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Potential-Beld anomalies can be converted to a common function which describes the ridge, peaks over an
isolated source. In this study, attempt has been made to interpret curvature attributes of equipotential
surface using gravity gradients for delineating thrust–fault locations in one of the seismically active
transition zones of Narmada–Son Lineament (NSL) in central India. The NSL is oriented in the
ENE–WSW direction, divides the area into two geological provinces. The northern part of this NSL
comprises Vindhyan formations and southern part covers Gondwana formations. It has been observed
that, the northern part (around Jukehi) of the area has higher elevation with lower gravity anomaly and
the southern part (around Khamaria and Kataria) has lower elevation with higher gravity anomaly. The
tectonic activities like intrusions, volcanisms and earthquake occurrences were the sources of crustal
resettlement during the past in this area. Various researchers commented about the structural conBguration; however, the present study helps to understand the structural features using various curvature
analysis like maximum, minimum, most-positive, most-negative, mean, dip (proBle), strike (tangential),
contour (plan), curvedness, shape index and Gaussian curvatures. Out of these curvatures most positive,
maximum, mean, dip and curvedness show more eAective results compared to other curvatures. However,
shape index states domes, ridge, Cat, valley, bowl shape type structures. The results are also correlated
with the conventional horizontal gravity gradient, analytic signal and tilt derivative analysis. The
colour contrast variation of these differential curvatures make in-depth understanding with extensive
multiplicities of integrity for delineating subsurface structures.
Keywords. Narmada–Son lineament; maximum curvature; most positive curvature; most negative
curvature; curvedness; shape index.

1. Introduction
Curvature can be deBned as the reciprocal of the
radius of a circle that is tangent to the given curve
at any point (Gauss 1827; Thomas 1972). Potential
Beld data has played a major role to estimate the
source location, depth and strike (Roberts 2001;
Phillips et al. 2007; Cooper 2010; Lee et al. 2012; Li

2015). It is stated that gravity potential is the
function of source geometry, density contrast, relative distance and position in between source and
the observation points (Li 2015). Generally, curvature study is pragmatic for either seismic data
for hydrocarbon exploration or topographic data
for geomorphological studies. During the past,
several researchers have been studying across the
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Narmada–Son Lineament (NSL) zone. The deep
seismic sounding across the NSL has been carried
out by Kaila et al. (1989) and marked the lineament fault zone. Verma and Banerjee (1992)
studied that the density variation of crust in the
southern part of the NSL is higher compared to the
northern part. This increase in density could be
due to the major volcanic/tectonic activity taken
place through Mesozoic to Tertiary times. Mishra
(1992) and Singh and Meissner (1995) studied the
nature of the continental crust using deep seismic
sounding and gravity data around the study area.
They have suggested the presence of deep seated
faults, lineaments and some characteristics of rift
valley in their study. Choubey (1971) had studied
the Narmada rift structures caused by the long
distances Cows of the Deccan Trap lavas and
upwarpment movement. Sain et al. (2000) re-interpreted the results of the seismic and wide-angle
reCected data across the NSL and suggested about
the various faults consisting of graben and horst
feature between the Son Narmada North Fault
(SNNF) and Son Narmada South Fault (SNSF).
Naganjaneyulu and Santosh (2011) studied the
complex characteristic of structures containing
intrusive and deep fault traversing in the area.
Azeez et al. (2017) studied the magnetotelluric
imaging across the tectonic structures in the Central Indian Tectonic Zone (CITZ) and illustrated
the relationship to various shear/faults and
granulitic belts mapped in the region.
Roy and Bandyopadhyay (1998) studied the
tectonic significance of ultramaBc and associated
rocks near Tala in the Mahakoshal belt of Sidhi
district in Madhya Pradesh (MP). The detailed
crustal modelling study has been carried out by the
Geological Survey of India across the Narmada,
Son and the Tapti rivers (GSI 1995). Acharya and
Roy (2000) studied the tectono-thermal history of
the Central Tectonic Zone and the reactivation of
the thrust–faults and shear zones. Ghosh and Singh
(2011) studied 2.5 dimensional shallow crustal
modelling across the NSL transition zone using
joint gravity and magnetic modelling. The intrusion and upliftment of Mahakoshal fold belt rocks
between the Vindhyans and Gondwana along the
NSL have been studied by Ghosh and Singh (2013).
Crustal thickness was delineated using 3D Euler
deconvolution technique by Ghosh (2015) and
demarcated the thrust and fault along with the
source depth location. In continuation, Ghosh
(2016) has studied the source–edge location using
magnetic data in the active transition zone and
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suggested thrust–fault locations and thickness of
sedimentary formations in this area.
In this present study, curvature interpretation
has been carried out to demarcate the structural
features using the published gravity data (GSI
1995). Few selected gravity curvatures namely
most-positive, most-negative, mean, maximum,
minimum, dip (proBle), strike (tangential), contour
(plan), curvedness, Gaussian and shape index
curvature have been discussed for understanding
thrust, faults, fractures and lineament in the proposed study area. The colour contrast of the various differential curvatures makes considerable
change to understand the delineation of subsurface
structures. The results are also correlated with the
horizontal gravity gradient, analytic signal and tilt
derivative data. However, manual elucidations is
vital for quality control and better understanding
of the data in terms of noise and attribute.

