
earthquake investigation, however, revealed transverse
tectonics in the Arunachal Himalayalg. The earthquakes
in the Burmese arc, on the other hand, are referred to
subduction tectonics; normal, thrust and strike-slip fault-
ing are reported”’m*zz. The earthquakes are as deep as
200km. The meeting zone of the Himalayan arc and the
Burmese arc, the Assam syntaxis, is also seismically
active and was the source of the 1950 great Assam—Tibet
earthquake (M 8.7). The Shillong Plateau and Assam val-
ley area, bounded by the MBT to the north and by the
Dauki Fault to the south, are well known for their high
seismic activity and produced the 1897 great Shillong
earthquake (M 8.7). The earthquakes in the plateau
region are mostly confined within a depth of 35 km;
reverse faulting and strike-slip faulting earthquakes are
reported in the plateau region23. To the east of the Shil-
long Plateau lies the Mikir massif, which is separated
from the Shillong massif by a NW-SE major lineament/
fault, called the Kopili Lineament”*. The Mikir Hills area
is equally active as the Shillong Plateau area’>.

Since the inception of the Worldwide Seismograph
Station Network (WWSSN) in 1964, it is observed that
all the earthquakes of magnitudes my >4.5 are more or
less uniformly recorded in the study region. About 500
events were available for the period 1964-1993; the epi-
centre map is shown in Figure 2a. In order to spatially
map b and fractal dimension, the study area was grided at
2° spacing with an overlapping of 1°.

The permanent microearthquake data are published by
the NGRI/RRL(J) in the form of bulletins. We have used
five years (1993-1997) data with magnitude M >3.0. We
selected the threshold value of magnitude 3.0, so as to
obtain a more reliable data set free from observation
bias®®. The data were grided at 2° and 1° spacing with an
overlapping of 1° and 0.5° respectively. The 2° grid was
studied for direct comparison of the map with that of the
ISC data. About 800 well-located events were selected;
the epicentre map is shown in Figure 2 5.

Smith*® suggested the minimum number of points or
events required for a reliable calculation of a correlation
dimension as:

Niin 2 {RQ2-Q)/r(1-O)}",
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Figure 2. Map showing the epicentres of the selected events: a,
RRL(J) bulletin data; and b, ISC data.

where  is a quality factor and 0<Q<1, R =7mx/Fmin,
where 7 is a scale to calculate C,, x is the greatest integer,
less than the obtained fractal dimension of the set. The
smallest topological dimension for the phase space in
which the distribution of epicentres embeds is 2; there-
fore the value of D will be less than 2, and hence y =1.1If
=095 and r=4, we will have Ny, >42. The number
of events obtained from the ISC varies from 37 to 147
per grid, and that from the NGRI and RRL (J) bulletins,
74 to 291 per grid. This meets the condition for reliable
calculations, expecting only few grids for the ISC data.

The events in each grid were used as a data set for
analysis. These grids were interactively created, and
seismically inactive area was excluded. Taking the centre
of the grid as the plotting point, contour maps were pre-
pared separately for b-value and fractal dimension.

In this study, the fractal dimension, the D values, are
estimated using the correlation dimension. The correla-
tion dimension, as defined by Grassberger and Procac-
cia’’, measures the spacing of a set of points, which in
this case are the earthquake epicentres. In principle, the
fractal dimension of the hypocentre could be calculated
avoiding the possible introduction of bias due to projec-
tion errors, but since the depths of earthquakes are much
less well-determined than the horizontal position, it was
deemed preferable to use the epicentres.
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The correlation integral technique gives the correlation
dimension; it is preferred to the box-counting algorithm,
which gives a fractal ‘capacity dimension’ because of its
greater reliability and sensitivity to small changes in

: SNCRE S .
clustering properties™ ~. The correlation integral given by
Grassberger and Procaccia’’ is:

D, = 11'11})10g(C,)/10gr,

where (C,) is the correlation function. The correlation
function measures the spacing or clustering of a set of
points and is given by the relation:

C(r)y= N(R <),

_ 2z
N(N-1)

where N (R<7) is the number of pairs (X;, X;) with a
smaller distance than 7. The correlation integral is related

to the standard correlation function as given by Kagan
and Knopoffg :
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Figure 3. Map showing the contours of fractal dimension (D) in the
study region: a, ISC data with 2° grid; b, NGRI/RRL(J) data with 2°
grid, and ¢, NGRI/RRL(J) data with 1° grid.
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Figure 4.

