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During the past six decades before the onset of the

Killari earthquake of 30 September 1993, wide-
spread occurrence of subterranean sounds accom-
panied by micro-tremors were reported in Latur-—
Osmanabad-Paybhani districts of Maharashtra state
in the South/Indian shield. From 1976 onwards, a
doughnut pattern of seismicity (of these clusters)
and/or swarms in the vicinity of Killari have been
identified, which indicate nucleation of fault rup-
tures under preparatory area of about 550 km® near
and around Killari. Within this, a quiescent area or
gap of 280 sq km has been identified in the present
study. A precursory period of one decade has been
indicated by the enhancement of the seismic activity
in the region. The occurrence of micro-tremors may
be the signature of reactivation of old faults in the
upper crust of the Deccan Volcanic Province of the
Indian stable continental region. The analysis of
stress conditions vis-a-vis the Coulomb-Navier crite-
rion of failure indicates the necessity of the reduction
of normal stress. This reduction of normal stress due
to pore-fluid pressure, differential erosion or a
combination of both (and thereby the uplift of the
crustal blocks in the area) could be the possible cause
of the occurrence of the Killari earthquake.

THE occurrence of the Killari earthquake of 30 Septem-
ber 1993 in the stable continental region of the peninsu-
lar India attracted the attention of seismologists all over
the world mainly because of its enormous devastation.
Immediately after the main shock, several scientists
rushed to the affected area to investigate the cause and
effects and some of them gave their opinion on the In-
dian shield seismicity with regard to Killari earthquake
of 30 September 1993 (refs 1-6). Although Dcccan Vol-
canic Province (DVP) is covered with the basaltic flows
and many aspects about its tectonics remain unknown,
several authors had attempted to dclineate the old fault
patterns by using the seismicity data”"', Before the oc-
currence of the Killari earthquake, several micro-tremor
activities accompanied by subterranean sounds had been
taking place in this region, the data of which had been
collected and compiled by different authors'*™"*, These

CURRENT SCIENCE, VOL. 73, NO. 2, 25 JULY 1997

authors have reported them as micro-tremor activities in
and around Killari region, but no attempt has been made
to 1dentify them as precursory pattern for the earthquake
of 30 September 1993. The importance of these repeated
episodic observations of small earthquakes accompanied
by subterranean sounds of natural origin 1s that they may
be precursors to major earthquakes'>. The shallow dev-
astating earthquake which occurred in the Killari-Latur,
Umerga area on 30 September 1993, appears to have
been caused by the strong upward moment of the up-
lifted blocks®. Critical gradients of different geophysical
parameters such as gravity, temperature and topography
near the weak zones indiate nucleation for the earth-
quake occurrence'®. It has been observed that DVP had

experienced not only low magnitude clusters/swarms but

also five significant earthquakes such as: Mahabaleswar,
1764; Son-Valley, 1927; Satpura, 1938; Koyna, 1967
and Killari, 1993 earthquakes of magnitude 6 and above.

“Identification of the seismicity pattern preceding these

large earthquakes is not possible due to lack of observed
data. Hence, the study of historical seismicity and its
background level in the vicinity of the Killan earth-
quake of 1993 plays an important role in understanding
the occurrence of large earthquakes in the (cratonic)
stable Indian shield. In the present study, reported data
have been modelled in a systematic seismicity pattern
and identified the failure conditions of the Killart earth-
quake region.

Seismotectonics of the area

The area is covered by Dcccan volcanics. The
deccan volcanic flows are considered to have been out-
poured onto the Dharwarian Peninsular gneissic
basement of Precambrian age as fissure type eruptions.
The thickness of the volcanic flow in the vicinity
of meizoseismal area of the Killari earthquake 1s
338 km and is mainly of tholentic Composition”.
Most of the flows are massive, compact and fine-
grained with vesicular and amygdaloidal traps. The
vesicles, at places, are filled with crystalline chlorite
and calcite and are occasionally rimmed with glass.
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Figure 1. Scismotectonics nf the study area with attendant historical seismicity for the period from 1764 1o 1996 (after Ramalinges-
wara Rao and Sitapathi Rao’ and also inclusive of recent earthquake data up to 1996 and base map after Ravi Shanker'”).

