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Analysis of gravity and magnetic
anomalies over Lonar lake, India: An
impact crater in a basalt province

R. P. Rajasekhar and D. C. Mishra*
National Geophysical Research Institute, Hyderabad 500 007, India

The amplitude and circular/semi-circular nature of grav-
ity and magnetic anomalies of 2.5 mGal and 550 nT
respectively, in the case of Lonar lake are similar to
those reported over impact craters. Analysis of these
anomalies suggests that the impact has modified the
magnetization vector and density of the country rock
(Deccan trap) up to about 500-600 m below the surface
with a brecciated part of about 135 m of bulk density
of 2.60 g/cm’ and fragmented layer of about 150 m of
bulk density 2.7 g/cm3 with induced magnetization.
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The affected part depth-wise is approximately 0.3-0.35
times the diameter of the crater, as is found in the case
of impact craters the world over. The impact has re-
magnetized this region in the present-day earth’s
magnetic field, demagnetizing the remanent magneti-
zation of the Deccan trap. This implies that the tempera-
ture on impact must have been raised above 550°C
corresponding to Curie point of magnetite. Part of the
brecciated zone showing very high susceptibility of about
4.0 x 107 SI units, suggests concentration of magnetite
in this part which may represent parts of meteorite
embedded there. This approach may help in the analysis
of magnetic and gravity fields due to impact craters of
celestial bodies with exposed trap rocks, such as moon,
Mars, etc.

LoONAR lake (19°58'N; 76°31’E) in Buldhana district,
Maharashtra, India (Figure 1) is a circular lake occupied
by saline water. It occurs in the Deccan trap covered region
and is almost circular with longest and shortest diameters as
1875 m and 1787 m respectively', with raised rim of about
30 m and depth of 135 m. The inner and outer rims of the
crater coincide approximately with the 480 m and 580 m
elevation contours respectively. It is presently filled by
water and is therefore inaccessible on ground. Deccan
trap originated due to eruption from Reunion plume’ at
about 65 Ma. Based on detailed geological investigations
and drilling results, it was suggested that it represents a
meteorite impact crater (A. Dube and S. Sen Gupta, unpub-
lished report, GSI, 1984)%, which according to fission track
dating took place about 50,000 years ago. This is the only
impact crater in basaltic rocks in the world. However, due
to its occurrence in the Deccan trap covered region, there
has always been a doubt about its volcanic origin’® as sev-
eral circular volcanic plugs exposed at different places
have been reported from this region’. Due to erosion, cir-
cular lakes could be created over such volcanic plugs,
specially over those that are less resistive to erosion com-
pared to surrounding rocks.

Geophysical methods, specially gravity and magnetic
methods have been found to be extremely useful to delineate
the sites and other details of impact craters the world over'”.
A circular bowl-shaped negative anomaly is observed over

Figure 1.

Location map of Lonar lake.

CURRENT SCIENCE, VOL. 83, NO. 11, 10 JUNE 2005

simple craters (diameter up to 4 km on the earth). The am-
plitude of negative gravity anomaly associated with impact
craters increases with the crater diameter'®. The general char-
acter of magnetic anomalies associated with impact craters
is more complex than gravity signature due to greater varia-
tion in magnetic properties of rocks and direction of mag-
netization. Petrographic and petrochemical studies have
provided details of basalt occurring around the crater and
its shocked facies have already been described by earlier
workers''. The Lonar crater and its environs exhibit six
flows of Deccan trap basalt. Based on petrochemistry, it is
interpreted that the country rock prior to the extraterrestrial
impact, was slightly over-saturated tholeiitic basalt belonging
to a tectonic setting of normal continental active shield vol-
cano''. The basalt from this area had a distinct chemical
signature, which differed from the mean Deccan basalt in
respect of iron, magnesia and total alkali content showing
relatively high magnesia'’.

