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An integrated gravity–magnetic study has been carried out over Madawara Igneous Complex (MIC) in
southern part of Bundelkhand Craton with an aim to decipher shallow crustal conBguration and mineralized zones, thereby to improve the understanding of tectonic evolution of the region. Derived gravity and
magnetic anomaly maps show good correlation with known geology and have delineated continuity of
maBc–ultramaBc intrusive bodies in EW direction. Radially averaged power spectrum (2D) and solutions
derived from 3D Euler deconvolution have revealed average basement depths for gravity sources as *0.3,
1.2 and 3.2 km, whereas for magnetic sources as *0.3 and 1.2 km. From this study, these interfaces could
be attributed to sedimentary origin for shallowest layer, maBc–ultramaBc intrusive for intermediate layer
and changes within the granite–gneissic basement for deeper solutions. Two-dimensional inverse modelling
of residual gravity anomaly has delineated intrusion of highly dense maBc–ultramaBc rocks from deeper
part within the granite gneissic complex. Deeper basement from gravity and shallower from magnetic data
indicate presence of two-stage magmatism within a subduction setting where the second magmatic
emplacement probably occurred with a magma that comprises high magnetic material. High gravity and
magnetic anomalies are observed over the maBc and ultramaBc rock samples which are already identiBed
(based on previous geochemical studies) as prospective zones for Cr, Ni and PGE mineralization. Thus, it
can be inferred from this study that the maBc–ultramaBc intrusive bodies are favourable targets for
Cr–Ni–PGE mineralisation which may be obtained between a depth range of around 300 m to 3 km. Thus,
the study enhances the scope for further integrated geophysical investigation over the identiBed
prospective zones as well as provides important clues on magmatic evolution of the region.
Keywords. Bundelkhand Craton; Madawara igneous complex (MIC); maBc–ultramaBc; gravity–
magnetic; inverse model; mineralization.

1. Introduction
Formation of igneous complexes are generally
associated with magma chamber processes in varied tectonic environment. As a result, their study

can provide significant information related to the
evolutional history of a region (Polat et al. 2011; Su
et al. 2011; Cai et al. 2012; Yellappa et al. 2014).
MaBc–ultramaBc intrusions of such igneous complexes also host variety of valuable ore deposits,
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e.g., metallic deposits (Ma et al. 2016) especially,
the Cu–Ni–Cr and Platinum Group of Minerals
(PGM) (Ernst 2007). Hence, detailed subsurface
understanding of such igneous complexes and
related maBc–ultramaBc rocks is essential in accessing the evolutionary history and prospectivity of
ore deposits of a region.
Madawara igneous complex (MIC) is a series of
EW trending isolated out crops of lensiodal
maBc–ultramaBc intrusive rocks in the southern
part of Bundelkhand Craton (Bgure 1a, b) (Satyanarayanan et al. 2010; Singh et al. 2010a, b). These
rocks are mainly distributed over a linear region
around Madawara village (Singh et al. 2010a, b,
2011; Mohanty et al. 2018). Over the last few
decades, several studies have reported occurrences
of Platinum Groups of Elements (PGE) within this
ultramaBc complex through petrographic and
geochemical data analysis (Basu 1986; Farooqui
and Singh 2006; Pati et al. 2007; Singh et al.
2010a, b, 2011; Balaram et al. 2013; Satyanarayanan et al. 2015). These workers have
reported occurrence of platinum group minerals
(PGM) and gold mineralization in association with
chromite and sulBde bearing ultramaBc rocks from
some discrete places (e.g., Madawara, Ikauna, and
Pindar villages) of MIC. Very recently, an attempt
has also been made to understand the petrogenesis
and tectonic setting of MIC, thereby its evolutionary history (Mohanty et al. 2018; Ramiz et al.
2018). However, most of these existing interpretations are based on surface exposure without having
sufBcient knowledge about the subsurface conBgurations and physical properties variations. Further,
at many places the rock bodies/structures are
masked by sedimentary strata and thus, making it
very difBcult to infer the vertical and lateral continuity of the intrusive rocks or structures. Therefore, an integrated geophysical study is urgently
needed in the study area to delineate the subsurface continuity of the exposed maBc–ultramaBc
bands and associated mineralization zones.
The petro-physical properties of ultramaBc
rocks mainly depend on the degree of serpentinization, physical and mechanical conditions
under which they are formed. The ultramaBcs of
MIC are nearly unmetamorphosed, less deformed
but highly serpentinized (Farooqui and Singh
2006; Singh et al. 2011). They mostly comprised of
dunite, peridotite, hornblende-rich peridotite,
pyroxenite, olivine pyroxenite, gabbro and diorite
along with several PGE elements and metallic
minerals (Farooqui and Singh 2006, 2010;
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Satyanarayanan et al. 2010, 2015; Balaram et al.
2013). Accordingly, the reported platinum group
of minerals and other metallic minerals are mostly
associated with chromite as well as sulphide
bearing ultramaBc rocks within granitic surroundings. As a result, the target maBc–ultramaBc
intrusive rocks as well as mineralization zones are
expected to have high density, and magnetic susceptibility contrast with respect to the host Bundelkhand gneissic complex (BnGC). Thus, an
integrated geophysical study consisting of gravity
and magnetic surveys has been carried out over
the MIC within the southern part of Bundelkhand
gneissic complex (BnGC) in Lalitpur district of
Uttar Pradesh (Bgure 1a, b). The objectives of this
study are: (1) to establish the subsurface continuity of maBc–ultramaBc intrusive bodies within
the MIC belt, (2) to delineate the prospective
mineralization zones and related shallow structural features of the region and (3) to throw some
light towards understanding the tectonic evolution
of the region. The integrated interpretation of
gravity–magnetic results and the existing geological information in the region has provided a more
complete picture on the tectonic evolution as well
as prospective mineralization zones of the region
with an increased conBdence.