A multidimensional porous medium, like zeolites, i1s also
present at different depths in the vicinity of Killan
carthquake region.

The Latur area was identifted in the seismic zoning
map of Peninsular Indta as a future potential zone for
moderately large earthquake of intensity V (ref. 18).
Several blocks as shown tn Figure 1 have been 1denti-
fied in DVP'’, a set of four major NE-SW trending
transverse fault systems (F;, Fs, Fg and Fo) of regional
significance, intersecting the old ENE-WSW trending
‘SONATA ZONE’, NNW-SSE trending Cambay-west
coast rift and NW-SE Godavari and Mahanadi rift sys-
tem. Further, it has been observed that small earth-
quakes occurred 1n the blocks, mild to moderate
earthquakes on faults and moderately large earthquakes
at the junctions of two or more blocks. The present Kil-
lari earthquake occurred at the intersection of two sets
of faults NE-SW and NW-SE trending faults system
(Figure 1). The background historical seismicity has
been given in the figure from the database” "

Database

In the present study, reported subterranean sounds
(mostly felt) within the radius of 100 to 200 km from the
Killari region are compiled and considered as micro-
earthquakes of 1 to 3 magnitudes occurring at the shal-
lowest depth of few hundreds of meters below the sur-
face. These subterranean sounds (swarms) occur even
after 3 years of occurrence of the main shock. The sub-
terranean sounds at Bandgarwadi and Jagdalwadi well
sites were also observed during 14 August 1995, 21 De-
cember 1995 and 22 December 1995 (Indra Mohan, per-
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sonal communication). Very recently, mysterious sounds
resembling a cannon ball thunder, baffled many people
in the villages of Parli, Wadgoan, Aswalamba, Dadahari
and Bendsur in the district of Beed in the month of
September, 1996, which might be construed as a swarm
type of activity of low magnitude of O to 1.

Reports on historical mild tremors from the villages
Halberga, Hamnabad, Ghanpur, Ghandhari, Ujam and
other parts of Maharashtra, have also mentioned subter-
ranean sounds'°. Later, there was a recurrence of micro-
tremor activity with subterranean sounds in the year
1983. The subterranean sounds have been studied for
the villages of Parbhant, Bhir, Nanded, Osmanabad and
Latur Districts of Maharashtra state. Every effort has
been made to collect data of the micro-tremors accom-
panied by subterranean sounds in the area from different
sources of earthquake catalogues and newspaper agen-
cies for the present study. These reports were actually
confined to very small area, sometime less than a kilo-
meter radius, and were meticulously investigated by lo-
cal geologists.

Seismicity pattern

The earthquake-affected Latur belt has been exhibiting
micro-seismicity for quite some time (1962, 1963, 1967,
1983, 1984 and 1993). Obviously, internal strain has
been progressively building up all through the time'.
Two sites, Salimba and Killari have also experienced
subterranean sounds during October-November, 1992
(which are shown as star and big solid circle in Figure
2 b). On the basis of background level of seismicity in-
formation, we have studied the space-time pattern of
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Figure 2 a. Micro-tremors shown as solid circle of intensity III to IV
M are plotted for a period 1934-1982. A tendency of seismicity
pattern may be observed.
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Figure 2b. A doughnut seismicity pattern of earth tremors during
1983-1993 and showing NW-=SE direction. Each solid circle indi-
cates number of micro-tremors accompanied by subterranean sounds.
Star indicates October '92 to February ’93. Micro-tremors occurred
before main shock in Salimba and Killari villages.

this micro-tremor activity including subterranean sounds
to delineate the possible zones of strain accumulation in
the vicinity of Killari. A plot of the microtremor activ-
ity, of intensities III and IV for two periods 1934-1982
and 1983-1993 shows an oval-shaped seismicity pattern
as shown in Figures 2a and b respectively, The recur-
rence of these tremors accompanied by modcrate to high
frequency of subterranean sounds in different localities
cannot be labelled as local phenomenon. These sounds
are manifestations of feeble tremors and are heard
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Figure 2c¢. A temporal variation of swarms/clusters in the vicinity
of the Killari earthquake is shown as: Phases 1, 2, 3, 4, and 5.

