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SUMMARY

Geophysical investigations are effectively utilized in various hydrological .
applications. They provide fast and economic means of handling hydro-geological
problems like exploration for grdumlwater, studies on movement and quality
of groundwater, geothermal exploration, water balance studies of lakes and
reservoirs, seepage losses from reservoirs and canals, etc.

Various geophysical methods have been clﬁssiﬁed as surface and sub-
surface methods. Surface methods include natural field m-ethods(.e._g.telluri-c,_ |
magneto-telluric and S.P.) as well as resistivity, electromagnetic, seismic(ref-
raction and reflection), gravity, magretic and nuclear methods. Latter class
of methods includes borehole geophysical techniques comprising of S.P., resis-
tivity, induction, induced polarisation etc. !ogging' me.thods and selected huc!ear
methods. | |

After introducing diﬁér—eht geophysical methods and their relevant
details, general applications of these methods in hydrological studies have been
reviewed. A comprehensive list of references is provided for detailed knowledge

of various methods.
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1.0 IN TRODUCTION
1.1 General

Geophysics, as its name implies, "is the study of the earth and its atmos-
phere by physical ‘methods. The physical laws governing these methods are
based on gravity, magnetic, electric, thermal and e!astic properties of the
earth.

In the widest sense, geophysics deals with the study of the physics of
the solid earth(lithosphere), of the bceans, rivers, lakes etc.(hydrosphere) and
of the gaseous envelope around the eérth(atmosphere). Its fields of study are
so- vast and diversified that many of the fields have gradually de1veloped as
independent branches of science.

During the course of its development, geophysics has incorporated the
latest advances in physics both theoretical and experimental, electronics and
mathematics, and has grown into a science with its theoretical and practical
contributions. The advances in modern physics and technoldgy, especially the
construction of high sensitivity instruments have on one hand -opened up new
methods of irvestigation of the earth and refined the tools of geophysical data
acquisition on the other. The new approaches of mathematical analysis and
increasing use of computer methods have contributed a great deal in geophysical
Jata processing and interpretation.

Basically, the science of geophyslcs is classified into two major branches
General and Pure Geophysics and Applied cr Exploration Geophysics. The former
branch aims at understanding the physical nature of the earth and the physical
processes taking place on the earth's surface and in the interior. While the
latter branch is concerned with the application of geophysical methods to the

study of relatively shallow subsurface in homogeneities and structures, and



is aimed at specific investigations of economic significance like exploration
for oil and gas, ore deposits and groundwater, and for solving certain problems

of civil engineering.

1.2 Use in Hydrology

The population on our planet is multiplying very fast as also its demands
of natural resources like water. Where surface water reSources are not sufficient,
it becomes imperative to find additional sources in the form of ground water
of desired quality in adequate quantities for catering to the ever increasing
agricultural, industrial and domestic demands.

The utilify of the hydrogeological methods for ground water exploration
on a regional or -a detailed scale is well established. However, application of
geophysical methods can help a great deal in solving those problems which
can not conveniently and economically be solved by hydrogeological surveys
alone. |

Thermal observations which have been systematically carried out since
the end of the last century for mineral water prospecting are considered to
be the first geophysical investigations in hydrogeology(Ogilvy, 19%9. Electrical
prospecting and electrical logging have been put into practice since 1929. Seis-
mic investigations, on small-scale experimental basis, for prospecting of water
have also been reported from mid-thirties.

Usually, any groundwater project passes through the phase of regional
surveys, leading to detailed surveys and uitimately resulting in the exploration
of ground water by means of boreholes/wells. The regional surveys are undertaken
in geographically lafge areas{ for example river basins} covering several thousands
of square kilometers. The main cbjectives of these surveys are to study and
understand the inputs in the hydrological cycle of the region, to have an overall

concept about the type, nature and number of aquifers, the quality of grourd



water etc., in the region.

Geophysical surveys made in conjunction with reconnaissance, surface
geologic investigations, and exploratory drilling may permit a rapid ard relatively
low-cost evaluation of the subsurface geology and possibly the general ground
water conditions of an area. Such surveys may materially reduce drilling require
ments and resultant overall costs of groundwater investigation.

Geophysical data should be correlated with geologic conditions of each
area to assure reliable interpretation. Therefore, a survey is usually started
near a outcrop or drill hole(U.5.D.l, 1981) where subsurface conditions are
known or can be readily known. Such correlation permits projection of geologic
conditions to distant areas through analysis of the geophysical measurements.
The accuracy érr_l reli_ability of data obtained frﬁm a geophysical. survey depend
in large part on the amount of‘subs_urface control available as well as the
geologic complexity of the area.-

A wide range of geophysical methods is available for geohydrological
investigations. Each geophysical method makes use of a particular physical
field caused by the difference in the physical field caused by the difference
in the physical properties of the rock formations. These differences in physical
properties are determined {(Bhimasankaramand Gaur, 1977) by the mineral
ard granulometric composition of the rocks their texture and structure, the
degree of saturation with water and its chemical composition, temperature
etc.

The main gebphysicai methods which have been used to solve some or
the other geohydrological problems are the electrical, seismic, gravity and
magnitic methods( in this order). The first two depend on the introduction
of mechanical or electrical energy into the subsurface and measurement of
the effects of subsurface materials and corditions on the transmission of

this energy. The latter two methods depend on the measurement of variations



in the intensity and direction of the natural forces of gravity and magnetism.
Geophysical methods including nuclear methods have been successfully

used, and are presently being used in the following types of hydrological studies.

e . Evaluating the aquifer properties and exploration for ground water,

ii}  Studying the movement of ground water

jii)  Determining the interface between fresh and saline waters and assessment
of degree of salinity

iv)  Studying the contamination of groundwater from hazardous wastes,
etc.

Ve Snow and glacier melt studies.

vi. Checking water leakages(seepage) from reservoirs, lakes and canals
etc. and gauging of stream flow.

vii. Geothermal resources exploration

viii) Mapping burried river channels and valleys.

ix. \Vat.er balance studies of lakes and reservoirs.

& Investigation of changes in soil moisture content, origin of recharge,

recharge mechanism and quantitative estimates of recharge etc.



2.1  Brief Qutline of Geophysical Methods

Among the geophysical methods, the electrical methods enjoy the greatest
popularity. Electrical resistivity is a characteristic which makes possible the
differentiation between different types of earth materials. Ground-based surveys.
are made by sending a direct or alternating current through the ground between
two metal stakes and measuring the resulting potential of other stakes or
special electrodes. For rapid coverage of large areas automobile or airborne
‘versions of electrical methods are also becoming common. Electrical methods
~are most widely used in hydrogeological investigations for regional as well
as detailed surveys 'because‘of low expenses involved, faster coverage and
wider range of applicability. The theory and interpretation for most of thege
methods is well developed for their reliable application. These methods, however,
are not usable in the vicinity of power plants, substations, high tension powef
lines, and similar sources of extraneous earth currentS which would adversely
affect the accuracy of the field measurements.

Two basic variafions of this method are used in the field. If information
is required from a vertical section of the subsurface i.e. from various depths,
then vertical sounding is done. For this, the electrodes( or stakes) are moved
farther apart and as a resualt the current penetrates progressively deeper.
For information along a horizontal line or surface area, all the current and
potential electrodes are moved simultaneously, and the method is known as
profiling. A uniform depth is investigated(depending upon the seperation between
electrodes) in profiling method. Lateral inhomogeneties like faults, dykes etc.
are effectively detected by this method.

In hydrogeological investigations seismic methods occupy a leading place

3



‘and are second only to the electricai methods. The abilily of these methods
to accurately determine the depths to different formation including basement,
ard often to identify the formations on the basis of their seismic velocities
make them usefdl in these investigations.

The instruments used for registering the seismic vibrations can be either
a multichannel system or a simple seismic timer. The first category of éystem
commonly uses explosines while the latter uses hammering as source of energy.
Seismic surveys are based on measurement of the velocity distribution of
artificially generated seismic waves in the earth's crust. The velocity of the
seismic waves generated depends on the density and elasticity of the subsurface
materials. The velocity is usually lowest for unconsolidated materials and.
increases with. the degree of consolidation or cementation.

The seismic methods using explosive as an energy source are particularly
_adapted to use in large areas where deep probing is required. However, the
mechanical introduction of energy by using a hammer is preferable for shallow
depths(upto 30-40 m) and for environmental reasons.

The gravimetric survey is a valuable tool in investigating gross features
such as depth to bedrock, old erosion features on bedrock, and other features
such as buried intrusive bodies, riverchannels and valleys. In these surveys, the
relative change in the force of gravity is r’neasured at stations along a traverse
or in a grid. Gravity variations result from the contrast in density between
subsurface materials of various types. Usually low densities are observed for
rocks which have large porosities, and hence sedimentary rocks possess lower
densities than the igneous and metamorphic rocks.

Generally, the gravity method is employed on a regional scale to map
the distribution of geological formaiotions. The data is obtained either along
profiles or in the grid pattern. The equipment is light and portable, and field
progress is relatively rapid. Field data required extensive altitude corrections.
Drill hole data and similar references are neccssary for accurate interprctation.

6



In a magnetic survey, the strength of the vertical component of the
earth's magnetic field is measured and plotted on a map. Change in magnetic
field is caused by the magnetic properties of the rocks. Analysis of the results
may indicate qualitatively the depth to bedrock and presence of buried d_ikes?
sills, etc. |

In hardrocks, chemical activity during weathering breaks up the ferric
mineral rendering them less magnetic compared to the parent mass., Also fract-
uring of the massive rock reduces the magnetic intensity at such places. Such
zones favourable for groundwater accumulation can be identified by surface
magnetic observations.

The magnetic surveys are carried out either along a profile or a system
of profiles. Wﬁen studying very small structures like joints and fractures micro-
magnetic surveys are done on a grid of 5m x 5 m. The interpretation of data
is done either qualitatively or quantitatively.

Geophysical surveys from air had its beginning immediately after World
War Il. By the midst of the war(1%1), the U.S. had already developed the
first electronic magnetic sensing device which is now called the fiux gate
magnetométer and by 1%2, it was known as magnetic airborne detector. It
was initially used by U.S.Navy for submarine detection from air, later on it
was used in geophysical propecting from air. By early 1%0s, many advanced
countries had realized the potential offered by this new tool for hydrological.
investigations, mining and geological mapping etc.