2. Geological setting
The study area located between 79.75°–81.50°E
and 23.00°–24.50°N (Bgure 1) is one of the seismically active transition zones of NSL situated in
Jabalpur–Katni area, India. The area has complex
geological formations with undulated subsurface
topography associated with faults and fractures.
The derived thrust–fault locations are superimposed on the elevation map (Bgure 2).
The NSL divides the Indian peninsula into two
parts, viz., northern and the southern India. The
Son Narmada North Fault (SNNF) and Son Narmada South Fault (SNSF) are the two prominent
faults of Narmada Son (NS) region/zone. The
northern part of the area shows lower gravity
anomaly and higher elevation at Jukehi comprises
Vindhyan formations. However, southern part of
the area encompasses higher gravity anomaly with
lower elevation at Kataria and Khamaria which
comprises Gondwana formations (Bgure 2). It is
noted that the extreme northern part shows higher
gravity and lower elevation and in the case of
extreme southeastern part (south of Raipur), it
shows the lowest gravity value. The prime geological formations are alluvium, Vindhyan (Upper
Proterozoic), Gondwana (Upper Carboniferous),
Mahakoshal (Upper Precambrian) groups and
crystalline basement with the granite and gneisses
(Bgure 1). These formations have different geological ages and suggest that the Vindhyan sediments
might be the deepest shelf (Valdiya et al. 1982;
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Figure 1. Geological map of the study area showing various types of formations (after GSI 1995; Ghosh 2015).

Bhattacharya and Morad 1993; Chakraborty et al.
1996; Roy and Bandopadhyay 1998; Chakraborty
and Bhattacharya 1996). High density Mahakoshal
rocks are exposed in between the SNNF and SNSF.
The upper part of the Narmada river as well as
western part of the Son valley covering Shahpura
and Jabalpur area have meta-volcanic and metasedimentary rocks (Bgure 1). Vindhyan sedimentation was initiated in an intracratonic rift structure with various rift phases (Jokhan et al. 1996).
Deformations and intrusions were carried through
Gondwana and Deccan volcanic periods during the
long process of tectonic resettlement. Vindhyan
rocks and Bijawar rocks are exposed and sinking of
the central axis of the basin have taken at the time
of Vindhyan sedimentation (Krishnan and Swami
Nath 1959). The striking of hydrocarbon at Jabera
is still bleak and might be the Gondwana being the
source rock (Mathur 1995). The Jabera area is a

domal shaped formation comprising shale, sandstone, limestone and basaltic intrusive. Directorate
General of Hydrocarbon (DGH report, Govt. of
India) stated that Oil and Natural Gas Commission (ONGC) drilled three exploratory wells at
Jabera-1 (3597.7 m), Damoh-1 (3501 m) and
Kharkhari-1; where hydrocarbon was not encountered. While drilling at the well-1 (W1) encountered gases like methane, ethane, propane, butane,
and pentane at different depth levels and a noncommercial quantity of 2000–3000 m3/day of gas
Cowed (Jokhan 2012). Kharkhari-1 well thermal
alteration index value [3.5 indicates a post-maturation stage (Jokhan 2012). Crustal deformations
along with upliftment and subsidences had taken
place during the end of Lower Proterozoic; however, these tensional forces are still active provoking gravity thrusting and faulting in this complex
transition zone. Tectonically, SNNF and SNSF are
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Figure 2. Map showing the partly elevation map of the Narmada–Son lineament area and its surroundings. The
thrust–fault/lineament location calculated from the 3D Euler deconvolution using gravity data is superimposed here (after
Ghosh 2015).

traceable from Sidhi to Chindwara (Bgure 1) (Jain
et al. 1995; Acharya and Roy 2000). The SNNF and
SNSF are themselves characterized as inward dipping funnel shaped and can be looked alike normal
fault as observed in Red Sea area (Bhattacharji
and Koide 1978).
Satellite imageries suggest that a series of
ENE–WSW trending mega lineaments have been
proved as fault zones by ground investigation.
Various faults like SNNF, SNSF and Extension of
Son Narmada South Fault (ESNSF) are conBrmed
from the deep seismic sounding studies (DSS).
These faults are extended up to Moho (Kaila 1988).
Few others faults are also suggested for their great
role in tectonic redistribution. Sara Maihar Fault
(SMF) situated in the northern side of the NSL and
oriented NE–WSW direction. The southern part
of NSL encompasses Karwa–Sarna–Umaria Fault
(KSUF), Karwa Raipur Fault (KRF), Karki Chanaura Fault (KCF) and Ramguda Fault (RF).
However, KSUF oriented in the SE–NNW direction is parallel to the Son River and extended to
SNSF and SNNF, which has an impact in this area.
The extended force of KSUF created unsteadiness

and tectonic resettlement in Umaria, Chanaura
and Amarpur areas. The thrusting force originated
at Ramguda and Shahdol area moves towards
SNNF and SNSF in the NNW direction expecting
also a tectonic impact at the location of Umaria,
Chanaura and Amarpur areas. The changes are
associated with various tectonic activities like
intrusion, volcanism, crustal resettlement and
earthquakes as located along the narrow gravity
low zone (Qureshy 1981; Valdiya 1984; Waghmare
et al. 2009). The Narmada river Cows initially from
northward to westward direction and similarly the
Son river Cows northward and changed to eastward
direction due to the presence of tectonic undulation; however, both the rivers emerge from the
same location at the Amarkantak hill (Bgure 2).

