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ABSTRACT

As la veil known* the earth is a great reservoir

of thermal energy which continuously flows outward towards
20

ito surfaoe at the rate of about 3.1 * 10tv calories per

year* which is considerably larger than the total energy

annually released through volcanoes and earthquakes.

Occassionally* tale la manifested at the surface In the

font of hot springe geysers* fuaarolee and voloanio

eruptions.

Oeothermal studios shed significant light on the

evolution of the earth and the nature of hoat and mass

transfer In Its interior and various other deep seated

processes. In recent years they have attracted consider*

solo attention owing to their diagnostic value in delineat

ing plate kinematics sad hot spotsi la particular* reglone

of anomalously high goohoat whioh could bo exploited as a

repleaishable resource la an increasingly power hungry

world.

Investigations aimed at studying the thermal

state of the cruet la the Indian subcontinent through

investigations of terrestrial heat flow at a largo auaber

of carefully aoleeted loeatlons^and exploration of the

goothermal resources of some of its hot spring areas

forme the subject matter of this thesis* Results of

these investigations and their analysis, nyntbesised with

A-1



other geodata especially generated for this study as well

as that already available are discussed*

IAL HBAT F&OW STTJDXB8

Beat flow determination involves accurate raeasure-

msnt of subsurface temperature gradients at various depths

in boreholes and a detailed study of tho thermal conductivity

of ooncemod rooks. Equipment used for these asasurements

^ were specially designed and fabricated for this purpose.

Those are briefly described in tho thesis.

Beat flow values including thermal logging data

obtalaod la a largs number of boreholes at various locations

in tho following tectonic units of tat Indian subcontinent

are discussed, as well as values of the coefficients of

thermal conductivity of rooks.

1. The Carabe* baaia

2. The Koyna region

ob 5, The Aravalli Mountain Bolt

4* The Dharwar Sehist bait

Terrestrial hoat flow values thus obtained in

various parts of tho Indian subcontinent show considerable

variations which may bo summarised as followst

• Tho Dharvsrs and the areas covered with the rooks

of Aravalli sad Pre-Aravalli Super Groups are

characterised with low hoat flow values <*C 0*95 HFD*)

A-2
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aa are tho Deocan Traps which most probably over-

He the eroded shield rooks of low radioactivity,

the Upper Mantle temperatures under low heat flow

areas of the Indian Shield being most likely

around 400*0*

• Proterozoic aiogeemynoliao bolts and areas of

platform deposits ore distinguished la their

thermal character by slgnlfloanUy higher heat

flow values of 1*7 HPO*.

• Tho part of the Caabay basia looatei towards the

north of the Kshi river also shows high hoat flow

values of 1*8 - 2*3 HFTT, the main eauso for which
r

appears to be the transient thermal perturbations

produced by aa extensive Injection of basaltic

material la the crust during the upper Miocene-

Pliocene times*

Besides, an analysis has also been attempted of

the various Preosmbrlan shields of the world which are

generally found to bo associated with low heat flow values*

Some anomalously high beat flow values havs beoa obeerved

la the Indian (Aravalli, Cuddapah basin ate*) as well ss

la other shield areas* These variations apparently

related to the evolutionary history of shields sad shield

segments, when examined for their global occurrences* appear

to suggest thst the Eurasian Shields are generally associa

ted with lower heat flow values than those of tho Goadwsnaland.

1 HFU - lor^cal.om^.see*1 8 41.87 sM a"2.
A-3



Tho results of heat flow Investigations hove

been further discussed la respect ofsoma peninsular

re ions* la tho light of their kaowa geology, tectonics and

near surface concentration of heat generating radioactive

elements* such aa was available* There mpp^w to bo

lateral variations in the cub-surface temperatures within

tho ilthoephore underlying the Indian shield and these may

cause thermal stresses responsible for soae of the seismic

activity along aa ancient zones of weakness.

BWWBMTXOB OP GSOTSCiaTCCAl, RSS0URC3S

Xadla is a subcontinent with a large population,

where local conditions and availability of natural resources

vsry greatly from one region to another, particularly of

energy resouroeo which constitute a crucial Input for

economic and social development* The only way to provide

energy to every corner of the country, whether in the

inhospitable desert regions or la the remotest regions of

perennial snows, without wastage sad without degrading

the environment, is to develop and exploit reploneohibls

sources of energy* leothorial resources belong to this

unconventional group. Attempts to explore and develop

geohest sources both of the natural hydrothormal systems

in hot spring regions and also of dry hot rooks, have

boon initiated in a number of countries and intensified

A-4

0



i

5

la others where some exploration was already in

progress.

In order to gala a batter insight into the

goothormal recourses of India and to recognise, if

possible, certain goothormal provinceo where subsurface

thermal waters may be encountered and exploited, aa

analysis and synthesis has boon attempted of available

geodata particularly of the surface zxmifestations of

goohost and available heat flow data in tho Indian

Peninsula In the light of the major tectonic features*

It is felt that non-voloanio goothormal resouroeo of

moderate and low grades oan be expected to occur la

certain goothormal provinces of India*

Pursuing encouraging results of ths reconnais

sance work for goothormal exploration In the Page valley

(Ladaka), detailed investigations were planned and

carried out to establish tho character and extent of tho

geotheraal sources of ths valley* Ths results of geo*

theraal investigations so obtained i.e., estimation of

the natural heat loss from the surfaoe, probable

reservoir temperature, sub-surfsee thermal conditions,

structure of the Puga valley and its )ower potential, as

well as their analysis is contained in a later chapter of

this thesis. Additionally, results of some Investiga

tions in tho Parbatl vallsy (Manlkaran-ICasol) hot spring

^•ae* ^amm •m^m>v ^* w# a^^^ w^%r v.. •*aaw*f** %sas>ar**arm)
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while summarising the asln results of the

present study, some problems of basic and applied

nature have also been deilae ted which need to bo

investigated in further detail • Suggestions have

also been included for more detailed exploration la

the promising areas*

A?*o



CHAPTER X

IHTRODOCTIOB

1.1 Oeothermal Studies • A Preview

Surface manifestations of geoheat In the form of

hot springs and geyecrs and the occurrence of volcanoes long

associated in men's minds with supernatural phenomenon,

furnish us with direct evidence that the earth is a verit

able reservoir of thermal energy* Wo now know that heat flows

continuously from the earth's Interior towards its surfaoe at

the rate of approximately 1 x 10 * calories v^r sec. Most of
this is lost through conduction, whilst a small part is dissi

pated by volcanoes, earthquakes and other tectonic processes.

The transfer of the earth's internal heat towards

its surfaoe, constitutes s veritable thcrmodynasiic engine

which is responsible for various geodynaalc and associated

physico-chemical phenomena e.g., the earth's magnetism, and

its rhelogloal and geoohemioal structure. Furthermore, the

distribution in spaco and time of aagaatism, dlaetrophism, lava

flows and of ore concentrating solutions essentially reflect

the prevailing characteristic patterns of heat generation and

of host end material transport in the earth during the corres

ponding epoch. The moot dramatic expressions of these

processes are, however, exhibited in the earth's orustal

features. For, the brittle spherical shell of the lithosphero

constrained to glide over a softer aethenosphere tends to

1-1
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translate the effeot of stresses produced by underlying

thermal convection cells into thermally and kinematioaily

compatible llthospheric plate movements which are, in turn,

responsible for a host of geodynamle phenomena such as earth

quakes. Island Arcs and mountain building, orustal thickening,

folding, faulting and various emplacements of differentiated

materials.

A study of the extant thermal state of ths upper

part of the earth's orust whloh is accessible to us, against

the backdrop of other geological, geophysical and geoohoaioal

information of the region, can therefore be quite illuminat

ing in working out the progression of various earth processes

in time, leading upto the present context with all its

implications towards the elucidation and generalization of

global processes. Besides, geothermai studies oan be extremely

valuable in delineating geothermai resources whloh could be

tapped to produce a perennial end environmentally cleagrn

source of energy.

The present work is concerned with investigations

of the theraal state of the Indian orust through neaeurements

of a subsurface temperatures and terrestrial heatflow mads at

a largo number of widely distributed locations* It also

lnoludes geoihenaal exploration of some hot spring areas of

tho Indian land aass and synthesis of vsrious gsodata towards

evaluating their resource potential.

1-2
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1*2 Sources Of Cteoheat

The surfaoe best flow depends on the underlying

sources of hoat in tho Interior, their magnitude and distri

bution. During the course of the evolution of tho earth

over tho last 4-5 billion years, the dlreot means of Internal

host generation have varied. The principal contribution

(over 805*) at present is assumed to arlae froa the decay of

ioag lived isotopes of Tfraaini, Thorium end Potassium whloh

are distributed in varying auontitJ^s In the earth's interior

end its orust. Other sources of hept in the past, could well

have been furnished by i) the gravitations! energy i.e., energy

released during the formation of the earth's core, 11) tidal

friction.

Tho earth is believed to have been formed out of a

primordial gas etood which trapped a considerable amount of

gravitational &mrgy during its accretion. Part of this, later

appeared as heat during the consolidation of the primitive

planet towards its present layered structure enclosing a high

density core.

The actual mechanism of accretion of particles and

the radiative balance obtaining at that tine la not well

understood, whloh makes it difficult to estimate the gravita

tional, contribution to tho earth's heat except that such

effects might have been considerable. Lublmova (1967) estimated
3S

a figure of 1.5 x 10^ orgs, arising froa this souroe.

1-3
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Another significant source of best Is furnished by

tidal friotion. Munk and Mo Donald have estimated that nearly

3.2 x 1019 erg/sec of the mechanical power of tho earth-moon
system is dissipated in the earth. The relative proportions

of this energy dissipated in tho sea and in the solid earth

are not settled, but McDonald finds enough evidence to assign

a major part of this to the solid earth. If, so it Is

believed, tho moon was nearer to tho earth in earlier times,

the tidal energy dissipated in the earth must indeed have

been quite considerable.

Another major source of energy is furnished by
x

chemical traneormations particularly exothermic, which occur

inside the earth leading to aagaatie and volcanic activities.

Extensive geological field studios should be of help In esti

mating ths actual extent of such activities in specs and tinie.

Radioactive heat generation is contributed both by

shortlived as veil as by longlived isotopes, the former being

largely active in the initial stages of geological history,

froa e consideration of the present heat flow of the earth and

heat generation in ohondrites, Birch (1360) and others have

Indicated that radioactive distribution in the earth might bo

similar to those in chondrites. On this assumption, workers

have assumed average concentrations of uranium, Thorium and

Potassium as being 1.1 x 10*6 s/gt 4.4 x lO^g/gf and
8.0 x 10 g/g respectively. The decay rates afor IT, IT5 .
Th252, and K*° are respectively 1,54 x 10~10 yr"1!

1-4
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9.71 x 10~10 yr~1i 0,499 x 10*10 yr"1 snd 5.5 x 10*t0 yr"1.
Lubimova^s(1967) calculations show that heat production inside

the earth may reach a high value ranging from 0.6 to 2.0 x 10™

erg^i.e., an average of 1.4 x 10^ erg depending on details
of the earth's composition during its entire life (4.5 x 109

years).

1.3 Ceothermal Energy Resources

Although host is generally available in all sub

surface roccs as manifested by the average temperature gradient

of atuut 30*C per km, it la mostly too diffuse to be exploited

economically. Hoi/over, in certain reglone anomalously large

amount of heat is stored in the uppsr subsurface layers.

Such conditions are generally encountered i) in yo\mg orogenio

belts where Igneous ectivii^ has occurred during the last few

Billion yecrs, ii) in zones of crustal rifting and ill) near

margins of lithospherie plates and regions which have experienced

extensive crustal movements in recent times. In the latter

circumstances, magma is often generated and injected upto

depths of several kilometres from the surface, thereby creat

ing a host source at that level, upon solidification. Such

regions are characterised by large thermal gradients and are

termed as 'Geothermai Areas', as they are potential regions

for harnessing ths theraal energy. Meteoric waters pereolating

into the earth through permeable fractures and fissures upon

reaching such heated rock regimes, in turn, get heated and

BT

form a reservoir of steam, hot water or a mixture of both,

1-5
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The reservoirs are usually self revealed by the presence of

thermal springs or/and geyser activity, and could be tapped

through boreholes drilled to appropriate depths, to provide

hot water for a variety of industrial and cultural usee.

for praetloal purposes, geothermai reserves oan be

defined as the total quantity of host which oan be economi

cally oxtraoted and used. The present day technology, makes

it economically feasible to extract geoheat for electricity

generation from and upto depths of about 4 km provided that

the thermal energy so tapped is considerably greater than

average, as happens to be the ease In reglone of anomalously

high heat flow.

Oeotheraal areas are generally found close to the

plate boundaries (figures 1*1) which are also associated with

earthquakes and occasionally with voloanle activity.

1.3.1 Exploitation of geotheraal resources

Men's exploitation of geothermai resources dates

back to prehistoric times, when he used natural hot erxeinge

for bathing, cooking and for therapeutic purpose. Gradually,

many of the well known geothermai areas of the world were

turned into recreation o ontree equipped with baths and swim

ming pools. In countries like India they became places for

pilgrimage and worehlp. Belief in the miraculous power of

the natural thermal waters to ouro diseases end to Improve

heslth generally persists even to this day, and has also

X-6
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attracted medical attention for applications in balneotherapy,

particularly In Japan and tho USSR. Xn odder climates,

naturally occurring hot water waa used to verm houeea and

public buildings even centuries ago. The English town of

Bath was built by the Helena around theraal springs two

alllenia ago. Xoeland baa used geothermai heat since tho

15th century when Snerri Sturleon, a sago writer bested the

walla of his sod and lava rook house with the voters froa a

theraal spring, Xn arid reglone, hot spring water and

condensed steam has been used for dunking and other domestic

purposes. A variety of materials like sulphur, borio acid,

Kaolinitlc clays, mercury and alum have been recovered froa

fumaroles and hot springs for centuries.

Systematic exploitation of geothermai resources on

a large scale was first started in Larderallo in Italy in

1812 with the reoovery of boric acid from the fumaroles. The

first experimental generation of electricity using 1 natural

steam also started at Larderallo in 1904 when a local count,

Pierre Olnorl Conti upon some misunderstanding with the local

power company, decided to experiment with natural steam aa an

energy source for power generation. Over the next ten years

the technology was sufficiently well developed to enable

generation of 250 kilowatts of geothermai power commercially.

Tho Italian experiment promoted other countries also

to explore their geothermai reeouroeo and today geothermslly

powered electricity generating plants operate in a number of

1-8
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other countries, notably, Hev Zealand, Iceland, the Soviet

Union, Japan, Mexico, USA, SL Salvador and Turkey. Addition

ally, a number of countries aake non-eleotrical use of gee-

thermal energy (figure 1-1) for space heating and in prooeaa

industries, and world vide interest in ita development la

rapidly gathering force. The present status of geothermai

energy utilisation for power globally, la shown in Table 1-1.

Table 1-2 outlines tho minimum teaperaturee needed for various

applications of geothermai energy.

Exploitation of geothermai energy is relatively

free froa the dangers of environmental pollution, It does

not require complex technologies aa nuclear power installa

tions do, nor massive construction works as in the oeee of

hydroelectric systems. Tcenno-econoaio studios of geothermai

power system, made in various oountriae indicate that geother

mai power Is comparatively much cheaper, costing only about a

third of that obtained froa fossil fuels or nuclear sources.

