
1

Dr. K. Madhusudhana Rao
Scientist-E, ISR

Geophysical methods for Groundwater 
Exploration

8th October 2021 – Gujarat Jalseva Training Institute



Groundwater

 Groundwater is an invisible natural resource. It is available in

different proportions, in various rock types and at various depths, on

the surface layer of the earth.

 In the historical past, when there is no visible flow of water along the

rivers, people used to dig small pits, in the river alluvium, wait and

collect the groundwater coming through seepage and use it for their

drinking purposes and for meeting the domestic needs.

 Similarly, to the people of mountainous regions, natural springs

provided the sources of water supply. Springs are the outcome of

seepage from any groundwater system, in hilly terrains or in

limestone regions.

 More than 60 percent of the global population thrives by using only

the groundwater resources. The groundwater which was existing at

shallow depths in the open wells, has gone deep due to over-

exploitation.

 Exploring these water sources become a challenging task to geo-

scientist.





Ground water exploration

 Groundwater is not uniformly distributed everywhere. The
occurrence of groundwater varies from formation to formation.

 In a typical crystalline hard rock terrain, the quantitative occurrence
of groundwater depends on the weathered and fractured zones.

 The occurrence of groundwater in a sedimentary terrain will be
more promising.

 When we pump out water, the water level goes down. Continuous
pumping of water, beyond the recharge, will make the wells go dry
and force to deepen the well.

 The search of groundwater got increased, due to the non-availability
of sources and due to the declining water tables.

 Exploration of groundwater requires a basic understanding of its
position in the subsurface geological setup.

 Groundwater Exploration is attempted through either by direct or
indirect methods.

 Test drilling is the direct approach to find out the resource. This is an
expensive affair. Every individual can not go for test drilling.



Ground water exploration

Surface methods

 The surface methods are easy to operate and implement.

 These require minimum facilities like topo-sheets, maps, reports, some
field measurements and interpretations of data in the laboratories.

Subsurface methods

 The subsurface methods of groundwater exploration includes both Test
Drilling & Borehole Geophysical Logging techniques.

 The subsurface methods are very accurate methods as they help in direct
observations of features in the form of bore-hole lithologs as core samples
and also geophysical measurements of formation properties.

Geophysical methods

 Exploring the ground water by geophysical method is termed Ground
water geophysics by observing some physical parameters like density,
velocity, conductivity, resistivity, magnetic, electromagnetic & radioactive
phenomena.

 Geophysical methods comprise of measurement of signals from natural or
induced phenomena of physical properties of sub surface formation.
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Geophysics: GEO () – PHYSICS (
”is a branch of experimental physics

dealing with the earth” (SEG)
i.e. Exploration of the Earth analysing the 
physical properties of the materials 

What is “Geophysics”

PHYSICAL PARAMETERS

GEOLOGY

PHYSICS MATH

 Geophysics is a natural science deals
with the physical process and
properties of Earth and its surrounding
space environment by using
quantitative methods for their analysis.

 It is a multidisciplinary subject that
characterizes the subsurface by lateral
and vertical mapping of physical
property variations through
technologies.



Applied geophysics

Geophysical 
Methods

Gravity 
Method

Well 
logging Seismic 

Method

Electrical 
Method

Magnetic 
method

Seismic methods: refraction and reflection seismics; VSP; seismic surveys

Gravity surveying: density contrasts; anomalies; gravimeters; corrections

Geomagnetic surveying: induced rock magnetism; anomalies

Electromagnetic surveying: EM fields; survey methods; ground penetrating radar (GPR)

Electrical surveying: resistivity; VES soundings 

Borehole petrophysics: well logging; core sampling



Applied geophysics

Passive versus Active methods

Passive methods:
Use naturally present sources/fields to investigate properties of the subsurface

Examples:
Gravity
Earth’s magnetic field
Earthquakes 

Active methods: 
Use man-made source to image structure of subsurface

Examples:
Dynamite, air guns, …
EM waves
Electrical currents 



Applications of applied geophysics





Electrical Method

• Electrical methods of prospecting are more diversified than any
other geophysical method.

• Some electrical methods depend on the natural current of the
Earth, and the other methods require current to be introduced in to
the Earth.

• Electrical methods are more frequently used for searching
minerals, ground water and for engineering geophysics for finding
the depth of bed rock.

• Electrical prospecting makes use of three fundamental properties
of rocks:

(i) Resistivity, or inverse i.e. conductivity,

(ii) Electro-chemical activity and

(iii) Dielectric constant.



Electrical Method

 Resistivity

 By Ohm’s law the current  I  is related to the impressed voltage V  and 
resistance R as: 

I =  V / R…………(1)

 Resistivity of any material is defined as the resistance of cylinder with unit

cross section and unit length. If the resistance of a cylinder with length L and

cross section S is R, then resistivity ρ is given as:

ρ = RS/L , and expressed in ohm-meter
 Conductivity is reciprocal of resistivity.

