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Abstract  The very low-frequency (VLF) electromagnetic (EM) method is the sim-
plest EM method to delineate shallow subsurface conducting structures. Since the 
approach utilizes signals transmitted from worldwide transmitters located in coastal 
areas in the 5–30 kHz frequency band, it is suitable to depict conducting structures 
up to 200 m depth in highly resistive terrain. Freely and readily available primary 
field signals anywhere around the Earth make the VLF method very convenient and 
efficient for field data collection. Further, VLF data processing using digital linear 
filtering is quite accurate and very efficient in depicting the qualitative information 
about subsurface conductors, even though quantitative interpretation of VLF data 
is as complex as other EM data interpretation. In the present study, various aspects 
of the VLF method such as basic theory, worldwide VLF transmitters, quantities 
measured, and interpretation procedures are discussed in detail. Finally, the effi-
cacy of the VLF method for groundwater investigation, mineral investigation, and 
landslide and subsurface pollution monitoring studies has been demonstrated. Even 
though the VLF method is a rapid technique for subsurface investigation, use of 
complementary geophysical methods such as gravity, direct current (DC) resistiv-
ity, self-potential, radiometric, etc., reduces the ambiguity in the interpretation and 
yields reliable subsurface information.

Keywords  VLF electromagnetic · Groundwater and mineral investigation · 
Landslide studies · Subsurface pollution studies

1 � Introduction

Electromagnetic (EM) method of geophysical prospecting deals with the propaga-
tion of low-frequency time varying EM field (primary field) into the earth. Such 
fields are generated by passing alternating current in a number of transmitters (a 
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small circular loop, a large rectangular loop, a grounded wire, a long vertical cable, 
etc.). Due to low frequency, the EM field penetrates into Earth’s interior and inter-
acts with subsurface conductors. Due to this interaction, according to Faraday’s law 
of EM induction, an induced electromotive force (emf) is generated in the subsur-
face conductor. Further, an induced current is set up in the subsurface conductor. 
This induced current (secondary current) produces a secondary field (Fig. 1) which 
propagates to the earth’s surface. On the Earth’s surface a vector combination of 
the primary and secondary fields is recorded. The whole process is governed by the 
well known Maxwell’s equations (Faraday’s and Ampere’s laws) and is known as 
EM induction phenomenon in the earth.

EM methods utilize a broad frequency range (1 GHz to 10−6 Hz). Ground pen-
etrating radar (GPR) uses the highest frequency in the band of 25 MHz to 1 GHz. 
However, GPR method is based on reflection principle, and EM induction does not 
take place at such a high frequency. Very low-frequency (VLF) EM method uses the 
frequency band 5–30 kHz. Audio frequency magnetic field method which is based 
on thunderstorm (lightening) activity has a frequency of 1–1,000 Hz. Controlled 
source EM method that uses transmitter and receiver in field used a frequency range 
of 100–5,000 Hz. Magnetotelluric method which is based on ionosphere current 
has the lowest frequency of 1–10−6 Hz or even smaller. Depth of investigation is 
frequency dependent and increases in the order mentioned above.

Transmitter is a very important component in EM surveying. VLF method has 
advantage in this regard, as transmitters are freely available for measurement. In 
principle, the VLF method uses transmitter located in coastal areas worldwide. The 
primary aim of these transmitters is long distance marine communication or com-
munication with submarines. These signals travel worldwide between the Earth’s 
surface and ionosphere; hence, these signals travel thousands of kilometer distances 
without much attenuation, as their frequencies are in the lower band (5–30 kHz) in 
comparison to the normal communication frequencies (thousands of kHz to GHz 
range). Therefore, they are referred to as VLF methods, even though they use the 
highest frequency in EM methods based on EM induction phenomenon.

Figure 2 shows a schematic diagram of the working principle of VLF EM meth-
od. Primary field from the transmitter travels intercontinental distances, and mea-

Fig. 1   General principle 
of electromagnetic (EM) 
surveying

 



121Very Low-Frequency Electromagnetic Method�

surements are performed in uniform primary time varying magnetic field in a small 
survey area.

2 � VLF Transmitters

VLF transmitters are basically long grounded vertical wires of several hundred me-
ters length, carrying alternating current, and operating as vertical electrical dipole 
with a transmitting power of the order of 1 MW. The monopole transmitting anten-
nas are electrically very small in comparison to the wavelength at VLF frequencies 
which is of the order of 15 km. An addition of “top-loading,” which consists of 
enormous horizontal wire arrays located at (and connected to) the top of the antenna 
is required to get high transmission power in the order of 1 MW (McNeill and Lab-
son 1991). Therefore, VLF transmitters, in general, are large, complicated, and ex-
pensive structures. These transmitters are set for communication with submarines, 
and the VLF method takes advantage of the transmitted EM fields by using them 
as primary field source. Table 1 shows a list of the transmitters working in the VLF 
range worldwide.