1,5.2 Investigations of geothermai resources la India

Accounts of thermal springs and their therapeutic

uses are recorded in the uranio and Buddhist literature of

ancient India. But aeientlfie interest and work on Indian

hot springs began in early 19th century, Ludlow (1325)| Wilson

(1827)f Turner (1828)j Prlasep (18511 54)l Wade (1857) and

Duncan (1858). Thoaaa Oldhaa (1882) computed tho first inven

tory of the location and temperature of 501 hot springs of

1-9
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TABLB 1-1

Global picture of existing and prograaaad Geothermai
Bower (1975)

Kane of
country

Uhited States

Hew Zealand

Japan

XL Salvador

Iceland

Philippines

Soviet Union

Turkey

Name of the
Geothermai
field

Installed
generating
oapaoity

(Megawatts)

The Geysers
(Dry steam)

Larderello
(Dry steam)
Travels
Monte Aalata

wairaksi
Kawerau
Broad lands

Matsukava (Dry ateaa)
Otake
Onuraa

Onlkobe (Dry ateaa)
Hatohobaru
Takinoue

Oorro ?riete

Ahuaohapan

Samafjall
Krafla

Tiwi
Lamina

fauahetsk
Paratunka

Klsildera

502

980*6

22

190
10
*

22

?o
25
e

75

2.5

5
0.7

0.5

Total 1,275.5

1-10

Hants under
construction
(Megawatts)

406

120

125

68

50
50

75

90

lo
100
110

11.5

1,265.5
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TABLE 1-2

Required temperature of geothermai fluids for
different applications (after Lindal, 1975)

0•

180 - Evaporation of highly concentrated solutions.
Refrigeration by amaonio absorption digestion
la paper pulp, kraft,

170 - Heavy water via. hydrogen sulphide process,
drying of diaaomaooous earth.

160 - Drying of fish moslt 1>ryinB of Umber.

«eV 150 - Alumina via, Bayer*e process.

140 - Drying farm products at high rates. Canning of food.

150 - Evaporation in auger refining. Extraction of
emits by evaporation and eryetallication.

120 - fresh water by distillation. Most multiple effect
evaiioratione, conoentratloa of saline solution.

110 - Drying end curing of light aggregate cement slab.

100 - Drying of organic materials, seaweeds, grass,
vegetables etc., vashlng and drying of vocl.

90 - Drying of stook fiah. Intense do-lolng operations,

80 - Space heating. Greenhouse by space heating,

^ 70 - xaxmax kaahandrx, ire Refrigeration (lover
temperature limit)

60 - Animal husbandry. Greenhouses by combined space
and hot bed heating, ^^

50 - Mushroom grovlng. Balneological hatha.

40 - SOU warming

50 - Svimmlng pools, biodegradaUon, fermeatatlona, Warm
vater for year round aining in cold climates,de-icing.

20 - Hatching cf fish, fish farming.

1-11
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India and adjoining territories. Since then information on

Indian hot springs has been gradually accumulating, Ghosh

(1948), Warring (1965) and Chetterjee (196f), Hot Spring

Committee (1968), over 250 centres of hot springs are presen

tly knovn to occur in the Indian subcontinent. Important
•

sites are shown in figure 1-2.

Soientlfio Interest towards tho development cf hot

springs areas of India, as possible sources of energy ooae to

the fore during the last two decades. Tho *Hot Spring Com

mittee* aet op by Government of India and the National Com

mittee on Science I Technology, initiated a systematic con

ceptualisation and Implementation of promising areas of

goothormal research. This aetivity received an added stimulus

in the vake of the oil crisis which buret on the scene in 1975.

As a result, aeveral programaea for tho identi ft cation, asses-

xent and development of geothermai resources were taken up,

as well as exploration of geothermai renouroee in significant

hot spring areas, those aaytfsd for the first Intensive

investigations beings

1, Higa, Ladakh.
2. Manikaran, Parbatl valley, n^
5. Konvon ooast, snd
4. Sonne, Mo-vyo-no,

Besides, a reconnalssanoe of thf hot springs of the

Beaa valley, HW Himalayas, Mongtar-Rajgir, Aseem j Oodavari

valley, Rajastkan etc., has also been made by various authors

(vide bibliography of relevant publications and reports,

Annexure - X),

X-12
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1.5.5 Types of goo thermal resources

Seven distinctive types of geothermai resources

oan be recognised. These aret

1. Dry steam reservoirs - Suoh reservoirs contain

superheated steam at a high pressure trapped in

confined aquifers, which can be tapped by drilling

and fed to turbines directly. Known dry steam

reservoir cystoma are found in Oofmim (USA), in

Xtorderello (Italy), in Mataukava and Qnikobe

(Japan), Such reservoira are almost non-existent

in India, but Puga geothermai field may produce dry

steam on development.

2. High temperature water reservoirs (150 - 250*C).

Suoh reservoirs produce a mixture of vapour and hot

water under pressure. Xn India, suoh reservoirs are

found mostly in the Himalaya, although those of

Afalgundala (Oodavarl valley) and Tatapanl in Sur-

guja district, M.P., may probably also fall in this

category. In such reservoirs ateaa is separated and

even the fluids are flashed to a lower pressure

thereby turning them into steam suitable for power*

ing turbines. However, this Involves considerable

wastage of heat,

5. Low temperature water reservoir (60 - 150*C). Suoh

reservoirs are the most common, being found In almost

X-t'4
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all geological units. Hoot of tho hydrcthermal

systems of Peninsular India are of this type. Their

thermal waters are most suitable for use in induatry

and for space heating, agricultural and horticultu

ral production and for power generation through

eeoondary turbines,

4. neat in normal areae. Subsurface temperature gradi

ents froa shout 10*C to 50'C/km occur In normal arses

vhieh cover a major part of the continents. Xa

principle, this heat oan be oxtraoted for use but

would necessitate very deep drilling to reach

ambient high temperaturee. Technology to accomplish

this is still not economically feasible but may prove

to be a viable source in the future.

5. Seopresearaed resources. These ere pressurised voter

reservoirs within eediaeatary basins oapable of sup

plying both heat and aoohanioal energy together with

dissolved methane. Examples are, Gulf Coast of the

United States and the Cambay basin (India) reservoirs.

6. Hot dry rook. Cooking intrusive bodies at about

600*C but without a host exchanger (water) are found

to occur in various plaoeo over the continents although

the absenoo of hydrothermal manifestation make it

difficult to locate them. This type of resource is

quite promising find oan be developed by hydro fractur

ing of hot crystalline rooks and induced circulation

X-16
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of voter through tho fissures so oreatod. Attempts

in this direction are being uade by tho lios-Almoo

laboratory of USA.

7. Magna resources. Large quantities of hoat aay also

be tapped froa shallow aagmatlo regions. Rail

programmes towards accomplishing this are being

eerioualy considered in Japan and USA.

1.4 Terrestrial Heat flov Studies

Beat flov determinations being a direct indicator

cf the earth*s thermal state, have steadily increased sinoe

the first reliable measurements made In England (Benfield,

1959), and in South Africa (Bollard, 1959)t to over

7*250 values nov available over the ooatinenta snd oooana

(vide table 1-5).

TABU 1-5

Growth of Global Beat flov Determinetlona

Tear

1954
1965
1965

J9Z?1976

of Beat Flov data
set over the

Continent Oceana

1 20
561

151 913
255 2,529

1f699 5,718

Total

654
1,044
2,584
5,417

1980 2,800 4,400 77,200

1-16
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A significant discovery whloh emerged froa these

measurements quite early vas that tho average heat flov

over ooatiaenta and ocean floors vere almost equal (Bullard

et.al., 1956). This vas contrary to expectations for it

wee believed that the oceanic crust being deficient in heat

producing radioactive element* ahould exhibit a lower heat

flow value. However this unexpected results was explained

by Solater (1972). Later values of high average beat flov

over oooana results from upward classing of heat flov values

over the continental average aa most of these came froa the

anomalously high heat flow regions in the oceans i.e., the

oceanic ridges overlying spreading centres.

With steady increase in the number of heat flov

values over different seotiona of the globe, several correla

tions clearly emerged. Thus,continent heat flov vas shown

to bo correlated with the age of a geological or tectonic

province,being lover for older provlncea. Birch (1954),

Kraakeveklftr (1961), Lee and Uyeda (1965), Oapta (1967) and

Poiyak and Smirnov (ly65), Hamsa and Vorma (1969) found

similar results in respect of the age of basement rocks snd

heat flov values measured over then* Subsequently It vas

recognised that continental heat flov values in a region was

inversely proportional to the last teotono-thermal event

suffered by it. The correlation of best flow with age of

the ocean floor or of the basaltic orust aagmatically genera*

ted at and transported away froa the oceanic ridgea vaa also

1-17
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later established by Solater and franc bateau (1970) and

Mekenaie and Solater (1971). It is interesting to note that

the average heat flov value over both continental aad oceanic

regions finally deoay to approximately the seme mean value

i.e., around 1.1 Hftf, observed In the ocean basins and over

Preoaabrlaa shields, although the deoay processes and the

decay constants for the two oases happen to be different.

The variations of hoat flov values observed over continents

are mainly the result of initial differentiation of the under

lying orust and mantle, erosion and cooling of perturbations

introduced by the last teetono-thermai event vhiist in the

case ot ooeanio reglone, the decrease of heat flov with age

la mainly controlled by the residual heat of cooling of the

oceanic lithoephere according to Qa at** upto approximately
120 a B.P. whereafter an equilibrium value la reached.

*

Effect of erosion and uplift on the redistribution

of host producing elements and on subsurface temperatures

and heat flow, have been discussed by various workers. Tien-

Chang Lee (1930) demonstrated that tho transient heat flow

introduced by erosion reaches the equilibrium value after an

elapao-time (equal to 20$ of the total main duration of

erosion. Vitorello and Ballaek (1980) using heat flov data

over continental regions of different age groups ae given by

Chapman and furlong (1977), advocated a three component

aedel for the decrease of oontlnentel hast flov with toctonie

age. Their first component of approximately 40$ of the

observed heat flov in terrains of all ages originating froa

1-18
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radioactive disintigration in the top orustal leyere. This

top layer being exposed to erocloned, proeesaea, depletes

radioactive isotopes froa it due to erosion, appears to

follov a ponentlal time seals resulting in deoreaae of heat

flov with age. Tarious workers have supported the view that

major erosion, after tho Initial development of sfcontlnental

land mass, occurs during the first 500-400 suy, resulting la

removal of the radloaatlve lootopee from the orustal i 00 to pio

enriched aone, Vietorello and Steilaak suggest that the

second component nearly 50$ of the observed heat flov arises

froa the residual heat associated vlth tectonioyaotivlzation

of the area* Thla oompenent gradually deoreaae to aero for

late to mid Preeaabrlan terrains. Tho ieat oompenent of

observed heat flov comprising 50$ constitutes a beak ground

heat flux originating within the conductive root aone coupled

vlth the heat energy flowing outwards perhaps from the oore.

Amagnitude of 27 aW/a2 (0.64 HfU) vas suggeeted for tho
third component vhioh should be unvarying beneath all conti

nental terrains, Sxoeptlone to these generallaatlona however

occur over Archaean eegmente of the planet Berth which ore

characterised with heat flov values of 27 aft/a2 or even

lover. Another point atili open to apeculatlon is the time

scale of the outward flov of the deep heat.

the linear relationship between continental heat

flow and heat production in near surfaoe rooks as given by

Biroh et al. (1968) has been discussed in a later chapter in

the thesis. This relationship helped to distinguish and

1-19
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delinoat heat flov provinces, each of which la associated

vlth characteristic hsat flov Qq (reduced heat flov) originat

ing beneath the top enriched radioactive layer. Values of

Q0 decrease as one movea froa younger tectonic provinces to

old Archaean provinces, for example Q^ la found to be about

69 aH/a for the Basin and Range province (Laohenbruoh and

Sass, 1978) and decrease to as lev as 22 aW/a under the
a

Baltic Shield, 25 aW/a under Bharvar Craton Inula (this

thasia chapter If B), 11 g Sounder Mt@*v Berth Western African

Craton (Chapman and Pollack, 1979). Some discussion of tho

reduced heat flov and mantle component of hoat flov is given

in chapter IV C of the thesis.

Global heat flov maps baaed on the spherical harmonio

analysis of available and interpolated global heat flov date

have boon produced by various vorksrs froa time to time, Lee

and KaoBonald (1965), Lee and Jyeda (1965) Horel and 01—em

(1969), Lublmova and Sujetnova (1975), Chapman and Pollaok

(1975).

One suoh map given by the latter la reproduced here

in figure 1-5, A epherleal harmonio analysis up to the 12th
p

degree yield a global mean value of 59 aW/a . A recently

revised aap (Chapman and Pollaok, 1979) by using about 1600

additional heat flov values gave a aeaa hoat flov value over

tho continents (including marine shelves) and oceans aa 60
2 2

and 95 aW/a respectively and a global moon equal to 81 my/a .

1-20
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1.4.1 Continental heat flov studios in India

Continental heat flov studies at the Rational

Geophysical hosearch Institute commenced during 1965. The

work started with measurement of temperature in short narrow

horisontal tunnele in mines. With the fabrication of verti

cal borehole logging equipment during 1965, temperature

measurements in exploration boreholes were also commenced.

Thermistor probes for temperature aoaaureaents and part of

the equipment for the determination of coefficient of thermal

conductivity of rook samples were designed by the author.

Review of Indian heat flov studios auamariaing

upto date research offorte and our current atate of knowledge

have been given by ferma et al. (1968), Gupta and Rao (1970),

forma and Gupta (1975) and Supta et al. (1979). Information

regarding the thermal field of various geotootonic segments

of the Indian land aaae have been discussed in a later chapter

In tola thesis.

1.5 Motivation and Scope of Present work

Heat flow investigations carried out in the Knetri

Copper belt (Aravaliis) snd in Caabay gaa field of the

Cembay Basin, daring 1967-68, shoved high heat flow values of

1.76 (HfC) and 2,5 (HPO*) respectively, contrary to the expec

tation that the Pre-Caabrian shields were characterised by

lov heat flov values. These findings triggered oonsidersblo

interest and raised quite a fev questions.

1-22



29

According to <riahaan (the Aravallis after continu

ing under the Cambay basin branch into two, one branch

extending into the Arabian Sea and the other continuing

under the Decoan Traps and merging with the Oharwor trend.

