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The Wajrakarur kimberlite Pipe 6 in Eastern Dharwar Craton, is hardly explored using latest
ground-based geophysical techniques. The present study uses the Very Low Frequency Electromagnetic
(VLF-EM) method for understanding the aerial extension, depth and geometry of the kimberlite pipe.
The VLF-EM data have been analyzed using Fraser Bltering of in-phase component, 3D Euler
deconvolution of Fraser Bltered in-phase data, radially average power spectrum (RAPS) of VLF data
(raw data) and 2D inversion of VLF data (raw data). The Fraser Bltered in-phase grid anomaly map
has witnessed as an eAective tool for mapping extension of the kimberlite pipe. The maxima of Fraser
Bltered in-phase component has been observed as a key parameter to delineate the conducting bodies.
The high apparent current density in Karous–Hjelt (K–H) pseudo section locate relatively conducting
body possibly associated with kimberlite pipe. Two depth interfaces at about 15 and 32 m have been
delineated using RAPS. 3D Euler solution indicate dyke-like structure associated with kimberlite pipe
having depth solutions ranging from 6 to 40 m with mode of depth 17 m in the study area. 2D
resistivity sections indicate that causative bodies are in the depth range of 15–50 m. The results of
VLF-EM study are well validated using geological borehole data over the study area reported by
Geological Survey of India.
Keywords. VLF-EM; Fraser Blter; Euler deconvolution; radially averaged power spectrum; Karous–Hjelt
(K–H) current density pseudo section; 2D resistivity section; kimberlite mapping; Wajrakarur.

1. Introduction
The very low frequency (VLF) electromagnetic
(EM) method is a conventional shallow surface
technique for prompt geological mapping and
detection of conductive targets. The VLF method
uses plane wave of EM signal as a source wave in
the frequency range of 15–30 kHz emitted from
military navigation radio transmitters. There are

total 42 global ground military communication
transmitters which are used as a high frequency
source for VLF-EM data acquisition. The VLFEM method has been widely used for groundwater (Sharma and Baranwal 2005), mineral
(Sinha 1990; Jeng et al. 2012; Biswas and Sharma
2016), geothermal studies (Baranwal and Sharma
2006; Mandal et al. 2019) and in archeological
exploration (Drahor 2006). Apart from these
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studies, there are several published papers
available for VLF data interpretation (Sundararajan et al. 2006; Baranwal et al. 2011; Singh
and Sharma 2016; Ebrahimi and Sundararajan
2019). Kimberlite pipe is a vertical type intrusion
similar to dyke and relatively conducting with
respect to the granitic matrix rock in this study
area. Mittal et al. (2014) suggested that since the
primary Beld is horizontal, VLF-EM is an ideal
tool for investigation of vertical and dipping
conducting structures in the subsurface. The
Wajrakarur Kimberlite Field (WKF) comprises
of three pipes namely Pipe 1, 2 and 6. Previously,
Geological Survey of India (GSI) (2011) conducted some study on WKF Pipe 6 using gravity,
magnetic and resistivity survey. But, hardly any
of these published study result is available. There
are several geological studies in WKF covering
Pipe 1 and Pipe 2 (Chalapathi Rao et al. 2010;
Dongre et al. 2014). Patel et al. (2006) published
a study report on Eclogite xenoliths from Wajrakarur kimberlites, southern India. Kaur and
Mitchell (2013) studied the mineralogical properties of the kimberlite Pipe 2 in WKF. Chalapathi Rao (2008) analyzed the petrophysical
properties of Indian kimberlite, lamprophyre and
lamproites. Dongre et al. (2016) reported a new
kimberlite Pipe 15 in the Wajrakarur cluster of
WKF, Eastern Dharwar Craton, southern India.
Only very few published geological studies are
available over WKF Pipe 6. Different researchers
carried out geophysical survey based on gravity
and magnetic data in Wajrakarur–Lattavaram and
Narayanpet–Maddur kimberlite Belds, Eastern
Dharwar Craton (EDC) (Vasanthi and Mallick
2001, 2005; Veeraiah et al. 2009; Vani et al. 2013).
Geological Survey of India (GSI) (2011) indicated
an approximate resource of 5.99 million tonne with
a diamond resource of 40,000 ct up to 60 m depth
based on 19 boreholes data. Generally, boreholes
provide point information, while a state-of-the-art
geophysical technique may provide detailed continuous information based on some physical
parameters.
The present study attempts VLF-EM method
for detailed study of kimberlite Pipe 6 in the WKF,
EDC. The conventional VLF-EM data interpretation includes the Fraser and Karous–Hjelt (K–H)
pseudo section for current density variation. The
inversion of in-phase and out-phase data gives 2D
resistivity section. This paper delivers different
approaches for VLF data interpretation to map the
kimberlite body.
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2. Brief geology of the study area
The WKF is situated in the western margin of the
Cuddapah Basin covering 120 9 60 km area
(Bgure 1a). The Chitradurga Boundary Fault
divides the Dharwar Craton into Eastern Dharwar
Craton (EDC) and Western Dharwar Craton
(WDC) (Shaikh et al. 2016). The WKF is the part of
EDC and the kimberlite pipes are sandwiched within
the granite rocks. The EDC mainly consists of late
Archean granitoid rock groups with age varying
from 2.75 to 2.51 Ga. The western part of EDC
mainly contains kimberlite pipes, whereas eastern
part of EDC consists of lamproite. The kimberlite