Additional subsurface control such as deep drill hole data can greatly
improve the interpretation. It is a rapid and low-cost method of determining
limited amount of subsurface geologic information.

Alrborne radiometric and electromagnetic devices also got coupled with
the magnetometer for carrying out aerial surveying on all the three parameters
“simultaneously.

There are many advantages of surveying from air and in brief may be
7



summarized as follows:

i) Rapid coverage

ii) prer costs

iii)Easy accessibility

ive Freedom from the noise

Airborne surveying offers rapid coverage as compared the operations
from ground. The time taken by ground. survey may be at least 100 times
larger than the air borne survey. These sui'veys are cheaper and have easy
accessibility in regions such as swa-mps,.'deserts, tropical jungles etc. which
can not be approached easily fromgroundThe interpretation approach of airborne
geophysical data is the same as for ground based data.

Well logging is the investigation of the rock formations penetrated
by a brehole and it envisages measurement of some physical properties of
the formations by instruments lowered into the boreholes. Valid well logs,
correctly interpreted, can be used to. reduce future drilling costs I?.y guiding
the loca't.ion, prope: drilling, and construction of test hole and production or.
disposal wel!s.'W_ell logging also enables the vertical and horizontal extrapol-
ation of data deri.v'ed from drill holes. |

_Céophysical well logs can be interpreted to determine the lithology,
geometry, resistivity, formation—reéistivity factor, bulk density, porosity, perm-
eability, moisture content ard specific yield of water-bearing rocks, and to
define the sources, movement, and chemical and physical characteristics of
water. Quantitative interpretation of logs provides numerical values for some
of .the rock characteristics necéssary to design analog or digital models of
groundwater systems, log data aids in the testing and economic development
of fg!'t-oundwater' supplies; ard of recharge and disposal systems. This can be
.0'1 cdrisiderable value. in the design and ‘interpretation of surface geophysical
surveys.

Radiometric methods are based on investigating radioactivity of an

8



grea. Intensity of Gamma radiations is measured in the ficld using Geiger
counter, scintillation counters and gammaray spectrometers.

Nuclear geophysical methods utilize artificially induced nuclear radiations
in rocks and -s0ils; and .rnonitoring their scatterning and return rates.

The basic fact common in applying any of the above methods for
exploration of water is that knowledge of the geology of an area is essential
to the understanding of the occurrence of groundwater. This is tmportant
because geologic structure and stratigraphy provide the framework in which
groundwater recharge, storage and discharge take place. Basically, all these
geophysical methods aim at determining such geologic characteristics alongwith

some hydraulic parameters e.g. permeability, transmissivity etc.

2.2 Electrical Methods

Amount and physio-chemical properties e.g. temperature, salinity etc.
of water besides the properties of soil affect resistivity reciprocal of conduc-
tivity ) of soils. The electrical properties of wet soils are dependent primarily
on the amount of moisture, its salinity and distribution in the pore spaces.
Saturated soils have lower resistivity than unsaturated and dry ones. The higher
the porosity of the saturated rock, the lower its resistivity, and the higher
the salinity of the saturating fiuids, the lower the resistivity. The presence
of clays and comductive minerals also reduces the resistivity of the soil(Zohdy,
et.al 1980).

The electrical properties of earth materials {soils} are studied by measur-
ing the eleetrical potential distribution produced at the earth's surface by
an electrical current that is passed through the surface or by detecting the
electromagnetic field caused by an electric current either by introducing through
the surface or by natural phenomena like lightning etc. Two main variations

are found in this technique viz.natural fieid methods and artificial field methods.




.;. + "

FIG.1 ELECTRODE ARRAYS FOR MEASURING X-AND Y-
| COMPONENTS OF TELLURIC FIELD

10



2.2.1 Natural field methods
These include Telluric Current, Magnetotelluric, Spontaneous Polarization,

and streaming Potential methods(et.al, i580).

2.2.1(a) Telluric current method:

These are natural electric currents that flow in the earth's upper layers
in the form of large sheets. They are related to ionospheric tidal effects and
to the continuous flow of charged particles from the sun which become trapped
by the lines of force of the earth's magnetic field.

Ano_mélies are detected if the subsurface is not homogoeneous and geologic
structures such as faults, folds etc. are present. For measuring telluric field
intensity, four potential electrodes M,N,M,' and N' are placed on the surface
of the ground at the ends of two intersecting perpendicular lines(figure-1),
and the potential differences are recorded on a potentiometric chart recorder
or on an X-Y plotter. From these measurements two components Ex and Ey
of the telluric field can be computed, and the total field obtained by adding
Ex and Ey vectorially. In order to measure temporal variations, measurements
are recorded simultaneously at two different stations. Interpretation of measure-

ments reflectsthe major geologic structures of the basement rock._'

2.2.1(b) Magneto-Telluric method:

This method is similar to the telluric current method. except that her\e
two parameters, amptitude variations in Ex and the associated magnetic field
Hy, are measured (Zohdy et.al, |980) to determine earth resistivity. Magneto-
telluric measurements at several frequencies provide information on the variation
of resistivity with depth because the depth of penetration of electromagnetic
waves is a function of frequency. Interpretation of data is done by comparing

the observed curves with theoretical curves. The main advantages of this



method are estimation of true resistivity of the layers and greater depth explo-
ration.

Telluric current and magneto-telluric methods have been successfully
used in petroleum exploration. They are recommended for reconnaissance surveys.

of large basins for groundwater exploration.

2.2.1{c) Spontaneous polarization and stre_aming potential method:

Spontaneous polarization(or self-potential) methods involve measurement
of electric potentials developed locally in the earth by electro-chemical acti-
vity, electrofiltration activity, or both (Keller and Frischknecht, 1966). These -
have been more successful in the search for minerals etc. In groundwatet -
investigations, potentials generated by water moving through a porous medium:
are measured; the méthod is known as streaming potential method. Measurements '-;,,
of these potentials have been used to locate leaks in reservoirs and canals;
Koerner, et.al(1979 have described use of this method in detecting location
of subsurface water and seepage. Water leakages from reservoirs makes it
difficult to attain the planned storage capacity. In many cases, water leakages
give rise to siffusion which results into catastrophes. These leakages are
characterized by negative anomalies of natural currents; the more filtration
discharge,a the higher these anomalies are. Temperature of water also affects
these currents, and therefore, relationship governing the intensity of streaming
potential and sand granulometric composition, electrolyte concentrations
ard other factors need be studies. Velocity of water flowing to leakage sites
is determined by using a device, based on relationship betwéen the temperature
of a heated body and its reistance. Observations are made by non-polarizable
electrodes and water velocity devices along the reservoir. Ogilvy et.al {1969
have described application of S.P.surveys for such studies in Alpine reservoirs
{in Armenia )and Uzbekistan in the submontane part of the Pamirs. Koerner

et.al(1979 have presented a comprehensive review of the methods available
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fér detecting sub-surface water and seepage. Geophysical methods, including |
S.P.method, are compared with other methods, e.g. radio tracer techniques
- etc.

Another importamt application of this method is found in studying the
technical status of earth 'dams. Earth dams are constructed for hydrotechnical
and reclamative purposes. However, the high permeability of soils and- their
bad gradation are frequently responsible for the development of mechanical
surtussion and- other phenomena resulting in dam failure. Intensified and uneven
seepage cause these problems. A long-term observation of the seepage flow
behaviour is necessary for efficient dam operation controls.

The seepage flow data is basic for hydrotechnical calculations which
make it possible to compare the physical conditions of seepage with the design
values. These data can also be used to check the proper location. ©f drainages
and ftilter material in the downstream slopes as they are frequently designed
takikng into consideration only constructional requirements and their erroneous
location often intensifies the ground redistribution processes in the dam supporting
mass ard suffusion development which are very difficult to control.

Normally, seepage flow data are based on the measurements of water
level percolating into the piezometers installed at various depths in the dam.
For reliablé calculations and modeiling purposes, data from a dense network
of observation points is needed, which is generaily |acking with the piezometers.
Moreover, piezometers provide information relating only to the depth of seepage
flow and give a limited information about other parameters characterizing
the interaction of soil and moving water. Geophysicat methods may provide
data from a large number of observation points in relatively less time and
low expenditure. Electrical resistivity, induced polarization, S.P., and seismic
refraction methods have been successfully applied in studying seepage flow

through earth dams in Transcaucasia and Central Asia{Bogoslovsky and Ogilvy,
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Ground water table is reflected by the drawing contours of streaming
potentials (S.P.) in studying seepage flow in a uniform permeable medium.
Thé potentials grow in the direction of water flow and their intensity is pro-
portional the hydraulic gradients. Maps of equal S.P.values obtained in homo-
geneous grounds supply information on the configuration, direction and int-
ensity of seepage flow both in horizontal and vertical directions (Bogoslovsky
and Ogilvy, 1973). In natural conditions, the electro-filtrational fields may
be observed above natural drains, like fractures, or Karstic zones, tectonic
dislocations and U.Shaped valleys filled with the redeposited material. Higher
S.P.Values increasing in the direction of water movement are observed above
these drains in case of grourd-water discharge . Negative S.P.anomalies reach
their maximum above the drain in case of concentrated infiltration of water
into rocks. Such anomalies are common on the sites of leakage from rivers,
canals and water reservoirs, their intensity reflecting that of leakages. Dobecki

and Roming(l 985) have mentioned some recent applications of this method.

2.2.2 Artificial {ield method

2.2.2¢a) Resistivity method:

. In conducting resistivity surveys a commuted direct current or very
low frequency current is introduced into the ground via two electrodes. The
potential difference 1s measured between a second. pair of electrodes. if the
four electrodes are arranged in any of several possible patterns, the current
and potential measurements may be used to calculate resistivity. Many e_lectro-‘
de configurations have been used in practice(Zohdy et.al.,1980) for groundwater
exploration. Commonly used among these are Schlumberger, Wenner, Dipole-
Dipole, Lee-partitioning and three electrode{pole-Dipole) configurations.