 Electrochemical activity

 In subsurface rock materials the current is carried by electrolytic process
rather than electronic process. The current flows through passage of ions in
pore waters. Thus the porosity and the chemical content of water filling the
pores govern the resistivity. The range of resistivity in rock materials may vary
from 10-5 to 1015 Ohm-meter.

 The electrochemical activity depends on the chemical composition of the
rock materials and on the composition and concentration of the electrolytes
dissolved in the ground water. Such activity governs sign and magnitude of
the voltage developed.



Electrical Method

Natural field Methods

Self Potential Method

Telluric Method

Artificial  field Methods

Resistivity Method

Induced Polarization Method

Electromagnetic Method



Electrical Method

All resistivity methods employ an artificial source of current, which

is introduced into the ground through point electrodes

The procedure is to measure potentials at other electrodes in the

vicinity of the current flow.

This method enables to determine an apparent resistivity of the

subsurface.

The chief drawback is its high sensitivity to minor variations in

conductivity near surface.

An enormous number of electrode spreads are used in resistivity

survey. In principle it is not necessary to use a collinear array.

Practically, however, the electrodes are almost always in line;

otherwise interpretation of results becomes difficult and the field

work is complicated.



Electrical Method

 The resistivity techniques in general measure apparent resistivity using
four electrode system, two current electrodes and two potential
electrodes.

 Direct or low frequency AC (< 60 Hz) is used in the ground. To illustrate
that let us assume a semi infinite ground with uniform resistivity ρ

(Figure).

Fig. : Generalized electrode configuration for resistivity measurement



Electrical Method:

The resistivity of a particular rock or soil sample
depends on a number of factors such as the porosity,
the degree of water saturation and the concentration
of dissolved salts. The resistivity of ground water
varies from 10 to 100 ohm•m. depending on the
concentration of dissolved salts.

Note the low resistivity (about 0.2 ohm•m) of sea
water due to the relatively high salt content. This
makes the resistivity method an ideal technique for
mapping the saline and fresh water interface in coastal
areas.





Electrical Method: Field surveys

There are two basic procedures in field surveys, whether to measure

resistivity variation with depth or with the lateral extent, the first is called

vertical electrical sounding, second is lateral profiling.

Vertical electrical sounding (VES):

It is also known as ‘electrical drilling’ or ‘expanding probe’, The VES is

used mainly in the study of horizontal or near-horizontal deeper

interfaces.

The current and potential electrodes are maintained at the same

relative spacing and the whole spread is progressively expanded about a

fixed central point.

Consequently, readings are taken as the current reaches progressively

greater depths. The technique is extensively used in geotechnical surveys

to determine overburden thickness and also in hydrogeology to define

horizontal zones of porous strata.



Electrical Method: Field surveys

Constant separation traversing (CST):
It is also known as ‘electrical profiling’, The electrical profiling is
used to determine lateral variations of resistivity. The current
and potential electrodes are maintained at a fixed separation
and progressively moved along a profile. This method is
employed in mineral prospecting to locate faults or shear zones
and to detect localized bodies of anomalous conductivity. It is
also used in geotechnical surveys to determine variations in
bedrock depth and the presence of steep discontinuities.
Results from a series of CST traverses with a fixed electrode
spacing can be employed in the production of resistivity
contour maps.



TYPES OF 
RESISTIVITY 

METHOD

WENNER ARRAY

SCHLUMBERGER ARRAY

DIPOLE DIPOLE ARRAY



WENNER
CONFIGURATION

 The Wenner configuration
is simpler; the current and
potential electrodes are
maintained at an equal
spacing a (Fig).

 In VES the spacing a is
gradually increased
about a fixed central
point, and in CST (Profiling)
the whole spread is
moved along a profile
with a fixed value of a.
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SCHLUMBERGER 
CONFIGURATION
 In the Schlumberger

configuration, the inner
potential electrodes have a
small spacing 2l compared to
current electrode spacing 2L.

 Geometrical factor depends
on x, where x is the separation
between the mid-points of
potential and current
electrodes.

 In VES the potential electrodes
may be kept fixed and the
current electrodes are
expanded symmetrically, and
in CST several lateral
movements of the potential
electrodes can be made
without moving the current
electrodes.
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When x = 
0,



RESISTIVITY FIELD SURVEY

 Most resistivity meters employ low-frequency alternating current rather than direct
current, for two main reasons.

 First, if direct current were employed there would be a build-up of anions around
the negative electrode and cations around the positive electrode; that is,
electrolytic polarization would occur, and this would inhibit the arrival of further ions
at the electrodes.