Figure 1. (a) Generalized geological map of the Dharwar
Craton (modiBed after Shaikh et al. 2016) and (b) location
map of the study area showing the proBles for VLF data
acquisition (modiBed from Google earth).
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Pipe 1 and Pipe 2 are covered by the residual soil laid
by the Pennar river system, whereas the Pipe 6 is
covered under black soil deposited by the Hagari
river system (Bgure 1b). The long term crustal stress
due to local tectonic setting caused several fractures
(NW–SE) and faults (ENE–WSW) in EDC (Vani
2012). These structures may have played a prominent role in kimberlite emplacement as most of the
pipes are located near these structures. Apart from
these structures, several gabbro/dolerite dykes
trending NW–SE and ENE–WSW have been
reported in this area. The age of kimberlite pipes
using Rb–Sr data and K–Ar data have been reported
1090 Ma and 840–1020 Ma, respectively (Paul et al.
1975; Kumar et al. 1993).
3. Methodology
The VLF-EM method is a tilt angle method;
however, the parameters measured in the Beld are
in-phase (real part) and out-phase (quadrature or
imaginary) component. When the secondary magnetic Beld components are relatively smaller compared to the primary magnetic Beld, then the real
(Hzr) and imaginary (Hzi) components of VLF
response are related to the tilt angle (h) and ellipticity (e), respectively, with good approximation
(Sharma et al. 2014). The ratio of the real components of the secondary vertical magnetic Beld (Hz )
to the primary horizontal magnetic Beld (Hy ) is the
tangent of the tilt angle. The percentage of tangent
of tilt angle is called as the real anomaly (Re)
(G€
urer et al. 2009; Sharma et al. 2014).
 
Hz
¼ tan h  100:
Re
Hy
The ratio of the quadrature component of the
secondary vertical magnetic Beld to the primary
horizontal magnetic Beld is the ellipticity. The
percentage of ellipticity is deBned as the imaginary
urer et al. 2009; Sharma et al. 2014).
anomaly (Qu) (G€
 
Hz
¼ e  100:
Qu
Hy
Fraser (1969) introduced a linear Bltering
technique to localize the conducting body by
shifting phase of the tilt angle by 90°. Fraser
Blter is obtained by the subtraction of initial
consecutive stations data and next two consecutive stations data. The generalized mathematical
expression for the Fraser Bltering is written as
(Sharma et al. 2014):

F ðn Þ ¼ ðHn2 þ Hn1 Þ  ðHnþ1 þ Hnþ2 Þ;
where Hn is the measured data (real or imaginary
part of the magnetic transfer function) at nth station, F(n) is Fraser Bltered data obtained at the
center of Hn2 and Hnþ2 .
Karous and Hjelt (1983) developed a Bltering
technique, called Karous–Hjelt (K–H) Blter, has
been applied on the in-phase component of the
vertical magnetic Beld (secondary) to interpret the
VLF data in terms of current density. It is a discrete linear Bltering of VLF data, which uses
Biot–Savart law. Magnetic Beld is produced by a
current source and developed a linear Blter to
compute current density using Biot–Savart law
(G€
urer et al. 2009; Sharma et al. 2014).
Dz
Ia ð0Þ ¼ 0:102H3 þ 0:059H2  0:561H1
2p
þ 0:561H1  0:059H2 þ 0:102H3 ;



Dx
where Ia ð0Þ ¼ 0:5 I Dx
is equivalent to
2 þI  2
the current density and I is current. Dz is the depth
at which current density has been calculated, with
data interval Dx.
Further, 3D Euler deconvolution and radially
power average spectrum (RAPS) techniques have
been used for approximate depth calculation. 3D
Euler deconvolution equation (Thompson 1982;
Reid et al. 1990) can be expressed as:
oIP
oIP
oIP
þ ðy  y0 Þ
þ ðz  z0 Þ
ox
oy
oz
0
¼ N ðIP  IP Þ;