Resistance( = potential developed/current applied), determined from the f{ield

14



measurer!nents is multiplied by a factor, which depends upon the electrode
configufation used, to obtain the resistivity value. For heterogeneous, stratified
earth, the resistivity is said to be apparent resistivity and resistivities as
well as depths of different layers are determined by interpreting the field
data. Interpretation is done either by curve-matching techniques; for which
standard master curves are available, or by automatic computer-inversion
programs. Now a days number of computer-programs are commercially available
(for example Zohdy and Bisdorf, 1975), for efficient interpretation of vast
amount of field data.

'Resistivity Surveys are conducted basically in two modes: vertical soun-
ding and horizontal profiling. Electrical sounding is the process by which depth
investigations are made, and horizontal profiling is the process by which lateral
variations in resistivity are detected. If the ground -is comprised of horiz_ontal-,
homogeneous, and isotropic layers, electrical sounding data represlents only
the variation of resistivity with depth. In practice, however, the electrical
sounding data are influenced by both vertical and horizontal heteofogeneties."
Therefore, the interpretation and presentation of sounding data should be
such that horizontal variations in resistivity can be distinguished easily from
vertical ones.

The interpretation of resistivity surveys is presented in form of geo-
electric sections(figure 2), giving resistivities and thicknesses of different
layers. A geologic section differs from a geoelectric section when the bounda-
ries between geologic layers do not coincide with the boundaries between
layers characterized by different resistivities. For exé.mple, when the salinity
of ground water in a given type of rock varies with depth, several geoélectric
layers may be distinguished with a lithologically homogeneous rock. Also,
layers of &iﬁerent lithelogies or ages, or both, may have.the same resistivity

and thus form a single geoelectric layer.
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Fig.2 Example of a geoelectric section
p = resistivity , h= thickness, 5= total longitudinal
conductance. T = total transverse resistance .
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A geoelectric layer is described by two fundamental parametcts: its
resistivity p i and its thickness hi, where the subscript i indicates the position
of the layer in the section (i=l for the upper most layer). Foilowing other
parameters, derived from the two basic parameters P and hi’ are also used
in interpretation:

I. Longitudinal unit conductance, 5, = hilp

2. Transverse unit resistance Ti = hi ey

3. Longitudinal resistivity, pL = hi'p i’

4. Transverse resistivity, p”, = Ti/hi , and

5. Anisotropy)u:'/pt/ P L

(For an isotopic layer, Py =py andp = 1)

These parameters aré particularly important when they are used to
describe a geoelectric section consisting of several layers. |

In groundwater studies, the resistivity method can furnish " information
on subsurface geology, which might be difficult with other geophysical methods.
For example, electrical methods are unique in furnishing information concerning
the depth of the f{fresh-salt water interface, whereas gravity, magnetic or
seismic methods are incapable of providing such information. The method
was applied to the Delta of Wadi Sudr in Sinai Peninsula (Sayed, | %84) to study
the relation between the lithologic succession and the presence of both fresh
and saline water bearing formations at different depths. The interpretation
showedkpresence of four geocelectric layers representing the soil zone, aeration
zone, fresh water zone and sea water zone at depths of 1-2.5 m, 4-10m and
21-27m respectively. Zohdy et.al(1980) have given references of the work
done by various workers in this field. A thick layer seperating two aquifers
usually can be detected easily on a sounding curve but the same clay may
be low velocity layer in seismic refraction surveys and cause erroneous depi,.:

estimates.
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Horizontal profiling, vertical sounding, or both can be used for inapping
buried stream channels, which are important in planning for exploration and
artificial recharge of groundwater. Use of resistivity technique for mapping
burried stream channels have been reported by Zohdy et.ai(l1930) and by Page
(1968). The burried stream channel in Penitencia area was discovered by making
a few electrical soundings, the measurements of which were distorted by the
effect of lateral heteorogencities. The area was then covered by horizontal
profiling using Wenner configuration. The isoresistivity map thus prepared
showed the course of the burried channel(figure 3).

As another example in area near Campbell, California, an apparent-
resistivity map was drawn on the basis of horizontal profiling using Wenner
array. The map indicated presence of high resistivity layers at shallow depth
but did not delineate the trend of a buried stream channel as directly and
as clearly as in the Penitencia area. Supporoting data from vertical sounding
gave a cross section which was in confirmation with the results obtained from
welis.

Groundwater recharge studies have been tried using electrical reistivity
method. Transverse resistivity are determined using the layer resistivity and
thickness values and ‘these are correlated with percolation rates. It is founc
that higher transverse resistances would reflect sites more iavo.urable for
recharge. Empirical relations have been developed ('Kelly,' 1985) and used for
subsequent predictions. |

The resistivity method was initially used to study proposed damsites
for measuring the depth of overburden covering the bedrock. The first commer-
cial use of this method was the study of the Fifteen Miles Fal.ls development
on the Connecticut River, conducted in 1928 by the Schiumberger Organisation
in New York for the New England Power Association(Keily, 1962). Besides

measuring the depth of overburden, electrical methods are also being used
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for determining physical and mechanical properties of soils. These may be
used throughout a geotechnical investigation program, for general site assess-
ment, definition of specific targets or for detailed subsurface mapping along
with the drillhole data. Rock strength depends on many factors including the
sfrength of the mineral assemblage, the interrelation of the rock grains and
the porosity. As electrical resistivity depends on the water filled in the pore
spaces, rock str_ength increases with the increase in resistivity of the formation.
Young's modulus also shows a similar behaviour (Whiteley, | 983).

Recently geothermal energy as a major potential energy source has
drawn considerable attentioh in the scientific community. The principal use
of geothermal fluid is for the generation of electric power. It is also utilized
for space heating, agriculture, industries, hydrotheraphy, extraction of chemicals
which it may contain, and for fresh water. Electrical resistivity method is.
very effective in exploration bf geothermal energy. The resistivity of water-
bearing rocks largely depends on tt;e amount 6f water they contain, the chemical
and physical, including thermal-'propérties of the water, and on the manner
in which water is distributed in them, It decreases with increasing water con-

tent. Using relations between resistivity of aquifer and the porosity, volume of
water contained in the aquifer can be estimated. The resistivity of a rock forma-
tion decreases with increase of temperature so that it is possible to map a geo-
thermal area by resistivity observations. Jin (1977) bas discussed findings of few
workers ‘in New Zealand and italy. Zohdy et.al(l 980 p.50-52) have also reported

few Sur\;eys for geothermal explorations.

Larﬁfill investigation is yet another field in which resistivity technique
has be_en_ eﬁectivély used. This requires information on site geology, water-table
"'_location, contaminant plume location, and groundwater movement. Electrical
‘methods have been effective in collecting two types of information{Wood,
198): (i) analysis of the geologic stratigraphy, which includes bourdaries bet-

ween rock types and water-table depth variation, and (ii) area measurement
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- of a leachate (contaminant) plume and identification of areas most feasible
for sampling and monitoring.

Many contaminants contain an ionic concentration considerably higher
than the background level of native ground water. When such a contaminant
is introduced into 'an'aqui{er, the elecirical resisti.vity of the saturated soil
is reduced. Surface electrical resistivity profiling across a suspected area
can identify this reduced resistivity zone as an anomaly. Urish (1983) has
reported successful application of this method is location of plumes from
contaminants including brine, uramum reprocessing liquid wastes and landfill
lochate in glacial deposits of New England.

Besides examples described in the above paragraphs, the most widely
employed application of resistivity methbd is in groundwater exploration. It
gives estimates of various hydrogeological and hyﬁraulic parameters like poro-
sity, permeability, depths and thicknesses of aquifers etc. Transmissivities
of aquifer is also computed from resistivity measuremenis. These parameters
are used in computing ground water potential of an area. Application of this
method, in ground water exploration has been reported by numerous workers,
e.g-Scarascia (1976}, Schwartz and McClaymont{1977), Kosinzki and Kelly
(1981), Frohlich and Kelly (1985), Mazac et.al (1985), SriNiwas and Singhal
(1 R®5), etc.

Detailed geophysical investigations were carried out along E.W.traverses
across the south western margiﬁ of Cuddapah basin(Balakrishna et.al 1 978).
Geophysical -investigations comprising electrical resistivity and vertical magnetic
survey were carried out with a view to understand spatial variation of sub-
surface in terms of lithology, mineralogy and structures, Askania vertical inagneto
- meter was deployed for the measurement of magnetic field. Resistivity surveys
employing dipole-dipole soundings were carried out in east Godavari district

of A.P. by using Sintrex 15 KW RDC-10 resistivity equipment with current
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range upto 20 amperes and voltage from %00-500 volts (Paul et.dl.,NGRI Aﬁnual
Report, 1982) for locating aquifers within 700 meters and to delineate basément.
Schlumberger soundings,_ resistivity profiling and vertical magnetic profiling
‘were carried out in Godavari-Purna and Kukadi basins, Maharashtra (Gangadhara
Rao et.al 1983a, 1983b) to identify shallow and deep aquifers. Mark et.al{l 982)
applied resistivity surveys to regional hydrologic reconnaissance. Vertical elec-
trical soundings using DC resistivity mcthods were completed along over 60
miles of survey lines in SW Florida.

Detailed study of burried valley was undertaken‘by Jane et.al(19%1).
Gravity and seismic surveys were also carried out alongwith surface electrical

resistivity soundings to evaluate two sites in Nemaha and Jefferson of Kansas.

2.2.2(b) Electromagnetic methods:

Electrical surveys also are made using time varying electromagnetic
field as an energy source. These .electromagnetic or induction methods genera-
illy use frequencies in the range between 100 and 5,000 Hz, but radio waves
of higher frequencies are also being used. These surveys can be made either
'Oﬁ the ground or from a low-flying aircraft. The measurements can be used
iﬁ the similar manner as resistivity measurements to obtain horizontal profiles
and depth soundings. Measurements méy be made at one or several frequencies. .
Interpretation usually is accomplished by curve matching or modelling.

The technique has been used effectively in mapping bhried, channels,
soil moisoture studies, landfill investigations, mapping permarost thickness
for arctic construction(Hoekstra et.al,1975; Hoekstra, t978), mapping subsur-
tace coal mine fires and petroleum firefloods (Bartel, 1982; Bartel et-al.,
1985) and groundwater investigations, especially in hardrock and highly resistive
area. |

Buried channels have been located where the channel-filling material
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has a resistivity contrast with the enclosing medium(Collett,| 9%67).