The EM fields transmitted from VLF transmitters at a large distance are a com-
bination of ground and sky waves. Ground wave travels over the earth’s surface, 
whereas the sky wave is refracted and reflected by the ionized layers in the upper 
atmosphere (~ 50 km and higher). Since the power of a transmitter is very large 
(~ 1 MW), it is possible to detect these fields over continental distances, nearly half 
way around the world. The magnetic field lines are horizontal circles concentric 
about the transmitter. At distances of several hundred kilometers, this field is practi-
cally uniform and at right angles to the transmitter direction which leads to assump-
tion of the plane wave (Fig. 3). There is no guarantee to receive enough strong VLF 
fields everywhere in the world due to inaccessibility of proper transmitter for some 
regions and also sometimes the VLF stations may be switched off due to mainte-
nance work. Therefore, using portable VLF transmitters may be an alternative for 
such regions.

Fig. 2   Basic principle of VLF method. (Source ABEM, Wadi)

 



122

Fr
eq

ue
nc

y 
(k

H
z)

St
at

io
ns

Fr
eq

ue
nc

y 
(k

H
z)

St
at

io
ns

St
at

io
n 

co
de

Pl
ac

e
C

ou
nt

ry
L

at
itu

de
L

on
gi

tu
de

15
.1

FU
O

 H
W

U
V

TI
22

.8
N

W
C

3S
A

C
ha

ng
de

C
hi

na
29

N
04

11
1E

43
15

.3
N

H
B

 N
PN

 N
PM

 N
LK

 N
EJ

22
.9

JJ
I

3S
B

D
at

on
g

C
hi

na
39

N
56

11
3E

15
15

.5
N

W
C

 N
PM

 N
A

A
 N

SS
23

.3
JJ

I
D

H
O

B
ur

la
ge

G
er

m
an

y
53

N
05

00
7E

37
15

.6
EW

B
23

.4
N

PM
EW

B
O

de
ss

a
U

kr
ai

ne
46

N
29

03
0E

44
15

.7
N

PM
 N

SS
 N

A
K

 N
PL

 N
PG

24
.0

N
PM

 B
A

 N
SS

 N
LK

FT
A

A
ss

is
e

Fr
an

ce
48

N
32

00
2E

34
16

.0
G

B
R

24
.8

N
LK

FU
O

C
ro

ix
Fr

an
ce

44
N

45
00

0W
48

16
.2

U
G

K
 JA

P
25

.3
N

A
A

G
B

R
R

ug
by

U
K

52
N

22
00

1W
11

16
.3

V
TX

25
.5

3S
B

G
B

Z
R

ug
by

U
K

52
N

22
00

1W
11

16
.4

JX
N

25
.8

N
SS

 N
A

A
G

Q
D

R
ug

by
U

K
52

N
22

00
1W

11
16

.6
N

PM
 N

SS
 N

A
K

26
.1

N
PM

 N
LK

 N
PG

 N
EJ

H
W

U
Le

 B
la

nc
Fr

an
ce

46
N

37
00

1E
05

16
.8

FT
A

27
.0

R
C

V
 N

A
U

IC
V

Ta
vo

la
ra

Ita
ly

40
N

55
00

9E
45

17
.0

V
TX

27
.5

N
A

U
JA

P
Yo

sa
m

i
Ja

pa
n

34
N

58
13

7E
01

17
.1

U
M

S
27

.7
3S

B
JJ

H
K

ur
e

Ja
pa

n
34

N
14

13
2E

34
17

.4
N

D
T

28
.0

D
H

O
 3

SB
JJ

I
Eb

in
o

Ja
pa

n
32

N
05

13
1E

51
17

.6
JX

Z
28

.5
N

A
U

 N
PL

JX
N

H
el

ge
la

nd
N

or
w

ay
66

N
25

01
3E

01
17

.8
N

PM
 N

A
A

 N
SS

28
.6

R
A

M
JX

Z
H

el
ge

la
nd

N
or

w
ay

66
N

25
01

3E
01

17
.9

U
B

E
29

.0
3S

A
N

A
A

C
ut

le
r M

E
U

SA
44

N
39

06
7W

17
18

.0
N

B
A

 N
PL

 N
PG

 N