Naturally question arose as to vhether tho heat flov anomaly

in the Cambay basin vas contributed both by the Aravallis

and the Decoan Traps or vfaolly by perturbations caused by

Decoan Trap volcanism which may have tapened into the Miocenc-

Pliocene? What were tho magnitudes of surface heat flov In

other parte of the Cambay Basin vhere different thickness®a

of sediments overlay the Decoan Traps and differential block

movements occurred during its evolution? Were the observed

axial gravity high and the high heat flov of tho Cambay basin

related in some way? Did they originate from a Common

source, that is from a baelo laagmatio intrusion? In order to

reaolve aoae of these eunstlons it vas felt that a goM nuaber

of host flov values nst only in the Aravalli a end Cambay basin,

but also in some places in Deooan Traps and oven in the area

lying towards south of Deooan Traps must be obtained. Thus a

programue of oarrying out heat flow studiea froa the Aravallis

to tho Dherwers through the Cambay Basin and the Decoan Trapa

waa eonoepturiaed. Squlpaent used for accurate measure nents

of subsurface tempersVires at various depths in drill holes

and for tho determination of th« coefficient of thermal conduc

tivity of rooks vas adapted, redesigned and fabricated, which

la a«t briefly described in Chapter II. Subsequent hoot flov

in other parts of the Indian Shield forma et al,,
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19691 Gupta et al. 1970s Rao and Rao, 19741 Gupta, 1980*

chapter I? A/this thesis, shoved large variations. In order

to better understand ouch variations, en analysis of the

heat flov data of the Preeambrlan Shields of tho vorld has

also been attempted. This work along with thermal logging

data obtained in a largo number of boreholes and values of

coefficients of thermal conductivity of different rook types

encountered, as well aa heat flov values are discussed in

chapters III, IT A, IT B and If C, together vlth other

available gsodata.

m order to gain a bettor insight into the geothermai

re sources of India and to recognise, if possible, certain goo

thormal provinces where subsurface thermal waters may be

encountered and exploited. An attempt baa also been aade to

re-examine and analyse the available heat flov data and inform

ation pertaining to tho evolution of different tectonic units

of the Indian lend aass including the occurrence of hot springs

and character 'if thermal vatore (Chapter V).

Pursuing encouraging results of the reconnaissance

wore for geothermai exploration in the ,:*oga volley (fjadakh),

detailed Investigations wore planned end carried out to

establish the character and extent of the geothermai resources

of the valley. The results investigations so obtained, as veil

aa their analysis is contained in Chapter 71 of this thesis.

Additionally, results of some investigations in the Burbatl

valley (Manikaran-£asol) hot spring area including ths

1*24
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inferences drawn from a combined interpretation of tho data

gathered by various workers for the Parbati valley geothermai

field have also been included. While summarising the main

results of the present stiidy aad reviewing the iwesent statue

of heat flow studies in the three cratons vis,, aravalli,

Dharvar and Singhbhua aa of Indian land aaaa some problems of

geothermai Importance both of basic and applied importance

have also been delineated for further detailed investigations.

Soaa suggestions have also been none for more geothermai

exploration in these areas (Chapter VII),
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CHAPTER II

MBASORBMBNT TECHHIQHKS, WAIiUATIOR HRTHODS AHD
STJRYEY MBTHCDOLOOIBS CTSBD IH THE mSSSST WORK
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2,1 Measursraent Of Terrestrial Heat flow

for the determination of terrestrial heat flov at a

looation, two quantities need to bf measured via,, tho geother-

aal gradient and the coefficient of thermal conductivity of

tho rook formation in which the temperature gradient has been

measured. Temperature measurements within the earth can be

traced back to a reference by Morin (1619). But the first

systematic measurements of land heat flov values were made in

South Africa and Great Britain by Bullord and Benefleld during

1939. However, aoeaurement techniques and the instrumentation

ussd for field and laboratory measurements aa veil aa evalua

tion methodologies have undergone considerable development and

ohange sines then, of which a review la given by Book (1965).

The methods and apparatus used, for the present studies, for

determining the coefficient of thermal conductivity of rocka

and for the measurement of underground temperatures are

described below.

2.1.1 Measurements of tempersture and temperature gradients

Temperatures were measured In boreholes at discrete

depth intervals using calibrated thermistor thermometers con

nected through s three-conductor Vector Cable to a Wheatstono

II-1
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brldge to compensate for the resistance of the lead oeblee.

The probe-cable assembly pesaea through a portable and manually

operated pulley Bystem to which a revolution counter wee

attached (figure II-1). Three typea of thermistor proba assem

blies were uaod. One of these consisted of a set of 12 thermis

tors housed and sealed in three stainless steel tubes of length

about 15 cm and diameter 2,5 am, each tube containing four

thermistors. All the 12 thermistors were so connected aa to

have a total resistance of about 4,000 ohms at 0*0 and 1,400 ohms

at 25*0, The assembly vas constructed and calibrated by Dr. f.

Roy at larvard University, Cambridge, Massachusetts. This probe

dissipated approximately 10** watts without self heating
through aore then 0.001*0. It has been successfully uaod in

areas where temperatures did not exoeed 60"C. Additionally,

two other probes each using a single Fenval GB54P91 thermistor

having a reeletsnoe of about 4,000 ohms at 25*C were specially

fabricated and calibrated for these studies. One of these

(figure II-2) was housed in a thin diameter stainless steel

tube vhilst the other vse enclosed in a brass tube. They had

a vider range of temperature but dissipated lessor host.

They vera usually calibrated end checked both before and after

each field trip. Although, absolute temperatures were not

directly used in the determination of the hast flux, tempera

tures measured by these probes wo accurate to within 0.02*0.

The teaporature Gradients vera usually accurate to vithin a

fev percent for small intervals of about 10 a and to less

than 10 for intervals of the order of 100 metres.

II-2
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2.1.2 Measurement of thermal conductivity

Various methods have been reportedly used for

measuring ths coefficient cf thermal conductivity of rooks

snd building aaterials. In rsspoet of tho present studies

ths divided bat method was largely uaod, for vhioh Benfield*a

(1939) apparatus vee modified to improve ite precleion end

performance. The conductivity of brass bars vas determined

by calibrating it against crystalline quartz. However, several

shortcomings were encountered in using tho original Benfield*a

apparatus. Measurements had to be made on three or more discs

to eliminate the effect of contact realstance, involving a lot

of time, both in tho preparation of disco as well as in making

actual measurements. Further, errors also crept in due to a

slight variation in the values of conductivities of the various

discs sven when made from the same core sample due to various

factors via., inhomogeneous mineral composition, nonuniform

contact resistance end •parallel' arrangement of minerals with

decreasing disc thicknesses, The guard-ring divided-bar appara

tus described by Beck (1957), though bettor in performance and

eoouraoy, auffers from the same inherent shortcomings aa those

of tho Benfield*s apparatus. Another type of divided-bar

apparatus whloh was doaoribed by Birch (1950), involves

measurements on a single disc, tho contact resistance being

eliminated by the application of large axial pressure through

a hydraulic jack. In order to reduce the time required for a

measurement and improve its precision and performance, several

modifications were Introduced in Birch's apparatus during tho
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present studies. The electric neater was replaced by a water

jooket whloh eprayed water froa a thermostatically controlled

bath over the top end of tho stack of discs that sandwitch

tho sample. A similar vator jaoket vas provided at the lover

end of tho stack of dlooe. Tho vator jackets were insulated

froa a pair of hemispherical thrust bearings by 6 ma thbk

perspex discs. Thermostatically controlled water at 40*C and

55*C or at 35*C and 50" C was circulated through the jockoto.

With the above mentioned modification, the apparatus

becomes a constant temperature difference type of divided-bar

apparatus, and the time to reach equilibrium is greatly

reduced. The water jackets were coated with a film of siloon

greaaa to minimise ocntaot realstance, and to affect a uniform

temperature distribution over the copper discs containing tho

differential thermocouples. In order to reduce lateral heat

losses, T*»foem or ootton insulation vas used around the

specimen and the reference diacs. The lateral heat lor see froa

the stack of discs vers further minimised by enclosing the

apparatus containing tho thrust-bearings sad tho stock assembly

in a steel shield vhose temperature was maintained at tho mean

temperature of t e two voter jackets. Finally, to prevent

rapid exchange of heat from the steel shield with tho environ

ment, the whole apparatus (figure I1-3) wee encased in a

wooden-glars enclosure.

for purposes of a calibration, a sample of Lexan,

whloh is a polycarbonate plastic, supplied by Prof, Birch of

II-6
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FIG. II-3 Thermal Conductivity Apparatus
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Harvard university, waa used aa a reference material, by

first calibrating it against quarts. This was neoeeeiated

owing to frequent damage of quartz samples vhen used directly

as a primary reference.

The specimens were prepared from out or cored eaaplea

in the form of cylindrical disco of diameter 4.12 oa or 2.54 oa

and thioknees of shout 1 cm. Tho flat feces were ground paral

lel to within 0.05 am and flat to within 0.01 ma.

The specimen discs were saturated with water or oil

under vacuum and coated vlth films of silicon grease before

aosembling the stack. The stack consisted oft 1) a eomple

disc; 11) two disco of a reference material of known conducti

vity, and ill) four oopper discs all of equal diameters in the

following order i Copper disc «•* disc of reference material «*

•*• oopper diao -* sample disc <* oopper disc a> disc of reference

material and oopper disc. Copper and eonotanton thermocouples

were carefully Inserted in the oopper discs for measurements of

temperature gradients across the reference and specimen discs.

On assembling the stack into a proper poaltion it was subjected

2
to on axial pressure of about 100 kg/cm • After the system

reached stability, temperature differences were measured using

copper - eonstanton differential thermocouples connected to a

K-type potentiometer and a galvanometer of sensitivity of

0.46 uV/mm deflection at one metro distances. This modified

apparatus takes about 12-15 minutes for attaining steady state

conditions and was used for practically all measurements of
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the coefficient of theraal conductivity reported here.

Conductivity coefficients of sediments collected

froa shallow depths in varloua hot spring areas vore measured

on vail preserved samples eealxed in water tight containers by

a transient radial heat flow method, using on axial linear

hoot source. The probe oonslete of a hypodermic needle of

20 gauge with en advance heating vire and a oopper-oonstanton

thermocouple or thermistor enoloosd in it (figure 11-4). The

needle is heated by the internal heater at a known constant

rate, and the rise la its temperature measured by a seneitlve

recorder. The needle, vhloh is of a small diameter compared

with Its length (length to diameter ratio is about 70 i 1),

oan be regarded as a line source of heat which is fully

energized within a few seconds of the heater power being turned

on. Details of the system end the experimental procedure

have been doeoribed eleewhere (Gupta, 1960).

2.2 Calculation of The Coefficient of Thermal Conductivity

2.2.1 rteady state method

If on equal quantity of heat la aaauaad to flow

through the entire cross aeotions of the stack consieting of the

reference and oample disco, the coefficient of thermal conduc

tivity r;^ of tho opeeimon can bo expressed aa follovot

at (of- ♦ *T2)/2
r _ • v ! £ (,, xi-1

D De UT
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K„ is the conductivity coefficient of the reference

material. J>m and Dr are tho thloknoasos of the epeoiaen and

reforenoe discs and at, aTj and ATg are the respective

temperature gradients across the specimen and tho two reference

dleoe.

K / Dm AT- ♦ AT2
or M 1 * —' • i • ,,, II-2

K,/^ 2*T

2.2.2 Treaeient radial heat flov method

The baaio mathematical treatment of trenaient heat

flov in materials has been given by Ingereoli, Zobei and

Ingerooll (1948), and Caralav and Jaeger (1946).

The Fourier equation for heat cond iction due to an

infinite line source' having aaiauthal symmetry oan be written

I

m rdze

dt dr2
... IZ-5

The above equations vhon solved for a special ease,

where heat is flowing radially at a constant rate froa an

infinitely long line eoureo embedded in on inflnetely extending

medium, initially at sere temperature, yields *v* the tempera

ture at any point in the infinite medium! through the following

equationi

2tvk 2xk% \
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where.

X m Coefficient of thermal conductivity of
material surrounding the line source.

Q » heat input per unit time from a unit length
of the source.

r • distance from heat source.

t • duration of heating reckoned from tho
beginning of experio

r

and the series I ( •aa j is given by
2/5t

I(x) » C- loggX ♦ f- - §- ♦ 1

2>t

r

when " "• is negligibly small,
1/51

i$x) a c - iogex

and Q

^l

* • 2TrK (C"l0S«W) ••• ™

when all temperatures are measured at the line source i.e.,

•r' is fixed

Q
a • (log.t ♦ C») ... II-6

4"^K ^

Also, C and C* ore constants. The temperature rise between

times tj and t2 is given by

*-

Q
aa • _ (loge(x1) - log0(x2))

11-12
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• JL. aa* fS»2""K •v/ ^ '

• 7— (leg# r| ) ••• II-7

According to aquation 11*6 the plot of % against

leggt therefore results in a straight lins vhose slope is

a, Q/4TK, vhenoe trX* can be calculated if *Q* is known.

Differentiating equation 11-6 with respect to time

we get

m q 1
— * " • ... II—8
dt 4iri 1

The reciprocal of d*Vdt when plotted against *t9

gives e straight line passing through tho origin. In actual

practice this straight line oats the X-axis at a point t • tQ.

This is aaorlbed to tho initial time taken for the heat to

flov into the surrounding conducting medium on account of tho

finite diameter of the probe. The slope however can again be

utilised to yield the value K.

2.3 Evaluation Of Boat Flov

Computations of the vertical ooaponent of the heat

nux Qg are based on tho Integration of the fundamental equa

tion of steady heat flov al >ng the s direction*

* K~ii~ ••• n~9
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vhere K and lO/mM e?/oa ore reepeotively the conductivity

ooeffloient and the temperature gradient, and Z is the depth

measured vertically downwards.

2.3.1 The •OK* method

In the simplest case Qg la obtained by the product

of the least square gradient and the aeon conductivity coef

ficient obtained from the measurements of a suitable number

of eamplee from the correaponding depth section and is denoted

by *CHC*« This oan be used for areas consisting of massive

rooks whloh do not exhibit any systematic variation of the

conductivity coefficient or teaperature gradient with depth.

When more than one long linear sections are encountered on the

teaperature profile, heat flow is calculated separately for

each section and finally a mean v slue la obtained.

2.3.2 The •BPt method

In layered rooks, long linear seotions are seldom

obtained on the temperature profile as the conductivity coef

ficients exhibit a wide variation. A good value of Q^ in suoh
oases is obtained by integrating equation (II-9)« Bullord

(1959), to give

f Al
Ta * fo * VT""" ••• n-10

K

where TQ is a constant.

11-14
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Aa temperatures and conductivities are measured in discrete

intervala, the above integral oan bo replaced by the sum

•£.* nlA. Rlf where A^ is the oeeUon of the borehole
penetrated by tho rock of conductivity coefficient tjai 1/R^.

Squation (11-10) glveo a linear relation botveen

the measured quantitiaa T, and Z| A21,HJL. Q„ ia obtained
froa a least-square determination of tho elope of these

quantities. Any change in host flov with depth is indicated

by tho departure from linearity of the above plot. Residuals

from the least square line through all tho aaaeured points,

are then examined for any aysteaatio variations. In actual

practice, values of 2:* A2A.»A ere obtained from the llthoioglo
information, together with conductivity measurements on

representative core samples. This method haa been often used,

and is denoted by •BP\ A almpler method, whloh is a combina

tion of the above two methods is also used oocssslonally.