2. Geology
2.1 Regional geology
Indian shield is divided into Bve major cratonic
units, namely Dharwar, Bastar, Singhbhum,
Bundelkhand, and Aravalli (Mondal et al. 2002;
Meert and Pandit 2015). The northern part of
the Indian shield comprises of Bundelkhand and
Aravalli cratons which are separated from southern cratonic units by Central Indian Tectonic
Zone (CITZ) (Bgure 1a, inset). Bundelkhand
Craton is one of the Archean cratons situated in
the north central part of Indian Shield and
exposed over *26,000 km2 area in semi-circular
shape (Bgure 1a) (Basu 1986; Remiz et al. 2018).
It is bounded by the Son–Narmada Lineament in
the south, the Great Boundary Fault in the west,
and overlain by the Indo-Gangetic alluvium in the
north. It is mostly overlain by Vindhyan supergroup of rocks from east, west, and south
(Bgure 1a). The craton comprises of Archean
Bundelkhand gneissic complex (BnGC), volcanosedimentary units, Madawara igneous complex
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Figure 1. (a) Regional geological map of Bundelkhand and its surrounding with geological and tectonic set-up of India in inset
(after Mohanty et al. 2018). The present study area is marked as dotted rectangle at Madawara, (b) local geology map of
Madawara Igneous Complex (MIC) and its surroundings with geophysical survey locations marked as ‘+’ (modiBed after Singh
et al. 2011; and Mohanty et al. 2018).

(MIC), Bundelkhand granitoids, quartz reefs and
maBc dykes as major litho-units (Bgure 1a) (Basu
1986, 2007; Pati et al. 2007; Ram Mohan et al.

2012; Bhattacharya and Singh 2013). Occurrences
of maBc and ultramaBc rocks in the southern part
of Bundelkhand massif have also been reported
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from different places (Prakash et al. 1975; Basu
1986). The maBc–ultramaBc rocks associated with
gabbro and diorite in the granite–gneissic terrain
around Madawara is known as Madawara ultramaBcs complex or Madawara Igneous Complex
(MIC). Previous geochemical and geological
investigations also reported PGE mineralization
within these ultramaBc rocks (Farooqui and Singh
2006; Singh et al. 2010a).
2.2 Local geology of the study area
The present study area is located in the southern
part of Bundelkhand Craton between latitudes
24°170 –24°280 N and longitudes 78°430 –78°590 E and
covers a total area of approximately 600 km2
(Bgure 1b). Exposures of E–W trending maBc–
ultramaBc rocks as scattered lensoidal intrusive are
reported around Madawara, Ikauna, Girar and
Pindar villages and collectively known as MIC
(Bgure 1b; Satyanarayanan et al. 2010; Singh et al.
2010a, b). These lenses of maBc–ultramaBc rocks
are characterized by different dimensions
(500–1500 m in length and 50–600 m in width)
consisting of dunite, peridotite, pyroxenite, olivine
pyroxenite, hornblendite, gabbro, diorite, and distributed over a region of 40 km length and 2–4 km
wide (Satyanarayanan et al. 2010, 2015; Mohanty
et al. 2018; Ramiz et al. 2018). The largest (*3 km
in width and *4–5 km in length) ultramaBc body
is exposed at Madawara village. This region is also
dominated by several NW–SE trending shear
faults/fractures and that could be the triggering
cause of ultramaBc bands (Singh et al. 2010a, b).
The maBc–ultramaBc rocks of MIC are mainly
conBned between the Madawara–Karitoran shear
zone in the north and Sonrai–Girar shear zone in
the south (Balaram et al. 2013; Satyanarayanan
et al. 2015; Ramiz et al. 2018). These northern and
southern contacts between maBc–ultramaBc rocks
and granite–gneisses of BnGC is sharp, sheared
and mylonitized in nature. Detailed geochemical
and petographical analyses of these rocks indicated
the presence of platinum group of minerals (PGM)
and also gold associated with chromite and sulphide bearing ultramaBc rocks (Singh et al.
2010a, b, 2011; Satyanarayanan et al. 2010, 2015;
Balaram et al. 2013). Recent geochemical studies
indicate that the MIC is formed due to subductionrelated magmatism in the southern part of
Bundelkhand Craton and subsequent rise of
asthenospheric mantle (Mohanty et al. 2018;
Ramiz et al. 2018).
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3. Methodology
An integrated geophysical study using gravity and
magnetic methods was employed in the study area
based on the available geological information and
expected physical property contrast in the study
area. The methodology adopted for each of the
cases is outlined in the following sections.
3.1 Gravity data
The gravity data were acquired at 467 locations
(Bgure 1b) covering an area of *600 km2 around
Madawara area using Scintrex CG-6 gravimeter
(with resolution 0.001 mGal). Gravity observation
points were established along different approachable
roads with a station spacing varying between 200
and 400 m. All the gravity observations were tied to
a nearby base station (Gravity base IGSN1971 –
Geological Survey of India) established at Ronra,
Lalitpur (lat: 78°250 5600 N, long: 24°440 1400 E, elevation 357.775 m, 978,806.046 mGal) after employing
drift correction. The theoretical gravity value at
each location was calculated using Geodetic Reference System 1967 (GRS67). Free-air correction
term was calculated by the standard free-air gradient of 0.3086 mGal/m (neglecting higher order
terms). To compute the Bouguer correction, an
average crustal density of 2670 kg/m3 was
assumed. Digital elevation model (DEM) was created from the acquired DGPS data, and was used
for topographic correction. The elevation of the
study area varied from *350 to *418 m and corresponding maximum terrain correction value is
*0.0419 mGal. Thus, all the raw gravity data
were subjected to drift (based on repeat reading),
free-air, bouguer and terrain corrections to calculate the Bouguer anomaly values at each location.
Elevation data and the calculated Bouguer anomaly
values are presented as contour maps using minimum curvature gridding technique in Geosoft
software (Bgure 2a and b, respectively).
3.1.1 Regional residual separation
Bouguer anomaly comprises of the gravity
signatures due to deep seated (regional anomaly)
and shallow sources (residual anomaly). Separation
of the regional component from the Bouguer
anomaly is an important step in gravity data
interpretation to delineate the shallow crustal
conBguration. In this study, an upward
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Figure 2. (a) Elevation map and (b) complete Bouguer anomaly map of the study area. Symbol ‘+’ shows the gravity survey
locations. Locations of the major localities/villages are marked with black rectangles as: (1) Madawara, (2) Rajola,
(3) Gorakalan, (4) Sonrai, (5) Hasari, (6) Ikauna, (7) Dangli, (8) Bahmorikhurd, (9) Bhikampur, (10) Hanumatgarh, (11) Girar,
(12) Karitoran, and (13) Pindar.