LK

30
.0

U
N

W
N

A
K

A
nn

ap
ol

is
U

SA
38

N
59

07
6W

28
18

.1
U

PD
21

.0
3S

A
N

A
U

A
gu

ad
a

Pu
er

to
 R

ic
o

18
N

23
67

W
11

18
.2

V
TX

 N
SS

 JJ
H

21
.2

JJ
I

N
B

A
B

al
bo

a
Pa

na
m

a
09

N
04

07
9W

39
18

.3
H

W
U

21
.4

N
PM

 N
A

A
 N

SS
N

D
T

Yo
ko

su
ka

ic
hi

Ja
pa

n
34

N
58

13
7E

01
18

.5
D

H
O

 N
A

A
21

.6
3S

B
N

EJ
Se

at
tle

U
SA

47
N

41
12

2W
15

18
.5

N
H

B
 N

PN
 N

PM
 N

A
A

 
N

LK
 N

PG
 N

EJ
21

.8
TB

A
N

H
B

K
od

ia
k

A
la

sk
a

57
N

45
15

2W
30

18
.7

JJ
I

21
.9

JJ
I

N
LK

O
so

 W
as

h
U

SA
48

N
12

12
1W

00
18

.9
U

M
B

22
.2

JJ
I

N
PC

Se
at

tle
U

SA
47

N
35

12
2W

32
19

.0
G

Q
D

 N
PM

 N
SS

22
.3

N
W

C
 N

A
A

 N
LK

 
N

PC
 N

SS
 N

PM
N

PG
S 

Fr
an

ci
sc

o
U

SA
38

N
06

12
2W

16

Ta
bl

e 
1   

V
LF

 st
at

io
ns

 w
ith

 o
pe

ra
tin

g 
fr

eq
ue

nc
y 

an
d 

th
ei

r l
oc

at
io

ns

S. P. Sharma et al.



123

Fr
eq

ue
nc

y 
(k

H
z)

St
at

io
ns

Fr
eq

ue
nc

y 
(k

H
z)

St
at

io
ns

St
at

io
n 

co
de

Pl
ac

e
C

ou
nt

ry
L

at
itu

de
L

on
gi

tu
de

19
.1

JJ
I

22
.6

G
B

R
N

PL
S 

D
ie

go
U

SA
32

N
44

11
7W

05
19

.2
V

TX
22

.8
N

W
C

N
PM

Pe
ar

l H
ar

bo
r

H
aw

ai
21

N
25

15
8W

09
19

.4
N

H
B

 N
PN

 N
PM

 N
EJ

 N
LK

22
.9

JJ
I

N
PN

G
ua

m
G

ua
te

m
al

a
13

N
34

14
4E

50
19

.5
3S

A
23

.3
JJ

I
N

SS
W

as
hi

ng
to

n
U

SA
38

N
59

07
6W

27
19

.6
G

B
Z

23
.4

N
PM

N
W

C
N

or
th

 W
es

t 
C

ap
e

A
us

tra
lia

21
S4

7
11

4E
09

19
.8

N
W

C
 N

PM
 N

LK
 N

PL
 

N
PG

 T
B

A
24

.0
N

PM
 N

B
A

 N
SS

 N
LK

R
A

M
M

os
co

w
R

us
si

a
55

N
49

03
7E

18

19
.9

JJ
I

24
.8

N
LK

R
C

V
R

os
to

v
R

us
si

a
47

N
18

03
9E

48
20

.2
JJ

I I
C

V
25

.3
N

A
A

TB
A

A
nt

al
ya

Tu
rk

ey
36

N
53

03
0E

43
20

.3
JJ

I
25

.5
3S

B
U

B
E

Pe
tro

lo
vs

k
R

us
si

a
52

N
59

15
8E

39
20

.5
SA

 3
SB

25
.8

N
SS

 N
A

A
U

G
K

K
al

in
in

gr
ad

R
us

si
a

54
N

42
02

0E
30

20
.8

IC
V

26
.1

N
PM

 N
LK

 N
PG

 N
EJ

U
M

B
R

os
to

v
R

us
si

a
57

N
14

03
9E

48
21

.0
3S

A
27

.0
R

C
V

 N
A

U
U

M
S

M
os

co
w

R
us

si
a

55
N

49
03

7E
18

21
.2

JJ
I

27
.5

N
A

U
U

N
W

K
al

in
in

gr
ad

R
us

si
a

54
N

45
02

0E
30

21
.4

N
PM

 N
A

A
 N

SS
27

.7
3S

B
U

PD
M

ur
m

an
sk

R
us

si
a

68
N

58
03

3E
05

21
.6

3S
B

28
.0

D
H

O
 3

SB
V

TI
B

om
ba

y
In

di
a

19
N

00
07

3E
00

21
.8

TB
A

28
.5

N
A

U
 N

PL
V

TX
Vi

ja
ya

na
ga

ra
m

In
di

a
08

N
26

07
7E

44
21

.9
JJ

I
28

.6
R

A
M

22
.2

JJ
I

29
.0

3S
A

22
.3

N
W

C
 N

A
A

 N
LK

 N
PC

 
N

SS
 N

PM
30

.0
U

N
W

22
.6

G
B

R

Ta
bl

e 
1 

(c
on

tin
ue

d)