locally but the localities in which they have occurred are
many and widespread'®. The micro- earthquakes are
aligned in a particular seismic pattern. Although they
occur sporadically in seismically active and inactive

" periods (1934-1993), they show a systematic pattern. It

1s noted that seismically inactive periods during 1954-
1964, 1967-1974 and 1975-1982 are followed by
micro-earthquake clusters accompanied by subterranean
sounds without any significant earthquakes. Ten years’
quiescent period is observed during 1984-1993, which
is identified as a precursory period for the large magni-
tude Ms = 6.3 earthquake of Killari on 30 September
1993. The reported sites are all falling in doughnut pat-
tern of seismicity analogous to different authors*®%,
With appearance of the so-called doughnut pattern, the
seismic activity decreases near the focal regions of the
great earthquakes termed as seismic gap and at the same
time, there as an increase in activity around this quies-
cent area21

Plot of time versus space (latitudes), the micro-
tremors/subterranean sounds data have been presented
in Figure 2c¢ (each dot represents a large number of
small micro-tremors). Five phases of seismic activity 1n
space-time analysis have been inferred from Figure 2 c.
Phase 1 represents about 200 small magnitude earth-
gquakes that occurred in the vicinity of the epicenter 1m-
mediately prior to the main carthquake at Killari. Of
these, 26 events were recorded at a seismological obser-
vatory of the National Geophysical Research Institute
during October-November 1992 (ref. 24). Phase 2 also
represents the seismic activity occurring at faraway
places (near Salimba) immediately prior to the main-
shock of Killari and it perhaps represents the earthquake
precursory crustal deformation induced activity. Phase 3
is the zone of seismic activity in which earthquake
swarms occurred before the appearance of the seismi¢
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F{gure 2d. After mainshock of Ms = 6.3, h = 6.5 km, the smoke and gas emanation in South and North east of Killart region. (after

Rastogi and Rao'*) are shown as open circles.

gap. Observations revealed no micro-tremor activity for
a period of approximately five decades (1934-1982) in
this seismic gap (Figure 2 ¢ hatched area). Phase 4 rep-
resents doughnut pattern seismic activity. Observations
in four phases indicate the nucleation of the strong
earthquake in the identified gap. Thus, in Phase 5, crus-
tal stress gradually rises and activity over a wider area
increases. It is interesting to note that within the dough-
nut seismicity pattern, there were no reports of occur-
rence of micro-tremors with subterranean sounds from
the region between Bori and Killari (Figure 2 b). The
micro-tremors reported are shown in figures as solid cir-
cles. Absence of micro-tremor activity in Phase 5 is an in-
dicative of stress build up in the area. Similar doughnut
seismicity pattern was also observed in Baykal region of
Soviet Union. During Phase S5, there will not be wide-
spread incidence of micro-earthquakes in the doughnut
area depending upon the nature of the main fault.

Coulomb-Navier failure criterion

Coulomb-Navier criterion of failure may be stated that
at the point of failure, the maximum shear resistance of
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the material (shear strength) equals the shear stress on

the plane of failure plus the internal frictional resistance

(0, #). The constant u 1s known as the coefficient of
internal friction. The shear stress and the normal stress
on a failure plane inclined at an angle @ to the minor
principal stress oy, where the major principal stress is
Oy, are:

_0H+0V JH_GV
hETTy T

cos 26, (1)

r=JH ;“‘1 sin 26. (2)

where oy and oy are horizontal principal compressive
stress and vertical stress respectively. The case of reac-
tivation of existing faults varies with their orientation in
the prevailing stress field. This is 1llustrated 1n an
analysis of the condition for frictional reactivation of

cohesionless faults obeying the simplified criterion®.

T=#(G‘n_P;)s (3)

where o, and t are respectively normal and shear
stresses to the existing fault; p; is the {luid pressure and
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g is internal friction. If a materital has no cohesion it
depends entirely upon internal friction of the fault for 1ts
stability. The fault zone material may consist of clay
gouge or montmorillonite at a depth of 6-8 km. It 1s
tempting to speculate that the comparatively low level of
micro-seismic activity generally observed in the top few
kilometers may correlate with the depth extent of weak
montmorillonite-rich gouge present in the fault zone’®.
At Killari, the clayee and/or tuffy material may be pres-
ent at this depth, which may have approximately 0.4
frictional coefficient.