ðx  x0 Þ

where x0 ; y0 and z0 are the coordinates of the
causative source; IP 0 is the back ground Beld, IP is
the Fraser Bltered in-phase anomaly measured at x,
y, z point. N is the structural index (SI) which
describes the source geometry. SI can be deBned as
the rate of change of anomaly with depth and
determines the shape of the body.
Spectral analysis is a technique in frequency domain
to calculate depth having contrast in any physical
parameters (Spector and Grant 1970; Blakely 1995;
Mishra 2011). In case of VLF study, depth has been
estimated based on the electrical conductivity contrast
of layers. For the power spectrum p(k), wavenumber k,
mean depth d and constant A for randomly distributed
source, the power spectrum relation can be expressed
as:
pðk Þ ¼ A expð2jk jd Þ;
taking log on both sides in this equation
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lnðpÞ ¼ 2jk jd þ A;
plotting lnðpÞ with wavenumber k gives a straight
line and the slope of the line (s) is given by s =
4pd. These equations depict that slope of higher
wavenumber gives shallow depth value and vice
versa.
4. Results and discussions
The ground-based VLF-EM data have been
acquired using portable ground VLF System
(GSM-19V instrument of GEM systems, Canada)
along the proBles in perpendicular direction of
propagation of known primary electromagnetic
Beld (18.6 kHz). The data have been acquired along
seven proBles of length 200–250 m with 5 m data
spacing. Initially, the grid map of Fraser Bltered inphase component has been generated using VLF
proBle data collected along seven proBles. The
location of known kimberlite (Pipe-6) has been
overlaid on the Fraser Bltered in-phase map. It is
observed that a broad high Fraser Bltered in-phase
anomaly (0.4–6%) occur around Pipe 6. Generally,
maxima of Fraser Bltered in-phase component is
associated with a conducting body (Al-Tarazi et al.
2008). Four prominent high zones (IP1–IP4) and
two low zones (IP5 and IP6) have been marked in
the Fraser Bltered in-phase map (Bgure 2). The
prominent high zones (IP1–IP4) indicate possible
extensions of the kimberlite body (Pipe-6). The

prominent low zones (IP5 and IP6) are associated
with the peninsular gneissic complex. Apart from
these prominent anomaly zones, some moderate
low anomaly zones are observed associated with
the host granite rock.
Euler deconvolution technique has been applied
on the Fraser Bltered in-phase data to calculate the
possible geometry and depth of the causative body.
Different sets of Euler’s depth solutions have been
calculated for Structural Index (SI) 1 (dyke) with
variable window size (595, 10910, 15915) and
depth tolerance (5%, 10%, 15%, 20%) to Bnd the
probable tightest cluster of the solutions. According to Ebrahimi and Sundararajan (2019), SI=1 is
associated with the source geometry of dyke
(kimberlite pipe). The window size of 10910 and
depth tolerance 10% with SI=1 show the better
clustering of depth solutions. The Euler deconvolution depth solutions are overlaid on the Fraser
Bltered in-phase anomaly map for the better
understanding of clustering trends. It is observed
that the depths of the causative sources are varying
from 6–40 m with mode depth 17 m in the study
area. Three major clustering zones (Z1–Z3) have
been identiBed in the map with different depth
values (Bgure 3). A linear trend of depth clustering
zone (Z1) is probably associated with the extension
of kimberlite body. In ZI zone, the depth range is

Z4

Fraser filter %

Fraser filter %

Z1

IP6
IP1

Z2
IP2
IP5
IP4

Z3

IP3

Figure 2. Fraser Bltered map of in-phase component anomaly
map of the study area generated from VLF raw data
superimposed with the Pipe 6 location (black dot).