continuation Blter (Pacino and Introcaso 1987;
Blakely 1995) was utilized to obtain the regional
gravity eAect from the Bouguer anomaly data in
Geosoft software. The upward continued map

corresponding to 10 km above the geoid was found
to decipher the regional trend sufBciently at each
grid node of Bouguer anomaly grid (Bgure 3a). The
residual gravity anomaly map (Bgure 3b) was
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Figure 3. (a) Regional and (b) residual gravity anomaly maps of the study area. M1, M2, and M3 are three proBles for inverse
modelling. Locations of the major localities/villages are marked with black rectangles as: (1) Madawara, (2) Rajola,
(3) Gorakalan, (4) Sonrai, (5) Hasari, (6) Ikauna, (7) Dangli, (8) Bahmorikhurd, (9) Bhikampur, (10) Hanumatgarh, (11) Girar,
(12) Karitoran and (13) Pindar.

obtained by substracting these regional anomaly
values from the Bouguer anomaly map.
The estimated regional anomaly map (Bgure 3a)
has eAectively revealed the smoothly varying
SW–NE trending high-low gravity anomaly variation of the Bouguer anomaly map. East–west

trending high residual gravity anomaly matches
with the location of exposed maBc–ultramaBc rock
bands around Madawara (1), Ikuana (6) and Pindar (13) villages at the central part of the study
area (compare Bgures 1b and 3b). Thus, the separated anomaly maps show good correlation with
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the regional trend and exposed surface geology of
the study area.
3.2 Magnetic data
In the present study, magnetic measurements were
carried out at the same 467 gravity observation
locations around Madawara area (Bgure 1b). All
the magnetic measurements were carried out using
GSM 19T Proton Magnetometer with resolution
0.01 nT. The acquired magnetic data were subjected to diurnal and International Geomagnetic
Reference Field (IGRF-2015) corrections to get the
total Beld magnetic anomaly values which are then
presented as a contour map using minimum curvature gridding technique in Geosoft software
(Bgure 4a). Unlike gravity anomalies, magnetic
anomalies do not appear vertically above the
anomalous body and are asymmetric in nature due
to dipolar behaviour of the earth’s magnetic Beld
away from the poles and equator (Baranov 1957;
Roest and Pilkington 1993). These distortions in
magnetic anomalies can be eliminated by reduction-to-pole (RTP) transformation using various
approaches (Baranov 1957; Spector and Grant
1970; Nabighian 1972; Roy and Aina 1986; Silva
1986). The average inclination and declination of
the study area are 37.67° and 0.39°, respectively. In
the present study, the total Beld magnetic anomaly
data were reduced to pole by using a Fourier
domain Bltering technique (Blakely 1995) in Geosoft software (Bgure 4b) to bring the symmetrical
anomaly above the causative source.
3.3 Depth estimation
One of the major applications of gravity–magnetic
data is to estimate the depth to the top of causative
geologic sources and to decipher the basement
conBguration. In the present case, delineation of
the depth and lateral continuity of the igneous
intrusive bodies as well as shear zones is an
important aspect. Three approaches namely, radially average power spectral analysis, 3D Euler
deconvolution and two-dimensional residual
gravity modelling have been utilized in this study.
3.3.1 Radially averaged power spectrum
(RAPS) technique
2D radially averaged power spectrum (RAPS)
analysis is one of the most useful and dependable