 Secondly, the use of alternating current overcomes the effects of telluric currents
which are natural electric currents.

 The frequency of the alternating current used in resistivity survey depends upon the
required depth of penetration. For penetration of the order of 10m, a frequency of 100
Hz is suitable, and this is decreased to less than 10 Hz for depths of investigation of about
100m.

 For very deeper ground penetration direct current, however, must be used with more
complex measuring system. Many modern instruments make use of a square wave
current input to overcome the polarization.

 Resistivity meters are designed to measure potential differences when no current is
flowing. Such a null

 method is used to overcome the effects of contact resistance of the electrodes with the
ground. The potential between the potential electrodes is balanced by the potential
tapped from a variable resistance with the resistivity meter. Then the variable resistance
reading represents the true resistance of the ground (equal to the ratio ∆V/I in the
relevant equations).
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Interpretation 
of data

• The interpretation of each VES
curve is carried out in two steps.
First, an approximate interpretation
is obtained by the curve-matching
methods, and another interpretation
is based on the results obtained
through the automatic interpretation
using a computer program.

• Finally, the layer-wise resistivities
and thicknesses are obtained from
these interpretations. Using them
spatial variation maps depicting the
low resistivity contours and good
thickness aquifer horizons can be
delineated.





Curve 
matching 
technique



Electromagnetic 
Method

The term electromagnetism is defined as the
production of a magnetic field by current
flowing in a conductor.

The magnetic field that surrounds a current-
carrying conductor is made up of concentric
lines of force. The strength of these circular
lines of force gets progressively smaller the
further away from the conductor. If a
stronger current is made to flow through the
conductor, the magnetic lines of force
become stronger.



PRINCIPLE

• The strength of the magnetic
field is directly proportional to
the current that flows through the
conductor. There are two
methods as Passive and Active
methods.

• The Passive method uses the
natural ground signals (e.g.,
magnetotellurics), natural
sources like lightning,
magnetosphere activities, etc.
The Active method uses a
transmitter to induce ground
current, using an artificial source



EM 
SURVEY

• The first step is to generate EM field by
passing an AC through a wire coil (
transmitter). The EM field propagates
above and below ground. If there is
conductive material in ground, magnetic
component of the EM wave induces eddy
currents (AC) in conductor. The eddy
currents produce a secondary EM field
which is detected by the receiver.

• The receiver also detects the primary field
(the resultant field is a combination of
primary and secondary which differs from
the primary field in phase and amplitude).
After compensating for the primary field
(which can be computed from the relative
positions and orientations of the coils),
both the magnitude and relative phase of
the secondary field can be measured.







EM 
SURVEY

• The difference in the resultant field
from the primary provides
information about the geometry, size
and electrical properties of the
subsurface conductor.

• The apparent conductivity measured
is the average conductivity of one or
more layers in the ground in the
proximity of the instrument, to a
depth of investigation. The depth of
investigation is dependent on the
coil spacing, orientation, operating
frequency of the instrument, and the
individual conductivity of each
ground layer.



GRAVITY 
METHOD

• The gravity method is a widely used
geophysical method for finding out mineral
resources and groundwater in sedimentary
terrain. Gravimeters are used in this method
to measure the differences in density on the
earth's surface that may indicate the
underlying geologic structures.

• Because the method is expensive and
because differences in water content in
subsurface strata seldom involve
measurable differences in specific gravity at
the surface, the gravity method has little
application to groundwater prospecting.
Under special geologic conditions, such as
a large buried valley, the gross
configuration of an aquifer can be detected
from gravity variations.





MAGNETIC 
METHOD

• The magnetic method enables detecting
the magnetic fields of the earth which
can be measured and mapped.
Magnetometers are the equipments
used to measure the magnetic fields and
variations. Because magnetic contrasts
are seldom associated with
groundwater occurrence, the method
has little relevance for exploring
groundwater.

• Indirect information pertinent to the
groundwater studies, such as the
presence of dikes that form aquifer
boundaries or limits of a basaltic flow,
could be obtained with this method.







SELF OR 
SPONTANEOUS 

POTENTIAL -
SP

• Self potential is naturally occurring electric
potential in the ground due to several
origin.

• Self potential is of 3 kinds –

I. Diffusion potential.

II. Membrane potential.

III. Electro -kinetic potential.

• SP measurements - 2 non -polarizable
electrodes & a high impedance milli -
voltmeter are sufficient to make sp
measurements.

• Two field methods - gradient & total field
methods







SEISMIC 
REFRACTION 
METHOD

• Seismic methods are of two kinds as
seismic refraction and reflection
methods. The seismic refraction
method involves the creation of a
small shock at the earth's surface
either by the impact of a heavy
instrument or by a small explosive
charge and measuring the time
required for the resulting sound, or
shock, wave to travel known
distances. Seismic waves follow the
same laws of propagation as light
rays and may be reflected or
refracted at any interface where a
velocity change occurs.