3. Qualitative interpretation of gravity data
The gravity data was acquired by Geological
Survey of India (GSI) (Project Crumansonata
1995) with grid interval of 1.0 9 1.0 km and
accuracy of 0.1 mGal using Worden Gravimeter. In
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the present study, the published Bouguer anomaly
map produced by GSI has been digitized and used
for further study. The Bouguer gravity anomaly
varies from – 82.8 to –16.5 mGal and oriented in
ENE–WSW direction (Bgure 3). The relative high
gravity (–16.5 mGal) is located at Kataria and
Khamaria area and lowest gravity anomaly (–82.8
mGal) observed along the course of the Son river
near Shahdol and Karwa area. However, lower
gravity anomaly trend changed from NS 10° at
Shahdol, Karwa, Sarna and Umaria areas. Besides,
the low gravity belt observed from –50 to –70 mGal
at Govindgarh, Ramnagar, Jobi, Amarpur, Katni
and Katangi areas. It has been proposed that high
gravity trends at Kundan, Kataria, Khamaria and
further extending up to Mau might be due to the
occurrences of Mahakoshal belt (Ghosh and Singh
2011). This Mahakoshal belt (Bgure 1) comprises
meta-volcanic and meta-sediments with a narrow
fault bounded by the northern part of Narmada
and the western part of Son river valley. Lower
gravity anomaly observed at Jukehi and Raipur
with higher elevation and higher anomaly observed
at Khamaria and Kataria area with lower elevation
can be explained due to isostatic adjustment
(Qureshy 1971) with a comparative understanding
of Bouguer gravity and elevation data (Bgure 4).
Bouguer gravity anomaly shows a large variation
(–82.2 to –16.5 mGal), observed at the central part
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oriented in the NE–SE direction, and trend
correction (Bgure 5) is applied on the Bouguer gravity
data which has been further used to compute the
Brst vertical gravity gradient and other two
orthogonal horizontal gradient components in
orthogonal horizontal directions. Finally, using
these vertical and horizontal derivatives, other
gravity gradients are calculated. The details of
these calculations are explained in a separate
chapter.

4. Theoretical approach of curvatures
The curvature measures how fast the curve is
changing direction at a point such as surface
deviation from being a Cat plane or curve from
being straight lines in the case of line (Thomas
1972). Curvature is mathematically deBned as the
inverse of the radius (1/r). The equipotential surface to the earth is a constant gravitational
potential at geoid from mean sea surface. The
curvature analysis has been implemented in the
earth’s gravitational Beld for understanding
geological features. In this study, the trend corrected Bouguer gravity data is used as a potential
Beld which divides in three Brst derivative components, viz., eastern component (Dx), northern
component (Dy) and vertical component (Dz). The

Figure 3. Bouguer gravity anomaly map of the study area. The gravity anomaly suggests both long and short wavelength
representing deep seated and shallow seated structures. The Bouguer gravity anomaly varies from –82.8 to –16.5 mGal.
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Figure 4. Map showing the Bouguer gravity anomaly and elevation map of the study area. The high gravity values are marked at
Khamaria and Kataria with lower elevation and low gravity values are marked at Jukehi and Raipur area with higher elevation
(after Ghosh 2015).

Figure 5. Map showing the trend corrected Bouguer gravity anomaly using 1st order least square technique.
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second derivative gravity potentials are Dxx, Dyy,
Dxy or Dyx, are also calculated to generate earth’s
equipotential surface. These second order derivatives of gravity potentials are called curvature
gradients. These curvature matrix is associated
with a second order quadratic surface that is Btted
with 393 windows in the form of quadratic
approximation. This gridded surface at any particular point can be solved using least square
solution as mentioned in equation (1)
U ðx; y; zÞ ¼ Ax 2 þ By 2 þ Cxy þ Dx þ Ey þ F;
ð1Þ
where U ðx; y; zÞ is the gravitational potential and
A, B, C, D, E and F are the various coefBcients. In
equation (1), the value of F is constant and
multiple of some numerical values. Therefore, the
derivative against the constant value F is zero. The
Brst order coefBcients (D and E) and second order
coefBcients (A, B and C) can be expressed as shown
in equation (2).
o2 U ðx; y; zÞ
;
A¼
2ox 2
o2 U ðx; y; zÞ
;
oxoy
oU ðx; y; zÞ
:
E¼
oy
C¼