In applying electromagnetic waves for soil moisture studies, three proper--
ties are important in describing the interactions of eléctromagnetic waves
with soil. These are conductivity, permitivity, and permeability.

Corductivity in the soil depends' ©n its ion content and the currents
result from motion of free elctrons. It is important ln soils fo; frequencies
below about | MHz.

Relative permitivity is known as tﬁe dielectric constant of the sonl.
It depends on soil texture as well as soil moistu're_. ‘The chahge ih diele_ctrit
constant is the main discriminator for soil moisture. Because 6f ‘the largé
difference in the dielectric constant of water and soil components, it is possible
to relate dielectric constant of the soil to the saturating fluid content. Alharthi
and Lange(198%) have described a measurement technique alongwith interpre-
tation procedure for this technique. Bernard et.al.(1%84) have compared three
measurement techniques of in-situ soil moisture measurements and presented
a new instrument called dielectric probe for measuring dieléctric constant
automatically. It is predominate for frequencies above 1 Mhz. Permeability
1s not a strong discriminator for soil moisture (Wheeler ‘and - Duncan,l984).

The methods of detecting soil moisture using electromagnetic wave
are very frequency dependent. Several bands in the _electromagnetic spectrum
could be used for soil moisture investigations.

EM methods have been used in outlining the regions of highest landfill-
derived dissolved constituents in the sand aquifer. Two criteria (Grcerhéuse
and Harries,1983) are to be satisfied in using this method in an effective manner;
1) the introduction of contaminants into the aquifer must produce a mea-

surable change in the total conductance of the volume of earth being

sampled by the surface method, and
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| i) the lateral v.a:riati_on.'ir'a electrical conducti-vity(or resistivity) throughout
the site. due to "'cﬁénging lithology must be appreciably smaller than
or seperable_frém'variations due to groundwater contamination.
| Ground water penetratidn radar(.GPR) are also used for determining
boundary between rock or soil typeé and stratgraphic information. This inform-
~ation is important because such boundaries significantly influence the ground
water flow system.

The GPR system is typicdlly a one or two-antenna(transmitter/receiver)
unit wim the necessary .power supplies and related electronics to direct an
EM Pulse of 100-1000 MHz central frequency into the subsurface and then
record reflected pule returns on either a digital tape format or on a single-
channel fecordef. Depth of penetration is limited by the resistivity and satur-
ation of the soil or roék mass as well as by the power of the transmitter.
" The teéhni_que can be used upté depths of 20m({ Dobecki and Roming, [ 95,
p.2628). o |

Another variation of rada} -.t.ech_rﬁ'que-, electromagnetic subsurface pro-
'.filing. (ESP), provides a continuous linear plot of subsurface features. Measure-
ments wiﬂw this system are ind.épende'nt of seasonal variations(Bhandari and
Pandey). 1ts field of applications include mapping of variations in the compo-
sition and density of soils, soii—moistur_e detection, location of voids, s.eepage
mo_nit'or'ing, estimation of snow thickness and layering, etc.

Electromagnetic(EM)_ rﬁethods are suitable for groundwater exploration,
especially in hard rock areas. The ‘advantage is that it produces a sharp anomaly
over narrow vertical conductors thereby facilitating markation of boreholes.
Hé@e?er, resistivity soundings- and’ profiling are still necessary in order to
- obtain. an _insight. into the .depth to and character of the bedrock Patrs. and

Shastri(1982), Dirks et.al.(1 983), and Murthy et.al(l1 984) have reported application
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of EM Methods in groundwater exploration. These methods  are capable of
mapping groundwater pollution plumes arourd waste disposal sites. Variations
in ground water quality is ;’esponsible for variations in subsurface electrical
re.sistivity, which is monitored at the surface using EM instruments. Isoresis-
tivity maps are prepared to locate a pollution plume and the movement of

pollutants (Ritseema, 1983).
2.3 Seismic Methods

2.3.1 Refraction method

The seismic refraction method is probably the most widely used among
the  seismic methods for detailed determination of depth and nature of the
bedrock and often to locate the water table in sandy sediments. This is possible
because seismic velocities are lowered in unconsolidated materials with presence
of moisture content.

The method involves timing first arrivals of seismic energy 1o a line
of measuring instruments called geophones, arranged in a array. The most
common energy source is a sledge hammer blow and successive hammer blows
may be vertically stacked (summed) with modern signal emhancement recorders
(seismographs) to achieve reliable ratio of signal to noise. Other sources
of energy include weight drop and vaccum assisted weight drop units, air gun
systems, shot guns and rifles modified to fire their projectiles into the ground
safely. For deeper surveys explosive charges are used in shallow holes.

Interpretation of refraction method involves plotting of first arrival
travel time data versus positions of geophones and fitting of straight lines
to the data to define different layers. Various techniques have been used
(Dobecki and Roning, 1985) to calculate velocities and depths. Now-a-days
microcomputers are used to automate the processes of picking records, plotting
time-distance plots, fitting straight lines for velocity. calculations and calculat-_
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ing depths by various techniques.

The most common use of the seismic method in hydrology is in the
:determination of the_ thickness of sediments which overlie essentially non-water
bearing consolidated bedrock. Burried stream channels as well as valley-train.
deposits in old water courses are convenveniently mapped using this technique.
The seismic {compressional) wave velocities increase in saturated sediments.
This abrupt increase in velocity helps in locating water table, provided thicknes§
of the aquifer is large enough in comparison to its depth below the ground
surface.

Seismic refraction measurements in areas where a large number of
geophone spreads and shot points(for betow points) are employed, may reveal
systematic lateral variations in the velocity of unconsolidated deposits. Lithoi-
ogic variations are reflected by measuring these lateral variations. Various
geologic factors contributing to these changes in seismic wave velocities are
geologic age,' average grain size, grain size distribytion, composition, dl:gree
and nature of saturation and porosity.

Seismic velocity measurements can be used for estimating average
porosities of unconsolidated sediments and weakly consolidated sedimentary

L)
rocks.

2.3.2 Reilection method

Till recently, seismic. reflection method has been economically used
in oil exploration only. Cost of reflection surveys is higher than normal refrac-
tion surveys, because of large amount of data needed for carrying out the
data processing to produce reliable results. With application of microcomputers
for seismic data processing (Hunter et.al,1 984,1 986), use of reflection method
for regular hydrological applications has started. Recent groundwater investiga-

tions have shown that with modern, digital seismic reflection equipment which

'
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15 portable and of relatively low cost, aquifers several meters thick at depths
of several hundred meters can be resolved(Whiteley, 1 985). One particular advan-
tage of reflection method is that its énalog graphical record clearly shows
the positions of various reflectors, corresponding to different interfaces in
the subsurface.

Haeni(l 985) has reported the application of continuous seismic reflection
methods on.the Housatinic River in Connecticut and Massaéhusetts, two Co.nne-
cticut lakes, and along river channel in the Sarasota-Port Charlotte, Florida.
The method is claimed to be effectively used in shallow, water covered areas
to define the geologic framework and continuity of aquifer systems, to locate
hydrologic boundaries, to define and to inferpret the lithologic character of
aquifers and confining beds, and to map the thickness of organic depésits
on lake bottoms.

Koerner et.al.(1979 have given a brief review on use of seismic methods
for subsurface seepage detection. In studjring seepage flow in dam supporting
masses, reflection method has been used (Bogosiovsky and Ogilvy, 1970}, because
of the difference in seismic veloﬁities in the zones of aeration and full satura-

tion.

24 Gravity Method

Gravity method is based on measurement of acceleration of gravity.
Although the gravitational attraction of any geologic body is a function of
its mass, the total gravitational attraction measured by a gravimetric device
_ on the surface above it represents the sum of attractions of both the body
and the rest of the earth, as a whole. In geophysical prospecting, only gravity
field due to the body is of interest. Therefore, the target of investigation
is only the excess or deficiency of mass, which is represented by density cont-

rast with the surroundings. Observed gravity variations, when corrected for
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nbn—geologic effects, reflect contrasts in density within the earth, particularly
lateral contrasts in density.

This method is a rapid, inexpensive means of determining ‘the gross
configuration of an aquifer, provided an adequate density contrast between
the aquifer and the underlying bedrock exists. It is useful in loeating areas
of maximum aquifer thickness, in tracing axis of a buried channel, and in
locating a burried bedrock high that may impede the flow of groundwater.
In figure &, the irregular belt of unconsolidated sediments that runs from the
northwest corner of the .map to the south central part consists of buried out-
wash or ice contact depdsits resting in a glacially overdeepened, preglacial
bedrock <hannel of the Connecticut River(Zohdy et.al.,! 980). Well data confirmed
the course of this channel. Thus the gravity data reflect the locus of maximum
thickness of the unconsolidated sediments.

Water in the interstices of a rock contributes to the total mass ‘of
the rock and if porosity is moderate or high, this effect is detectable with
a gravity meter. In general, surface gravity measurements, are used primarily

in a regional search and evaluation study.

2.5 Magnetic Method

The magnetic method of geophysical exploration involves measurement
of the direction, gradient, or intensity of the earth's magnetic field and inter-
pretation of variations in these quantities over the area of investigation.
These surveys can be made on land surface, from an aifcraft, or from a ship.

Magnetic anomalic.es are distortion of the magnetié field produced by
magnetic material in the earth's upper surfaces. These anomalies of geologic
interest are of two types: induced anomalies and remanent anomalies. Former
are the result of magnetization induced in a body by the earth's magnetic
field. The anomaly produced is dependent upon the geometry, orientation,

and magnetic properties of the body, and the direction and intensity of the
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earth's field. Remanent anomalies are the result of 'permanent ' magnetization
of a body and are controlied by the direction and intensity of re_r:nanent magne-
tization and the geometry of the distrubing mass. Most magnetic anomalies
are a combination of the two types, but usually one type of magnetization
_is dominant and the other can be ignored in the approximate interﬁretation
of results.