Meteorite impacts modify the gravity and the magnetic
field at the site of impact, which after the impact shows
different signatures compared to the surrounding rocks.
This is specially true about the magnetic field in a basalt
province, as the impact will raise the temperature beyond
Curie point of magnetite (550-600°C) and remagnetize it in
present-day earth’s magnetic field. This process modifies the
remanent magnetization of igneous provinces corresponding
to the period they intruded/formed initially. We, therefore,
investigated the gravity and magnetic fields observed over
Lonar lake. The gravity and magnetic anomalies of Lonar lake
were obtained using a underwater gravimeter and a vertical
intensity magnetometer and a suitable boat**'?. These obser-
vations provided almost circular gravity and magnetic
anomalies over the lake of almost —2.25 mGal and 550 nT
respectively. The terrain-corrected gravity anomaly*® is re-
produced in Figure 2, which shows a circular gravity low

Figure 2. Gravity anomaly with elevation contours (solid lines) su-
perimposed over it. 480 m and 580 m represent the inner and outer rim
of the crater”.
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with +0.3 mGal contour almost coinciding with 480 m eleva-
tion contour which defines the inner rim of the crater. Circular
gravity and magnetic anomalies are observed in both cases
of impact craters and in some cases of volcanic plugs, but their
amplitudes and signs differ considerably with a few mGal
(< 10 mGal) negative gravity anomalies reported for impact
craters'® and 60-80 mGal anomaly over volcanic plugs,
specially those reported from the Deccan trap'. Magnetic
anomalies observed over volcanic plugs, of Deccan trap
activity are also of higher order (800-1000 nT) compared
to that observed in the present case of the Lonar lake".
Further, the former shows negative magnetic anomalies,
implying magnetic lows due to remanent magnetization
corresponding to Deccan trap activity'”, while the latter
provides a magnetic high corresponding to vertical com-
ponent of the present-day earth’s magnetic field indicating
remagnetization after impact. The higher amplitude of gravity
and magnetic anomalies due to volcanic plugs compared
to those due to impact craters, can be attributed to the depth
extent of volcanic plugs and higher contrasts in the physical
parameters, viz. density and susceptibility, which produce
these anomalies. The nature and amplitude of gravity and
magnetic anomalies recorded over Lonar lake, therefore,
tentatively suggest that it represents an impact crater, which
can be confirmed from modelling of the sources causing these
anomalies.

Figure 3 a shows schematic section of Lonar crater and
geology based on surface exposures and diamond drill
holes® LNR1, LNR2, LNR3. Figure 3 b shows gravity and
magnetic anomalies along a SW-NE profile XX (Figure 2),
which are modelled for a cross-section given at the bottom
of the figure. The initial cross-section is made based on
information from five boreholes®® up to 300400 m shown
along this profile (LNR1-LNRS5). The initial model is
modified by computing and comparing the computed and
the observed gravity fields. The gravity and magnetic fields
were computed using 2.5-dimensional bodies, implying
limited strike direction and modified using generalized
inversion scheme'*. The densities of these layers are as-
signed from measurements in the laboratory of samples
from bore holes® and density logs from bore holes in dif-
ferent parts of the exposed Deccan trap'>" and reported
density of Deccan trap in general. Though these bore holes'"
are away from the Lonar lake, while considering the bulk
density of the Deccan trap, these values can be considered
in a general manner. It basically shows three layers corre-
sponding to (1) silt layer in the lake of bulk density
2.0 g/em’, (2) brecciated zone of bulk density 2.60 g/cm’ and
(iii) high density fragmented rocks of density 2.7 g/em’. The
surrounding solid basalt can be assigned a bulk density
2.75 g/em’ (Figure 3 b), as suggested by previous workers
for unweathered massive Deccan basalt”". The layer (3)
relates to high density fragmented rocks, since after the
impact these rocks being heavier fall first and occupy the
bottom of the crater, with brecciated low density parts over
them. The magnetic field from this cross-section is computed
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by assigning susceptibilities similar to those reported for
the Deccan trap in adjoining regions'®'”. However, when the
same susceptibility distribution could not produce the ob-
served magnetic field, a dyke type of body numbered as
(4) in Figure 3 b (thin line) is introduced, which shows the
same density as layers (2) and (3) but divides them into three
parts of different susceptibilities. The model shows a high
susceptibility rock/body ((4), Figure 3 ) under the magnetic
‘high’ compared to those surrounding it, which provides a
good match between observed and the computed fields. In
general, the changes in density are quite subtle compared to
susceptibility and therefore, it is quite often possible that
density, specially bulk density, may remain the same while
susceptibility within the same rock type, specially in case of
basalts, changes considerably. In fact, this property of the
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Figure 3. a, Schematic section of Lonar crater and geology based on