Very Low-Frequency Electromagnetic Method�



124

3 � VLF and VLF-R Anomalies

3.1  �E-Polarization

If y-axis is the strike direction and VLF transmitter is located in y-direction, then 
tilt angle α, which is the inclination of the major axis of the polarization ellipse, and 
the ellipticity e , which is the ratio of the minor to the major axis of the ellipse, are 
calculated by the formulae (Smith and Ward 1974)

�
(1)

and

� (2)

where H Hz xand  are the amplitudes, and the phase difference ∆φ φ φ= −z x , in which 
φ z is the phase of Hz x, and φ  is the phase of 1, and | sin cos |i

x z xH H H e Hφ αα∆= + . 
The tangent of the tilt angle and the ellipticity are good approximations to the ratio of 
the real component of the vertical secondary magnetic field to the horizontal primary 
magnetic field, and to the ratio of the quadrature component of the vertical secondary 
magnetic field to the horizontal primary field, respectively (Paterson and Ronka 1971). 
These quantities are called the real (= tan α × 100 %) and imaginary (= e  × 100 %) 
anomalies, respectively, and are normally expressed in percentage.

A VLF-R measurement records the horizontal electric field component and an 
orthogonal horizontal magnetic field. It is possible to use both the E- and H-polar-
ization. In E-polarization mode, the electric field is measured in a direction parallel 
to the geological strike. The apparent resistivity ρa  and phase angle ϕ computed 
from horizontal electric field Ey and magnetic field Hx are given by the formulae 
(e.g., Kaikkonen 1979):

2

2( / ) costan 2
1 ( / )

z x

z x

H H
H H

φα ∆
= ±

−

2
1

sin
.z xH H

e
H

φ∆
=

Fig. 3   Principle of VLF EM 
method. Dashed lines show 
a conductor striking towards 
the transmitter which is cut 
by the magnetic vector of the 
EM field
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  
    =   
     

� (4)

3.2  �H-Polarization

In H-Polarization mode, real and imaginary VLF anomalies do not exist and they 
are considered as zero.

For H-polarization measurement, the VLF transmitter should be located in a di-
rection perpendicular to the geological strike, the electric field is measured in a di-
rection perpendicular to the geological strike, and the magnetic field in the direction 
of the strike. Expressions for apparent resistivity and phase is given by

�

(5)

�

(6)

For theoretical computations, the field components Ex and Ey are obtained by apply-
ing the finite element technique with the Galerkin process directly to the Maxwell’s 
equations, and other field components can be computed from Maxwell’s equations 
by numerical differentiation. To solve the forward problem the magnetotelluric fi-
nite element program of Wannamaker et al. (1987) has been used after a slight 
modification for VLF purposes. For the details of the finite element modeling and 
VLF computation, papers by Kaikkonen (1979) and Wannamaker et al. (1987) are 
referred. Cubic spline interpolation (Press et al. 1992) is used to obtain response at 
the desired observation locations.
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�Depth of Penetration or Skin Depth

In general, depth of penetration for EM fields is assumed to be equal to a skin depth 
value δ. The skin depth is the depth at which EM fields are attenuated to 1/e of 
its surface amplitude during the propagation through an isotropic earth. The value 
of skin depth depends on frequency f (in Hz) and effective resistivity ρ (in Ωm) 
which is a sort of average resistivity of an equivalent homogeneous subsurface to 
the actual subsurface. The expression for skin depth in meter is:

δ
ρ

= 503
f

.� (7)

It is evident from Eq.  (7) that the depth of penetration will be greater in a more 
resistive subsurface at the same frequency of EM fields and lower frequencies will 
achieve greater depth of penetration in same resistive subsurface. In a typical re-
sistive medium (1,000 Ωm) the depth of investigation is less than 150 m at VLF 
frequencies.

4 � Interpretation Procedures

In the presence of a single vertical conductive body, VLF real and imaginary anom-
alies change from negative to positive (or positive to negative depending on the 
convention of the sign used in the instrument) with a zero crossover exactly above 
the location of the vertical conductor (Fig. 4). Paterson and Ronka (1971) have dis-
cussed general nature of the tilt angle and ellipticity data in various situations. They 
demonstrated by numerical calculations that tilt angle and ellipticity data will be of 
opposite sign with approximately the same numerical value if a good conductor lies 
in a weakly conductive ground. However, tilt angle and ellipticity data will be of 
same sign with lower numerical value of ellipticity in comparison to tilt angle if a 
poor conductor lies in a non-conductive ground or on the surface.

Fig. 4   Tilt-angle profiles 
resulting due to presence of 
a vertical conductor. (After 
Parasnis 1986)
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It is easy to make qualitative interpretation of the location of conductive body 
in such simple cases, when a single conductor is present. The problem arises when 
more than one conductor are present along the same profile line. When many con-
ductors are present in the subsurface then responses corresponding to these conduc-
tors couple together and it is difficult to decide about the location of each conductor 
separately.