In the case of Killari, the cohesive strength will be
zero because of the presence of pre-existing fractured
fault zone in which volcanic tuffy materials, etc. are
filled. o, is the normal stress at failure. We tried to
analyse the stress conditions in the Killar1 earthquake
meizoseismal area (Figure 3). The vertical stress gy can
be computed by using the equation:

oy = pgh, (4)

where p is the average rock density in g/cc, g is the
gravitational acceleration and 4 is the depth to the focus.
The top basaltic layers of different soft and hard rocks
are considered as one layer of 500 m average thickness
having density 2.9 g/cc. This vertical stress due to ba-
saltic layer is approximately 14.2 MPa loaded on an-
other layer of gneissic basement of 6 km thickness. The
vertical stress due to lower peninsular gneissic layer 1s
computed as 162 MPa. The total vertical stress 1s thus
176.2 MPa for 6.5 km. Three-dimensional intraplate
stress distribution induced by topography and crustal
density inhomogenities and the average plate tectonic
stress beneath Killan region have been computed®’. The
differential stress oy — oy on the average 1S approxi-
mately 42 MPa for 2 km depth. Further, they noted that
the magnitude of this differential stress decreased with
depth other than for 2 km. The corresponding differen-
tial stress at 6 km is 11.7 MPa. By using the equations
(1) to (4), we have computed oy and oy at the Coulomb-
Navier failure criterion. The Mohr’s diagram 1s drawn
for the stresses prevailing at Killari meizoseismal area
(Figure 2 b). The centre ‘C’ of the Mohr’s solid circle
due to tectonic stresses and additional basaltic load 1s
shown as circle with crosses. As evident from the
Mohr’s diagram, this failure condition required reduc-
tion in the normal stress to cause a main fault ruptured
by Killari earthquake of 30 September 1993. This re-
duction must have been brought about by pore-fluid
pressure, differential erosion and thereby resulting in
crustal uplift in the stress regime. The pore-fluid pres-
sure, differential erosion and the consequent uplift of
the crustal blocks in this stress regime, must have
brought about this reduction in the normal stress of the
order of 67 MPa. The effective normal stress
(148.9 MPa), shear stress and the effective principal
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Figure 3. Mohr's diagram indicating the Coulomb-Navier failure
criterion. Pore-fluid pressure, differenual erosion and gradual crustal
block upliftment have reduced the normal stress by 67 MPa.

Table 1. The principal stresses at # = 6.5 km have been computed
by using Coulomb—Navier failure criterton for the Kitlar region and
hydro-fracturing measurements made at Hyderabad, NGRI*

At Killar At Hyderabad
(theoretical (Hydrofracture
Parameters computation) experiment, NGRI)
h Depth 6.5 km 6.5 km
(extrapolated)
Density of basalt 2.9 g/cc -
Granite density 2.7 g/ce -~
Static frictional coefficient 0.4 -
Normal stress 148.9 MPa* -
Max. principal stress 226 9MPa* 295.2 MPa
Min. principal stress 107.8MPa* 162.5MPa
Ratio = ov/on 0.48 0.55
Radius of Mohr’s circle 58.5MPa —
Pore-flutd pressure 67.0 MPa -
Failure shear stress 56.6 MPa -

* Effective stresses during Coulomb-Navier failure condition only.

stresses at failure condition can be represented by driv-
ing the Mohr’s circle from the centre C to the new cen-
tre C' without changing the differential stress (drameter
of the Mohr’s circle).