technique to estimate the depth to the top of the
gravity–magnetic sources (Naidu 1970; Spector
and Grant 1970; Tselentis et al. 1988). It relies on
the spectral analysis of gravity–magnetic anomaly
data in Fourier domain. Applying Fast Fourier
Transform (FFT), radially averaged power spectrum of Bouguer gravity anomaly and RTP magnetic anomaly data has been calculated. The
natural logarithm of power of respective anomaly
has been plotted against wavenumber and corresponding depth estimation plot was generated by
Bnding the slope of the line joining Bve successive
points and dividing by 4p using Geosoft software.
2D RAPS of both the gravity and magnetic data,
and the estimated linear slopes are shown in
Bgure 5(a, b), respectively. The average depth to
the causative sources is estimated from the linear
slopes of these plots.
3.3.2 Euler deconvolution
The Euler deconvolution, based on Euler’s homogeneity equation (Thompson 1982), is another
popular tool to estimate the source depth locations
from the observed anomalous potential Beld data.
In the present study, 3D Euler deconvolution
technique (Reid et al. 1990) has been applied on
gridded Bouguer gravity and reduced-to-pole
magnetic anomaly data. The locations and depths
(x0, y0, z0) of the respective sources are estimated
by solving the following 3D Euler’s equation:
ðx  x0 Þ

of
of
of
þ ðy  y0 Þ þ ðz  z0 Þ ¼ N ðB  f Þ;
ox
oy
oz
ð1Þ

where f is the observed potential Beld (gravity or
magnetic) at (x, y, z) (coordinates of grid nodes),
B is the base level of the Beld (e.g., the regional
value at (x, y, z)) and N is the Euler’s structural
index (SI) (degree of homogeneity) whose value
depends on the geometry of the source bodies. The
gradients of the Beld along three orthogonal axes
are calculated using fast Fourier transform (FFT).
Assuming the SI, this set of equations are simultaneously solved for source position at each grid
point within a sub-grid or window in least square
sense using Geosoft software. The size of the window has to be chosen in such a way that it should
not include eAects of multiple sources but at the
same time should cover substantial Beld variations.
The quality of the depth estimation also depends
on the choice of SI. Thus, based on the anomaly
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Figure 4. (a) Total Beld magnetic anomaly and (b) reduced-to-pole (RTP) total Beld magnetic anomaly maps; symbol ‘+’ shows
the magnetic survey locations. Locations of the major localities/villages are marked with black rectangles as: (1) Madawara,
(2) Rajola, (3) Gorakalan, (4) Sonrai, (5) Hasari, (6) Ikauna, (7) Dangli, (8) Bahmorikhurd, (9) Bhikampur, (10) Hanumatgarh,
(11) Girar, (12) Karitoran and (13) Pindar.

pattern, the 3D Euler deconvolution technique has
been applied in the present study using a window
size of 10 grid cells, depth tolerance of 15% and
with varying SI in Geosoft software to further
conBrming the results of RAPS analysis. The

Euler’s depth solution from Bouguer gravity and
RTP magnetic anomaly data are estimated with SI
of 0, 1, 2 (for gravity) and 1, 2, 3 (for magnetic),
respectively, based on available geological
information (Bgures 6 and 7).
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Figure 5. 2D radially averaged power spectrum plot (upper panel) and corresponding depth section (lower panel) plot for
(a) Bouguer gravity anomaly data and (b) RTP total Beld magnetic anomaly data.

3.3.3 2D inverse gravity modelling
The 2D inverse modelling of the residual gravity
data along three selected NS proBles are carried out
using the modiBed compact gravity inversion
approach as proposed by Srivastava et al. (2018).
According to this approach, the subsurface is
divided into M number of right rectangular blocks
whose densities (mj) are allowed to vary both laterally as well as vertically and their cumulative
eAect provides the gravity value at certain location
(gi) given by

gi ¼

M
X

Aij mj ;

ð2Þ

1

where i = 1, 2, . . . , N; number of observations.
Elements of the kernel matrix Aij quantiBes the
contribution of the jth cell of unit density to the ith
gravity measurement point and depends on the
geometry of the blocks as well as their relationship
to the observation points. This modiBed
scheme iteratively solves equation (2) for model
parameter m based on weighted least square technique. After kth iteration, the solutions are
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Figure 6. Euler depth solutions of Bouguer gravity data using
different structural indices; (a) SI = 0, (b) SI = 1, (c) SI = 2.
Source depth is represented by Blled circles of different
colours.