Some researchers (Chouteau et  al. 1996; Gharibi and Pedersen 1999; Becken 
and Pedersen 2003) have presented the mathematical techniques to transform the 
VLF data (real and imaginary anomalies) into VLF-R data (apparent resistivity 
and phase) for the interpretation. However, most common techniques to interpret 
the VLF data qualitatively are filtering techniques presented by Fraser (1969) and 
Karous and Hjelt (1983). Moreover, these filtering techniques do not provide exact 
depth information of the conductor. A more advanced filtering technique has been 
discussed by Pedersen and Becken (2005) to construct corresponding equivalent 
current density distribution images which also provides information about the depth 
of the conductor quantitatively. However, a fully quantitative interpretation in terms 
of resistivity and depth together can be obtained by various linearized and nonlin-
earized inversion schemes of VLF and VLF-R data.

4.1  �Fraser Filtering Technique

Fraser (1969) presented a very simple filtering technique which performs phase 
shift of the tilt angle data by 90°, such that crossovers are transformed into peaks. 
The filtering process is simply performed by summing the observations at two con-
secutive data stations and then subtracting from the sum at the next two consecutive 
data stations. Mathematical formulation for the Fraser filtering is written as:

F H H H H( ) ( ) ( ),0 2 1 1 2= + − +− −� (8)

where 2 1,H H− − , etc., are the measured data (real or imaginary part of the magnetic 
transfer function) at consecutive stations with station interval ∆x . F ( )0  is filtered 
data obtained, corresponding to center of H H−2 2and . If the VLF data is collected 
along parallel profile lines of same length and for the same transmitter, then filtered 
data can be contoured to locate the extension of the conductor in the survey area.

4.2  �Karous–Hjelt Filtering Technique

Karous and Hjelt (1983) developed a filtering technique to calculate the equivalent 
current density which produces a magnetic field identical to the measured field. 
They applied the concept of linear filter theory to calculate apparent current den-
sity. According to the Biot–Savart’s law, a magnetic field is produced by a current 
source. In case of VLF, we measure the secondary magnetic field which is pro-

Very Low-Frequency Electromagnetic Method�
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duced by the eddy current set in the conductor by induction phenomenon. There-
fore, Karous and Hjelt (1983) used this analogy and developed an efficient filter to 
calculate equivalent current density from the observed magnetic field. A number 
of filters of various lengths have been examined by Karous and Hjelt (1977), and a 
six point filter coefficient was found to be the shortest and most suitable within 8 % 
accuracy for the interpretation of the field of a single current source.

The application of this filtering technique is rather simple. The filter coefficients 
are multiplied with equi-spaced and consecutive observation points and then added 
to give the equivalent current density value at the centre of those observation points. 
This procedure is repeated by shifting filter coefficients to the next observation 
points until the last observation point along the profile. Therefore, first equivalent 
current density value is obtained for a location at the centre of second and third 
observation points, and the last equivalent current density value is obtained for a 
location at the centre of second and third observation points from the last station on 
the profile. The expression for the filtering technique is given as:

∆z I H H H H Ha2
0 0 102 0 059 0 561 0 561 0 059 0 103 2 1 1 2

π
( ) . . . . . .= − + − + − +− − − 22 3H

� (9)
where [ ](0) 0.5 ( /2) ( /2)aI I x I x= ∆ + −∆  is the equivalent current density value. 
This filter is designed to be applied on equi-spaced data with the assumption that 
transformed current density values corresponds to the depth ∆z , equal to the data 
spacing at which the current densities are to be calculated. Thus, it is possible to cal-
culate the current distribution at different depths and to construct the equivalent cur-
rent density cross-section from VLF data. However, it is important to note that the 
equivalent current density cross-section is a pseudo section which does not corre-
spond to the actual current distribution. The relationship between the pseudo depth 
and the data interval ∆x  is a convention only, not a mathematical relationship.

Due to symmetry of the filter coefficients, it produces almost same features when 
applied on the real and imaginary components of the magnetic transfer function 
(Ogilvy and Lee 1991), therefore, generally current density cross-section generated 
by real component is used in the interpretation. A higher value of the current density 
shows presence of the conductor exactly below that location in the cross-section. 
The Karous–Hjelt filter is used for interpretation of VLF data collected from dif-
ferent regions.

4.3  �Inversion of VLF and VLF-R Data

A quantitative interpretation of VLF or VLF-R data for depth and resistivity dis-
tribution can be carried out by applying various inversion schemes. In principle, 
approaches developed for the inversion of magnetotelluric (MT) data can be used 
to invert VLF and VLF-R data with slight modification in the forward modeling for 
computation of VLF responses.
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Beamish (1994) used regularized inversion approach well known as OCCAM 
inversion to invert VLF-R data. The OCCAM inversion is developed by deGroot-
Hedlin and ConsTable (1990) for inversion of 2-D MT data. Further, Beamish 
(2000) used 2-D MT inversion code developed by Rodi and Mackie (2001). Sharma 
and Kaikkonen (1998a, 1998b) have used very fast simulated annealing for inver-
sion of VLF-R data. Kaikkonen and Sharma (1998) have also jointly inverted VLF 
and VLF-R data using very fast simulated annealing. A comparison of local and 
global inversion approaches for VLF and VLF-R data is discussed by Kaikkonen 
and Sharma (2001).