The character of a magnetic anamaly is often indicative of the type
of rock producing the _anomaly, and an experienced interpreter can identify
a general rock type on the basis of character of the magnetic anomalies obse-
rved. Quantitative interpretation of individual_magnetic anomalies yields infor-
mation on the depth of bﬁrial, extent, structure, and _mag'netic properties
of rock units.

The two major applications of magnetic surveys to groundwater studies
have been the study of magnetic aquifers, mainly basalt, and the determination
of the configuration of the basement rock underlying the water bearing sedi-
ments. The study of magnetic aquifers involves the identification of rock type
ard the determination of geometry and magnetic properties. The study of
basement-rock configuration generally involves determining the depth to the
surface of the basement at several points ard contouring the depths.

Magnetic surveys have been used in the study of ‘basalt aquifers in
several areas, for example in the Snake River Plain and Columbia Plateau,
with varying degree of success. Magnétic data from Gem Valley in southeastern
Idaho illustrate some of the potentials and limitations of magnetic surveys
in the study of volcoanic rocks{Zohdy et.al.,| 980 p.112). The vall-floor consisted
of basalt rocks, partly covered by windblown soil, which are enclosed by sedi-
mentary rocks. This method is usefﬁi in locating edge of the basalt where

it was at shallow depths.
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2.6 Borehole Logging Methods

Well logging methods form a part of borehole geophysical methods
which include all techniques of lowering a sensing device in boreholes to make
a record of the physical properfies of the formation cut across by the boreholes.
However, in well logging methods only those methods are included by which
a formation can be evaluated in terms of the rock characteristics, nature
and amount of contained water/fiuids. In general, these methods give inform-
ation either directly or indirectly on the subsurface geology of the area. Explo-
ratory drill holes. or wells are our only means by which direct assess to sub-
surface geological information can be gathered. But these are expensive means
of assess to the subsurface and technique such as well logging are economically
justiﬁ_ed because these recent prospecting techniques enable us to derive more
data from each holes and extrapolate this information laterally. Apart.from
this main advantavge there are many other advantages which makes the use
of the logging techniques essential.

The measurement of physical phenomena in boreholes is based on sound
physical principles. In most of the methods direct measurements of the physicél
properties such as porosity, permeability, fracture in rocks etc. are not possi-
ble. However, based on the_ empirical relations, or in some cases based on.
mathematical theory, it is now possible to determine these properties accura-
tely from the well logging data. Sometimes, this information can only. be obtained
| by the judicious use of a combination of several different types of measurements
" on boreholes i.e. complex logging of boreholes. Borehole geophysical methods
include all those operations which are carried out in boreholes. Some of these
operations are used in the evaluation of the 'formations and. others are used
to control the technical conrditions in boreholes and yet, some other methbd '
at the time of the completion of the boreholes for production purposes. Based

on this, Mathur (1977) had classified the borehole geophysical methods under
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'ﬁree major groups.
{i) Well logging methods in formatian evaluation,
(ii) Geophysical methods for controlling the technical conditions in borcholes.

(iii)  Well completion services.

Weil logging methods based on the physical property measured are.classified into

nine main heads namely electrical, radioactive, acoustic, mugnetic,nuclear geothermal

geochemical , mechanical and visual methods.The second group of method includes :‘:
those ‘methods used in controlling the technical conditions in boreholes. Under
this group, major problems which are commonly rﬁgt with, are identified. Ihe .
third group is the well completion services in which four types of operations
~are. identified and the methods available to solve them are identified. Classi-
fication of borehole geophysical metﬁods particularly fdr hydrological investi-
gation is given in Table [. In electrical logging methods the electrical proper-
ties of rocks are determingd.' The el’ectrical logging methods are based on the
measurement of the differe_ncés in the electrical properties of rocks that ekist
in the section penetrated by_ boreholes. In logging practice, the following elec-
trical propertie§ are studied.

| (i) Electrical resistivity or conductivity
(ii) Electrochemical activity

(ii-i) | lrd.u.c;ed electrochemical éctivity
(iv)  Dielectric constant.

Based on ‘the electrical pr@erty studies, there are numf)er of electrical
logging. methods(as can be seen in the classified table no.). The electrical
resistivity of _rocks is .stud.ied i-r.\.difflerént methods such as:

(i) Conventional ele_ctrical logging, potential and gradient sondes
(i)  Latero log o | |
iit) Induction log
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TABLE |

CLASSIFICATION OF BOREHOLE GEOPHYSICAL METHODS

ELECTRIC LOGGING METHOD — CONTROLLING PAR AME TERS
: PROPER TIES MEASURED
- L.Spontaneous polari- Electrochemical Natural
zation logging actlwty(SSP ESSP) potentials
2. Resistivity logging Electrical Apparent
with common sondes, resistivity resistivity
(Potential or normal
and gradient or lateral
sondes) .
3. Invest:gation with ~do- ~do-
lateral devices
4. Laterologs ~do-. -do-
s, Micro resnstwnty do- ~do-
logs , micro-. laterolog , '
proxlmlty log
6. Single electrode -do- ~do-
resistance log '
7. Induction logging electrical ‘Apparent
conductivity conductivity
8. Induced polarization Induced polari- Potential ‘of
logging(IP) zation activity LP.activity
9. Electrode potential Electrode potentials - Difference in
method of electrochemical electrode
conductive minerals potentials
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iv) Micro log
(v) Single electrode log

The resistivity of rocks is measured by the use of an artificial alterna-
ting current field. The main part of the borehole tool is the electrical sonde.
The electrical sorde consists of a source or transm‘itter of alternating current
or receiver devices which measures the characteristics of this field. Electrodes
or coils are used as the transmitter or the receiver.

The electrochemical activity of rocks are studied in the method called
self potential or S;P.logging. The electrochemical activity of rocks develops
a lJocal natur‘al potential field around the boreholes. The variations of these
potentials are measured in the S.P.method. The induced electrgchemical activity
is studied in the method called induced polarisation .or in short called as the_
LP.logging. In this method, the residual electrical field existing in rocks even
iafter switching off the artificial current field, is measured.

Usually electrical logging is carried out in uncased boreholes
tilled with conductive muds or drilling waters. Only induction and dielectric
logging can be éarried out in dry boreholes or boreholes filled with non conduc-
tive muds or when the boreholes are lined with non conductive casing. Thus
it can be generalized that electrical logging methods can not be carried out
in boreholes with metallic (conductive) casing. The volume of investigation
in electrical logging method varies from several hundreds of cubic centimeters
as in micfologs to several cubic meters as in conventional lateral log and induc-
tion log. In other words, the depth of investigations in radial direction varies
from few centimeters to several meters. In well logging practice, the media
in the volume of investigation is electrically non-homogeneous because the
volume of investigation include the borehold mud, the target formation and
the adjacent beds. The target formation in turn are not homogeneous because

of theft layering. In such cases, it is more convenient to represent the result
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of measurements in terms of apparent values. These apparent values are gen-'
erally used in resistivity logging methods and are called apparent resistiv‘it.y.
{p a). or apparent conductivity(da) values.

Using apparent values is quite convenient because in some cases these
values are close to the true resistivity of the formation and in some other
cases suitable corrections can be applied to get the resistivity of the formation.
From such measurements, the true electrical resistivity of rocks can be cal-
culated. The changes in the resistivity of the rocks along the axis of the bore-
hole is studied by continuously recording the measured values with depth. For
studying the changes in resistivity in the radial direction it is necessary to
run several types of logs with different depths of investigations. For obtaining
the resistivity of the formation with a good 'accur_acy in.logging practice, measure-
ments are made with complex logging consisting of sondes having sma!l depths
of investigations(micro sonds); and medium depth of investigations(conventional

logs with medium lengths, latero logs and induction log with medium depths

I

of investigation) and with large depths of investigation( conventional sondes
‘with large lengths, laterologs arﬂ, induction lags with large depths of investig-_
ations). .

In the spontaneous polarization (s.P.) logging electrochemical activity -
of rocks is studied. For such a study, the natural electrical field is measured
Iin boreholes. The physical basis of this method is that theré exist differences
in electrochemical activity of rocks and due to this sources of natural electro-
motive forces are developed and 'result in the flow of natural currents. It is
commonly observed that the deflections opposite clay or shales beds do not
changé very much with depths.-an'd it is possible to draw a vertical line called
the clay or shale line. The deflection of the curve from this lline will give anomaly.,
Anomaly may be positive or negdtive’and depends upon the thickness of the

bed. The apparent values thus obtained may be converted into true or static
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S.Plvalues by using cofrection charts. If the origin of S.P.is only due to diffu-
sion or absorption process then, from the measured potentials, it is possible

- to calclate the.resistivity ot formation waters by using the following equation:

P mt
ow

A USP= Ko log

where Ko: = The coefficient of chemical activity
(= 70.7 at 20°C)
p mt & pw = resistivities of the mud filtrate and formation waters res-
pectively.

S.P.methods have proved to be more effective in the delineation of
sand-shale or clay series. In hard rocks, such a limestones, granites and metamor-
pic rocks, the connection between the SP anomalies and the geological features
become difficult and the interpret:-ition of SP logs becomes difficult.

In restivity logging, a four electrode system (AMNB) in which two are
the current electrode(AB) and the other two are potential electrodes(MN)
are used. Current of known value# is used to energise the formations and diff-
erence ofl potentials of M and N electrodes are measured. From these values

the resistivity is calculated by using the following relation

A VMN
3(chm metre)™ 17 K I
where K = geometrical factor ( - AM - AN,
Mn

The record of these apparent resistivity with depth is called the elec-
trical resistivity log. Depending on the geometry of the electrodes, two main
types of sondes.aré.cal!ed normal or potential and the lateral or the gradient.
Potential of the electric field is measured with the potential sondes while with
the gradient sondes the gradient of the field is measured. The curve shapes
obtained and the maximum value recorded depend, on the thickness of the
bed and the resistivity of the layer. The true resistivity of the formation can

be determined using departure curves and it is also possible to obtain the bed
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thickness very accurately.

Mac Cary(1983) conducted logging experiments in carbonate aquifers.
Logging methods which are inrherently superior to others viz. density, neutron
and acoustic velocity logs,.for the analysis of limestone and dolomite aquifers,
were used. Contour maps derived from geophysical data were found useful
to outline areas of recharge, direction of probable groundwater flow and loca-
ting saline areas.