Map showing the contours of b-values for the earthquakes
in the study region: a, ISC data with 2° grid; 5, NGRI/RRL(J) data with
2° grid, and ¢, RRL(J) data with 1° grid.

where D, is a fractal dimension, more strictly, the corre-
lation dimension®’

In this paper D is used instead of D, for representing
fractal dimension. Using this relation the D value of spa-
tial distribution of the earthquakes has been calculated,
and the maps are prepared (Figure 3). A contour interval
of 0.05 has been selected on the basis of error estimation.
The sampling error is estimated using the sampling dis-
tribution theory. For all the three contour maps in Figure
3, error is found to vary from 0.02 to 0.03. Hence the
contour interval of 0.05 is within the permissible limits.
The value of ‘test statistics’ or ‘Z-score’ is found to lie
between 1.76 and 1.90, which is in the critical region
-196<Z<1.96. This falls in 5% level of significance.
Hence the level of confidence is 95%.

The b-value is calculated by the maximum likelihood
method using the following equation given by Aki®®,
which is based on theoretical considerations and is the
most accepted method of b-value estimate:
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_ loge
M-M,

where M is the average magnitude and M is the lower
limit or threshold magnitude. The b-value estimate in
each grid is used for preparing the map (Figure 4).

The study region, between longitudes 89°-98°E and
latitudes 24°-29°N, exhibits tectonically distinct geo-
logical domains in intimate spatial association. Two epi-
centre maps are prepared; one from the ISC data (M 4.0-
6.5) for the period 1964-1993, and the other from the
local permanent network data (M 3.0-5.5) for the period
1993-97. The two epicentre maps are comparable. It is
observed that seismicity along the Indo-Burma ranges in
the subduction zone is very prominent. An intense activ-
ity is observed along the NW-SE Kopili Fault/Linea-
ment. The next pronounced active zone is the Shillong
Plateau.

The b-value maps (Figure 4 a—c) clearly depict the spa-
tial variation of earthquake frequency in the region. Fig-
ure 4 shows higher b-value contours in the Indo-Burma
ranges as well as in the Kopili Fault, and lower contours
in the upper Assam valley area. The Shillong Plateau also
shows a higher b-value contour. The NW-SE trend of
higher b-value along the Kopili Fault extends from the
Mikir Hills to Arunachal Himalaya across the MBT. The
Indo-Burma ranges also show a NW-SE trend of higher
b-value contour; and it extends in the dip direction of the
subducted plate. These trends are maintained in all the
three maps (Figure 4 a—c).

The b-value estimates from the ISC data and from the
NGRI/RRL(J) data are comparable in 2° mapping (Figure
4a and b), but the estimate in 1° mapping with the per-
manent network data is found to be comparatively lower.
It may be noted here that the high b-value contours in
Shillong Plateau are more distinct in Figure 4c. Smaller
grid size with sufficient number of events may be more
effective in delineating the feature.

The variations in fractal dimension D (Figure 3a—c)
values are comparable to those from some recent analy-
sis'??3% According to Hirata'®, 1.6 is an upper limit to
the fractal dimension of the fracture geometry that can be
explained by the Griffith energy balance concept. The
estimated fractal dimensions (1.10-1.85) in this study
suggest that the faults are spatially distributed in the
whole region, and the whole region is seismically active.
In 2° mapping, the fractal dimension contours show a
higher trend in the NW-SE direction along the Kopili
lineament and along the Indo-Burma ranges (Figure 3a
and b), which are comparable with the higher b-value
trends (Figure 4a and b). The higher D values in the
Kopili Lineament (1.65-1.85) indicate more heterogene-
ity, possibly due to the deep-rooted Kopili Fault, a trans-
verse structure to the Himalayan trend. The higher D
values in the Indo-Burma ranges (1.70-1.80) indicate
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clustering of epicentres in 2D space, due to greater stress
concentration. The greater stress concentration may be
due to bending of the subducting Indian plate as well as
external forces due to overriding Burmese plate in this
zone'’; maximum interplay between the two plates causes
more external forces for the higher D values. In 1° map-
ping, the higher D contours are most prominent along the
Kopili Fault, the Shillong Plateau and the Indo-Burma
ranges.

Since the data set is selected within 150 km distance of
the permanent network, the Bengal basin and Tripura
fold belt areas could not be examined or compared in this
study. Sunmonu and Dimri31, however, studied fractal
dimension in these two tectonic blocks by box-counting
method using the teleseismic ISC data (M =4.5). They
estimated D value as 1.66 in the Tripura fold belt and
1.41 in the Bengal basin areas for the crustal earthquakes.
Their results are comparable with the present study in
this region.

The b-value and the fractal dimension mapping in NE
India have identified the seismogenic structures along the
Kopili Fault and the Indo-Burma ranges. The higher D
values along the Kopili Fault are due to the heterogene-
ous transverse structure. This observation suggests a
higher risk zone along this fault. The higher D values in
the Indo-Burma ranges are due to greater stress concen-
tration. The b-value maps clearly depict the variations of
the earthquake frequency in the region; the higher b-
value contours are comparable with the higher fractal
dimension contours. The average value of ‘4’ in NE India
is found to be nearly 1.0. The spatial variation of this b
parameter is interpreted in terms of the different tectonic
structure/domain of the region.
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