There are few literatures available on the inversion of VLF data. A 2-D OCCAM 
approach (deGroot-Hedlin and Constable 1990) works very well in a stable manner 
for inversion of VLF-R data. A further efficient variant of OCCAM inversion called 
REBOCC inversion developed by Siripunvaraporn and Egbert (2000) for MT data 
is used for inversion of VLF data (Oskooi and Pedersen 2005) and for the inver-
sion of airborne VLF data (Oskooi and Pedersen 2006; Pedersen and Oskooi 2004). 
Monteiro Santos et al. (2006) have used a 2-D regularized inversion based on the 
approach of Sasaki (1989) to interpret single frequency VLF data.

5 � Applications

5.1  �Groundwater Exploration

Groundwater exploration in hard rock area is often challenging. Worldwide, hard 
rock areas are more problematic for the occurrence of groundwater than the soft 
rock areas. Groundwater movement in hard rock area takes place through fine frac-
tures, and it is rather difficult to detect these fractures using a conventional di-
rect current (DC) resistivity technique. Groundwater movement in hard rock areas 
forms vertical as well as dipping conductors and it could be delineated by VLF EM 
surveys. Therefore, VLF survey can be used to find the appropriate location and 
subsequently, resistivity survey can assist in verifying the suitability of the location.

An example for groundwater investigation from Purulia (WB), India is present-
ed. The area belongs to Chhotanagpur Granite Gneiss Complex (CGGC). The area 
is characterized by gently dipping metamorphic rocks striking approximately in 
east–west direction. A ridge type structure with its axis approximately perpendicu-
lar to the strike of the formations, characterizes the area. The rock types in the area 
are granite gneiss, amphibolite, mica schist, quartzite, quartz vein, and calc-silicate 
rocks with interbanded crystalline limestone. A thin soil cover forms the upper sur-
face of the study area which is followed by crystalline massive metamorphic rocks 
of very high resistivity. Exposure of hard rock can be seen at several isolated loca-
tions in the entire area. The surface exposure shows the strike of the formation ap-
proximately in the east–west direction and it is gently dipping. The most common 
rocks in the Purulia district are granites and granite gneiss in which metabasics 
occur as intrusives.
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Integrated electrical and EM surveys were carried out in the hard rock areas of 
Purulia district (West Bengal), India, for delineation of groundwater-bearing zones 
that would be suitable for construction of deep tube-wells for large amounts of 
water. A detailed survey of the area was done using a VLF-WADI instrument and 
appropriate locations were selected for further study using Schlumberger resistiv-
ity sounding. Hence, the entire area was surveyed in a relatively short time by the 
combined use of resistivity and EM surveys.

Figure 5 shows the area map with detailed VLF profiles. From the various VLF 
profiles suitable locations were marked and subsequently resistivity surveys were 
performed. The VLF profile 0300E reveals the maximum amplitude in VLF anom-
aly. The real anomaly and apparent current density along this profile is shown in 
Fig. 6. It is important to mention that the entire area is almost flat and dry with hard 
rock exposure. However, the fracture has been depicted which is also confirmed 
with other electrical resistivity measurements such as profiling, self-potential mea-
surement, as well as resistivity sounding (Sharma and Baranwal 2005). This location 
on VLF profile, 0300E, was drilled and a deep tube well is working successfully.

5.2  �Mineral Exploration

�Chromite Investigation

Chromite is a high density metallic mineral and it is often associated with mafic/
ultramafic rock. Due to its high density, gravity method of prospecting is the best 
approach for its investigation. However, due to non-uniqueness in the interpreta-
tion, gravity method alone cannot be fully reliable. Since chromite is a metallic 
mineral, it possesses good electrical conductivity. Electrical and EM methods that 
deals with electrical conductivity of the subsurface are used in integrated study for 
the chromite investigation. Such an integrated study is performed around Tengara-
pada (Orissa), India (Fig. 7).

Major rock type present in the area sheared granite, quartzofeldspathic gneiss 
(QFG), and mafic/ultramafic rocks. Mafic/ultramafic rocks occur as pods that are 
aligned approximately parallel to a mylonitic shear zone that cuts through the QFG 
unit. Chromite is associated with these mafic/ultramafic rocks. The densities of 
chromites as well as mafic/ultramafic rocks are high. Therefore, mafic/ultramaf-
ic rock also can be interpreted as chromite from the gravity anomaly. However, 
chromite is electrically conducting but mafic/ultramafic rocks are highly resistive. 
Therefore, a VLF EM method is used to distinguish between these two high density 
materials.