Tselentis(1 985) used microcomputers at the well site for providing
timely answers to important hydrogeological questions. Computer oriented log
interpretation techniques were in use in oil industry while their application
in hydrogeological problems has been restricted. It was found possible for a
microcomputer to handle, by relatively simple operations, complex analytical
processes which may be used to advantage by the well log analyst in many
hydrological problems. Tselentis{l1985) also examined to what extent the hydro-
geophysical properties of fissured aquifers can be derived from geophysical
logs alone. To do this a theoretical double porosity model based on a tortuo-
sity-free, parallel conduction path assumption was introduced to establish possi-
ble relations between geophysical parameters that can be measured from con-
ventional geophysical formation logs and hydraulic characteristics of the aquifer.

Thomas(1 986) used geophysical logs for determining formation water
quality. Resistivity of the formation pore water was determined by cross plo-
tting saturated formation resistivity, obtained from normal or lateral resistivity
logs, against for'mation bulk porosity from neutron density, or acoustic velocity

logs.

2.7 Nuciear Methods
Nuclear techniques have, in the past twenty years, made significant

\
contributions to studies in surface and subsurface hydrology. They include
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apfalic:ation of radio-labelled compounds as water tracers and are the outcome
of the ever widening multidisplinary approach in hydrological investigations.
Physics, Chemistry, Geology and Engineering have all enriched the field of
water resources investigation and management. Nuclear techniques in hydrology
.are mainly isofope based. The isotopes are used either as sources of radiation
or as tracers. In the studies on the dynamics of any syste'm, it is always reward-
ing to identify a small part of the system or a group of molecules and fqllow
their behaviour as they progress through the system. The problem is how to
identify t’hat part of a group or molecule, if it is undistinguishable from the
rest of the system. This is where the tracer comes into our reckoning. The.
choice of tracer is rather delicate since it has to behave like the material
being traced, but distinguishable from it for purposes of detection.

In hydrology, the fluid of interest is water and the system could b#
a river, lake or an aquifer. The most ideal tracers to study the behaviour of
water are the different isotopic species of water molecule itself. There are
several situations where it is not feasible to use the isotopic species of watér
as tracers. Radloistope techniques may be classified, as:
(i) Environmental isotope techniques,
(i1) Artificial isotope technique, and
(iii) Techniques employing sealed radioisotope sources.

Water molecule is made up of two atoms of Hydrogen and one atom
of oxygen. Hydrogen has three naturally occuring isotopes namely protium('H),
deuterium(zH or D) and tritium (3H or T). Oxygen has also three naturally

(*’0) and oxygenllS(mO).

The important isotopic species of the water molecule such as H2l60, HDIG{),

H ISO,HTlGO are used in hydrological .ihvestlgations. The first three molecules

2
H2‘60,HD‘60 and H2'3 L

occuring isotopes, namely oxygen.16(160), oxygen-17

0 are stable whereas fourth one(HT 60) is radioactive

and is well known as tritiated water. Tritium(T) is a radioactive isotope of
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hydrogen and it emits radiation with a maximum energy of 1¥ Kev and has
a half life of 12.26 years. It is produced in the upper atmosphere by the inter-
_action of cosmic rays with nitrogen nuclei. Tritium is rapidly oxidized to HTO
and enters the hydrologic cycle. Tritiated water can also be artificialty produced.
Some of the environmental isotopes used for hydrological investigations are
tritium, carbon-14, silicon-32, chlorine-36, Krypton-85 argon-39 and Uranium
isotopes etc. The long half life of Carbon-14(5730 years) and its presence as
dissolved inorganic carbonate in groundwater have been responsible as the most
studied dating tool in groundwater hydrology. Carbon-it is also produced in
the upper .atmosphere like tritium, by the interaction of cosmic rays and nitrogen.,

Chlorine-36, though not part of 'the water molecule, is known as a more
conservative tracer than many other ionic species. It is ideal todate waters
in the range of 50,000 to a mitlion years. Its half life is 3,00,000 years. Silicon-32
is much shorter lived than carbon-14, but longer live than tritium. It is produced
in the upper atmosphere by the spallation of qur. Artificially produced tracers
have been very usefﬁl in establishing hydraulic connections in general and to
estimate grourdwater flow velocities.

The isotope tracers are used to estimate rainfall recharge, stream dis-
charge measurements, studies on the efficiency of percolation tanks, canal
seepage, leakage from dams and reservoirs, identification and bed load transport
investigations, studying of moisture movement in the unsaturated zone, dating
of groundwater, studying interconnection between surfaced and groundwater,
measuring groundwater flow velocities and direction of flow,snow and glacier
melt studies etc. The choice of technique is wide and depends upon the appli-
cation. Few examples may be summarized as follows:

(i) Radioisotope such as Br-82, 131

, Sc46 are used as tracers for surface
and subsurface waters,

(iD) Environmental isotopes such as tritium, Carbon-14, silicon-32 are used
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for the study of case histories of waler,

(iii) Stable isotopes of the water molecule such as deuterium and oxygen-138
are used for distinguishing waters of different origin and in the general
urderstanding of the-water balance of a given system,

(iv)  Neuclonic equipment containing sealed radiation sources such aé Co-60,
Cd-109, Am-2¢1 are used for the measurement of soil moisture, density
and suspended sediment concentration. Nuclear logging tools with radia-
tion sources emitting gamma rays and neutrons are also very useful
in some areas of hydrology,

{v) Nuclear analytical techniques such a neutron activation analysis, X-ray
fluorescence analysis are used on investigations relating to water quality.

(vi)  Finally, a new and vast area of potential application is the use of intense

radiation sources for disinfection arnd purification of waste water.

2.7.t  Soil moisture studies

The principle of measuring soil moisture by counting thermolized neutrons-
was first proposed in the late 19:0's and the instrument required for carrying
out field studies was developed. Soil. moisture studies were carried out by Regin-
ato et.al{1964) by using gamma'attemation method, Hewlett et.al(l 9¢¢) used
ne,ufron_ -scatterin_g method for studying soil moisture variance. Soil moisture
' -.measur_e_fnénts ‘of the surface layers were carried out by Pierpoint(! 96} using
_n.euﬂt_t_'q_r.-\l. _dep:’éh\- probe and a surface shield. Boodt et.al{1967) determined soil

molstute “characteristics for irrigation by using neutron moisture meter and

-"'t"erﬁ'ibm:eﬁiérs.' Measurements of soil water storage changes for water balance
pur;poses were taken up by Bell arld McCulloch(1969. The neutron probe techn-
'iques were applied to irrigation research and management in Jamaica by Holds
worth(! 976). Studies of soil moisture were carried out by Grant(l975), Visvali-

ngam{1975), Bell(1976). Sharkar et.al.{l %79 analyses variation of soil moisture
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at various depths by Ra-Be neutron scattering probe under ponding corditions.
Singh(1984) discussed special features of isotope techniques and studied moisture
movement in controlled con:iitidns. Ramesh Chand(l1986) and Ramesh Chand
et.al(! 986) have reported soil moisture studies carried out at the National Insti-

tute of Hydrology, Roorkee by using Troxler depth moisture gauge model no.332l.

2.7.2 Other nuclear applications

Environmental isotopes of natural or artificial origin are present in
natured waters in varying proportions. These proportions depend on natural
processes which can not be controlled by man. The isotopes normally used in |

180, 3H, IBQ’ 14 3. 15 2%

hydrology are C, 75 "N ad U. Among the stable isotopes,
oxygen-17 is not used as its variation is exactly similar to those of oxygen-18
and its measurement, which is more complex than that of oxygen-13, doeg
not provide any useful additional information. Oxygen and hydrogen isotopes
are ideal hydrochemical tracers for the study o-f certain problems, because °
they are incorporated in water molecule. These isotopes have been used to
obtain a better theoretical and practical understanding of groundwater studies
(Ramesh Chand and Seth 1986). Demand is increasing for better understanding
of hydrologic systems to facilitate management of water as a resource and
to evaluate environmental problems. The distribution of isotope species in watef’.::'
provides information on sources of grourdwater, on flow paths, mixing and
on physical and chemical characteristics of aquifers. Tritium is one of the
heavy isotope of hydrogen and has one proton and two neutrons. It is produced
in the atmosphere by interaction of cosmic rays. Since, 193, this has also
been formed in thermonuclear explosion and due to atomic bomb explosions.
The tritium content of the atmosphere and water increased significantly, and

is now one of the most important isotope used to identify recent ground water

movement. The most commmonly measured isotopes of dissolved constituents
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in ground water are 1_3C and luCZ in the organic carbon species (HO3,C03,

HZCOB’COZaq') ! C is a radioactive isotope produced indirectly in the atinos-

phere by interaction of cosmic rays, and in recent years also by thermonuclear
. 6 . . . .
weapon testing. The amount of 1 C in a natural sample is expressed in modern
: . . . 4 _
percentages, that is to say in percentage of the amount of ! C in plant carbon

before 1890, since that time GIuC‘- in atmospheric CO, has slightly decreased

2

due to production of C02 by industrial combustion (fossil fue! does not contain

4 . .
L C) and recently it has begun to increase following the nuclear explosions.