o2 U ðx; y; zÞ
B¼
;
2oy 2
D¼

oU ðx; y; zÞ
;
ox

ð2Þ

A Cartesian coordinate system for an
equipotential surface has been explained by
Slotnick (1932) as marked in green colour as
shown in Bgure 6. The z-axis represents normal
to surface S at point P, and the x- and y-axes
represent two mutually perpendicular lines in the
tangent plane to S at point P and are perpendicular
to the z-axis. To understand in 2D case, positive
and negative curvatures are located in an anticline
and syncline surface and zero curvature is shown in
the no dip plane or in the Cat surface as shown in
Bgure 7. The various curvatures, viz., minimum
curvature (Kmin ), maximum curvature (Kmax ),
strike curvature (Ks ) and dip curvature (Kd ) are
shown in 3D space where N is the vector normal to
the surface at point P and angle theta (h) is the dip
angle in the 3D plane (Bgure 8). In this text, Surfer
software (2011) is used to calculate and plot the
various derivatives of curvatures. The minimum
curvature (Kmin ) and maximum curvature (Kmax )
are two orthogonal curvatures to the normal
curvature where U is the orientation of minimum
curvature (Bgure 8). The details of various

Figure 6. A Cartesian coordinate system for an equipotential
surface (S) (in green colour) (after Slotnick 1932). The z-axis
represents normal to surface S at point P, and the x- and
y-axes represent two mutually perpendicular lines in the
tangent plane to S at point P and perpendicular to the z-axis.

curvature and its mathematical derivations are
available in the text (after Roberts 2001; Philips
et al. 2007).
Maximum curvature measures the maximum
bending either positive or negative of the surface
at any point. Alternatively, the various number
of normal curvatures passed through a particular
point on a surface and exists one curve with
largest absolute value called as maximum curvature (Kmax ). It is the largest magnitude curvature
at any point irrespective of surface and mathematically, the maximum curvature can be
expressed using mean curvature and Gaussian
curvature as expressed in equation (3) (Peet and
Sahota 1985).
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ð3Þ
Kmax ¼ Km þ Km2  Kg ;
where Kmax = maximum curvature, Km = mean
curvature, and Kg = Gaussian curvature. Maximum curvature indicates closer to zero value for
Cat region where dip is not changing. Maximum
curvature indicates the biggest changes in dip can
indicate a thrust/fault/lineament zone (Gauss
1827).
The curve perpendicular to the maximum
curvature (Kmax ) is called minimum curvature
(Kmin ). For example, at any synclinal surface or
valley, the maximum curvature can be measured
across the valley and the minimum curvature can
be measured along the valley.
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Figure 7. Schematic diagram of a 2D space. The arrows show the normal to the curved surface. It is noted that parallel vectors
are Cat, show zero curvature either dipping plan or Cat plan. Diverging arrows show positive curvature (anticline) and converging
arrows show negative curvature (syncline) (after Robert 2001).

constant (Condi 1999; Hofmann-Wellenhof and
Moritz 2006; Cevallos et al. 2013). Mathematically,
it can be expressed as in equation (5a).
Km ¼

Kmax þ Kmin
;
2

ð5aÞ

or it can be expressed as shown in equation (5b)


A 1 þ E 2  CDE þ ð1 þ D2 Þ
:
ð5bÞ
Km ¼
ð1 þ D 2 þ E 2 Þ3=2
The product of the maximum and minimum
curvature is termed as Gaussian curvature (Gauss
1827; DransBeld 1994). The Gaussian curvature
can be calculated using maximum and minimum
curvature as shown in equation (6a).
Kg ¼ Kmax  Kmin :
Figure 8. Schematic diagram of the various curvatures in a
3D space. Minimum curvature (Kmin ), maximum curvature
(Kmax ), and N is the vector normal to the surface at point P
which makes an angle theta (h) called dip angle. Strike
curvature (Ks ) and dip curvature (Kd ) are orthogonal normal
curvature. U is the orientation of minimum curvature (after
Robert 2001).

Mathematically, Kmin can be expressed in the
function of mean curvature and Gaussian curvature as expressed in equation (4).
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ð4Þ
Kmin ¼ Km  Km2  Kg ;
where Kmin is the minimum curvature, Km is
the mean curvature, and Kg is the Gaussian
curvature.
The mean curvature of the equipotential surface
is the average of the two orthogonal curvatures
(Kmax and Kmin ) at a point on a surface, which is