J. Earth Syst. Sci. (2020)129 90

Figure 7. Euler depth solutions of RTP total Beld magnetic
anomaly data using different structural indices; (a) SI = 1,
(b) SI = 2, (c) SI = 3. Source depth is represented by Blled
circles of different colours.
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updated using a probabilistic bound as introduced
by Srivastava et al. (2018) and given as:
mkþ1 ¼ 0:95m k þ Wm1ðk Þ AT
h
i1 

 AWm1ðk Þ AT þ e20 We1
gobs  Am k ;
ðk Þ
ð3Þ
where Wm and We are the model and error
weighing matrices, respectively, e0 is the damping
factor (regularization parameter) (Srivastava et al.
2018). In the present study, inversion was initialized with a zero-reference model and the damping
factor is chosen to be 1.21 based on several trials.
Based on the local geological information, the
maBc–ultramaBc rocks are intruded within granitic-gneissic basement and at places covered with
alluvium (Bgure 1b). Therefore, the density values
of the blocks are constrained between a minimum
of 2000 kg/m3 to a maximum of 3070 kg/m3
(Telford et al. 1990) for the inverse modelling.
4. Results
4.1 Gravity
The Bouguer anomaly map (Bgure 2b) shows high
to low decreasing trend from southwest to northeast direction. Overall, Bouguer gravity anomaly
variation within the study area is *29 mGal, with
a minimum of 69.48 mGal and maximum of
40.43 mGal. Distinct high gravity anomalies are
observed at the central and southwestern parts of
the study area. There exists a gradual high to low
transition zone along the SW–NE direction of the
study area. This indicates the existence of different
crustal material and/or structure across NW–SE
diagonal.
Upward continued regional gravity anomaly
map (Bgure 3a) has eAectively deciphered the
SW–NE decreasing trend of the Bouguer anomaly
map of the study area. A better correlation with
the exposed maBc–ultramaBc rocks and shallower
features is also observed in the calculated residual
anomaly map (Bgure 3b). It reveals an E–W
trending high gravity band from Madawara (1) to
Pindar (13) villages at the central part of the study
area bounded by relatively low gravity zones
towards both northern and southern sides of this
band (Bgure 3b). These exactly correlate with the
exposed ultramaBc–maBc rocks of E–W trending
MIC, situated between the Madawara–Karitoran
Shear in the north and the Sonrai–Girar Shear in

the south (Bgures 1b and 3b). High to low gravity
transition towards north of Madawara (1), Ikauna
(6) and Karitoran (12) villages mark the northern
boundary of MIC as Madawara–Karitoran shear.
Prominent high gravity patches are also observed
at the SW (i.e., southwest of Rajola (2) and Gorakalan (3) villages) and NE (i.e., area between
Karitoran (12) and Pindar (13) villages) corners of
the study area (Bgure 3b). Some moderately high
discrete gravity anomaly patches are also observed
near Sonrai (4), Hasari (5), Bahmorikhurd (8), and
Girar (11) villages. A distinct low gravity anomaly
circular patch is observed at the SE corner of the
study area towards NE of Girar (11) and east of
Hanumatgarh (10) villages. Another low gravity
zone is observed towards NW part of the study
area (Bgure 3b). Moderate to high gravity transition zone towards the extreme southern part of the
residual gravity anomaly map decipher the southern boundary of MIC as Sonrai–Girar Shear
(Bgure 1b and 3b). Thus, all these high gravity
anomaly patches may be caused by high density
maBc–ultramaBc intrusive bodies at shallow crustal depths. This can be further conBrmed from the
results of magnetic study.

4.2 Magnetic
The magnetic total Beld anomaly map (Bgure 4a)
shows high and low anomaly patches all over the
area with a distinct EW high anomaly trend at the
central part of the area. Overall, the magnetic total
Beld anomaly values in the study area varies from
649.1 to 611.7 nT. The magnetic anomaly map
was further enhanced by applying reduced-to-pole
(RTP) transformation in Geosoft software
(Bgure 4b). Magnetic highs as observed near
Madawara (1), Rajola (2), Gorakalan (3), Ikauna
(6), Dangli (7), Karitoran (12) and Pindar (13)
villages reveal good correlation with the exposed
outcrops of maBc–ultramaBc rocks in the same
region (Bgures 1b and 4b). In general, northern
part of the study area shows higher magnetic
anomaly values compared to southern part
(Bgure 4a, b). The high magnetic anomaly patches
near Madawara (1), Ikauna (6), Dangli (7), and
Karitoran (12) villages depict good correlation
with exposed ultramaBc patches as well as with the
EW trending high residual gravity anomaly at the
middle part of the study area (Bgures 1b, 3b, and
4b). Thus, the study depicts the continuation of the
exposed ultramaBc bands of Madawara (1), Ikauna
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(6), Dangli (7), and Karitoran (12) in almost EW
direction at the central part of the study area.
Similar correlations between high residual gravity
and magnetic anomaly are also observed along NS
direction around Rajola (2) and Gorakalan (3)
villages. Moderate high magnetic anomaly patches
near villages Sonrai (4), Hasari (5), and
Bahmorikhurd (8) also depict good correlation
with moderately high discrete gravity anomaly
patches around the same region (Bgures 3b and
4b). Low magnetic anomaly patch around Girar
(11) and Hanumatgarh (10) villages exactly coincide with the lowest gravity anomaly patch of the
study area. Such zones with low gravity and magnetic anomalies indicate the presence of granite
batholiths in these regions. However, the regions
with moderate to high coincident gravity and
magnetic anomalies indicate the presence of
maBc–ultramaBc intrusive bodies.