First, the least-square teaperature gradients are calculated

for thoss depth intervals within which tho curves are substan

tially linear. Booh formation is then weighed according to

its conductivity value and thicitneos obtained from stratigra-

phio Inforaatien. Finally, the weighted aeon conductivity

values of specific depth intervals are computed, which when

multiplied by the teaperature gradient yields the desired

heat flux,

11-15
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2.3.3 The •*©?• method

The above methods are strictly valid only for hori

zontally layered homogeneous structures and yield the best

mean value for the flux flowing vertically through the rook

Immediately surrounding the borehole. In case of bods dip

ping appreciably from the horizontal, the lines of flow will

suffer refraction at the boundaries reaultlng in preferential

heat through rocics of higher oonduotivit/. 8b complete theory

for such a case has yet been developed. In practice, observa

tions are reduced on the tacit assumption that structures

encountered are largely horizontal, Jaeger (1965)t Hoy (1963)

by assuming gooaetrioal refraction at the boundaries of

parallel dipping bode, suggested approximate relations for

obtaining the true heat flux that would be expected If the

structures were homogeneous. Equation (11-10) when modified

(Uyndman and Bass, 1966) to take tho geometrical refraction

into account under the assumption that the heat flux vector

eventually becomes vertical at some depth vhere layered

homogeneous materials are encountered, becomest

Ta • To * % a * * 4 »i ••• 11*11

where B^ and K^ are tho thlekneeeee and conductivities of the

dipping beds penetrated by a vertical borehole, $0 la the
dip angle of the bode, and QQ is tho flux in the substrata

which ore horizontal and possess a conductivity coefficient

equal to Kg.
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In order to evaluate hoot flov by this method a

reasonable value for K^ has to be assumed. This becomes
more or less possible in areas of known geology. The

method has been used in a few oases, snd is denoted by *KBP'.

2,4 Equipment For Shallow Thermal Exploration And For
Studies For Natural Heat Losses

Shallow subsurface temperatures at depths of about

one metre have been measured by using thermometer probes

speeislly fabricated for the present studies. JSaeh thermo

meter probe consists of s plastio, bakellte or hylea tube of

appropriate length with a calibrated thermistor element of

high reel stance tsmperature coefficient embedded at its tip.

Two to four probes were used simultaneously to speed the

survey as it taleea time for them to attain steady state

conditions.

The temperature probe is puehed int• a hole bored

to the desired depth by an auger or a hand operated steel

rod of slightly larger diameter than tho outer diameter of

the probe. The holes are made of small diameter as these

cause minimal disruptions to the thermal environment. Once

the holes have been drilled, probes are inserted into these

snd left for some time to attain temperature stabilization.

Shallow teaperature gradients hove been measured

by using a gradiometer specially deaigned and fabricated for

these studies. The gradiometer consisted of five calibrated

11-17
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thermlstora usually anbedded In thin broea oylindrioal

Plaoaa which ware, in turn, axed together at dletanoee of

0, 20, 40, 60 and 80 om, in thiafc walled bakelite tubes of
outer diaaeter equal to 1.2 c». The gmlloaater after beintf
inaerted in hole. „„ l#n m ^ Um ^

r;h.rr;:::irofth^^---
null detector "^ ^ "" ' *-***-•

Natural heat losses at tha «„„r«.... .«* „. „„ - _^j~u ~-—
patent 110,85447) Ww. u .. *Indian5447). The heat ilcv transducer eeeenti.n
eiets of a thin th«.^ .. essentially 00a-

a ww thermopile having a la™*. «. ».
*-«-* Th. ^^ l8 2^ZT "2 °' *•""
*> -ilU rolt. oan „ airaotl, a Z " "' "*"•"8U/ 0on™rt9« mto heat flow Tala...

2,5 Kurcr^010^ ft'̂ orauon Of oaotoer^
Oeotheraal energy 1. deft-,,, ,. «, ,

*-. which can ce .^^ ^ ^J*^ "— " —
*~ —. h.at etored la J^ ~^U* "*°"*'
«-Uo. cruet* j^J "" ' '**1' th° ~*

*><* -aeeee to tta , """^ ""* "" «*^W"M *o the surface through
varioua teohniaa.*, a. . W>U# A•^••ataa ofwonniquest Geological. r*«fw.».,o *
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of geothermai energy reoourcee.

Although natural thermal waters have been known to

occur in a wide variety of geological environments, areas of

potential geothermai resources ore rather limited. In order

to gain an insight into the geothermai resources of Indie

snd identify, if possible, certain large regions, where sub

surface thermal waters may be encountered and exploited, on

analysis and synthesis has been attempted of available geodata,

particularly those relating to the major tectonic features

of the Indian land aass. Certain geothermai provinces of

India have thus been recognised.

2.5*1 Geophysical exploration

Geophysical exploration of anomalous subsurface

features is based on the measurement and interpretation of

physioal fields parturbed by then or on anomalouo emanations

issuing from suoh reglone. Their applications in delineat

ing geothermai resources have been carefully examined snd

discussed in many review papers (Bcdvarsson, 1970f Benwell,

1970, 73l Co ibs aad nffier, 19731 Singh and Gupta, 1977).

Of tho various geophysical teohniquee applicable to geother

mai exploration the thermal and geoelectrical methods are

the most widely used. A careful combination of these yields

direct information about the nature, depth and siso of a

geothermai reservoir and also about the water movements in

the geothermai system. Tfext in Importance, are passive

xx_19 RBTUL LFBW TOITOTT OF M0MB
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seismic techniques followed by self•potential, seismic,

gravity and magnetic exploration, all of which provide quite

useful though indirect information regarding the presenoe

of a geothermai source.

Thermal and geoeieotrleal methods vers used for

exploration of geothermai resources for ami first time in

Indie in connection with the present studies and are discus

sed In a later chapter.

Aquifers ere geologic formations that contain and

conduct vater. They are found at depths ranging from a fev

metres to several kilometres. Confined aquifers are sand-

wiched between impermeable layers and saturated with voter

under pressure. Thermal aquifers have been exploited in many

regions of the world for power generation, process heating

and other munioipal applications*

2.5.2 Geoohemical thermometer

Several chemical geothermometers, both quantitative

as veil ss qualitative, have been developed and used for

evaluating the probable temperature of aquifers. Component

concentrations of ratios mainly of fta, Kv Ca and Silica, that

can be related to subsurface temperatures are called the main

quantitative geothermometers. Those have been used to predict

the probable reservoir temperatures of a large number of

natural hydrothermel systems of India, The results are given

in a later chapter.
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The deep thermal waters do some time mix with the

cold near surface waters. Various mixing models for warm and

boiling waters have been proposed and uaod (Foumier and

Trueedell, 1974. Gupta et al., 19KC J. A warm mixing model,

baaed on the observation of surfaoe temperatures and the

silica content of repreoentative hot spring and cold waters

was developed and used during the present study acre or lose

at the some time when Fournier and Trueedell reportedly used

it to predict probable reservoir temperatures* The probable

residence time of hot waters in hot aoquifere wae inferred

for eoae hydrothermal systems of India using Tritium aaaeure-

mente. The results are discussed in a later chapter,

2,5,3 Thermal methods for exploration of goothormal sources

Thermal exploration techniques exploit variations

in the thermal conductivity between rooia formations or in

heat flow at deeper levels In different areas. Thermal

aaomalleo are an expression of the subsurface thermal regime

and their delineation oan play a significant role in identify

ing potential geothermai resources.

2.5.3.1 Thermal anomaly in a geothermai area

The main onorgj source of the earth resides in its

hot interiors. Surface manifestation® of this appear in the

form of volcanoeo, geysers, fumaroles and hot springs.

natural occurring hot eater or steam existing in some suitable
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structures underground can be and has been tapped by drilling

holes to appropriate depths. Suoh systems are known as

natural hydrothermal systems* A great maiorlty of tenown hy-

drothermol systems, that have been explored upto tho present

are associated with a large heat aouree at anomalously high

temperatures present at depths of some thousands of metres.

Porous and permeable formations overlying such anomalous

heat zones and saturated with waters or steam, forming deep

circulating systems (Figures II-5 and 6), exhibit strong ther

mal anomalies at the surface. Such systems are usually

characterised by heat flows that are upto several thousand

times above the normal (White, 19&9) end therefore can be

mapped by various thermal techniques which, in turn serve as

direot means for assessing the areal extent and potential of

geothermai reservoirs,

2.5.3.2 Thermal technique© for detecting thermal anomalies

Thermal techniquee for exploration of geothermai

energy resources oan be divided into the following types.

1. Surface and near surfaoe temperatures, and heat flow
measurements, generally at depths of less then 5 a.

2. Geothermai gradient surveys, usually at depths of
30 to 100 m.

3. Heat flow investigations, usually in boreholes of
depths more than 100 a;

4* Air borne infra-red ourveya.

Teaperature and gradient surveys at 1-a depth, are

11-22
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%ulck and inexpensive and have been successfully used in

hydrotheraal areas as a rapid reoonnaieranee tool to detoct,

aap and deaarcota the boundaries of subsurface heat storage

(Thompson, 1960> Robertson and Dawson, 1964| Gupta, 13671

Gupte and Rao, 19711 Gupta et al,, l974s^75i>;Sharma and

Gupta, 1978). The data obtained from such shallow depths

often yield information about the circulation of thermal

fluids in the shallow subsurface zonae and sometime about the

fiesures or faults, and other disturbed zones in the subsur

face whloh serve m ohannals for tho hot ascending fluids

(Gupta et al,, 1979 )• The data oan also be used to estimate

the surfaoe heat loss from a geothermel field which is an

important part of the exploration programme aa it enables

one to assess the energy potential.

Teaperature nsesureoente it depths of 20-100 m are

free froa most of the near-surface thermal distrubanoes and

yield reliable geothermai gradient data* However the data

must always be evaluated for the effecte of lateral movement

of ground water* Over most of the potential geothermai areas,

which are economically viable, temperature gradient at these

depths ore greater than 7*0/100 m, compared with the normal

VC per 100 ci. Suoh gradient measurements give tho indication

of tho presence of a geothermai area* Bat, inorder to

distinguish the main production *one from a large marginal

aone, heat flow measuresnt© have to toe asade in boreholes of

depth sjore than 100 m (Conbes and ^ffler, 1973).
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Thermal infra-red scanners are radiation deteoting

devices which scan the radiation emitted from each element of

the scene. These normally operate In the 3 to 5-mioron or

8 to 14-mioron transmission windows in the atmosphere* Sub

terranean lava channels, geothermai resources, warm water

channels In oceans whloh may incidentally be associated with

mineral and water resources etc*, oan also be detected by the

use of thermal ocanners.

2,5.3.3 Detection of thermal anomalies at shallow depthe

In order to be able to delineate theraal anomalies

at shallow depths, one must consider the penetration of solar

hoat in the earth aid the contribution of the earth's heat

towards the heat budget of the shallow sub-surface regions.

Periodic variation of the Berth's surface temperature
and its propagations

aaasrous aeteoroiogieal observations have established

that the air temperature at the earth's eurface undergoes daily

and aaaual variations whioh penetrate inside the earth with

decreasing amplitude* In order to calculate the magnitude of

the dluranal and annual temperature waves at different depths,

we consider the fundamental Fourier heat conduction equation

oT

Ot

o-T A o2T

where e* « thermal dif fuaivity • K/p c
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/ thermal conductivity

density x specific best

For one dimensional flow.

oT , 62T
ci —n ... 11-13

dt 6xz

list us oonsider the earth's surface to be a plane a « 0,

and the surface temperature ehangee due to solar radiation

as a sine function of time *t*« then the oscillations of

surfaoe temperature around a mean teaperature Ta are givon

bys

T« ± * T« «sin (S^nt) ... 11-14c,« o, a

Temperature excess (Ta ^), over the mean temperature values

Ta, at any depth 2 and at time 't' can bo expressed by the

equation (Jakob and Hawkins, 1957, p.6d)t

Ts t * To a•"2^TT/*(P. Sln(2^- 2^VS) ..11-15
and

where

•« ' *m * *„, ••• *«

9_ » teaperature calculated or observed
at depth Z

? * amplitude of the surfaoe teaperature
°,a wave

a • frequency, i.e., number of complete
ainosodial cycles per unit of time

P » 1/n period of surface temperature wave,
one day or one year
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ol • theraal diffusivity of the subsurface
formations.

Expression 11-15 is tho eolation of tho hoat conduc

tion equation 11-13 for tho boundary condition as stipulated.

Tho amplitude of the Sine wave at depth 2 becomest

Ta,a * To,a • v ••• n"17

Xt la clear that the aaplitudo rapidly doorcases with depth.

There would be a lag between the time of the occur

rence of a temperature maxiwaa at tho surface and at depth 2,

tho time log being t

2 r^r±\ m mmmm I i %%% IX—18
m V ™*^

for % m j w^ir j then froa equation (11-17)

z,a o,a 23

i.e., tho amplitude of the Bine wave is reduced to 1/?3rd

of its surfaoe v alue ot a depth 2 • </*Vtt

With <*• 0*01 oa2/aeoj whloh is tho average value fbr tho
surface roc :s, and

a) 2 m 52 cm for P • 24 hours
b) 2 « 10 a for P • 3o5 dayo.

At twiee the depths tho amplitudes of the dally aad

annual temperature waves are reduced by a factor of

o~2Tr - (1/23)2 « 0.0019
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The daily and annual temperature waves are not

exactly of sinusoidal shape* These oan be considered as a

haraonio function of time following the sun, and represented

by a Fourier series of the form (Carelaw and Jaeger, 1959.

p.81)*

*o,t • Ta ♦ f»1 V08(aQt * V ••• n~19
where

en t * teaperature on tho earth's surface at
°*% time »t'

t- • amplitude of tho partial waves (n**
harmonic)

Co m 2"/P

Ta • mean teaperature during tho period (P),
tho period under consideration, e.g., one
day or one year

*n • phase shift of tho a*n haraonio*

Xf wo oonsldor the earth aa a eeai-infinite solid

having surface temperature oscillations as given by equation

11-19 then the teaperature at depth '2' inside the earth at

time »t' is given by

'a • *Sft ... H-20
whore

Tz,t • n".1 *n •*Zyn6o/2?Coa(n^t - ^ -zfi&£)

Equation 11-20 is a damped wave equation giving

a,a o,a

Temperature at depth 2 due to heat flow from the Earth'o
interim!
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Haat flows vertically towards the surfaoe of tho

earth, and considering geological times, steady conditiona

have been obtained In most of the areas. In suoh a case:

(T - T_)
n % mmMm I

where,

q m |f ii I I in «•• 11-21
Z

T. and T_ are teaperature at the earth's surfaoe
• * and in tho depth 2, respectively.

q • terrestrial heat flov

K • coefficient of thermal conductivity

Aa explained earlier 'q' has a very small magni

tude. At the surface, boat is transferred to the environment,

whloh acts as a large reservoir compared to *q\ For suoh

a condition!

q • A (T,- Ta) ... 11-22

where T la tho air temperature near the surface and 'aA'

la the coefficient of surface hoat transfer (eal./oa sec.'C).

Equating equationa (IX-21) and (IX-22)t one obtaina

I - (V VA • <Ta * VtK/I

Tm m q.2/K ♦ tm

and

Ta " Ta * **k

q 2A

Ta * *a* *fk * q#2^K * Ta# I"*1 * —)••• lIm&
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It there are 'n' horizontal layers of theraal conductivities

:1t c2, K^ tho equation (11-23) becomes

T„ a T. ♦ ——(1 ♦ A "21 i fL) .,, II-24
* 1 *»

Equation (11-23) gives ths rise of teaperature at a depth

'2* due to heat flow from inside. Assuming tho following

values for A, q and K,

A • 2 x 10** oal.ea .boo .dogvC

»6 «»P *»i
q • 1,5 x 10 cal.cra .see (continental global

average heat flow)

K * 2 x 10 * eel.em .ooo .deg.C (for partially
saturated and loose surface material)

teaperature rise due to terrestrial hoat flow at depths of

2-0, 0.8, 1, 2 and 20 metres are found to bo respectively

T0a • 0.0C7*C

*0.8 a -
0.07#C

T1 a • 0.08*0

!2| » 0.16*C

Ton « * 0,9*C (considering K» 6 x 10"*oal./ca.
20 * eoo**C for 20;>2>2 a)*

It Is therefore, clear that subsurface temperatures

at shallow depths are controlled mainly by solar radiation.

and contributions from the normal hoat flow from tho earth's

interior are negligible.

r
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If wa assume the hoat flow to be 5 times the normal

value (^7.5 HFU) then teaperature anomalies of ♦0.4'C and

0.8*0 would bo observed at one and two metres depth respecti

vely (vide equation 11-23). However aa mentioned earlier, in

hydrothermal areao, strong positive theraal anomalies at tho

surfaoe end in near-surface layers are caused due to oonveotlve

hoat and mass transfer, apart from heat flow due to conduction

alone.