ð6aÞ

Or it can be expressed as in equation (6b)
4AB  C 2
Kg ¼ 
2 :
1 þ D2 þ E 2

ð6bÞ

This type of curvature is referred as the total
curvature. If Kg is negative then it is for saddle
points (after Roberts 2001; Bergbauer and Pollard
2003). If Gaussian curvature is positive, then the
surface will be elliptic in nature and if the Gaussian
curvature is negative, then the surface will be
hyperbolic or saddle point. If Gaussian curvature is
zero, then the surface will be a parabolic. If any one
of the principal curvature is zero, then Gaussian
curvature will be zero, in that case surface will be
cylindrical. If both the principal curvatures are
zero, then the surface will be plane. In case Kg [ 0
and Kmax and Kmin have the same sign, then the
surface will be maximum or minimum and in that
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case surface will be either dome-shaped or bowlshaped depending on the Km value. Figure 9 shows
the nature of the surface feature using Gaussian
curvature (Kg ), maximum curvature (Kmax ),
minimum curvature (Kmin ) and mean curvature
(Km ). Gaussian curvature (Kg ) becomes plane
surfaces when Km = 0; cylindrical anticlines, if
Km [ 0 and cylindrical synclines, if Km \ 0. If Kg
is positive, then the structure is dome-shaped if
Km [ 0 and basinal structure if Km \ 0. It is stated
that isometric bending of the surface does not
change the Gaussian curvature of points on that
surface. If the surface is folded and unbroken, then
the Gaussian curvature is unchanged. It is noted
that for a Cat surface in all directions, the curvature
is zero. For example, forming a cone or cylinder,
with a piece of paper, only alter the minimum
curvature, as the maximum curvature remains zero.
In this case, Gaussian curvature alone does not
distinguish the shape of the curvature and hence
needs mean curvature information. A combination
of curvature is summarized and shown in Bgure 9.
The dimension of the Gaussian curvature is
1/(length)2.
It is noted that Brst derivative-based attributes
are dip, edge and azimuth used for detecting edges
with asymmetric surface (faults) and symmetric
surface (ridges/valleys). An edge type display can
Bnd by searching all possible normal curvatures
for most positive or most negative values. This
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can be achieved by setting the coefBcient D and
E (Brst derivative coefBcients) equal to zero in
equation (1). So it is noted that by using the
coefBcients A, B, and C, most positive curvature,
most negative curvature, dip curvature, strike
curvature and contour curvature are calculated.
Most positive curvatures and most negative
curvatures can be derived from the normal curvature through most positive and most negative
values. These attributes can help to interpret
small faults and fractures lineament which are
extended in lateral direction. So most-positive
curvature (Kþ ) can be expressed in equation (7)
(Young 1978).
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Kþ ¼ ðA þ BÞ þ ðA  B Þ2 þ C 2 :

ð7Þ

Similar to most positive curvature, putting the
coefBcient D and E equal to zero in equation (1),
we can calculate the most negative curvature. The
most-negative curvature (K ) exaggerate faults
and smaller linear features on the surface. The
most-negative curvature is expressed as in
equation (8).
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ð8Þ
K ¼ ðA þ B Þ  ðA  B Þ2 þ C 2 :
Dip curvature is the measure of the rate of
change of dip in the maximum dip direction and
also called the dip (proBle) curvature (Wood 1996).

Figure 9. Nature of the surface feature using Gaussian curvature (Kg ), maximum curvature (Kmax ), minimum curvature (Kmin )
and mean curvature (Km). If Kg = 0 for cylindrical points on surfaces, such points on planes (Km = 0), on cylindrical anticlines
(Km [ 0) and cylindrical synclines (Km \ 0). If Kg is positive for domes (Km [ 0) and for basins (Km \ 0). If Kg is negative, then
it is for saddle points (after Roberts 2001; Bergbauer and Pollard 2003).
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This curvature helps to exaggerate any local relief
contained within the surface and can be enhanced
with differentially compacted features. Cooper
(2009, 2013) has computed the proBle (dip)
curvature of gravity and magnetic anomalies for
edge detection. Mathematically, dip curvature
(Kdip) is expressed as in equation (9).
Kdip ¼

2ðAD2 þ BE 2 þ CDE Þ
ðD2 þ E 2 Þð1 þ D2 þ E 2 Þ3=2

:

Ks ¼

2

ðD þ E

2 Þð1

þD

2þ

E

2 Þ1=2

:

4.1 Analytic signal

ð10Þ

This curvature basically separates the ridge
shapes and valley shapes. This curvature is also
used to map the buoyancy-driven processes for
hydrocarbon migration and production drainage
eDciency (Moore et al. 1993). This can help to
study the regional hydrocarbon migration pathway
and possible bypass due to identiBcation of the
ridges, valleys and thrust/fault orientation. In most
cases, gravity highs and lows are prominently
observed in strike curvature (equation 10).
Contour curvature is very similar to the strike
curvature and eAectively represents the map contours associated with the surface, created by cutting horizontally through the surface. The
mathematical derivation of the contour curvature
(Kc ) is shown in equation (11).
Kc ¼



2 AE 2 þ BD 2 CDE
ðD 2 þ E 2 Þ3=2

:

ð11Þ

The curvedness attribute characterized the
magnitude of the curvature of a surface
independent of its shape (Koenderink and van
Doorn 1992). The curvedness derivation is shown
in equation (12).
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Kmax 2 þ Kmin 2
:
Kn ¼
2

The morphology in terms of colour code can be
reCected in the various shapes like bowl, valley,
Cat, ridges and dome shapes.

ð9Þ

The rate of change of curvature in the right angle
to the dip direction or extracting the curvature in a
direction which is at the right angle to the dip
curvature is called the strike (tangential) curvature
(Mitasova and HoBerka 1993). Mathematically,
the strike (tangential) curvature is expressed as in
equation (10).