Figure 3. Euler depth solution has been generated using
Fraser Bltered in-phase anomaly data for SI=1 superimposed
with the in-phase anomaly map and Pipe 6 location (white
dot). Total three prominent zones (Z1–Z3) have been
identiBed based on Euler depth clustering.
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varying from 7–26 m with mode depth value of 15.5
m. The second zone Z2 is observed in the southern
part of the study area trending E–W, which is
observed along the located kimberlite body. The
depth value is relatively deeper in this zone
varying from 7 to 40 m with mode value 17 m.
Another zone Z3 is identiBed in eastern part
trending linearly N–S. The zone Z3 is associated
with the contact of kimberlite and peninsular
gneissic complex. The depth range is varying from
9–30 m with mode value of 16 m in zone Z3. In
the northeast part, Z4 is associated with host
granitic rock.
Further, radially average power spectrum
technique has been used to calculate the depth of
interfaces of different layers (Bgure 4). Two
prominent interfaces of abrupt changes in conductivity with depth have been identiBed. Broadly, the
deepest body at about 32 m is possibly associated
with bottom part of kimberlite (conducting yellow
ground, GSI 2011; Macnae 1979) whereas, shallower body at 15 m is possibly upper part of
kimberlite body (conducting yellow ground).
Empirical mode decomposition (EMD) technique
(EMTOMO, VLF2DMF-v1.6) have been used to
enhance the signal by removing the non-stationary or
nonlinear noises in VLF-EM data. The EMD data
analysis technique is constructed on decomposing the
data into a Bnite number of orthogonal simple oscillatory modes called intrinsic mode functions (IMFs)
(Huang and Wu 2008; Wu and Huang 2009). EMD
Bltered VLF-EM data of proBles BB0 and EE0 have

been inverted using VLF2DMF program
(EMTOMO) for 2D inversion (Beamish 1994, 2000;
Kaikkonen and Sharma 1998; Sharma and Kaikkonen
1998; Baranwal et al. 2011). The in-phase plot along
proBle BB0 shows the location of conducting body at
the crossover point with the zero axis (Bgure 5a). The
Fraser Blter shifts both the in-phase and out-phase
components by 90° (Fraser 1969) and the positive
apex point of in-phase component shows a conducting
body (Bgure 5b). Total two prominent peaks have
been observed at proBle distances of 75 and 200 m in
the Fraser Blter plot indicating the presence of conducting body. The crossover points in the in-phase
raw data plot have been observed nearly at the same
proBle distances. The Karous–Hjelt (K–H) apparent
current density pseudo section (Karous and Hjelt
1983) of proBle BB0 shows high current density
(0.1–1.5%) zones at same proBle distances (75 and
200 m) probably associated with the kimberlite pipe
(Bgure 5c). The host granite rock has also been
identiBed at a proBle distance of 150 m in the Fraser
plot with negative apex point of in-phase component.
The same is observed in K–H pseudo section with a
negative value of apparent current density (3.3 to
0.5%) at 140 m. The 2D resistivity section
(Bgure 5e) delineates the possible kimberlite pipe at
about 75 and 200 m proBle distances with depth range
of about 15–45 m having relatively low resistivity
value (53–135 Xm). A high resistive zone has been
recognized at a proBle distance 150 m with depth
range of about 15–50 m which is associated with the
granite rock (250–532 Xm).

Figure 4. Radially average power spectrum map for in-phase component.
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Figure 5. VLF data outputs along proBle BB0 (a) EMD Bltered in-phase and out-phase component plot, (b) Fraser Blter plot (real and
imaginary component data), (c) K–H pseudo section of real component data showing the variation of current density, (d) Data and model
response curve for in-phase and out-phase component, and (e) 2D resistivity model generated using the inversion of the VLF-EM data.

The in-phase raw data plot for proBle EE0 shows
one crossover point at proBle distance 100 m of
in-phase component (Bgure 6a). Fraser Blter plot of
in-phase component also shows one prominent

positive apex point at proBle distance 100 m and
two negative apex points at about 50 and 200 m
proBle distances (Bgure 6b). The positive apex
point is probably associated with the kimberlite
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Figure 6. VLF data outputs along proBle EE0 (a) EMD Bltered in-phase and out-phase component plot, (b) Fraser Blter plot (real and
imaginary component data), (c) K–H pseudo section of real component data showing the variation of current density, (d) Data and model
response curve for in-phase and out-phase component, and (e) 2D resistivity model generated using the inversion of the VLF-EM data.

pipe. Whereas, two negative apex points are
possibly associated with the granite rocks. The K–H
pseudo section (Bgure 6c) of in-phase component
reveals one high current density zone (0.1–0.5%) at