2.5.3.4 Setimation of natural heat loss

Various natural processes are responsible for the

lose of natural hoot on the surfaoe In a geothermai area. Two

ways to estimate this natural hoot loss are* 1) through

estimation of the total hoat whloh reaches the aurfaoo froa

below, and 11) through estimation of tho total hoat which la

lost from ths surfaoe. Soae time a combination of the two

haa to be uaod for a bettor estiaate.

The flow of hoat froa the interior (Q*) through a

porous medium near tho upper surfaoe at whloh the theraal

fI aide are discharged occurs through t beat conduction (Qj)»

oonveotlve fluid motion (Qg), and aaaa flow (Q^) i.e., hoat

escaping through fluid dischargee in the form of hot springs,

fumaroles and geysers, seepages. Adding all these hoat

lossos

Qx » 0^, ♦ Qg ♦ 0^ ... 11-25

Sometimes in goothormal areas, part of hot water

whloh haa been discharged on the aurfaoo and should have

been measured is evaporated away, thus causing some loss of
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hoat through evaporation*

Apart from hoat escaping through mass flow from

the ourfaoe (Qgf)« other processes which cause heat loss

froa the upper surface (QB) of hot ground aret simple heat

conduction to the air from tho surfaoe, heat oonveotion due

to movement of air on tho hot sarfaoe (Qoon)t and evaporation

from the wet hot surface i.e.,

S*%o**W Qev* Set ••• lMS

Taking avaliable emporleal relations Into considerations,

d# 1

Qa

whore

K
a dx

(1 ♦ 0.Q069A*) x 2.04 x 10"4 X Ag

1**3
T

<1o )(U0.33W)(V-U) x 0*33 x 10 >
150

♦ Q^ ocl./eee. ... 11-27

A« a temperature difference between the ourfaoe
and air

XL • thermal conductivity of air

V • saturated vapour pressure of water at T*C

XJ » vapour pressure of air at mean temperature

V. * air velocity

Q_*» haat escape from the surface through mass
flow in the form of hot springs, seepages
to nearby bonds or streams or otherwise
tf C P*i *f &«\| oal/sec.

A,^p,A_ » respective areas in which heat loss is through
' the processes of oonduotlon, oonveotion and/or

evaporation.
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2.5.3.5 HMrt fl-ow from a geothermai reservoir

in a hydrothoraal area, aeteoric water from recharge

areae peroolatea down from tho aurfaoo and ie heated up during

Ita movement towards tho reservoir (Figure I1-6), whore it

remains for quite a long time at more or loaa a constant tea

perature. Subsequently, it reenters tho soil to whloh it

yields ita heat. The annual aaaa teaperature of tho locality

la thereby raised and strong thermal anomalies are caused in

tho vicinity of fissures, whloh oan aleo bo aappod by theraal

surveys.

la order to compute the combined hoot flov (Q) por

unit time per unit area from a large reservoir, due to

conduetlvo, oonveotlve and aaaa transfer, wo assurn* more or

loss steady conditiona.

Let,

2 • depth of reservoir

A0 * tho area of the anomalous aone on the aurfaoo

TR • reservoir temperature *C

T • mean aurfaoo temperature outside tho thermal
aone

T1 • mean surface temperature of the theraal zona

t9 • teaperature of tho ground water table
• underlying the aone where goothormal fluids

discharge on the ourfaoe

?, » temperature of hot fluid, whan It enters tho
7 near aurfaoo layers after loosing its hoat

aad mix with the cold vator near the ground
water table or spread over surfaoe after ita
ascent froa tho reservoir
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v • v.* w2 - quantity of hot vater flowing out
froa tho raeervoir per unit time, cmv sec.

w- a quantity of water reaching and mixing with
oold vater near tho ground vater table

w« « quantity of vater which directly reaches
* tha aurfaoo and spreada over an Area A*.

v. a rata of ground vater movement froa tho area
^0OiO/ f wO^&*&

0 a speciflo heat of vator

K a average thormal conductivity of tho
subsurfsoe rook formationa

1 v K(V t2)
q a _.L—-»—^-a^* tfro.C?, * f2)

fe a

♦ v2.C.(T5 - T1) ♦ v^.O.dg - T0)j *.. IX-28

We have only oonaiderod a hot voter ayotem* If tha reservoir

la vapour doainatod than tho above equation haa to bo modified

oo aa to account for tho amount of haat carried through

vapour and ita condensation in tho subsurface layers.

2.5.4 Oeoelectricol aethoda

Tho usefulness and effectiveness of resistivity

methods in delineating subsurface goothormal roservoirs has

been veil established in various goothormal fielda of tho

world. At Largerello (Italy) tho method was uaod more than

two deeadaa ago. A number of goothormal areas in tho Taupo

volcanic zone have been outlined uoing D.O. resistivity

profiling (Hathorton, Macdonald and Thompson, 1966) aa veil
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aa tha Walrakoi, Broad lando and Kawaran fields (Riok, Macdonald

aad Dawson, 1970f Maedonala and Muffler, 1972). D.C. Resisti

vity profiling using either Wenner or Sehlumberger syatoas

proved to bo tho most useful In the Taupo Grabon area, Meidav

and Banvell (1973) vho analysed care histories of ten goothoraal

fields, oonoludod that almost without exception and regardless

of tho nsture of host reelss, resistivities oneountored in goo

thormal area vero loss than about 5,0 ohm.m, and that tho

preseaoe of a steam phase within tho reservoir ehould result

in very high rssistivities within tho eteam phase layer.

The resistivity of saturated roeice decreases with

inoreaaing temperature, offoctlve porosity, electrolyte salinity

and oonduotivo mineral content, Tho rooka la a hydrothoraal

system can be expected to have worf lov resistivity. Tho

method is found ideal for goothormal exploration, aa resisti

vities within the geothermai areas a ore one fifth to one

twentieth of thooo outside. If the reservoir contains very

little eteam but has an obundanoe of hot vater, it oan prove

to be an excellent target for exploration through resistivity

oethoda. However, quantitative Interpretations of VBS curves

become difficult in virgin areas on aooount of poor knowledge

of subsurface temperature conditions, and of variations la

the salinity of subsurface voters duo to uncertain mixing of

hot and oold voters. The effects of salinity and teaperature

are aaaa therefore difficult to separate on the TtSS curves.
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2.5.4.1 Fundamental relationships

The relationship between the eleotrloal resistivity

of fluid saturated rooks and the various physical parameters,

whioh affect it* bars been discussed by numerous workers

(Wyllie, 19651 Keller and Meehkenoht* 1966, Dakhnov, 1962j

Ward, Fraser, 1967)* nevertheless, a brief review of the

factors affecting current conduction in roc :s are in order.

Current ocnd iotion in roc :s other than shales, clays

or metalliferous zones takes place mainly through groundwater

in the pore spaces of rock bodies* According to Dskhnov (1962),

the resistivity of a rock • P^* containing fluid of resistivity
•F^ at 18*C la given by

fa • -S '* ' • *<*) f~ .- H-29
1 ♦ ^(V-18)

where.

<•*> is the temperature coefficient of resistivity,

usually 2.5 percent pet degree centigrade.

Empirical data by Sohlumberger Technology Corpora

tion (1968) shows that logarithmic linear relationships exist

between temperature and resistivity In the intermediate

salinity range. At near-saturation concentrations, the effect

of temperature on resistivity is somewhat non-linear.

It was empirically demonstrated by Archie (1942)

that for different values of porosity in a given rook, there

existed a constant relation, typloal of that rook, between
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the resistivity of the rook, y°0* and the resistivity of
the fluid saturating the given rock, /^ given byi

where,

F, is known aa mjmtMm **$%°X% |«*J?* *jXj
is characteristic of s roc: for a given porosity*

This relationship was extended to relate toe ohangee

in the formation factor with those in porosity by equations of

y the type
F • k 0"* ••• 11—51

where ••• is a conetent dependent upon the tortuosity of the

mean free path of the electrical current through the rook

matrix, often termed the ^Mentation, factor, and V is the
fractional porosity* The value of 'a* is usually low (1.2 -
1.5) for well sorted, non-cemented sediments, and higher

(1.9 - 2.2) for older well oeoiented or oryetalllno rocket

*k* is a number near unity.

Combining equations (II-29)t (11-50) and (11-51)

Eeuatione (11-52) state that toe true resistivity of the rook

is a function of porosity, tortuosity, salinity of the satura

ting electrolyte and temperature of the electrolyte. It has

been implicitly assumed above that there exists no soUd
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eonduction, such as due to clays or metallic minerals. The
effeot of solid conduction through the matrix is to decrease

the overall reeistivity of the rook, /pt resulting in sn
apparent formation factor which is always lower in value than
the true formation factor.

2.5.5 Oeotoeraoaetry

Geothermal fluid chemistry constitutes a powerful

tool in geothermal exploration. Seoohemical investigations

of hot springs, fuasroiee and cold surface waters can supply

critical inforaationa regarding the characteristic of the soures

region, path of fluid movement and the turnover time of water
in the eyetsm. It si so expoess the nature of the hydrothermal
system* stesm bested or hot water, subsurface reservoir tempe
rature, extent of mixing of deep thermal waters with shallow

cold waters, sone of high upflow, and permeability*

Isotopio compositions of most of the high-temperature

waters hsve indlceted thet their origin is dominsntly meteoric

(Craig, 1965). However, some hot fossil brine and probable hot
metamorphio water (White et al. 1975)t nave also been reported.

The underground percolating aeteoric water is affected with two

main complimentary phyeieo-ehesiloal factors! the subsurface

temperatures and the interaction with wall-rook minerals. The
concentrations in ths natural water of the common rock forming

minerals such as silica, aluminum, sodium, potassium, calcium,

magnesium, iron, and manganese are controlled by the parUcular
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tempereturc dependent - mineral - water - equilibria. The
solttbiliUes of the main rack forming minerals and the existence

of temperature-dependent equilibria at depth has helped to
establish qualitaUvs as well as quantitativs, geooheaioai

indioatore of subsurface reeervoir teapercturee. The quanUta-

tive type of geooheraioal thermometers arc described below.

The main quanUtativs chemical Indicators of teapera-

ture whloh have attracted most attenUon are the Silica and Wa/K

ratio geothermometers. Rsoently, Pournier and Truesdsll (1975)
have developed another namely the TJa-K-Ca geo thermometer. The

first thermometer is based on the ell lea content of thermal

waters. In hydrothermal areas, silica at depth, occurs in

various format quarts, chalcedony, eristobslite and amorphous

silioa. Quarts seems to control the solubility of silica in

deep waters from high temperature ( 150*0) geothsraal areas.

Close correlation between temperatures directty measured in

geethermal wells (180* - 260*C) and those estimated from

measured silica concentrations assuming equilibrium with quarts

has been reported by Mehoa (1966), Fcurnler and Howe (1966)

end Arnoreson (1975). According to Foumier and Truesdell (1970)

lower temperature waters aay bs saturated with chalcedony rather

than quarts. Arnoreson (1975) found that Icelandic geothermal

well waters at temperatures bslow 110*C agreed with chalcedony

solubility. Ths temperature of deep waters in equilibrium with

quarts can be esUsaated using the following formala (Truesdell,

1975).

ft » 1515/(5.205 - log Si02) - 275.15 ... H-55
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where Silica concentration is in ppa. The above equaUon is

valid when water froa an aquifer aoves to the surface slowly

enough for conduoUve cooling to occur. For adiabaUc iso-
snthalphio cooling, the formula 1st

VO « 1555.5/(5.768 - log SiOg) - 275.15 ... H-54

The above equaUon® give good results in the temperature

range of 125* to 225*C,

For probable condlUons at lower temperatures, for

chalcedony conductive cooling, Truoedoil (1975) bas given the

following formula.

t*C • 1015.1/(4.655 - log S102) - 275.15 ... H-55

Bext to Si02, the ITs/i: ratio of the thermal water is
a slgnifiosnt indicator of the subsurface aquifer temperature

(White, 19651 mis and Mahon, 1967). This thermoaoter is based

on the poetulatlon (White, 1965) that Na/S raUoc in most toer-

aal waters ore controlled by equilibrium with albite end

K-feldspar and the aesuspUoae that the activiUes of toe solid

species are unity and toet activity coefficients for Ha and I

cancel each other, so that forthe exchange relaUon?

1* ♦ Ha* - feldspar * X-fddepar ♦ He* ... 11-56

the equilibrium onotent K# « aalar ft/K
FCr such a cass the Van't Hoff equaUon, whieh givee toe varia

tion of K, with temperature, oen be ussd for the predloUon of
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reservoir teaperaturee by using *•/* ratios. The Van't Hoff
equaUon is given by the following relsUon.

***** „ - SSL ... n-57
d(1/T) 4.5758

where,

f i absolute temperature

H*(T)» standard hear of reaction at given temperature.

KL • the equilibrium constant * molar Ha /K

It is well known that H*(T) of the above nenUoned

exchange reaction has a very small vartaUon with temperature.
Using this oriterion and synthesising toe avsiiable dstc froa
high temperature geothermal areas, white (1970). BlUs (1970)
and Fouroier and Truesdell (1975) gave acre or leee straight

line curves betwesn Ha/K atomic ratios and 1A'K. White-Kllie

ourve le the more widely ueed slongwith the following relaUon

given by Truesdsll (1975) for their curve.

t*C • 855.6/(log Ha/K ♦ 0.8575) - 275.10 ... "-38

where Ha/K concentrations are in ppa.

The Ha/K geothermometer has been successfully used

for the prediction of reservoir temperaturee for neer neutral
pH geotheraal waters, which do no$nepooit travertine and have
values of Ca^/Ha less than unity (for molal ooncentratione).

It has been generally observed that toe Ha/K geother-

aometer gives sncmaloualy high temperatures for waters high in
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calcium and does not work at temperatures »elow 100 - 120*0,
Considering the influence of calcium in aluainosilioate
telations, Fournier and Truesdell (1975) proposed toe following
eapiricsl Ha-K-Ca geotheaometer for each waters.

1647Log10*a/K* /aes^CaVaa) - —^ - 2.24 ... 11-39

or

*•**' -275.15
V° *Log^XHa/K) ♦ / lofto^^ *2#24

... H-40

The value of fi is chosen depending open whether the

equilibrium of water occurs above or below 100*0, and

p m 4/5 for 0a*/»a >1t and t ^100*0 ... H-*1

fm 1/5 for OaVHa c 1. cr t for ?% 4/5 > 100*0
... 11—42

where Ha, K, 0a concentrations are in moles/lit*«»

The upward moving natural thermal watere often

change coapositionaliy during transit by boiling and dlluUon
and aay sometime be even contaminated with brine at ftsasm

depth.