4.3 Depth estimation
Spectral analysis of gravity/magnetic anomaly
indicates an ensemble average depth to the different sources of anomalies, thereby provide depth
information of subsurface layers or basement conBguration (Naidu 1970; Spector and Grant 1970).
In the present study, the 2D radially average power
spectra of the Bouguer gravity anomaly (Bgure 5a)
reveal three main linear segments, namely, (i) a
low wavenumber end that is caused by deeper
discontinuities (e.g., deeper basement boundaries),
(ii) middle wavenumber range, with an undulating
character, may be caused by shallower sources (due
to intrusions or intermediate basement features),
and (iii) a high wavenumber segment which may be
noise or near surface features (e.g., density contrasts within the top sedimentary layers). The
calculated average depth of the causative sources
from Bouguer gravity anomaly data are 3.18, 1.19
and 0.27 km for deep basement, intermediate
basement and shallow sources, respectively
(Bgure 5a). However, power spectrum of RTP total
Beld magnetic anomaly reveals two layer conBguration with their average depths of 1.2 km
and 0.44–0.18 km (avg. 0.31 km), respectively
(Bgure 5b).
Calculated Euler solutions from Bouguer anomaly and RTP magnetic anomaly data are plotted as
coloured circles over the corresponding anomaly
contours in Bgures 6(a–c) and 7(a–c), respectively. In the present study, structural index
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corresponding to thin sheet edge/sill/dyke/steep
contact, pipe/vertical pole and spherical sources,
i.e., 0, 1, 2 (for gravity data) and 1, 2, 3 (for
magnetic data) are used to achieve the best possible solution (Reid and Thurston 2014). The Euler
solution for SI = 0 (for gravity data) reveals the
depth of the lateral boundaries or contact zones
mainly in the range of \500 m (Bgure 6a). Euler
depth solutions for SI = 1 are mostly concentrated
in the central part with depth ranges between 500
and 1500 m with few solutions in depth range
\ 500 and 1500–2500 m. A thick clustering in the
Euler solutions is achieved with SI = 2 indicating
causative sources are spherical in nature. Depth of
these solutions ranges mostly between 500–1500
and 1500–2500 m with some having depth [ 2500
m (Bgure 6c). The Euler depth solution for SI =
1.0 for magnetic data demarcates the lateral
boundary with depth in all ranges (Bgure 7a);
however, mostly clustered in the depth range
500–1500 m with few \500 m (Bgure 7a). For
SI = 2.0, the Euler depth solution gives a good
clustering in the depth range 500–1500 m with
some solutions in depth range 1500–2500 m and
[2500 m (Bgure 7b). For SI = 3, more clustering
in Euler solutions is obtained in the depth range
500–1500 m with some within 1500–2500 m due
to the spherical type body (Bgure 7c). In all the
three cases, few deeper solutions with depth
[2500 m are obtained for magnetic data but they
are related to lowest magnetic anomaly zone, thus,
may not be due to subsurface magnetic material.
Thus, the magnetic sources are mainly concentrated within shallow (\500 m) or intermediate
depth (500–1500) which is in accordance with the
results of RAPS.
In the present study, subsurface density
modelling has also been carried out using the
modiBed compact inversion approach (Srivastava
et al. 2018) for residual gravity anomaly along
three proBles M1, M2 and M3 (aligned in NS
direction from west to east, Bgure 3b) to further
conBrm the subsurface conBguration. Based on the
information of RAPS and Euler solution, the
inversion was carried out using three layers as
0–500, 500–1500 and 1500–4000 m. These layers
have been gridded with square blocks of 25 9 25,
50 9 50 and 150 9 150 m, respectively. The constraints on the density values are obtained from the
known surface geology. Most of the study area was
covered by granite gneiss with top soil/alluvium
with occasional intrusive maBc/ultramaBc band.
Thus, a density contrast from 400 to –670 kg/m3

J. Earth Syst. Sci. (2020)129 90

Page 13 of 17 90

was applied with respect to the basement density of
2670 kg/m3 to carry out inverse modelling. A zeroreference model is utilized for initialization and the
damping factor is chosen to be 1.21 based on several trials. The best Btted models are obtained by
minimizing the density variations of last successive
iteration and are shown in Bgure 8(a–c). The rms
misBts for the best Btted models along proBles M1,
M2 and M3 are 0.0241, 0.0177 and 0.0218, respectively. The low-density zone around 2000–3500,
2000 and 1000 m locations of proBle M1, M2
and M3, respectively, indicates the traces of
Madawara–Karitoran Shear zone (Bgures 1b, 3b
and 8a–c). The width and depth extension of this
low-density shear zone is varying from 500 and
1500 m in the western side to 500 and 1000 m in the
eastern part, respectively (Bgure 8a–c). Another
low-density zone nearly at 7000, 6750 and
6000–8000 m locations of proBles M1, M2 and M3,
respectively, indicates the traces of Sonrai–Girar
Shear zone (Bgures 1b, 3b and 8a–c). The width
and depth of the shear zone is increasing towards
eastern side (Bgure 8a–c). The high-density discontinuous lensoidal pods with varying length and
depth extension are observed in the modelled sections of the three proBles below the observed EW
trending high residual gravity anomaly zone
(Bgures 3b and 8a–c). Thus, the high-density pods
around 5500–6000, 4000–5000, and 4000–4500 m
locations along the density section of M1, M2 and
M3, respectively, reveals the EW continuation of
the target maBc–ultramaBc rocks of MIC. Depthwise, these highest density pods are extended
between nearly 300 m to 2 km along M1, 250 m to
3 km along M2, and 500 m to 1.5 km along M3.
Thus, it is extending up to a maximum depth of
*3 km near Madawara village and may be going
beyond the maximum modelled depth of 4 km at
some places suggesting existence of their deeper
connectivity.
5. Discussion
Geological map of MIC (Bgure 1b) shows outcrops
of maBc–ultramaBc rocks mostly aligned in EW
direction (with few in NW–SE direction) as discrete lensoidal pods of different dimensions as
intrusive bodies within Bundelkhand gneissic
complex. As a result, these maBc and ultramaBc
rocks could be responsible for strong gravity and
magnetic anomalies. Thus, the present gravity–magnetic data has helped to unravel the