13 13

The amount of § “C is expressed in C % and is compared to the P.D.B.stan-

~dard which has a ratio 13C/“'?C more or less equal to the average ratio of

marine limestone{which gives 13

value of GIBC is -7°/

C = 0). Atmospheric CO, carbon has an average

) . _ o

oo and that of biogenic origin has ¢ -257/oo due to the

isotopic formation in chlorophyllic synthesis, however significant variations

in the ratio l3(2!12(.‘, is observed in different plants. The age of ground water
. o : 4

can be determined by measuring the decay rate and dilution factors of e

1 C techniques

concentration. Water as old as 40,000 years can be dated with
now available. Fractionation ofl3C, a stable isotope, provides information on
carbonate solution that causes the dilution of ‘mC. In addition, photosynthesis,
bacterial activity and other chemical reactions cause {ractioation of carbon
isotopes that help in identifying the source of carbon. _laC is measured with
proportional counters in the gas or. liquid phase. l3C is measured by mass spec-
trometry, with a precision of 1+ 0.1 °/oo. In the last two decades both the use
of environmental and of man made isotopes has proved to be quite a reliable
tool in hydrological investigations. Ramesh Chand and Seth(l 986) isotopes

have wide applications both in surface water and ground water problems. In
brief, isotope ‘t'lec’nniques provide the potential of routine operation to the follow-

ing areas of application,

Ia Investigation of changes in soil moisture content,

42



. ii).
iii)
iv)
v}
vi}
vii)
viil)
ix)
x)
xi)

xii)

Processes in the unsaturated zone,

Investigation of recharge mechanism and origin of recharge,
Quantitative recha;ge estimates, |

Groundw_a\ter movement and storage,

Dispersion in surface waters,

Sediment transport,

Stream flow gauging,

Seepage losses from reservoirs,

Watershed investigations,

Snow and glacier -melt studies,

Wa_t_er.-' balance studies of lakes and.fe_servoirs etc.

First five applications are reviewed under the head of

investigations

in the unsaturated zone in another report (Ramesh Chand and Seth. 1986) cover-

ing studies on changes in soil moisture content recharge estimates and origin

of recharge, ard finally movement of grourﬂwater, flow direction and flow

velocity.
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3.0 REMARKS

Basic methodology and brief operational details have been outlined
for almost all geophysical methods which can be applied for hydrologicatl inves-
tigations. |

Surface methods of investigations are easy and fast in field operationﬁ,%
and prove to be economic as compared to the subsurface methods. Considering
simplicity of field instrumentation, S.P.,resistivity, gravity, magnetic and some
‘nuclear methods are preferred. Howlever, gravity and magnetic methods can
be applied only for some limited applications e.g. reconnaissance surveys for
outlining subsurface structure of a basin, etc. S.P., resistivity and nuclear
methods are applicable in many hydrological investigation programmes.

In many cases, electromagnetic methods provide useful data as supple-
ment to the resistivity measurements, enabling reliable interpretation in terms
of hydrological parameters. These are especially suitable for soil moisture
studies and are comparabie to_.. only. nuclear lnethods for this appliéatnon.

Seismic methods also,'al_th.ough costlier, provide useful supplementary
data to other methods in some .cases wheére electrical methods are not efiec-
tive because of power line disturbances, very resistive terrain etc. -Heavly
investments limit application of this mcthod only in large-scale, well funded
investigation progrdmmes.

Borehole geophysical methods provide deeper insight info subsurface -
studies by taking observations directly from points generally within the zone
of investigation. The data from these méthods are valuable in correlating -
the results of surface investigations with the'sublsu'ﬂace parameters.a These

measurements are taken only at limited number of points since the cost and

_ .__time requirements are high for these surveys. Different logging techniques have .

by




_varying degree of applications. Before taking up any borehole logging programime,
‘these characteristics shbuld be taken into consideration. N “

| Nuclear methods include'app!icatidm of radio labelled compourds as’
water tracers, use of isotqpic'radia'tib.n .sources for studying moisture in the
unsaturated zone, use of er{vironmental. isotopes (HZ,H3 o! , c! etc) to
investigate water c:rculatlon patterns in the hydrosphere. Injection of a sultable
radlotracer into soil moisture in the unsaturated zone asd followmg its trans-
port by.nuclear detector methods provide: an useful ap'proach to investigate
rainfall recharge and regional watér -balance. The nuclear studies have demons-
trated Hu versatility of isotope methods in ﬁroviding-iniormation on regional
hydrologicét regimes. It is otfen difficult to obtain similar information .by
conventional hydrological methods. Nuc!e‘amn;ﬁods are -preferred. over some
other methods and can be convemently ‘employed in hydrologlcal studies as
outlined in the present report.

A variety of {ield problems in?:lild_ing détermination of geologic

and  hydrauvlic paraweters e.g._]ithology', perncability , transmissivity

etc. estimation of seepage and recharge and reservoirs and canmals ectc.,
exploration for ’grour\dWater:, geothermal "exploration' water balance stu-
dies of lakes and reservoars., etc. - are effectweiy hand led by a variety

of these geophysncal methods

45




REFERENCES. -

I Atharthi,A and Jl.Lange,|94.Dielectric properties of saturated soils,
in Proc.Sec.Int.Con.on Ground Water Quality Research, Oklahoma State
University, pp.173-174.

2. Balakrishna,5. and K.R.Ramanujachari, |978.Resistivity investigations
in the Deccan- trap regions, Geophysical research Bulletin, Vol.l16,No.l,
pp-31-40.

3. Bartcl,L.C.,1982.Modelling and analyms of the CSAMT geophysical tech-
nique results to map oil recovery processes: Presented at 57th Arm.Tech.
Conf.Soc.Pet.Eng.,Am.Inst.Min.Metall.Petr.Eng.,New Orieans,paper SPE
H1192.

. Bartel,L.C., G.S.Davidson,R.D.Jacobson and J.E.Uhl,1985. Results from
using the CSAMT technique to monitor the Tono UGC experiment: In
situ, 9, 293-328.

5. Bernard,R.,O.Taconet',p.vidal—Madjar,J.L.Thony,M.Vauclin,A.Chapoton,
F.Wattrelot and A.Lebriun,l 98 .Comparison of three In-situ suriace
soil moisture measurements and application to C-band Scatterometer
calibration, IEEE Trans. on Geoscience and Remnote Sensing,Vol.GE-22,
No. ,pp.388-393.

6. Bell,3.P.,1 976.Neutron probe practice,lnst.Hydrol.Rep.l %

7. Bell,J.P. and T.S5.G. Mc Cullock, 19%9.50il moisture estimation by the
neutron method in Britain, Journal of Hydrology,V.7,pp.4 15-433.

8. Bhandari,R.K. and Y.Pandey,New Fronticrs of radar applications in Civil
Engincering, CBRI,pp.26.

9. Bhimasankaran,V.L.5. and V.K.Gaur(lid.),1 977, Lecture notes on Exploration
| geophysics for geologists and enginecrs,A.E.G.,Hyderabad,India.

10.  Bogolovsky,V.A. and A.A.Ogilvy,l 970.Application of geophysical methods
for studying the technical status of carth dams. Geophysical Prospecting
Vol.18,No.5,p.758-773.

Il. Bogoslovsky,V.V. and A.A.Ogilvy,l 973.Deformation ot natural electric
fields near drainage structures, Geophysical Prospecting,p.717.

12. Boodt, M., WK.Hartmann, and P.Mcsster, !9%7.Determination of soil moisture
characteristics for irrigation purposed by neutron moisture meter and air purged
tensiometers, Proc.JAEA.Symp.on isotope and radiation techniques in soil physics
and irrigation studies Istanbul.

13, Collett,L.S.,1 9%7.Resistivity mapping by electromagnetic meothods:
Mining and Groundwater Geophysics/1 97, Geol.Survey of Canada, Economic
Geology Rept.26,p.615-62.

4. Davis,P.A.,1 977.Interpretation of resistivity sounding data: computer
program for solutions to the forward and inverse problems, Min.Geol.
Survey Enstin,St.Minn.Info.Circle 17.

L T4




18.

19.

2t

22.

23

24.

25.

26.

27.

28.

29,

Dincer, T.1968. The uie of oxygern-18 and deuterium concentrations in
the water balance of lakes, Water Resources research,V.4,pp.128%-1305.

Dirks,F.,W.Geirnzert and M.Groch, | 983.Electromagnetic  profiling  in
the investigation of small scale groundwater flow systems, Proc.Int.Syin.
on Mcth.and Inst.for the Inv.of Groundwater Systems,pp.d 3344 8.

Dobecki, T.L. and P.R.Rowing,l 985.Geotechnical and grourdwater géophy-
sics, Geophysics,Vol.50,No.12,p.2628.

Fontes, J.Ch.,B.Boulange,3.P.Carmouge, and T.Florkowshi, 197 9.Prelimi-
nary oxygen-18 and decuterium study of the dynamics of lake Titicaca.
In [sotopes in lake studies. Int.JAEA Vienna pp.1t5-150.

Frohlich,R.K. and W.E.Kelly,l 985.The rclation between hydraulic trans-
missivity and transverse resistance in a complicated aquifer of glacial

outwasly deposits, In.of Hydrology,Vol.79,pp.215-229.

Gangadhara, Rao,T.,,R.N.Athavale,V 5.Singh, D.Muralidharan, and N.N.
Murthy,1983a. Geophysical exploration for groundwater .in Deccan traps
of Godavari-Purna Basin, Maharashtra, Tech.Report No.GH-18 .GP 10,
NGRI!, Hyderabad. -

Gangadhara,Rao, T., R.N.Athavale, N.S.Krishnamurthy, G.R.Anjaneyular,
and G.K.Hodlur,1983b. Geoelectric exploration for groundwater in Deccan
traps of Kukadi Basin, Maharashtra, Tech.Report No.GH 19, GP I1i,
NGRI, Hyderabad.

Grant,D.R.1975.Measurement of soil moisture near the surface using
a neutron meter, J.Soil Sci.,V.26, N.2, pp.12%-129

G_reerhouse,J.P.' and R.D.Harris,l 983.Migration of contaminants in ground
water at a landfill: a case study, In. of Hydrology, 63,pp.177-197.

‘Haent,F.P., 1985.Application of Continuous seismic reflection methods

to hydrologic studies, Groundwater, Vol.50, pp.23-31.

Hewlett,].D., J.E.Douglass, and J.L.Clutter, 1964, Instrumental and
soil moisture variance using neutron scattering method. Soil Sci.,V.97,pp.

192,

Hockstra,P.,1978.Electromagnetic methods for mapping shellow permafrost,

Geophysics, 43, p.782-787.

Hockstra,P., P.V.Sellman and A Delancy,l 975. Ground and ai_rb_o,i',ﬁe resis-

tivity surveys of permaprost near Fair banks, Alaska:Geophysics, 40,
G4 1-656, Cooen

Holdsworth,P.M.,197¢.The application of neutron probe: tééhhiqués-_'_ to .
irrigation research and management in Jamaica, -Inst.Hydrol.Rep.22.