surface exposures and diamond drill holes®. b, A SW-NE magnetic and
gravity profile {(XX’, Figure 2) across Lonar lake and subsurface layers
which produce the observed fields for density (D, g/cm®) and suscepti-
bility (S, SI units) given inside the layers. Three layers, viz. 1, silt in
the lake; 2, brecciated part, and 3, fragmented basalt are seen. A body
(4) of high susceptibility is introduced below the observed magnetic
high, which divides the bodies (2) and (3) of different susceptibilities to
match the observed magnetic field. LNR-1 to LNR-5 represent location
of drill holes along the profile.
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Deccan trap explains the sudden variations in magnetic
field in magnetic surveys over the Deccan trap, while the
gravity field shows a smoothly varying field.

Modelling along the profile XX is based on a scheme for
a 2.5-dimensional body. However, gravity anomaly (Figure
3 b) suggests that it is a truly three-dimensional body of basi-
nal type with major density contrast along the interface sepa-
rating the brecciated part and the unaffected Deccan basalt.
We therefore employed the harmonic inversion scheme'®'
to model the three-dimensional configuration of parts of
Deccan basalt affected by this impact. This method states
that the Fourier transform of the observed field is related
to the transform of the causative body through a filter
function whose inverse transform provides the configuration
of the source.

n/2

g(f)=Y. 2nGplexp(-2n fzy/ MZ(f), (0

f=—nl2

where g( 1) is the transform of the observed field; # is the
number of observations/digitized data along a profile; f the
frequencies equal to = 1, £2,...,+ n/2, when »n is even and
1, 2,,...,£(n—1)2 when n is odd; G the gravitational
constant; p the density contrast across the interface; z, the
average depth of the relief, A the wavelength equal to
length of the data =n* data spacing and Z(f) the trans-
form of the shape of the body known as shape factor*’.

In case p and z, can be constrained from field observa-
tions/measurements, Z(f) can be uniquely determined from
eq. (1) and its inverse transform provides depth at every point
of observation, which can be contoured in the form of a
bowl structure. Equation (1) can be formulated for two-
dimensional data with frequencies k& and m along the x and
y axes, such that f= (&% + m*)"?.

In the present case the volumetric density of layers (1) and
(2) provides a bulk density of approximately 2.51 g/cm’,

A ’%
]
L]

o

i

Figure 4. A 3D view of affected part of Deccan trap due to impact
computed from gravity anomaly (Figure 2) based on harmonic inver-
sion as given in eq. (1). It suggests a maximum depth of 500 m of af-
fected part due to impact.
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implying a density contrast of 0.24 g/cm® with respect to
layer (3). With this density contrast as p and z, =0, eq. (1)
is used to transform the digital data of gravity anomaly
(Figure 2) in a three-dimensional model as given in Figure 4.
It provides a basinal structure with zero contour, almost
coinciding with zero contour of gravity anomaly (Figure 1)
and suggests maximum depth of 500 m to the unaffected
basalt. This depth is with reference to 480 m of elevation
contour, which defines the inner rim of the crater.