the same proBle distance (100 m) probably associated with kimberlite. Whereas, two negative current density (0.8 to 1.5%) zones at proBle
distances of 50 and 200 m have been identiBed,
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which are probably associated to the granite rock.
Further, inversion of VLF data have been carried
out to produce a 2D resistivity section (Bgure 6e)
for the same proBle. A relatively conductive
(158–180 Xm) zone has been identiBed at a proBle
distance 100 m with depth range of about 20–50 m,
which is probably associated with the kimberlite
pipe. Whereas, two resistive (330–494 Xm) zones
have been identiBed at proBle distances 25 and 200
m with depths of 25 and 40 m, respectively. These
two resistive zones are possibly associated with the
granite rock. A good association between measured
and calculated values are observed for the inversion results of the in-phase and out-phase datasets
for both the proBles (Bgures 5d and 6d). The root
mean square (RMS) error for both the inverted
proBles are 0.3% and 0.2%, respectively.
In both the proBles, a topmost low resistive layer
with thickness of about 1 to 2.5 m has been identiBed, which is probably associated with the black
soil/weathered rock. The layer shows mixed resistivity value ranging from 50 to 400 Xm. Generally,
the depth of penetration in VLF-EM method is
controlled by skin depth (d). It can be deBned as
the depth at which EM Belds are attenuated by
60–70% of its surface amplitude for an isotropic
earth. The skin depth primarily depends on the
homogeneous subsurface resistivity (qÞ and frequency (f ) of the EM Belds (Telford et al. 1990).
The skin depth is written as d ¼ 503ðq=f Þ1=2 . The
resistivity range of the top layer indicate that skin
depth will be ranging approximately from 26 to 73
m. The approximated skin depth 26–73 m of VLFEM study validate the depth estimated by 3D
Euler solution (depth range 7–40 m, with mode
depth 15.5–17 m), and RAPS (causative body with
depth 15 and 32 m) and 2D resistivity section
(causative body with depth range 15–50 m). Geological Survey of India (GSI 2011) drilled 19 boreholes with deepest hole up to 280 m. This study
(GSI 2011) indicates that kimberlite body covered
under 1.5 m thick black soil and yellow ground
occurs up to a depth of 45 m, followed by blue
ground that continue further than 280 m depth. A
granite–kimberlite raft of about 170 m long and
approximate 30–80 m wide was observed near the
center of the pipe extending up to 35–40 m depth.
Generally, kimberlitic material weathers very
easily due to high porosity and permeability.
Characteristically, kimberlite body may have three
main zones when eroded and weathered (Macnae
1979): (i) friable material called yellow ground is
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the most weathered part near the surface, (ii) this
is further graded downward into a zone called blue
ground, (iii) followed by the hard kimberlite rock,
known as hardebank. Mostly, the yellow ground
comprises conducting clays. A highly conductive
clay-rich zone forms in the top of the kimberlite
pipe due to weathering while conductivity decreases with depth from blue ground to hardebank
(Ruotsala 1975).

5. Conclusions
This paper presents a combined analysis of VLF-EM
data using Fraser Bltering of in-phase component, 3D
Euler deconvolution of Fraser Bltered in-phase data,
radially average power spectrum of VLF data (raw
data) and 2D inversion of VLF data (raw data). The
prominent high zones (IP1–IP4) in Fraser Bltered inphase map indicate possible extensions of the kimberlite body (Pipe-6). Generally, maxima of Fraser
Bltered in-phase component is associated with the
conducting body. Based on 3D Euler deconvolution,
two major clustering zones Z1 (depth range 7–26 m
with mode 15.5 m) and Z2 (depth range 7–40 m with
mode 17 m) have been identiBed for SI=1, which are
possibly associated with kimberlite pipe, a dyke-like
structure. Based on radially average power spectrum
(RAPS) technique, causative bodies have been
delineated with two interfaces at about 15 and 32 m.
2D inversion of VLF data along proBle BB0 delineates
the possible kimberlite pipe at about 75 and 200 m
proBle distances with depth range of about 15–45 m
having relatively low resistivity value (53–135 Xm).
Similarly, 2D inversion of proBle EE0 delineates a
relatively conductive (158–180 Xm) zone probably
associated with the kimberlite pipe near 100 m proBle
distance with depth range of about 20–50 m.
The approximated skin depth 26–73 m of VLFEM study validate the depth estimated by 3D
Euler solution (depth range 7–40 m, with mode of
depth 17 m), RAPS (causative body with depth 15
and 32 m) and 2D resistivity sections (causative
body with depth range 15–50 m). The mode (17 m)
of the 3D Euler depth solutions corroborate well
with the 1st depth interface delineated by RAPS
(15 m) and 2D resistivity sections (15–20 m).
Interestingly, 3D Euler solution clustering zones Z1
(depth range 7–26 m with mode 15.5 m) and Z2
(depth range 7–40 m with mode 17 m) and low
resistivity anomalies in 2D resistivity sections with
depth range of about 15–50 m corroborate very
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well with the yellow ground of kimberlite pipe
based on the borehole drilling data, which occurs
up to a depth of 45 m as reported by Geological
Survey of India. Based on the results of present
study, further detailed investigation can be carried
out for kimberlite exploration. This study results
prove the suitability of VLF-EM method for
exploration of kimberlite and can also be eAectively
used over other kimberlite pipes.
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