2 AE 2 þ BD2 CDE

and van Doorn 1992; Roberts 2001) and describes
about the qualitative nature of shapes.
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2
Kmax þ Kmin
1
:
ð13Þ
Si ¼ tan
p
Kmax  Kmin

ð12Þ

Shape index is the combination of maximum and
minimum curvature (equation 13) (Koenderink

The complex analytic signal can be written as
(Thurston and Smith 1997):
U ðx; y; z Þ ¼ jAj  expðjUÞ;


1 oU =oz
;
U ¼ tan
oU =ox

ð14Þ
ð15Þ

where U is the gravity Beld, —A— is the analytic
signal, U is the local phase, oU =oz is the vertical
derivative and oU =ox is the horizontal derivative,
where
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ð16Þ
A ¼ ðoU =ox Þ2 þðoU =oyÞ2 þðoU =oz Þ2 :
4.2 Tilt derivatives (TDR)
Tilt derivative was Brst studied by Miller and
Singh (1994) for identifying a potential Beld source
using the TDR analysis. Verduzco et al. (2004)
further stated in the comprehensive mode together
for proBle and gridded dataset.


VDR
1
;
ð17Þ
Tilt ¼ tan
THDR
where tilt varies from P=2 [ Tilt [ þ P=2,
VDR is the vertical derivative and THDR is the
total horizontal derivative. Various researchers
have approved understanding on gravity data
using tilt derivative analysis (Fairhead et al. 2011).
4.3 Horizontal gravity gradient (HGG)
Horizontal gravity gradient deBned by Grauch
et al. (2001) as:
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ð18Þ
HGG ¼ ðoU =ox Þ2 þðoU =oyÞ2 :
Many workers have carried the gravity data
interpretation using THDR (Wang et al. 2009;
Ferreira et al. 2011; Francisco et al. 2013).
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5. Interpretation and observation
of curvature attributes
Different types of curvature analysis have been
carried out. The mathematical formulation have
been discussed here and derived by satisfying the
equipotential surface condition as per the speciBc
coordinate system. The mathematical coefBcients
A, B, C, D, E and F, which are discussed in the
previous section can be utilised to measure the different curvatures. Various derivatives of gravity
anomaly represent negative, positive and zero
anomaly. The maximum curvature, minimum curvature, most positive curvature and most negative
curvature show more encouraging results for better
understanding of lineament/thrust and fault locations. However, using shape index curvature, dome
and bowl-shaped structures are distinguished.
Maximum curvature of the equipotential surface
measures the maximum bending, either positive or
negative, is the largest magnitude curvature at any
point irrespective of direction. Maximum curvature
indicates the changes in dip and indicates a thrust/
fault/lineament zone. The maximum curvature
derived from the gravity data is shown in
Bgure 10. It is noted that black colour (dominating
colour) in the maximum curvature map indicated
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thrust–fault locations. Higher maximum curvature
values are noticed at Kundan, Sarra–Jukehi–Katni,
Burwa and Katani area. To compare these curvature results, the previous work by Ghosh (2015)
using the Euler deconvolution technique has been
superimposed with the maximum curvature map
(Bgure 10). The black colour indicates maximum
curvature location and matches with the derived
thrust–fault. The maximum curvature is oriented
in the N–E to W–SW direction in the northern part
and N–S direction in the south-eastern part
(Bgure 10). Therefore, maximum curvature interpretation using gravity data can help to provide
automatic thrust–fault/lineament delineation.
Like maximum curvature, minimum curvature
(Kmin ) is also calculated. The red colour indicates
the thrust–fault/lineament in the minimum curvature map (Bgure 11) which is the opposite to the
maximum curvature. It is noted that the minimum
curvatures are indicating the thrust–fault/lineament location; however, most positive curvatures
indicate comparatively better. The orientation of
the thrust–fault patterns in the case of minimum
curvatures are similar to the maximum curvatures.
The mean curvature (Km ) can be deBned as the
average of maximum curvature (Kmax ) and minimum curvature (Kmin ). The plot of the mean

Figure 10. Map showing the maximum curvature map (Kmax ) of the geometric surface indicates the thrust–fault and lineament
pattern in the surface. Black colour indicates the thrust–fault/lineament boundary locations.
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Figure 11. Map showing the minimum curvature (Kmin ) of the geometric surface which indicates the reverse of the maximum
curvature. Red colour indicates the thrust–fault and the lineament pattern in the surface.

curvature is shown in Bgure 12. The black colour
contrast indicates mean curvature. It is noted that
mean curvature pattern are well correlated with
the previously marked thrust–faults/lineament.
This mean curvature orientation is similar to the
maximum curvature. However, maximum curvature provides better information of thrust–
faults/lineament indicating positive value.
The most positive curvature is shown in
Bgure 13. After superimposing the previously
determined thrust–fault locations, shows a clear
contrast across the thrust–fault location (with
black colour). It is noted that the most positive
curvature is similar to the maximum curvature
(Bgure 10). The anticlinal and dome-shape feature
shows the most positive curvature (Ghosh 2015).
Similarly, most negative curvature (Bgure 14)
indicates the greatest negative values that specify
the extreme synclinal and the bowl-shape feature.
By comparing the most negative curvature (black
colour) (Bgure 14) and the minimum curvature
(Bgure 11), both show identical pattern. The most
positive and the most negative curvatures highlighted the lineament/fault in the geometric surface. The above-derived results are well supported
and well correlated with the previous work (Ghosh
2015).