The upper part of Fig. 8 shows measured VLF real and imaginary anomaly, and 
the lower part shows the current density section. We can see that real and imaginary 
anomaly reverses polarity around 300 m location. About 200 m wide (200–400 m 
location) bowl shaped high conducting zone can be seen from the current density 
section. This anomaly is also characterized by high gravity anomaly (Mohanty et. al 
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Fig. 5   Study area showing VLF profiles and other geophysical measurements. (After Sharma and 
Baranwal 2005)
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2011). Hence, high density and high conducting structure in the present study area 
reveals chromite formation. Therefore, VLF and gravity methods can be used for 
rapid investigation of high density metallic mineral deposit whether it is chromite 
or any other mineral.

�Uranium Investigation

Uranium mineralization could occur in different shapes (vertical or horizontal 
sheet) and sizes depending on the depositional environment. The VLF EM method 
that suits well for delineation of vertical and gently dipping structures could also be 
helpful in identifying the conducting structures associated with shear zones. South 
Purulia Shear Zone (SPSZ), an east-west trending and almost 150 km in length, 
is a probable source of uranium mineralization. Beldih is an important location 
for apatite mining, and is exactly located along South Purulia Shear Zone (SPSZ). 
Particularly, the mine area consists of quartz-magnetite-apatite rocks, kaolin rocks, 
granite, quartzite, carbonatite, syenites, ultramafics, and some other rocks of early 
mesoproterozoic age. VLF survey is performed to find the location of the conduc-
tor associated with uranium mineralization, and subsequently, the extension of the 
body in lateral direction.

Figure 9 shows the real and imaginary VLF anomaly and current density section 
along a known uranium mineralization near Beldih mine. It reveals two prominent 
conducting features, first near − 110 m location and other near + 50 m location. The 
first conductor is shallow and anomaly is very sharp. This conductor is shallow due 
to power line disturbance. Second conductor coincides well with the uranium min-
eralization. Several VLF profiles were carried out on either side of this profile and 
continuation of the possible mineralization zone is depicted. It is important to high-
light that only VLF survey is not enough to confirm the uranium mineralization. 

Fig. 6   VLF real anomaly and apparent current density cross-section. (Sharma and Baranwal 2005)
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Geophysical surveys such as gravity, magnetic, electrical, are necessary to confirm 
the extension of mineralization. This is because conductor in the area may be due to 
groundwater filled fractures or due to mineralization. VLF method will not be able 
to discriminate between these two types of conductor.

Fig. 7   Geological map of the study area. (After Mohanty et al. 2011)
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�Graphite Investigation

Graphite is an important non-metallic mineral which possesses an excellent electri-
cal conductivity. Graphite also occurs in thin vertical as well as dipping sheet type 
structures. CGGC also hosts a number of graphite deposits. VLF survey was carried 
out over an existing graphite mine near Daltanganj (Jharkhand) India.

The study area exhibits a number of graphite mines. Mining in the area is being 
done mostly with open cast approach. Graphite veins are exposed in the area and 
mining companies are taking clue for it and digging randomly. This often results in 
failure and also getting poor quality graphite. It is necessary to do surveys and plan 
mining accordingly.

Fig. 8   Real and imaginary anomaly and current density along a profile over chromite deposit

 

Fig. 9   Real and imaginary anomaly and current density along a profile over uranium deposit
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Unplanned mining has resulted in bad quality graphite as well as loss of money 
due to very limited amount of graphite at several places. Figure 10 shows a VLF 
profile that passes nearly three exposed veins at 20, 80, and 150 m locations. Clear-
ly, only the anomaly at the 80 m location is worth mining using open cast approach. 
We can see one prominent VLF anomaly near the 280 m location and one small 
anomaly near the 330 m location. These two bodies are not exposed on the surface 
but are located very close to the surface. Body at the 280 m location is the best on 
this profile and can be mined using open cast approach. A number of VLF profiles 
can help in the proper identification and to use the graphite deposit judiciously with 
minimum destruction to the nature.

Once again it is important to highlight that graphite deposits also exhibit strong 
self-potential anomaly. Therefore, self-potential survey is required to confirm the 
VLF anomaly due to graphite or simply due to water at the contact of hard rocks 
present in the area. Presence of good quality graphite, 38 %, is established for the 
280 m target.

5.3  �Landslide Studies

The VLF method can also be applied for landslide studies and monitoring. A VLF 
survey is carried out at Lantakhola landslide, Sikkim, India. Lantakhola is located 
approximately 74 km from the state capital Gangtok on the North Sikkim Highway, 
and is one of the most dangerous landslides on this highway. A number of profiles 
are selected on the hill slope, and the VLF measurements were carried out. It is 
important to mention that water flowing channels disappear on the way from hill 
scarf to the road level. It was important to depict the location of these channels in 
the subsurface for any mitigation work. Figure 11 clearly depicts the location of the 

Fig. 10   Real and imaginary anomaly and current density along a profile over graphite deposit
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water channel passing below each profile. Figure 11a, which shows the results of 
VLF profile at the road level, also depicts the two stable regions on either side of the 
main landslide which can be used to build some stable structures such as a bridge 
for uninterrupted traffic movement on this strategic highway.