A build up in the earth stress ts generally relieved by
frictional slip before oy — oy becomes high enough to
shear intact rock®®. In the case of Killari region, we have
this situation of modcrate diffcrential stress of 67 MPa
and high effective normal stress ol about 150 MPa
which favoured unstable stick-ship motion of different
four faults. The computed values oy and oy are 1n
agreemcnt with in situ stress measurements using hy-
draulic fracturing for 176 m deep bore hole at NGRI,
Hydcrabadgq. The ratio of ov/uy = 0.55 at Hyderabad by
in situ stress experiment, compares well with Killan
presumed value of 0.48 by theoretical computatton tor
6.5 km depth (Tabie 1).
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Discussion

The drop in shear stress by about 15-20 bars 1s a neces-
sary and sufficient condition to attain an unstable con-
dition of faults in the cratonic regions and to meet the
Coulomb~Navier failure criterion (Arch Johnston, pers.
commun.). Thus, the above criterion might be one of the
proper physical processes of earthquake preparation
which have taken place for several thousands of years in
the cratons in the shield areas. The leakages and/or per-
colation of the terrestrial water through the volcanic
flows around the nucleation of the expected
faults/lineaments culminating at one zone near Killari,
might be one of the factors for the occurrence of this
large magnitude earthquake. A well-defined crustal con-
ductor in the epicentral region of the Killar1 earthquake
is present at an estimated depth of 6-10 km (refs 30,
31). The conductor has been interpreted to be-a fluid-
enriched rock matrix. Further, it has been observed that
the low velocity and high conductivity fluid-filled layer
will enhance stress concentration in the uppermost brit-
tle part of the crust, causing mechanical failure’'. The
suppression of the seismicity in Antarctica and Green-
fand may be due to the load of the ice sheet which is
attributed to the low level of differential stress of about
11 MPa and ice sheet may not be allowing the flow of
fluids into the underlying faults’®. The situation is quite
opposite 1n the case of DVP of the Indian shield, result-

ing in enhancement of seismicity where the flow of flu-.

1ds in the underlying faults 1s expected.

A landscape block diagram is prepared for the failure
conditions of the different soft and hard basalts in the
studied area prior to and during the earthquake of 30

September 1993. The cluster and/or swarm occurrences

in different villages (as shown in Figure 2 @ and b) may
be due to a failure of small fluid-saturated faults in
due course of time. The doughnut pattern of a seismic
activity with subterranean sounds is also shown in Fig-
ure 4. Identification of the reactivation of three more
fault segments due to 1impact of the main fault near Kil-
lari, a place at which these segments culminate in 10-
15 km radius™, is also shown in Figure 4. They are re-
verse (R), strike-slip (SS1), strike-stip (SS2) and normal
(N) faults. The fault plane solutions of the aftershocks
also indicate strike-slip faults (for shocks < 5 km) and
reverse fault for relatively deeper shocks (= 5-15 km)
(ref. 34). Older thrust sheets and fault gauge formed
during previous episodes near the Kiliari deformed zone
are also reported35'3ﬁ. The above studies by different
authors partly corroborate with the faulting mechanism,
which 1s shown i1n the block diagram (Figure 4). Thus,
the above four faults such as reverse, strike-slip1, strike-
slip2 and normal faults (collapse of top scil in the Kil-
lari earthquake area) had occurred in the area with re-

spect to time™”.

Conclusions

The Killari earthquake occurrence might be due to re-
activation of old faults in the vicinity and showed defi-
nite precursory elliptical shape of NW-SE direction of
doughnut seismicity pattern of micro-tremors. The in-
traplate stress conditions have been studied by using the
Coulomb~Navier failure criterion. The effects of pore-
fluid pressure, differential erosion and thereby crustal
uplift in the vicinity of Killari have been studied. A pre-
cursory period of 10 years 1s significant before the
occurrence of the main shock of the Killari earthquake

Figure 4. A sketch of landscape diagram (not to scale) for the occurrence of earth tremors with subterranean
sounds around Killari mainshock and are also shown as stars (instrumentally recorded events) after-shock se-
quence in depth section (Baumbach et al.?®). R, Reverse; SSI, strike; $S2, strike-slip and N, normal faults

with reactivation angle are indicated (After Ramalingeswara Rao
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of 30 September 1993. In the present study, all the re-
ported micro-tremor data were used for the analysis, In
the vicinity of Latur area, there were no seismic sta-
tions/observatories for the study of micro-tremor activ-
Ity to represent them in a more authentic way. Hence, it
ts strongly felt that any outburst of micro-tremor or
swarms 1n the Indian shield, should be considered seri-
ously to record those events in time by deploying a
number of seismic stations in the target area. In the pre-
sent study, we have considered only authentic reports.
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