The maximum and minimum curvature at a
given point on a deBned surface are called principal
curvature. The product of the principal curvatures
(maximum curvature and minimum curvature) is
called the Gaussian curvature (Kg ) (Bgure 15). If
the Gaussian curvature is positive, then the surface
will be elliptic point and a dome shape (black colour). If the Gaussian curvature is negative, then
the surface will be saddle shape and hyperbolic (red
colour). If the Gaussian curvature is zero, the
subsurface is said to be parabolic curve (mixture of
black and red color). This Gaussian curvature
provides overall dome and valleys in the areas and
looks mathematically very complex. The Gaussian
curvature is not appropriate for identifying the
thrust–fault/lineament location; however, it can
give better information about the various type of
shapes of the surface. It is seen from Bgure 15 that
the domal-shaped marked in black colour in scattered pattern and the valleys are marked with red
colour.
Dip (proBle) curvature is the measure of the rate
of change of dip in the maximum dip direction
(Bgure 16). The magnitude of dip curvature refers
developed local ridges or valleys. Dip (proBle)
curvature shows the throw as well as the direction of faults clearly. These highs and lows are
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Figure 12. Map showing the mean curvature (Km ) that is average of the two curvatures maximum curvature and minimum
curvature. The gravity patterns are almost similar to the maximum and minimum curvature.

Figure 13. Map showing the most positive curvature (Kþ ) which represents the greatest positive values (black colour) and also
indicates the anticlinal and dome shape features.
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Figure 14. Map showing the most negative curvature (K ) which indicates the greatest negative values (red colour) and also
speciBes the extreme synclinal and the bowl features.

Figure 15. Map showing the Gaussian curvature (Kg ). If Gaussian curvature is positive, it shows elliptic point and a dome shape
(black colour); for negative curvature it shows the surface as saddle shape and hyperbolic (red colour). If the Gaussian curvature
is zero, the subsurface is said to be parabolic curve (blackish-red-white).
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Figure 16. Map shows dip (proBle) curvature (Kdip) refers developed local ridges or valleys. Vertical gravity gradient represents
highs (black colour) over the ridges and lows (red colour) over the valleys.

sharpened in their dip curvature. Vertical gravity
gradient represents highs (black colour) over the
ridges and lows (red colour) over the valleys.
Extracting the curvature perpendicular to the dip
along the strike, provides the strike (tangential)
curvature as shown in Bgure 17. It is understood
that, the vertical gravity gradient represents highs
over the ridges and lows over the valleys. Black
and red colour show the corresponding positive and
negative strike. The thrust–fault interpretation
using strike (tangential) is not more appropriate
and it looks more complex in nature.
Contour (plan) curvature (Bgure 18) is visually
very similar to strike curvature (Bgure 17) and
associated with surface by cutting horizontally
through the surface. It is noted that contour curvature is more sharpened than the strike curvature,
but not very appropriate for thrust–fault/lineament mapping. It is also noted that the contour
curvature (Bgure 18) values are not well constrained but follows a pattern and accordingly very
large values occur at the culmination of anticlines,
synclines, ridges and valleys.
The curvedness is a positive number that speciBes the amount of curvature, measures the absolute
value present within this surface. It is clearly seen

that the contrast between black-red colour in the
curvedness map look more prominent for the
thrust–fault/lineament location (Bgure 19).
Shape index curvature is the combination of
maximum and minimum curvature and qualitatively describes the shape like bowl, valley, Cat,
ridges and domal shapes. Shape index values can
vary from –1 to +1. The quantitative description
for the geomorphological bodies are bowl shaped
(–1), valley shaped (–0.5), Cat shaped (0.0), ridge
(+0.5) and domal shaped (+1) (Robert 2001;
Cevallos et al. 2013). Figure 20 indicates the shape
index curvature map with the higher values indicated by black colour and lower values are indicated by red color. Interestingly, it can be observed
that the contrast between black and red colour
indicates the thrust–fault/lineament location. The
bowl shaped are marked at Ramgura, Jodpur
Ramnagar and Mau (lower values of shape index);
however, domal shaped are marked at Katni
Umria, Katangi, Nigri, Semaria areas (higher
values of shape index). The shape index is dimensionless, the derived results sometime give much
false indication due to the neighbouring bodies
eAect, higher derivative and complexity of the
areas.
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Figure 17. Strike (tangential) curvature (Ks ) indicates highs (black colour) and lows (red colour) are sharpened prominently in
strike curvature.

Figure 18. Map showing the contour (plan) curvature (Kc ) (in between light black and light pink) is similar to the strike
curvature.

Curvature analysis of gravity data can provide
desired information and can help to understand
automatic thrust–fault/lineament and subsurface

information. Curvature interpretation needs
special care for proper understanding of noise quality
of data which is a very sensitive for Brst and second
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Figure 19. Curvedness curvature (Kn ) is the positive number (light black colour) that describes the curvature in this absolute
measure of total curvature present within this surface.