Hunter,J.,5.E.Pullan,R.A.Burns, R.M.Gagne and R.L.Good,!984.Shallow
Seismic reflection mapping of the overburden-bedrock interface with
the cngineering seisinograph-some simple techniques, Geophysics,4 9,
1381-1385. A

47



30.

3.

32,

33.

34,

35.

36.

37.

38.

39

40.

41.

42,

43.

4y,

5.

Hunter,J.A., S.E.Pullan, R.A.Burns, R.M.Gagne and R.L.Good, |986.
Some shallow reflection seismic methods for overburden-bedrock mapping,
Geophysics, 51, February.

Jane,E.D.,L.Y.Harold, M.P.Allen, W.K.Ralph, A.S.Marios, R.L.James,
and W.S.Don, |9%3.Remote Scnsing and geophysical investigations of
glacial burried valleys in northeastern Kansas, Groundwater, vVol.22,No.l.

Jin,D.J.,1977. True-temperature determination of Geothermal reservoirs,
Geoexploroation, Vol.15, pp.1-9

Keller,G.V. and Frischkneeht,F.C.,! 9%6.Electrical methods in geophysical
prospecting, Pergamon Press, Exiord,517 p.

Kelly,S.F.,1 9%2.Geophysical Exploration for water by electrical resisti-
vity, JIn. of the New England Water Works Association, Boston, MA,
Vol.76, No.2, pp.118-189. :

Kelly,W.E.,1 9%85.Electrical resistivity for estimating groundwater recharge,
Jnal. of Irrigation and Drainage Engg., Vol.HI, No.2, p.177-181.

Koerner,R.M., J1.S.Reif and M.J.Burlingame,1979. Detection methods
for location of subsurface water and seepage, Jn.. of the Geotechnical
Engg.Div.,Nov.1979,GT-11,p.1301-1316.

Kosinski,W.K. and W.E.Kelly,1981.Geoelectric soundings for predicting
aquifer properties, Grourdwater, Yol.19,No.2,pp.163-171. :

Kumar,B., R.N.Athavale, and K.S.N.Sahay, |982. Stable isotope geohydro-
logy of the Lower Maner Basin, Andhra Pradesh, bwia, Journal of Hydro-
logy, V.5 9,pp.315-330. '

Kos.inski,\V.K. and W.E.Kelly,1 981.Geoelectric soundings for predicting
aquifer properties, Groundwater, Vol.l19, No.2,pp.163-171.

Kumar,D., R.N.Athavale, and K.S.N.Schay, 1982.5table isotope geohydro-
logy of the Lower Maner Basin, Andhra Pradesh, India, Journal of Hydro-
logy, V.5 9,pp.315-330.

MacCurcy L.M.,1983.Geophysical logging in carbonate aquiters, Groundwater
Vol.21 No.3 pp.334-342,

Mark S. M. Layton, and T.L izanec ,1982.Application of resistivity surveys
to regional hydrologic reconnaissance, Groundwater,\!ol.ZlNo.l,pp.ﬂZ-#S.

Mathur 5.P.(1977) Borehole geophysical methods, Lectures on Exploration
Geophysics for Geologist and engincers edited by Bhimasankaram, V.L.S.
and Gaur V.K.

Mazac Q. W.E.Kelly and LLanda,i985.A hydro-geophysical ~model for
relations between electrical and hydraulic properties of aquifers, In.
of Hydrology, Vol.79pp.1-19. :

Murthy S.,W.A.Hugens S.M.Sheraf and E.L.Din, 1984, Applicability of

electromagnetic methods in groundwatcr investications-a  case history
in Dclden arcas, The Nctherlands, In.Assoc.Expl.Geophy Vol.V No.2 pp.1-6. |

48

%




46. Ogilvy A.A. 1969.Basic aspects relating 1o application of geophysical
methods for hydrogeological investigations, report of cxpert meeting
on the co-operative role of hydrology and geophysics in ground water
exploration, Budapest 1 969 pp. I-6. _

47. Ogilvy A.A. M-A.Ayed and V.A.Bogoslovsky,969.Geophysical studies
of water leakagés from reservoirs. Geophysical Prospecting, Vol.l7,

No.! p.36-62.

48. Page,L.M.,l%S.Use of electrical resistivity methods for investigating
geologic and hydrologic conditions in Santa Clara Country, California,
‘Ground Water, Vol.6, No.5 p.31-40.

k9. Patra, H.P -and N.L. Shastri, 1982. Electromagnetic depth sdunding
as an investigating method for ground water-a review, Proc. Sem.on Hyd.
Inv.during ‘the last 75 years in India, pp.251-254.

50. .Paul, P.A., Apparao, A., Radhakrishna, I., Dhar, R.L., Prabhakara Rao,
M.R.K., Ananda Rao, V., Venkateswarlu, N., Babu Rao, K., Negi,
B.C., NGRI, Annual Report 1981-82, PP.19-20,

51, Pierpoint , G.1966. Measuring surface soil moisture - with the
neutron depth probe and a surface shield, Soil Sci. vol.101,
N3, pp.189-192. ' '

22. Ramesh Chand, 1986. Soil moisture studics using neutron probe,
Proc. C.B.LP., 53rd Annual R and D Session, V.3, pp-287-291.

3. Ramesh Chand and S.M.Seth 1986. Environmental isotopes for
hydrological investigations, NIH, Review Note RN 24.

54.  Ramesh Chand, S.M:Scth and Pratap Singh,1986. Study of soil
moisture ustng neutron probe, NIH, Technical Note No.28.

55.  Reginato, R.J. and C.H.M. Van Bavel, (1964)'Soil moisture measurc-
-ments with gamma attenuation’, Soil Sci.Amer.Proc.V.28 No.6,
pp.72t-724.

76.  Ritseem, IL.,1983, Clectromagnetic  resistivity profiling for
the determination of lateral variations in lithology or groundwater
quality in the Netherlands DProc.Int.Sym.on Meth. and Inst. for
the Inv. of Ground water systems,PP.425-43%.

57.  Sayed , M.A.A., 1 B4. Usc of electrical resistivity method to study vertical
hydrologic boundaries in Wadi Sudr, Sinai Peninsula, Egypt, Proc.2nd

International Conference on Ground Water Quality Research, Oklahoma,
p.203-207. |

’8. Scarascia, S, | 976.Contribution pf geophysical methods to the manaccment
of water resources, Geocxploration, Vol.l ¢, pp.265-266.

2% Schwartz, F.W. and G.L.McClaymont ., | 977.Application of surface resis-
tivity methods , Groundwater , Vol.l3 s No.3 ,pp.197-202. :

49



£0.

6l

62.
63.

64.
65.
66.
67..
68,

69.
70.

7t

72,

73.

74.

U .

Shankar, K., B.Kumar, and B.PSingh, 197 9. Derermination and analysis
of the variation of soil moisture ar various depths by Ra-Be neutron
scattering probe, In Proc. Ind. National Science Academy, V.45, N.5,
pp.476-484. .

Singh, B.P., | 4. Use of nuclear instrumcntation in ground water hydro-
logy, Inst. Workshop on Rural hydrology and hydraulics in fissured base-
ment zones , Roorkee.

Sriniwas and D.C.Singhal, 185, Aquifer transmissivity' of porous media
from resistivity data, Jn. of ‘Hydrology , Vol.82, pp.143-153.

Thomas, K., 1 86. The use of geophysical logs for determining formation
water quality , Ground water , Volume 24.,No.l, PP.11-15.

Tselentis, G.A., 1935 The processing of geophysical well logs by micro
computers as applied to the solution of hydrogeological problems, Jour-
nal of Hydrofogy , 80, pp.215-236.

Tselentis, G.A LIRS, A study of the hydrogeophysical properties of
fissured aquifers using a double porosity model, Journal of Hydrology,
78 ,pp 331-344.

Turner, 1.V., C.B.Allison, and J.W.Halmes, |98%. The water balance

of a small luke using stable isotopes and Tritium, Journal of Hydrology ,
V.70, PP.199-222. S -

Urish, D.W., l‘)§3. The practlical application of surface electrical resis-
tivity to detection of groundwater pollution, Grourdwater , Vol.21, No.2,
pp-l44-152. :

U.S5.D.., 1981, Ground Water Manual-A Water Resources Technical DPub-
hication, UL.S.Departnient of the Interior, Water ard Power Resources.
Service , Denver , U.S,

- Visvalingam, M.l 975, The,water table and the neutron moisture meter ,

Journal of Hydrology,V.27,pp.331-337.

Wheeler, P.A. and G.L.Duncan, |9%u. Mcasuring soil moisture electro-

‘magnetically , Agricultural Engineering , Vol.65 ,No.9,pp.12-15.

Whiteley, R-J-,'i BS5.Recent 'develdpments in the application of
geophysics to geotechnical investigation, in Ervin, M.C{Ed) In-situ Test-
ing for Geotechnical Investigations, A.A., Balkema/Rotterdam , p.87-111.

Whitley,, R.J., I 85. Modern applied geophysics for groundwater explo-
ration and development, Proc. of Conf. on Geo. and Min.Res.Dev. of
the Northeast Thailand , pp.309-329, -

Wood , E.F{Director}, | 984. Groundwater contamination from hazardous
wastes. Prentice Hall, Inc., Englewood Cliffs, New Jersey 07632 ,pp.70-71.

Zaber , A., 1983, On the environmental isotope method for determining

the water. balance components of some lakes, Journal of Hydrology ,
V.6i,pp.s09-427.

50



*

Zimmerman, V.,1979.

Zony, A.A.R.,
grophysics

Determlnatlon oi n&&
flow and outflow and evaporataoq
isotopes in lake studies. IAEA , Vien

G.P.Eaton and ‘R
to groundwater ‘inVESHRS

.. .
. I.:’.ﬁ":"-'-..- -

of Water Resources !nvesttgatloh-_'."

Zony , A-A R. and R.J.Bisdorf, k
calculation and a.:tomatiq

snw

25. Computer program for tm

ChaP

n of Wenner Sounding Cf.lrv;s ,Qthimd o
Tech. InfoService, PB-Z#? ZGSIAS Sprmgileld S

“a

56

PR 3

N

w,,:;:;':z.
aimwf