Ha-K and Ha-Ca-K geotheraoaatere are baesd on toe

raUos of the ooncentraUon of these elemsnts In wcter. The
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surface or shallow oold waters mostly have very low ecncentra-
Uons of these constituents. It can be easily shown that
ffw«ng of highly saline deep waters with fresh cold waters of
very low salinity will not greetty ohenge toe magnitude of tha
raUos of these elements and dose not therefore appreciably

affect the estimated reeervoir temperatures. The UmitaUcna
of toe aforeeaated chemical gectoeraoaeters have been discussed

in detail by Oupta and Saxena (1979)*
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CHAPTER III

HEAT F1^>W IH CAMBAY BASIH AHD

A? ALORS-XOTHA (DSCCAH TRAPS)

5.1 introduction

Thermal measurements were made In a number of

veils in different fields of the Cambay basin, whioh were

Initially drilled by the OHOC for oil (vide Table II1-1)
and later stabilised by displacing the mud by water.

Actual mesBuremente were made after 6 months of the welle

having been thue prepared using a special thermistor probe
deelgned and fabrioated for this purposs. Results obtainsd
in the Cambay, Xathana, Hawagam, Sanand, Kalol, Hehsana,

Ankleswar and Broaoh oil and gas fields of the Cambay basin,

as well as host flow values obtainsd in the Alore-Koyns

region are discussed in this chapter.

5,2 ecology Structure and Teotonioe of the Caabay Basin

The Cambay basin is loosted In the alluvial plains

of the Gujarat State of Western India, approximately bounded

by the latitudes 21*H snd 24*H and longitudes 71*50* snd
75*45*E. It is a Cenoaole basin running as a narrow graben
in an approximately north-northwest south-southeast direction

uptil latitude 21*45* where it swings towards HHB-SSW snd
runs into the Gulf of Cambay. Sxtensivs geophysiesl work in

conncoUon with oil exploration has been carried out in the
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bssln since 1958 snd its geology end tectonloe dieoussed in

detail by many workers including Msthur et al. (t9ft)l Sen
Cu?tm <1967)| and Mathur and ?3vana (1964).

Tectonically, the basin is situated st the north

western edge of the Peninsular Shield. It is bounded by
the Aravalli System of Precsmbrisn sge on the northeaet, and

by the Deeoan Traps on the east and west. The geological
map of the basin and adjoining regions is shown in Figure

III-1.

A complete sequence of eedimente ranging in age

from Recent to Eocene overlie an irregular surface of Decoen

Trape. The contact is however exposed only st a fsw plseee

and appear to be normal except southeast of the river

Harraada. The sequence comprises greyweokes, dark grey to

black grey shales, coal oyolotheas, silts, fine to medium

grained sands, and grey reddish-brown clays. The sediments
reach s thickness of over 5,000 a in ths deepest part of the

basin i.e., the Jambusar-Broach area (Figure 11*1-2). The

presence of sporadic outcrops of Jurassic and Cretaceous

sediments on its msrglns points to the likelihood of this

basin having existed in ths Hssozoie era.

It is believed that a deep-seated fault, probably

formed towards the end of the Gondwana Period, rune parallel

to the western coast of India and into the Cambay basin.

This fault aone is cut into two parts by an important

transverss basement fault running along the Harmada River
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and joining up with the southern coast of the Oaurashtra

Peninsula. The area to the south of the Naraada aiver forme

the northeastern corner of the southern psrt of the fault

zone. The other psrt of the fault sone comprises the rest

of ths Cambey basin (Hethur et si., 1968).

The Sfarmada valley is an old sone of weaknsss,

moves-Hants along which have occurred at widely different

periods. South of the Sarmada* the folding in the Cambey

basin shows a strong SHi>tfS*f trend, roughly parallel to the

Sarmada fault. In the northern part upto as far as Mahisagsr

(Figure III-2) there ere fen secondary structural features

and no specific trend is discernible, 'forth of Hahleege*t

the structural trends are UNW-SSB or M-Sl epparently related

to the axial direction of the basin (Mathur and Evans, 1964).

The whole basin Is dissected into four structural

blocks (Figure II1-2) by faults within the Deccan Traps,

which somewhst extent into the overlying sediments. These

blocks are characterised by different fold and fault trends

and baeesent depths, the sedimentation being partly control

led by the block pattern.

Another conspicuous feature of the basin is the

reversals of bloc* tilting throughout its Cenosoic history*

During the Eocene, the general slope of the besin was

towards the north, but it was reversed during the Oligooene,

snd the basin ae a whole became tilted towarde the south.

The tilting of the besin towards the south continued during
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ths Miocene Epoch. The ffarmada fault, which was dormant
during the major part of the Miocene Hpooh, wee reactivated
during the poet-Miocene period, and the movement along this
fsult resulted in a vast synteotonio accumulation of sedi

ments in the Jambusar-Broach area and in the uplift end

consequent erosion of ths Harmada block to the south. The
southerly Ult of the basin oontinued during the post-Miocene.

A slight but progressive waoterly shift in ths axis of
sedimentation during Ccno&olc history ie noticeable.

3#3 Temperature Measurements

Temperature meaeuresients were mads in 15 oil wells,

three each at Ankleswar, Cambay and Knthana, two each at

Nawagaa and Kalol, one each in the Sanand and Mehsana oil
fields. Measurements were made at depth intervale of 20 or

25 m, upto a maximum depth of 1,250 m. The locations snd

othsr particulars of these welle are given In Table III-1.
Bottom hole temperatures as measured by 0!1CC in exploratory

well No. Broaoh-6 have been used also for calculation of

heat flow for the area.

Least squars fitted temperature gradients were

calculated fbr thoee depth intervals within whioh the

temperature - depth curves were found to be substantially
linear and are given in Table III-2. Temperature gradients

were found to be lowest In Broach aud highest in the Canbay-

Kathana-Nawagam region as compared with othsr psrts of the

basin.
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TABLE III-1

Particulars of Weils Logged in Cambey
Basin and the Heat Flow Bata

Locality &
Coordinates

Meheena Oil field
30*36*H, 72*11fS

Xalol Oil field
2?*16*H, 72#30,E

Sanand Oil field

Ifawagam Oil field
22*50*N, 72*30*3

Kathana Oil field
22M7,N, 72'AB'E

Cambay Gas field
22'33'N, 72'35'K

Ankleswar Oil field
2r35'ff, 72*55"S

Broach

Sieve- Depth Undis- Heat
u-. tion to turbed flow
i®11 (m) which period u oal/
So# above log- (month) em*sec.

m.s.l ged(M)

M—© 60.7 1120 10 1.9

K-59
K-27

73.8
65.2

1200
1220

6
30

1.8
1.9

P-5 41.4 1060 66 1.8

Saw-32
ffaw-43 24.2

900
990 18

1.9
2.0

Kat-9
3Cat-5
Kat-3

26,2
20.7

1200
1200

900

7
12
12

2.2
2.0
2.2

C-10
C-36
C-33

11.9
12.2
15.7

1225
1100
1200

60
50
50

2.4
2.3
2.0

Ank-2 V .5
Anlc-28 13.0
An^-170 23.3

1200
1200
1200

70
50
19

1.7
1.65
1.5

1700 1.3

#from bottom hole temperature data
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T A B L B IH-2

Oeothermal Gradients in Various Weils
in Cambay Basin.

Well No,

Mehsana-6

Saaand-5

Xalol-58

Xaloi-27

Nswsgsia-32

Nawagarar43

Xethana-9

Kathana-5

Depth
inter
val (m)

600- 910
980-1120

600- 640
840- 900
900-1050

560- 675
675- 875
875- <?75
975-1075

1075-1200

560- 740
740- 900
920-1020

1020-1140
1140-1220

400- 525
550- 800
800- 900

600- 860
900- 980

500- 775
775- 900
900-1050

1075-1150

325- 550
550- 825
850- 925
925-1075

1075-1200

Tempera
ture
gradient
rc/km)

41.1*0.7
59.2*0,5

56.4*1.3
40.8*0.9
41.671.4

37.2*2.3
48.4*0.8
31.1*>.4
40.0*2.0
59.1^.0

39.1*1*5
48.7*1.3
30.1*2.2
39.770.8
59.0*5.7

45.3.*2.1
61.871.0
48.7*.1.2

66.5*1.4
33.2*1.9

48.4*0.7
51.3*2.7
63.9*2.0
70.77^.0

42.7*0.7
46.570.4
50.8*1.4
64.10.O
54.2*1.0

III-8

Well So.

Depth
inter
val (m)

Tempera
ture
gradient
(*C/km)

Kathsna-3 350- 475
500- 600
625- 850

Cambay-10 450- 600
625- 775
075- 975
975-1125

Caabay-36 450- 625
625- 750
775- 850
850-1100

Cembay-33 525- 700
700- 850

1025-1175

500-1220

750-1200

Broach-6

Ankleswar
•2

40.0*0.8
52,970.5
45*0*.1.0

53.3*0.7
48.8*1.0
74.9*8.0
65.7*1.7

50.0*0.8
44.571,8
46.976,0
63,9*0.8

46,8*0,6
42.570.9
52.2*1.3

26.9*1.1

47.3*0.3

Ankleswar 350- 900 41.9*0.9
-28 900-1075 53.1*1.9

1075-1175 38.9*>.0

Ankleswar 525- 675 32,2*1,1
-170 575- 800 33.§*2.2

800-1125 41.6*1.9

Ankleswar
-5 775- 850

850-1150
29.3*0.5
43.0*1.2



84

3.4 Meeeurements of the Coefficient of Thermal

Conductivity

Accurate estimation of the mean conductivity

coefficient of etratigraphic oolumne comprised of varied

sequences of sediments at various dspths In s drill hole,
308*6 a major problem and very few of these values In

rsspsct of olaystonee, shales, and silty shale are available

in published literature.

Tjnfortunately no core samples could be obtained

from the wells which were actually investigated, but some

representing me.jor rook typee of the Cambay basin were

obtained from various other welle in the basin notably from

Kalol, Cambay and Ankleswar. Circular discs of 41.2 mm die.

were ussd for determination of the coefficient of thermal

conductivity on the Modified Birch's apparatus using .quarts

disos cut parallel to the optic exls as a standard. Ths

conductivities were first determined in an over-dry state

and then after saturation with eroeene under vacuum to pre

vent dieintigratlon. For the few eaaples which did not

disintegrate in water, the conductivity values were else

determined after saturating thsm with wster undsr vacuum.

The values obtained for vsrloue types of sediiaents are given

in Table II1-3.

Conductivity coefficients (K^) of water seturated
samples of olaystone, shale and allty candy cleystone and

shale, oould not be measured as they disintegrated rather

III-9
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Thermal Conductivity of Core Samplee
From Cambay Basin
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Thermal Conductivity RaUo

Sample Depth
No. from

surfa
ce (m)

Rook type

moal/cm.seo**

sstu- satu
rated rated
(K ) (K^)
v ea ao'

c

Water
satu
rated

<*sv>
Ksa Kea

1 2 3 4 5 7

0-7 1000 Clay Stone 1.78 2.31 ~ 1.29 —

C-8 698 Clay Stone 1.93 2,50 — 1.29 ——

C-9 798 Clay Stone 1.75 2.47 — 1.40 —

C-13 801 Clay Stone 2.30 2.34 — 1.24 ——

C-20 703 Clay Stone 2.04 2-53 — 1.23 ——

C-1 — Cley Stone 1.87 —
— — —

A-11 453 Cley Stone 2.57 3.48 — 1.35 ——

C-23 1505 Shale 1.71 2,25 — t,31 ——

C-2 1176 Clay Shale 2.13 2.85 — 1.34 ——

K-9 1070 Shale 2.54 3.16 — 1.24 ——

K-12 1478 Shale 1.85 2.41 — 1.30 —

K-6 984 Shale 1.81 2.16 2.89 1.19 1.59

A-5 926 Shale 2.28 2.80 —
1.22 —

A-12 850 Clayey Shale 1.99 2.52 —
1.26 —

A-6 910 Clayey Shale 2.22 2.59 3.42 1.16 1.32

A-7A 1056 Shale 1.72 «*»• — — ——

A-7B 1056 Shale 1.98 2,36 —
1.20 •»<>»

C-19 1305 Silty Sendy
Shale

2.66 3.28 •»«• 1.23

C-22 1175 Silty Clay
Stone

2.7t ——
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Teble III-3 (contd.)

K-13A 1044 Silty Shale
K-13B 1044 Silty Shale

K-11

X-1

K-14

K-14

K-8

K-18

K-8

X-7

K-16A

K-16B

K-4

K-2

C-24

A-11

A-3

1200

1055

1040

1040

695

1343

900

1050

2803

2806

900

929

1295

113&

670

A-14 807

A- 13 1007

C-14 1298

K-2 930

Silty Shale

Silty Shale

Silty Shale

Silty Shale

Silty Clay

Silty Clay

Silty Clay

Silty Clay

Sand Stone

Sand Stone

Sand Stone

Mottled Sandy
alitstone

Lime Stone

Lime Stone

Foseiilferoue
lime etone

Silt Stone

Silt Stone

Slit Stone

Slit Stone

2.99

2.96

3.37

3.24

2.78

3.17

2.46

2.86

2.44

2.48

3.95

4.24

4.12

4.28

3.62

2.85

4.08

<•> ••

3.71

3.84

3.00

.48

2.89

4.67

4.86

4.60

4.69

.'.2-.;

3.23

2.52 3.30

3.12 3.89

3.17 4.08

4.03 4.41

111-11

6.25

6.28

6.45

6.54

5.21

5.34

4.90

5.02

5.50

5.54

6.50

8K

1.38

1.14

1.39
mum

1.22

1.22

1.18

1.16

1.15

1.15

1.09

SjMB.

1.16

1.13

8

1.58

1,48

1.56

1.53

1.47

1.72

1.31 1.99

1.25 1.76

1.29 1.75

1.09 1.61
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quickly in water. The ratio of 'water saturated' conducti
vity (Kw) to 'dry conductivity (K8a), which could only be
obtained for a few eemples was found to vary from 1.32 to
1.59 for shales, clayey shalss and sandstones, x with an
average of about 1.50. The ratio ie much higher for samplee
of fossiliferous limestonee and the slltstones. Avalue of
1.50 for KgJ^ *«e» *<>"****• adopted for estimating the
♦water saturated' conductivity values finally adopted for
vartoue rook typee are given in Table III-4. For clayey and
ehaley sandstones, which arc a few metree thiamin the stra-
tigraphic columns, avalue of 5.5 *0.3 mcai/om'sec.-C, which
is intermsdiate between those for sandstonee and silty shales
was adopted. No representative samples of this rock type
could be obtained for conductivity studies.

3,5 Evaluation of Hast Flow

The beet flow values wsre calculated, vide section

2.3, after first correcting the water saturated conductivity
values for temperature Increase with depth ss suggested by

Joyner (1960).

3,5.1 The Cambay oil and gas field

The Cambay (or ounej) field 9 km mi of the town

of Cambey and about 60 km west of Baroda, was the first com
mercially productive field to be diecovered in the Cambay
basin. The field lies over s nortb-soith trending anticline
faulted on ite east flank and on ite west by minor faults

111-12
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TABLS III-4

of the Conductivity Values

Measuree and Adopted

Rook type a amp
le-

Clay stones 8

Shales and Clayey 10
shales

Silty or sandy 8
shales or silty
sandy claystones
from Kalol oil
field.