Figure 8. Two-dimensional inverse modelling of residual
gravity anomaly along (a) proBle M1, (b) proBle M2, and
(c) proBle M3.
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subsurface structures and geotectonic evolution of
the MIC.
Coincidence of high gravity and magnetic
anomaly at the central part of the study area
between Madawara (1) and Karitoran (12) villages
strongly indicates the subsurface continuation of
maBc–ultramaBc intrusive rocks within gneissic
complex (Bgures 1b, 3b and 4b). Towards further
west of Madawara village, this maBc–ultramaBc
band may be continuing along SW and SSW
direction (between Rajola (2) and Gorakalan (3)
villages; Bgures 1b, 3b and 4b). Similar correlation
between gravity–magnetic anomalies also indicate
the presence of maBc–ultramaBc rocks between
Karitoran (12) and Pindar (13) villages (Bgures 3b
and 4b). Lowest gravity and magnetic anomaly
towards SE corner of the study area around Girar
(11) and Hanumatgarh (10) villages may be
attributed to Granite batholiths and sedimentary
cover (Bgures 1b, 3b and 4b). Bundhelkhand
gneissic complex in the south-central part of the
study area is revealed by moderate gravity–magnetic anomaly. Lowest gravity and high-low magnetic patches in the NW part of the study area can
be attributed to the presence of thick alluvium in
the shallow subsurafce (Bgures 1b, 3b, and 4b).
Thus, coincidence of moderate to high gravity and
high magnetic anomaly suggest existence of
maBc–ultramaBc rocks in the subsurface.
Distinct gravity anomaly gradients towards
north (high to low) and south (low to high, extreme
southern part) of the central high anomaly zone
(Bgure 3b) indicate the presence of Madawara–
Karitoran and Sonrai–Girar Shear zones, respectively. These shear zones may be produced due to
the shear stress exterted by the maBc intrusion,
which resulted in crustal rock deformation and
metamorphism in the adjacent northern and
southern parts of the area, resulting in less dense
granitic rock bodies identiBed as Bundhelkhand
granitoid and Bundhelkhand gneissic complex.
Trend of the gravity anomaly indicates that the
Madawara–Karitoran and Sonrai–Girar shear
zones may be extending outside the study area
towards west and east direction, but truncated
near NE and SW part of the study area, respectively (Bgures 1b and 3b). Trend of these shear
zones and maBc–ultramaBc rocks at central part of
the study area is mostly in E–W direction and
oriented in SW–NE direction towards the edge of
the study area. This trend matches well with the
general trend of Central Indian Tectonic Zone
(CITZ) which formed in a subduction environment
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by the collision of a southern protocontinent and a
northern protocontinent (Naganjaneyulu and Santosh 2010; Bhowmik et al. 2012). This structural
similarity as well as results from recent geochemical studies (Mohanty et al. 2018; Ramiz et al. 2018)
suggest that the MIC also formed by same tectonic
processes in a subduction setting.
Radially average power spectra analysis of
gravity anomalies revealed two distinct shallow
interfaces at depths *1.2 and *0.3 km with
deepest interface at *3.2 km. However, the power
spectrum analysis of magnetic data reveals two
layers at *1.2 and *0.3 km depths. There exists a
consistency in the shallow interface at *1.2 km
depth as obtained from power spectrum analysis of
both gravity and magnetic data. Based on the local
geology and magnetic signature, it can be inferred
that the shallowest layer associated with sedimentary sources and intermediate basement mostly
consists of high magnetic maBc/ultramaBc intrusive rocks. Below this intrusive unit, there exists a
high density basement layer with average depth to
the top of the layer is *3.2 km. These results are
consistent with the Bndings of 3D Euler deconvolution and later suggest the sources as dyke and
spherical in shape which also agrees with existing
geological knowledge of the region. The two different basement depths as obtained from gravity
(deeper) and magnetic (shallower) data may indicate two different products from same location at
different times (i.e., two-stage magmatism). A
second magmatic emplacement with a magma of
high magnetic materials might have resulted into
such shallow magnetic basement. In other words,
two different magma sources may have caused the
formation of these maBc–ultramaBc assemblages
of MIC. Most feasible model for such magma
emplacement is the continental arc setting of a
subduction set-up as proposed by Ramiz et al.
(2018), in which an oceanic crust from southern
part of the study area is subducting under the
continental crust of the northern side. Therefore,
the present Bndings provide independent support
for the subduction model proposed by Ramiz et al.
(2018).
2D inverse modelling of residual gravity anomaly
based on the quantitative information from above
two appraoches as well as available geological
knowledge has helped to understand the subsurface
conBguration of the study area. Highest density
patches (*2800–2900 kg/m3) near to central part
of the NS proBles M1 (western side of study area)
and M2 (central part of study area) deciphered
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presence of maBc–ultramaBc target from
*250–300 m depth and extending up to a depth of
*2 km in M1 and *3 km in M2 (Bgure 8a, b).
Along the NS proBle M3 (east of M2), high surface
RTP magnetic anomaly correlates with high
residual gravity anomaly (Bgures 3b and 4b).
Further, the modelled section revealed the presence of comparatively high density (*2750 kg/m3)
bodies but not as high as that of along M1 and M2
(Bgure 8c). Thus, subsurface models also indicate
the presence of maBc–ultramaBc rocks with relatively low density material (compared to M1 and
M2). Such reduction in density may be caused by
serpentization of maBc–ultramaBc rocks (Toft
et al. 1990; Clark 1997). Models also reveal that
these high density bodies of MIC are mostly dipping towards north. This also indirectly provide
support for the subduction model as discussed
above.
Detailed petrological and geochemical analysis of
maBc and ultramaBc rock samples carried out for
last two-three decades from Madawara, Ikauna,
and Pindar villages of MIC have already identiBed
as prospective zones for Cr, Ni and PGE mineralization (Farooqui and Singh 2006; Satyanarayanan
et al. 2010; Singh et al. 2010a, b; Balaram et al.
2013). However, detailed exploration activities
have not been yet taken up in this region. For the
Brst time, a geophysical investigation has been
carried out in MIC to delineate the subsurface
conBguration of the target maBc–ultramaBc exposures. In the present study, very good correlation
between high to moderate gravity and high magnetic anomalies are observed not only in and
around Madawara (1), Ikauna (6), and Pindar (13)
villages but also around few more new villages, viz.,
Rajola (2), Gorakalan (3), Karitoran (12), Sonrai
(4), and Hasari (5) (Bgures 1b, 3b and 4b). Thus,
based on geological and geochemical knowledge
and correlation of gravity–magnetic signatures, it
can be inferred that there exist maBc–ultramaBc
rocks in subsurface of above-mentioned villages
and they can also serve as new prospective zones
for Cr–Ni–PGE mineralization in this area. Present
geophysical study has deciphered the lateral continuation of maBc–ultramaBc band from Madawara
to Pindar villages as well as residual gravity modelling has revealed the depth and width of these
target zones. Thus, it can be concluded that these
maBc–ultramaBc intrusive bodies are the favourable targets for Cr–Ni–PGE mineralization within
the MIC which may be obtained at a depth range of
*300 m to 3 km.