Figure 20. Shape index (Si ) is the combination of maximum curvature and minimum curvature and qualitatively describes the
bowl, valley, Cat, ridges and domal shapes. The fault and lineament can also be identiBed using this interface. Shape index values
vary from –1 to +1. The quantitative description for the geo-morphological bodies like bowl (–1), valley (–0.5), Cat (0.0), ridge
(+0.5) and domal shape (+1).
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Figure 21. The horizontal gravity gradient (HGG) and the thrust–faults location (black colour). HGG indicates very sharp
location of thrust–fault/lineament.

Figure 22. The analytic signal (AS) map of the gravity data and the thrust–faults location (indication of black colour).
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Figure 23. The tilt derivative (Tilt) of gravity data and the thrust–faults location indicated by white colour (in between black
and red).

derivative calculation. As curvature may change
significantly after applying different sampling and
Blters, special care need to be taken for further
interpretation. In this study, it can be noted that
after analysing the different curvatures from
gravity data, most of the curvatures gives comparatively better correlation for indicating automatic thrust–fault/lineament locations, however,
few of them indicate poor results and have different
features. In this study, maximum, most positive,
dip (proBle) and curvedness curvatures show better
results compared to the minimum, mean, most
negative, Gaussian, strike (tangential), contour
(plan) and shape index curvatures. Although, the
overall curvatures interpretation derived here show
a clear impression of automatic thrust–fault/lineament pattern locations from curvature analysis.
Thrust–fault/lineament locations derived by the
horizontal gravity gradient (HGG), analytic signal
and tilt derivatives of gravity data are also compared. Figure 21 indicates the horizontal gravity
gradient (HGG) and the result looks good correlation with the previously marked thrust–fault
(Ghosh 2015). Figure 22 shows the analytic signal
map (ASA), however, it is indicating the pattern of
thrust–fault location but less prominent compared

to the HGG (Bgure 21). Figure 23 indicates the tilt
derivative map (TDR) and thrust–faults indicated
sharp boundary at the positive value (black color)
and negative values (red color) of the derived map.
Out of these three analysis (HGG, AS and Tilt),
the results of HGG gives better thrust–fault/
lineament locations compared to tilt and ASA.

6. Summary and conclusion
Curvature analysis can play an important role
for better identiBcation of thrusted–faulted/lineament structures using gravity data for complex
geological background. The role of various curvatures and their gravity derivatives like most-positive, most-negative, mean, maximum, minimum,
dip (proBle), strike (tangential), contour (plan),
curvedness, Gaussian and shape index curvatures
have been discussed here for demarcating
thrust–fault/lineament locations as compared with
the previously marked thrust–fault position
(Ghosh 2015). It is clearly noted that maximum,
most positive, dip, curvedness and HGG curvatures are most result oriented for demarcating
thrust–fault/lineament locations compared to
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minimum, mean, most negative and strike curvatures. However, Gaussian curvature is more complex in nature and cannot be encouraged for
thrust–fault/lineament locations, but can help in
identifying domal and valley type structures. In
similar way, shape index can help to identify different typs of structures like dome, ridge, Cat,
valley and bowl-shaped structures. The area has
rich prospects in terms of mineral and hydrocarbon
exploration; therefore, the derived thrust–fault
locations and lineament study can help better
geo-scientiBc study for further exploration.
The present study suggests various thrusts and
faults in this area. These thrust–faults are clearly
demarcated by the curvature analysis. Some of
them are Son Narmada North Fault (SNNF), Son
Narmada South Fault (SNSF) and Extension of
Son Narmada South Fault (ESNSF) oriented in the
NW–SE direction; Sara Maihar Fault (SMF) oriented in the N–E to W–NW direction. However,
Karwa–Sarna–Umaria Fault (KSUF) oriented in
the S–E to N–NW direction parallel to the Son
River and is extended up to SNSF and SNNF. This
extension of KSUF makes it unstable and envolves
in tectonic resettlement in Umaria, Chanaura and
Amarpur area. The thrusting force originated at
Ramguda and Shahdol area moves towards SNNF
and SNSF in N–W direction expecting tectonic
impact. Karwa–Raipur Fault (KRF) is oriented in
the E–SW direction.
The area of study is seismically active and highly
undulated and passed through various tectonic
activities like thrusting and faulting. Overall, an
integrated approach can map better geoscientiBc
study in geologically complex transition zone area.
Maximum, most positive, dip, curvedness and HGG
curvatures show the better-quality thrust–fault
locations compared to minimum, most negative,
strike, Gaussian, shape index curvatures. The shape
index curvature identiBed the different shapes of the
lithological information like ridges, Cat, valleys and
bowl shaped. The Son Narmada North Fault
(SNNF) and the Son Narmada South Fault (SNSF)
are clearly shown in the bowl shape (sharp boundary
of black color) (Bgure 20). HGG, AS and tilt
derivative of gravity data has been mapped for
thrust–fault location. It is noted that thrust–fault
location through HGG (Bgure 21) gives better result
compared to AS (Bgure 22) and TDR (Bgure 23). It
is concluded that thrust–fault/lineament locations
can be better studied using integrating the different
curvature interpretation AS, HGG and TDR in
geologically complex transition zone area.
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