Lime Stone 3

Silt Stone 4

Clayey or Shaly
sanci stones

Mean conductivityNo.of jfo^./om.seo.'C)
satura- satura
ted tsd K

00

Water sstu-
rated con
ductivity
valuee
adopted

2.03*0.1 2.69*0.2 5.0*0.2

2.02*0.1 2.57*0.1 5.0*0.2

2.98*0.29 3.62*0.40 4.5*0.45

3.23*0.54 3.71*0.68 5.2*0.23

3.21*0.62 3.92*0.46 5.6*0.62

5.5*0.3

'standard error of the

111-13
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(Mathur and Evans, 1964). Aoloee examination of the tempera
ture depth curves (Pigurs III-3) of the 3 welle, C-10, C-36,
and C-33 of the Cambay field show epecifio depth intervale in

whioh the temperature depth curves are fairly linear. The

heat flow values have been calculated for these eleven depth

intervsls using weighted mean conductivity values and leaat

squars fitted gradients for the epeeific depth interval. These
(Table III-5) show considerable variation and distinguish C-10
from C-36 on one side and C-10 from C-35 on the other. Tempe

rature (Figure III-3) are also lower for C-33 as compared with

those at corresponding depthe in C-10 and C-36. Wells C-10

snd C-36 are loca ed near the top of the LuneJ structure, while

well No.C-33 Is located on its eastern flank.

3.5.2 The Kathana oil field

This field lies over a 5S-SW trending anticline snd

is situated east of the famous Cambey gas field. Heat flow

valuee were determined in three well •**. !Cat-3t 5 and 9 using

the BP technique. An increase of host flow values was notsd

at a dspths of about 650, 725 m in well Nos. Kat-5 and9(Table

II1-6). The temperature profile, the percentage of rook forma

tions and the Bullard plot for well Kat-9 are shown in

Figure II1-4.

3.5.3 The Nawagam oil field

The Nawagam anticline, whioh lies about 24 km south

of Ahmadabad, is irregular in shape, but hae a general eeet-

111-14
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T A B L IS IH-5

Mean Thermal Conductivity, Gradient and
Heat Plow Ibr Three Cambay Walls
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Well No.

Depth
Interval
(a)

Gradient
CC/toa)

Weighted
mean con

ductivity
in the
depth
interval
(mcal/cm

Sec*C)

Heat Flow
(a cal/
o&eee)

C-10 450- 600 53.3*0.7* 3.4*0.3* 1.8*0.2*

C-10 625- 775 48.861.0 3.6*0.3 1,8*0.2

C-10 875- 975 74.9*8.0 3.3*0.3 2.5*0.3

C-10 975-1125 65.7*1.7 3.5*0,2 2.^*0.2

C-36 450- 625 50.0*0.8 3.6*0.3 1.8,*0.2

C-36 625- 750 44.5*1.8 3.9*0.2 1.7*0.2

C-36 775- 850 46.5*6.0 3.8*0,3 1.8*0.3

C-36 850-1100 63.9*0.8 3.6*0.2 2.3*0.1

C-33 525- 700 46.8*0,6 3.4*0.3 1.6*0.1

C-33 700- 850 42.5*0.9 4.1*0.3 1.8*0.1

C-33 1025-1175 52.2*1.3 3.9,*0.2 2.0*0.1

*the Halts are given at 95$ confidence level
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TAB1B III-6

Heat Flow Data from Different Depth Intervale
fcr Mshssns, <Calol, Sanand, Nawagam, Kathana,

Ankleswar and Broach Wells

9?

Loeslity
well
No.

Depth
Inter
val(m)

Heat flow
(a oal/em*
sec.)

Mshsana Oil field 6 900-1120 1.9

Kalol Oil field K-58 550- 975
975-1200

1.7
1.8

K-27 560-1000
1020-1220

1.8
1.9

Sanand Oil field S-5 800-1000 1.8

Nawagam Oil field 32

43

400- 900

600- 860

1.9

2.0

K3thana Oil field Kat-9 525- 725
725-1200

1.9
2.2

Kat-5 700- 900
900-1200

2.0
2.0

Kat-3 500- 650
650- 900

1.9
2.2

Ankleewar Oil field A-2 750-1200 1.7

A-28 400- 500
500-1175 1.65

A-170 700-1200 1.5

Broach 6 420-1220 1.3
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west trend. Tsmperatures were measured In two Hos. 32 and
43. well No.32 had a email flow of water from the perforated
horiaons below the depth of meaeuremente. However, the
temperature gradlente do not seem to be much affected by the
movement of water. The Bullard plot for well Ho.32 (Figure
III-5) is linear from 400-900 a and yields a heat flow value
cf 1.9 HIU more or less the same ss in well Mo.43 for 600-860 m
depth interval (Table III-6).

3,5.4 Sanand oil field

The Sanand structure 16 IN WHW of Ahmadabad is a

large antioline trending ?mw-SSB snd having avertical cio-
»ure of about 200 m. Temperatures were measured In well Ho.
S-5 and the Bullard plot yields s heat flow value of 1.8 HFU
for the depth interval from 800 to 1000 min which the

temperature-depth carve is quite linear.

3.5*5 The Kalol oil field

Heat flow woo determined In two wells, Xalol 27 and

58. Well number 27 ie located in the northern part of the
Xalol structure, whioh is an elongated asymmetrical anticline
with its longer axis trending in the HW-SE direction (Mathur
and Evans, 1964). Kalol 58 Is also located In the northern
part of the etruoture and is about 11 km east-southeast of
Kalol 27. Tsmperature prifiles, the percentage of rock typee*
and the Bullard plote for the two wells arc shown in Figure
III-6. These were plotted from a depth of about 550 m. The
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>

TEMPERATURE

60

FIGURE III-6

95

Temperature Profile, Lithology and Temperatures
vs kiBiAZi Curve (Bullard plot) for Kalol Wells
where AZi is the depth interval and Hi is the
thermal resistance. The top Axis of Temperature
is for well Mo.27 and the bottom axis which is
shifted to the right by 2*C is for Kalol well Mo.53.



~r

TEMPER ATURE.t

60 75

yiGDH3 in-7

j J50O

-750

-ooo

-1250

Temperature vs Depth curves, Lithology and Gradient,
in Ankleswar Wells

9R



'1

97

plots for both ths wells show a change in slops near ebout
a depth of 975-1000 a. Therefore, the heat flow were cal
culated separately for ths two different intervals for each
well. Thess are given in Table III-6.

3.5.6 Meheena structure

Temperature measurements ss carried out in well
So.6 drilled In Heheana structure, about 50 km SHw of
Ahaadabad, resulted in a heat flow value of 1.9 HFS (Table

III-6).

3.5.7 The Ankleswar oil field

The Ankleswsr field, 80 tea SSW of Baroda, lies on

an elongated dome trending EHB-W8W, and le associated with
faulting in the trep on its southern flank. The sntlcline
hae a gentle northern limb and a steeper southern limb, having
a dip that exceods 20* and even reaches 40*-50* locally.

Temperature meeeuremente were made In three welle
A-28, A-170 and A-2 in this field. Atemperature disturbance
in well number A-2 is litesly to bs the result of artesian
ground water moving up through the well and leaving through
horisone near a depth of 350 m. Temperature data of well Ho.
A-170 also indicate a slow upward movant of water through
the well. Temperature - depth curves for the three walls sre
shown in Figure III-7 aloagwlth interpreted lithologs and
temperature gradients each at 25 mintervals. The heat flux

II1-22
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- has besn computed by the Bullerd technique for four different
depth intervale in these wells and was found to vary from 1.5
to 1.7 HFU (Tsble III-6). The mean value for the Ankleewar
welle ie 1.62 HFU. The Bullard plots for the three wells ars

depleted In Figure TII-8.

3.5w8 Broach area

Bottom hole temperature data as collected by the

Oil and Natural Gas Commission in one particular well (Broach-
^ 6) has been used to calculate the heat flow value for the

area. Lowest temperature gradient and heat now values in the
Cambay baein have been obtained for the Broach area (Tables
II1-2 and IXI-6). It Is worth mentioning that maximum thick
ness of the ecdintents in the Cambay basin occurs in the

Broach area.
•

3.6 Discussion of Heeulta

The heat flow values obtained for all the three

wells of the Cambay gas field (Table III-5) show considerable
variation, the values bsing particularly lower at above the
850 mlevel. Mean values of heat flow were calculated for
aeven depth intcrvele above the 850 a depth level and for
four, below this level. These were find to be respectively
1.76*0.2 and 2,3.*0.2 ucal/cra2sec (at 95$ confidsnes level).
Aelmllar phenomenon was observed in iCalhana Oil well numbere
3 and 9, where the computed heat flow valuee increased below
the depths of about 550 and 725 mrespectively (Tsble TII-6).
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These differences arise from: i) Instability of the water

column upto a depth of 650 - OSO m, or il) Blow underground
movement of fluids in the baein at such depths. It aay be
mentioned here that in the case of Cambay these disorspancies

in the host flows at two levels could not be resolved even

vhen higher thermal conductivity values were assumed for the
major rock formations encountered at the upper levels.

Biment (1967) and Gretener (1967) also drew atten

tion to possible instabilities in ths water columns in lai^e

diameter wells, at depths upto 350 m. Subsequent to the

thermal logging of welle and evaluation of heat flow data,

an attempt was made to etudy the temperature variations with
time at specific depths in one of the wells. The data although
Insufficient, owing to lack ofjfetoilities for continuous tempe
rature wording at specified depths, show a small order of

variation of temperature upto 700-900 n. However it was not

possible to prediot the presence or otherwise of convection
cells In the water column at these dspths. Although occur

rence of convection cells upto about 800 • can not be ruled

out.

Covering of geotheraal gradlente and heat How values

in upper levels In account of underground water moveaente
have on the other hand been reported by Bullsrd (1939) snd

3ullsrd snd Niblett (1951) and could have played an Important

role In these regions.

It would appear reasonable to accept the heat flow
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values obtained at lower intervals as the representative
values foifthese fields, the final values bsing given in
Tsble IIX-1. The error in these values were mainly due to
uncertainty in the conductivity values and hae been eetiaated
to be ♦10*. keeping in view the various experimental uncerta
intiee. The heat flux in the Cambay basin north of the
Mahisagar river between Cambay and Hehsana thus appeare to be
higher than the world average of 1,65 HFU (Horai and Simaoae.
1969) and moderate in the southsrn part of the basin at
Ankleewar and Broach. All these valuee however are considsr-
sbly higher than the average heat flow values obtained In

shield areas.

Since typical host flow value for stable continental
areas is approximately 1.1 HTO (Leo and Uyeda, 1965). the high
mean heat flow values of 1,8 to 2.3 ♦ 0.2 HFU for the verlous
locations in the Cambay basin north of the Mahisagar rivsr
call for a sensible elucidation of the heat source whioh can
contribute the additional 1.0 to 1.2 WW aaar Cambay. There
are no granitic bodies nearby, whioh could by virtue of their
higher radioactivity explain these high valuee. The Deocan
Trap voloanios whioh underly the sediments are of Eocene age
(at leaet 50 m.y), and are unlikely to be the cause. Heat
flov studies in the Deccan Trap re ion at Alore-Koyne (this
chapter, pege I11-44) and one more location, widely eeparated
from Alore have yielded low values typical of continental
stable platform regions. Structural trends Indicate that the
Arevalli and Pre-Aravalll rooks continue under the basin (S.N.
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Sen Gupta of OHGC, Personal discussions). Low heat flow
values typical for Archaean shield areas are observed for the
area covered by exposed rocks of Aravalli and ?re-AravalU
Super groupe (this thesis Chapter If). According to Watson
(1976) almost all the present thickness and volume of the
continent was evolved upto 2000-2500 m.y.B. >., and major ero-
aion had ta.cn place only in the firet 300-400 m.y. After
the elapee of such times the ?re-Cambrian terrains have
retained their characteristics. Therefore it oen be safely
aesumed that once the perturbatione introduced due to Deccan
Trap lava flows die out, similar surface heat flow should be
registered both in the Cambay baain snd the Pre- Cambrian,
Aravalli and Pre-Aravalll terralne, which ie not toe oeee.

Unfortunately the eouroe of heat, its spatial distri
bution in the crust and mantle and Its gradual dissipation
are not well understood. Vitoreilo and Pollack (1980) euggeet
that 3<¥ of the heat flow In Cenosolo Tectonic sone ie a
residual heat from a transient thermal perturbation associated
vlth tectogensis. During teotogensis a portion of crust snd
a?psr mantle become thermally dleturbed by the process culmi
nating in metamorphisim, aagmatiem, deformation and uplift.
The heat anomalies of geoeynclinal areas such as Cambay basin
have evidently resulted from tectonic activisatlon. Thsy are
caused by deep seated prooessee and are sometime revealed in
the upper cruet by basic and aoid voloanism, the earriere of
heat energy and the products of deep seated melting and diffe
rentiation, in geosynoline areas the heat field ie not
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homogeneous and areas of high and low heat flow are dietin-
gulshsbls. In soms cases high heat flow Is found In areas
of strong nagaatio activity, positive gravity anomalies, lower

seismic velocities and higher electrical conductivity of the

mantle. Weak magmatism and negative gravity anomalies occur

with the low heat flow.

A compos!ts Bouguer snomaly map of the Gujarat area

hae been presented by Ssn Gupta (1967) (Figure III-9). whioh

shows an interesting gravity high along the axle of the bssin,

running alaost through ths Central part of ths Cambay baein

in the area north of the Hahisagar river from Cembay to near

Paten (Figure II1-9). The prevalence of negative anomaliee

in the area towarde south of Mahisagar river Is slso quite

evident. The Bouguer anomaly hae a maximum of about *37 mgal

near Cambay. *17 mgal near Sanand and doorcases to about *8 mgal

further northwards nesr Kalol, Just as ths heat flow snomaly

decreases. The gravity high cannot be explained by any struc-

ture within the sediments which are of low density, 2,3 to

2.4 ga/oa3. KailasamA , (1964) have explained this high
nesr Cambay as being due to greater thickness of Deooan trace

in the central part of basin as compared to its margins.

Assuming adensity contrast of 0.3 gm/oa3 between the Deooen
traps and the adjoining cruetal roe<s, they have obtained a

thicknees of Bsccan traps of 4 to 4.5 km in the oentrel part

of the baeln. Although this interpretstion could explain the

gravity high in the basin, it osnnot explain the high heat
flow. The combined thermal and gravity highs can be caused
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105

due to shallow orustal intrusion, and or a relatively crusts!

thinning beneath the basin. Beep seismic soundings have not

shown appreciable eruetel thinning la the main parts of the

Cambay basin (Kalla personal communication). As has been men

tioned that the gravity high is confined only to the axis.

Therefore the likely eource for the high heat flow in the basin

could arise from an intrusion in the eerth's crust.

m order to estimate the parameters of a causative

intrusive body, s moiel of en infinite reotangular dyke of

cross section 50 x 50 sq.km and original temperature 1200*C

wee assumed. Heat flow valuee were calculated using the

method suggested by Simmons (1967) for depths of burial at

0, 10, 20 and 30 ka. Figure I11-10 shows the relationship

between the heat flow contribution and age of an Intrusive

body of the above size. It appears that a heat flow anomaly

of about 1.0 to 1.2 IIFU could be explained ae being caused by

an intrusion of sbout 10 m.y. age et a depth of about 10 ka.