6. Conclusions
In the present work, detailed gravity–magnetic
study has been performed in conjunction with
known geological and geocheminal knowledge of
Madawara Igneous Complex (MIC) in the southern
part of Bundelkhand craton, India. Residual
gravity and RTP magnetic anomalies have eAectively deciphered the subsurface continuity of the
maBc–ultramaBc intrusive body between Madawara and Karitoran-Pindar villages in EW direction. Two-dimensional inverse models of the
residual gravity anomaly data were constructed
with the depth constraint from power spectrum
analysis and Euler solutions. These models suggest
that the causative bodies from deeper part of the
earth may be intruded in the granite gneissic
complex at the central portion of the study area.
Maximum depth extension of these target
maBc–ultramaBc bodies is delineated as *3 km.
Two different basement depths, as obtained from
gravity (deeper) and magnetic (shallower) data,
indicate two different products from same location
at different times and probably second emplacement occurred with a magma of high magnetic
materials. Basement conBguration, dipping of
high-density bodies, and similarity in the trend of
the local shear zones with CITZ indicate that MIC
was formed in a subduction setting with two different magma sources at two different times (i.e.,
two stage magmatism). However, to infer further
details on tectonic conBguration and evolution of
this region more conBdently, the present study
needs to be integrated with regional scale gravity–magnetic study along with development of a
full lithospheric model.
Correlation between high gravity–magnetic
anomalies with previously identiBed high concentration of Cr–Ni–PGE in the maBc–ultramaBc
samples from Madawara, Ikauna, and Pindar villages has established probable geophysical signature for PGE mineralization in MIC. This has led
to delineation of new prospective PGE mineralization zones in MIC belt. 2D inverse modelling of
residual gravity anomaly has eAectively delineated
the lateral and vertical continuation of these target
zones. This information will be useful for mineral
prospectors. It can be concluded that the
maBc–ultramaBc intrusive bodies with high-gravity–magnetic anomalies are the favourable targets
for Cr–Ni–PGE mineralization within the MIC
which may be obtained between a depth range of
around 300 m to 3 km. The present study is an
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initial geophysical attempt for the Brst time over
this region and has contributed significantly in
understanding the subsurface conBguration of the
region.
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