SEISMIC 
REFLECTION 
METHOD

• Seismic reflection methods provide
information on geologic structure
thousands of meters below the surface,
whereas seismic refraction methods-of
interest in groundwater studies-go only
about 100 meters deep.

• The travel time of a seismic wave
depends on the media through which it
is passing through. The velocities are
high in solid igneous rocks and least in
unconsolidated materials. Based on
these indications, it is possible to
delineate the subsurface zones of
fractures, fissures, faults and
lineaments





ANALYSIS 
OF 
SEISMIC 
VELOCITY

• A basic understanding of the characteristic
seismic velocities for a variety of geologic
materials is necessary. These velocities
help to identify the nature of alluvium or
bedrock. In coarse alluvial terrain, seismic
velocity increases markedly from
unsaturated to saturated zones.

• In seismic method, the depth to water table
can be mapped, with an accuracy of 10
percent, where the geologic conditions are
relatively uniform. The changes in seismic
velocities are governed by changes in the
elastic properties of the formations. The
greater the contrast of these properties, the
more clearly the formations and their
boundaries can be identified.



GEOPHYSICAL 
LOGGING

• The term “logging” refers to making 
records of some measurements or 
observations. Borehole geophysical 
logging is a procedure to collect and 
transmit specific information about 
the geologic formations penetrated 
by a well by raising and lowering a 
set of probes or sondes that contain 
water-tight instruments in the well. 

• The data obtained is normally used 
to determine the general lithology of 
formations, distribution of 
structures, vertical flow of fluids, 
and the water yielding capabilities 
of the formations.



LOGGING

• Geophysical logging technique
utilizes the measurement of certain
physical parameters across different
subsurface formations with the help
of sensing probe inside the bore hole
providing a continuous record of
these parameters versus depth.

• These parameters are interpreted in
terms of lithology, porosity,
moisture content & quality of
formation fluids. Different physical
properties like electrical
conductivity, magnetic
susceptibility, radioactivity &
velocity etc. are utilized.



TYPES OF 
LOGGING

a) Electric logging – electrical resistivity & 
Self-Potential(SP).

b) Radioactive logging – gamma ray & neutron 
logs.

c) Induction logging.

d) Sonic logging. 

e) Fluid logging – temperature, fluid 
resistivity, flow meter & tracer logging.

f) Caliper logging.



APPLICATIONS 
OF LOGGING
• The primary purpose of well

logging is the identification of
formations traversed by a bore
hole & salinity of fluids.

• Well logging is used

• a) for stratigraphic correlation,
detection of bed boundaries,
porous & permeable zones

• b) for the water well design &
construction

• c) for sea water intrusion
studies of coastal aquifers.



USAGE

Electric well logging involves the
continuous recording of electrical
resistance / resistivity & SP of the
formations by a drill bore hole.

In the SP log, the potential drop between
bore hole electrode & a reference
electrode @ the surface is recorded. The
SP logs are highly useful in deciphering
saline water & clay dominated zones.

The Resistivity logs are used for ground
water & mineral explorations



CONCLUSION

• Groundwater exploration is a very
unique exercise. As it is a hidden
resource, various indirect methods
are attempted to identify the points.

• The success in the groundwater
targeting lies in experience of
understanding the geological
conditions, structural conditions and
hydrogeological conditions which
favour the occurrence of groundwater

• Several geological, hydrogeological
and geophysical methods are
employed to target the groundwater
potential zones. The modern tools
like remote sensing and aerial
photography also provide a lot of
spatial data for a quick understanding
of the domain for a better decision-
making



Textbooks

P.V. Sharma, Environmental and 
Engineering Geophysics. Cambridge 
University Press.

(Suitable for students specializing 
in Geo-environmental or 
Geotechnical Engineering. A new, 
very well written book, at the 
intermediate level. Examples are 
specific to environmental and 
engineering geophysics. This book 
is so well written that I would 
encourage all interested students 
to own a copy).



Textbooks

Kearey and Brooks, Introduction to 
Geophysical Exploration, 
Blackwells.

(Suitable for students specializing 
in Mineral Exploration. A less 
advanced book, but contains well 
written introductory material to 
most methods).



Textbooks

Telford, W.M., Geldart, L.P, and 
Sheriff, R.E. Applied Geophysics, 
Second Edition. Cambridge 
University Press, 1990.

(Suitable for students specializing 
in Geophysics. In the past this was 
considered a very complete 
reference textbook, but it is 
becoming somewhat dated. In 
sections it tends to be overly 
mathematical, but it does have 
many examples of geophysical data 
in a wide range of applications. For 
descriptions of the engineering 
principles of geophysical sensors it 
is unrivaled).
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