Modelling of gravity and magnetic anomalies in the previ-
ous section suggests that an impact crater of approximate
dimension 1875 x 1787 m® affects up to a depth of 450
500 m from the inner rim of the crater. This amounts to
550-650 m from the surface, which is almost 0.3-0.35 times
the surface extent, as is generally found the world over. It also
suggests that the layers are magnetized in present-day
earth’s magnetic field, thereby indicating that due to impact
and related rise in temperature, the original magnetic field
of the Deccan trap is modified, which in unaffected parts
corresponds to remanant magnetization in the southern
hemisphere, where India was located during eruption of these
rocks'’. The body (4) (Figure 3 b) with high susceptibility
compared to the surrounding rocks suggests concentration
of magnetite in this part, which may represent fragments of
meteorite embedded in the brecciated part of the Lonar
lake as the ejecta cloud later settled along with the rock chips.
Meteorites are usually more mafic compared to normal basalt.
The variations in density being more subtle, it cannot be
differentiated in the present computation and is included
in the bulk density adopted for the computation of gravity
field. The higher bulk density of the fragmented part
(layer 3) also suggests that it may be containing some high-
density rocks at places, which may represent parts of the
meteorite. It may be mentioned here that a satellite crater
about 300 m north of main crater’ does not show any
well-defined magnetic anomaly®. Instead it shows sharply
varying magnetic anomalies typical of those observed over
the Deccan trap. This suggests that the magnetic field in the
region of the main Lonar crater, which shows a pair of well-
defined magnetic anomalies with a magnetic low toward
north as expected in the present-day earth magnetic field
in this region, is caused due to induced magnetization. This
shows that quantitative modelling of gravity and magnetic
anomalies, specially the latter, of impact craters in basalt
provinces provides significant information. Most celestial
bodies being composed of basaltic rocks, the satellite
gravity and magnetic field recorded over Mars and moon
can be analysed in this manner, to differentiate volcanic
plugs and impact craters and delineate their subsurface
structures and effects.
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Effect of Tibetan spring snow on the
Indian summer monsoon circulation
and associated rainfall

M. S. Shekhar* and S. K. Dash
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Hauz Khas, New Delhi 110 016, India

In this communication, the effect of Tibetan snowfall
in the month of April on the Indian summer monsoon
circulation and associated seasonal rainfall has been
examined using the Regional Climate Model version 3.
This model has been integrated at 55km horizontal
resolution from April to September in each of the years
from 1993 to 1996. NIMBUS-7 SMMR snow depth data
have been used as boundary conditions. Sensitivity
experiment shows that Tibetan snow results in weak
lower level monsoon westerlies and upper level easterlies.
Without any initial snow, the sensible heat flux is
found to be more, whereas with snow, the latent heat
flux is more over the Tibetan region. Results indicate
that the Indian Summer Monsoon Rainfall is reduced
over entire India and its five homogeneous zones,
when 10 cm of snow has been introduced over the Tibetan
region in the preceding month of April. Quantitatively,
rainfall decreases by 30% for all India, 23% for
northwest India, 20% for west central India, 25% for
central northeast India, 30% for northeast India and
15% for south peninsular India.

THE Tibetan Plateau, known as the Roof of the World,
has been recognized as the heat source/sink in summer/
winter for the monsoon circulation over India. In the lite-
rature' ™ it has been mentioned as one of the most impor-
tant factors for the generation and maintenance of Indian
summer monsoon circulation and rainfall. During summer,
the Tibetan Plateau due to its high elevation receives a
large amount of solar radiation, which effectively heats
the mountain surface creating a strong heat contrast at the
mid-tropospheric level. This causes a heat low near the
surface and anticyclone (Tibetan High) above™. The sensible
heat as well as latent heat flux released over the Tibetan
Plateau drives the Asian monsoon circulation and strongly
influences global circulation patterns®. Results* also show
that the latent heating plays a more important role than
the sensible heating for the maintenance of the Tibetan High.
There is a sharp contrast between the western and eastern
plateau in terms of precipitation and moisture distribution.
Studies™ show that the sensible heat flux is extremely
large over arid western Tibetan Plateau during June compared
to the eastern side. On the other hand, in the eastern side
of the Tibetan Plateau, the latent heat flux is more, so
much so that the eastern plateau is described’ as a huge chim-
ney funnelling water vapour from the lower to the upper

*For correspondence. (e-mail: shekar@cas.iitd.ernet.in)
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