5.4  �Subsurface Pollution Studies

Natural or man-made hazardous substances leaching through the subsurface frac-
tures contaminate the underground fresh aquifer systems. Detection and regular 
monitoring of the area around such hazardous zones using VLF EM method is pos-

a

b

e

c

d

Fig. 11   VLF current density section along five profiles on Lantakhola landslide. (Sharma et al. 
2010)
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sible to prevent the adverse effect of subsurface pollution. Two case studies have 
been presented to demonstrate the efficacy of VLF EM method in such studies.

The first example consists of fluoride contamination resulting from Tarbalu hot 
spring, Orissa, India. Hot water gets continuously discharged though several natu-
ral openings in this area. The hot water is enriched with fluorite and also moved 
through subsurface fractures towards the surrounding villages. A detailed VLF 
study was performed around this hot spring. Plan view of current density at 20 m 
depth along various profiles (P7-P14) was contoured. The hot spring is located 50 m 
away from the bottom left corner of the Fig. 12.

It is interesting to note that high current density indicates that the fractures are 
filled with fluoride-contaminated groundwater. The villages marked in the direc-
tion of solid lines are affected by a high concentration of fluoride. Nearly 12 ppm 
fluoride has been detected in this area. Once the direction is delineated, appropriate 
measures can be taken to stop the contamination or to drill tube wells in another 
safe region.

The second example related to subsurface pollution deals with uranium mine 
tailings pond near Jaduguda, Jharkhand, India. Jaduguda uranium mine processes 
uranium ore from various uranium mines located in this region, and dumps the 
tailing in the nearby hills by designing suitable storage ponds. VLF survey was per-
formed over a tailing pond to know the subsurface characteristics and any leaching 
of contaminated groundwater in the neighboring villages.

VLF measurements were performed along five profiles over a uranium tailing 
pond which is completely filled and capped with soil cover, since rainwater comes 
in this area from adjoining hills and runs through the tailing. Rainwater movement 
as well as seepage from nearby hills through tailings may contaminate groundwater 
in this region. Several fractures have been delineated in this area (Fig. 13). A plan 
view at 10 and 20 m depth was also prepared over the pond as shown in Fig. 14. It 
reveals that rainwater moves from the upper surface only. Current densities at 20 m 
depth suggest that the pond is safe and contamination is not taking place at depth. A 
suitable check dam can be made to avoid the flow at shallower level only.

Fig. 12   Plan view of current 
density at 20 m depth near 
Tarbalu hot spring. (After 
Baranwal and Sharma 2006)
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Fig. 13   Current density along various VLF profile over a tailing pond

 

Fig. 14   Plan view of current density at 10 and 20 m depth, respectively
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5.5  �Underground Mining Seepage

Massive seepage of groundwater in underground mines is one of the serious prob-
lems faced by mining industries. Several accidents are reported worldwide regard-
ing flooding in the underground mines. Dewatering and discharging water to nearby 
big ponds are also dangerous, if these ponds are connected with fractures leading 
toward the underground mine. A VLF study is presented over a mine dealing with 
chromite mining activity near Bhangur, Orissa, India. Major fracture zones are of-
ten related with chromite formation. These fractures can be easily mapped using 
VLF EM method and mining planning should be done accordingly.

A VLF survey was performed near Bhangur mine in the anticipation that ground-
water entering the mine is coming from a nearby big storage pond managed by an-
other mining company. The survey was performed along a profile passing between 
Bhangur mine and water storage pond. Figure 15 shows the measured anomaly and 
inferred current density section. There is a massive fracture that connects the pond 
and Bhangur mine. The dip of the fracture is roughly 45° and it matches well with 
the dip seen in the underground mine. The study concludes that this pond will con-
tinue to create problems for Bhangur Mine.

The study demonstrates that such studies are required before the execution of 
any mining activity.

6 � Conclusions

VLF EM method is a rapid investigation tool for shallow subsurface investigation. 
It has versatile applications in various explorations as well as environmental appli-
cations related with subsurface studies. Its applications have been demonstrated for 

Fig. 15   VLF anomaly and current density near Bhangur chromite mine
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groundwater exploration, mineral investigation, landslide studies, subsurface con-
tamination studies and monitoring, and underground mine seepage studies. Even 
though VLF is a rapid technique for subsurface investigation, use of complemen-
tary geophysical methods such as gravity, DC resistivity, self potential, radiometric, 
etc., reduces the ambiguity in the interpretation and yields reliable subsurface 
information.
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