The igneous intrusion whioh must be of lets Hloosne or FLio-

cene age might aleo have been responslbls for faults snd other

tectonic features found in the Cambay basin.

Further support regarding the possible Intrusion in

ths earth's crust at a shallow depth underneath toe Cambay

field has been obtained from occurrence of steam in some wells.

Sen Gupte (1 967) reported encountering high pressure steam in

two wells, one each in Cambay and Kathana, at depths of about

1500 to 1750 m. All evidence points out to the source of

high temperature steam being within the Deooan Traps. Steaa
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has not been encountered in other wells drilled to the

depth in thio same area. It appears toat the high temperature

steam must have existed as a water phase within the traps and

found its way up along faults extending through the sediments

into ths trsps below. The high temperature of water inside

too trape might have been maintained by the heat of toe under

lying intrusion and the two wells drilled near Cambay encoun

tering these deep seated faults provided an escape passage

for the steam.

Ths magnitude of heat flow anomaly decreases as we

proceed from Cambay towards {alol-Mshsana. It appssrs prob

able that the intrusive body, suggested above has varying

altitudes within the crust underneath the Cambay field and

extends from Cambay to Mehsana. As mentioned earlier the

gravity data of the Cambay basin lends support to such an

assumption. The consistent trend of the two fields appears

to suggest that the intrusivo body narrows towards the north.

Assuming the common origin of these two fielde a

model of the 3- Worustel section near Cambay hae been cons

tructed with density contrasts as given in Figure r11-11.

For the aoet part the Decean traps have been assumed to

overlls the Arohasans, as appears from geological evidence.

Crustal rocks are assumed to consist of a lighter density

material near the surface and higher density on account of

overburden st greater depths. Agravity profile AA.,(Figure

Jfo. rn-9) in B1T>WSW direction passing nsar by Cambay has been

thus interpreted. The gravity profile le asymmetrical and
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shows a residual high of the order of 37 agal, about 25 ka

3HB of Cambay.

Assuming the gravity high to be only due to toe

Intruelve body In the crust with s density contrast of

♦0.15 ga/cc, ths approximate dimensions of the body were

obtained using Skeel's (1963) two dimsnslonal method. The

depth to the top surface of the body (Dj) was thus found to

be 11 ka end that to the bottom (Og) 20 km. Its width turned

out to be 44 km. Assuming a slightly lesser density contrast

of 0,1 gm/eo, the distensions obtained were B1 • 10,3 ka,

Dg » 25*8 ka and W• 43,8 km. Alower value of density con

trast therefore results in increasing the interpreted vertical

dimensions of the body but not so much its other dimensions.

Starting with approximate dimensions of the body ae obtained

by Skeel's method and the sediment configuration as reported

in literature, Hubert*e (1943) line integral method was

applied to obtain the shape of the intrusive body and that of

the underlying & traps. An accurate estimate of the thickness

of the traps In the basin is not evaliabe but It ie likely to

be 1 -2 km ee le Indicated by wells drilled by O'lOC. lor

purposes of computation, the thickness of the traps under the

sediments in the central part of the basin was taken to be

about 2.2 km. The final shape of the Intrusive body, the

traps, and the sediments which can explain toe observed gravity

curve most satisfactorily arc shown in Figure II1-11, The

diecrepancy between toe observed and the calculated curves nsar

the eastern margins of the basin appears to be due to toe
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presence of a secondary structure along the eastern margins.

Considering the uncertainties in our knowledge of toe density

contrasts and in the consequent interpretation of gravity

data, the crustal model presented here, baaed on existing

data, appears to be the most likely one.

A prominent gravity anomaly of magnitude 8 mgal

covering a wide area of about 300 sq.km centred near Borsad

about 25 km northeast of Cambay, has been attributed by

Hegi (1952) to a probable ohaage In density within the earth's

crust. A strong magnetic high (500 gammas) slightly displaced

to the eoutheaet, lias also been reported in this area which ie

probably of deep-seated origin (Ramachandra Rao, 1958). Theee

observations further support the probable presence of an

intrusive body.

Another conspicuous feature in the Bouguer anomaly

map, Sengupte (1967), Is the absence of a gravity high in the

southern part of the Cambay basin. The heat flow values whioh

could be obtained in this part of toe basin at Broach and

Ankleswar are also relatively lower. However, for a better

understanding, more haat flow d ta Is necessary in the southern

part of the basin.

As aentloned earlier, reversals of block tilting

have been a conspicuous feature of the basin throughout its

Cenosolo history. The Cambay-tCathana region hae aoted as a

central higher zone between two areas of active subsidence

both towards the north snd south. The highest heat flux is
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observed In this central sons.

3,7 Correletlon With Basement Topography

The decreasing trend In heat flow values froa

Cambay to Talol also bears s correlation with the basement

topography. A map of the trap eurface in the Cambay basin

r) -j* has been prepared by Avssthi et al. (1969) vide Figure W*
III-2. The depths to the trap surface for different fields

north of the Mahlsagar river are given in Table II1-7, The

table Indicates a decrease of heat flow with increase In the

depth of the basement complex.

IABU III-7

Baaement depths and average heat flux at
different fields in the northern part of

the Cambay Basin

T -,*_ Basement Average heat flow
locality depth (a) u cal./ca^.seo
BlMimm in 11 ihj.ji ijimi -urn mn | rnm -1 ir ~ _J^__^—^—-*—>"*——*^»»" 1••! iMniiiiwiM.*MiiniHMiPiiawewe>

Cambay gaa field 2t200 2.3

Kathana Oil field 2,400 2,2

T?awagam Oil field 2,700 1.9

Sanand 2800 - 3000 1.9

Kalol Oil field 3000 - 5200 1.85
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3.8 Conclusions

The above perspective of basement topography,

tectonics and geophysical anomalies deilneste oertain

revealing features which are briefly summarised belowi

I) The Cambay baein area north of the Hahieager river

from Cambay to Sanand is a region of high heat flow. The as

sociation of high heat flow values with gravity 'high' in

this part of the baoin indicatee toe likelihood of a buried

igneous intrusion of Pliocene to Miocene age In the cruet

underneath the basin, which probably extends from Cambay

towards Kalol and Patan.

li) The Caabay-Kathana region whioh apparently acted

as a central hinge sone separating the two areas of active

subsidence in to© north and south during the P»ocene Epoch,

ie found to b£ one of highest heat flux in toe Cambay Basin.

The maximum gravity and magnetic anomalies found in ths

region also appear to be associated with this sone.

ill) There seems to be a clear oorrelstion between the

heat flux and the basement relief which may he associeted

with oil and gee struoturee. Geothermal gradients snd heat

flow are higher where the depth of toe basement complex Is

less and vice versa.
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^ 3.9 Heat Flow at Alore-Koyna, Deooan Trapa

Alore and Koyna are located In the Western part

of the Maharashtra state within one of the most important

geological unite of Peninsular rndia - the Deccan Traps,

f^ydroelectrio power Is generated In the area by Impounding

water from the river Koyna at a high altitude In a lake named

Shivaji Sagaar. Two geemorphie patterns are delineated heret

i) the Sahyadrl mountains, which fore a system of rldgee and

ii) a gently sloping nsrrow coastal country from the West of

the continental divide to the Konken coast. The Sahyadrl

Mountains act as a water shed between the 'onkan and the

Eastern mainland area, Koyna and Alore are respectively

located towards the Xaatera and Western side of the water

shed (Figure III-1 2).

Although the area lies in the largely a seismic

peninsular shield, it began to show mild selsmio aotlvity

soon after the impounding of the Shivajl Sagar lejel in 1962.

Mioroearthquakes progressively Increased thereafter, both
>

in frequency and magnitude, over the next five years} and

after the power production reached its peak in the year 1967,

an earthquake of the magnitude 5,8 on the Hlchter's scale

occurred In the area on September 15, 1967. This was followed

by a major shook of magnitude 7.0 on December 11, 1967, end

the increased level of selemiolty has continued upto this day.

The epicentres of both theoe earthquakes were located in the

neighbourhood of Koyna nagar. The occurrence of an earthquake

*
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of magnitude 7.0 in the area became an important land mark

and triggered a lot of scientific investigation©. Two bore

holes were drilled nesr Alore, by the Koyna Hydrooleetrio

Project Authorities for estimating toe thickness of the traps

in the region whioh were subsequently used for temperature

measure mente reported here.

3.9.1 Geology end teotonlos of the Alore-itoyna region

The Deccan trap formations, over whioh Koyna and

Alore are located, constitute a series of basic lava flows

of Eocene-Paleocene age. The close of Mesosolo era In India

was marked by the outpouring of enormous lava flows, which

spread over vast areas of Western, Central and Southern

(Deccan) India, as neeriy horizontal sheets that have resulted

la their terraced form, These flows cover an area of about

600,000 eq.km attaining a maximum thickness of nearly 10 km(?)

In the region of the Oulf of Cambay and gradually thinning out

eastwards to just a few metres.

Thicknesses of the individual flows vary from a

metre to over 50 metres. Some of these have been traced over

long distances exceeding 100 km. Three types of basalts have

been recognised viz., Tholeitlc, high alumina basalts and

alkall-olivine basalts. Humorous dolerlte dykes whioh are

not evently distributed are alec known to occur In toe Deccan

Trap. Both, post-Trap hypabyssal Intruaives end feedar dykes

for basalt flows, have been observed. It Is believed that

the Deccan Trap lava flows erupted from a system of a fissures
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In the Berth'a crust (West, 1958). However no clear out

evidence about these fissures has yet been observed. Biswas

and Deshpsnde (197£) opine that toe Deccan Trap lava might

have also erupted from the shield volcanoes situated along toe

west coast and In the Cambay and liaraada-Tapti rift sone8.

Wellman and MoSlhinny (1970) based on the K/Ar ages of some

Deccan Trap samples, suggest that they are of Paleocene age

and the actual span of voloanic activity is of the order of

5 million years, with an average age of around 60 suy. Several

evidences of post-Trappen faulting, rejuvenation of the platsau,

scoumulatlon of tectonic stress snd of recent faulting in the

coantal strip have also been observed (Sahasrabudhe and

Deshmukh, 1970; Gupte, 1970s Pawde end Kumar, 1976; Das and

Ray, 1971).

A belt of hot springs are known to oocur on the

Konkan coast which runs for over 450 km as a narrow belt towards

the West of the continents divide. From photogeoiogical

studies, Das and Hay of the Geological Survey of India conclude

that the hot springs of this belt follow a definite tectonic

alignment and are related to fracture systems In toe region.

According to s.c, Sharrae of the Geological Survey of

India who carried out detailed geological mapping and field

surveys in the Alore-Koyna areas, the region baa perhaps not

suffered any severe tectonic movements in the recent past and

whilst there exist a large number of U-S trending fractures

west of the continental divide, they are comparatively fewer
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in number on ita east. He aleo noticed the presence of

numerous shear aonee in the excavations made in connection

with the Koyna Itydroeleotrle project.

Temperature aeaeure.Tonta vers made in two boreholes

drilled at Alore. These encountered dense grey snd Amygda-

loldei varieties cf basalts, mtertrappeaas and pyroclaetics

were not encountered as expected, indicating thereby that toe

volcanic activity might have continued uninterrupted end with

out violent outbursts. The proven depth of toe basalts Is

214 m below the a.e.1, (as borehole KFS 2 wae drilled upto thie

depth). So marine sediments were found in association with toe

pillow structures to suggest that these lavas had been laid

under the ssa, snd It appears reasonable to assime that toe

area was dowathrown by more than 214 a (S.C. Sharaa, personal

communication),

3.9.2 Temperature measurements

Temperatures were measured to within 0.02*0 in two

boreholes KFHJ-1 and KF1&-2, st various depths at 5 m intervale.

Temperatures in Kys-1 were measured a few years aftsr the

drilling had been oomple ed while in :F<>2 these wire made

only two weeks after the drilling. Gradients measured st 5 a

Intervale and the temperature - depth curve end litoolog for

the two boreholes are shown in Figure ITI-13.

3.9.5 Measureaents of the ooeffioient of thermal conductivity

Conductivity coefficients of 24 core samplss oollected
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fro* the tws boreholes were measured using ths modified Birch

type apparatus and the valuee are given la Table II1-8.

During measurements ths samplee wsre maintained st s mean tem

perature of 37.5*C snd under s pressure of about 100 kg/cm2.

•Jpon s microscopic study, the core samples were

clseslfled into grey basalts and Aaygedoloidai basalts which

wars partly vescicular and included secondary mineral veins

snd grains. Bom basalts anew predominant inclusions of

Celclte ss veins and grains. The densitiee of ths saaplea

varied from 2.29 to 3.04 ga/ea5 and the conductivity valass
frca 2.2 to 4.6 seal./ea. See.*C. Thermal conductivity of

dense grey basalts was found to be higher than those of the

aaygedoloidai variety.

3*9// Evaluation of asat now

Beat flow valass have seen evaluated fbr two depth

Intervale: 75 to 130 a and 130 to 180 a in borehole I7B-1.

In ths first interval ths gradient waa found to be 25.98 ♦

0.38*C/ka which yielded s heat flow vales eojaal to 0.96 370**

when combined vita ths mean conductivity of all the cars

saaplea. The gradient in the second interval was 27.2*C/ka

yielding ths corresponding heat flow of 1,01 HHJ. Similarly

ths gradient and heat flow valass for the two depth intervals

95 to 140 m end 145 to 170 a An borehole JCFB-2 wsre foasd to

be 27.74*C/ka, 23.27*0/** sad 1.03 Wm and O.afi HITI reepecU-

velr. However, st lower depth intervale in borehole KFM,
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Thermal Conductivity Data for Aiore-Soyna Boreholes
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« Bora
£ hols

so.

depth
(a)

conduc

tivity 2
(acal/ea .

See *C>

S.
SB*

Thermal
Bars S4esn conduc-
hols depth tivity .
Ho. (a) (acai/eaV

Sec *C

Soak Typsu Dense §pny
basalts

seek Types Denas grey basalt
with few aaygdules

1. SLFB-1 68.5 3.83 1. :f-1 171.5 3.47

2. —do— 129.0 4.49 2. KFtrtt 73.0 3.67

3. -do- 136.5 3*86 3. -de* 113.0 3.32

4. —do— H2.6 3.58 Mbsb i 3.49

5. -do- 148.7 3.78

6. —do—

7. —do—

162.4

163.0

3.80

4.62

Bank Typsi Aaygdoloidal
vesicular basalts
4i\ ^aasaaa#9

8. -do- 168.5 4.08

9. -do- 171.5 4.39 1. *FM 63.9 2.84

10. -do 172*0 3.74 2. TWKf 129.8 3.21

ll* -do- 177.6 4.02 3. -do- 172.0 2.97

12. -do- 182.8 4.52 Meant 3.01

13. KFB-2

14. —do—

15. -dc-

85.3

95.0

142.5

3.50

4.47

4.18

BCCk Types Coarse grainsd
basalts wlto vesicular
filled with calcita

16. -do- 161.3 4.45 1. 3PM 98.0 2.59

17. -da- 179.0 5.81 2. 3CF8-2 136.4 2.22

t 4.07 Mean t 2.40
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denes grsy basalt sod freeh bard aaygdoloidal basalts were

mostly snoountsred both possessing higher conductivity

values. Ths asaa conductivity for tosss varieties of

basalts (4.07). Vhsn combined wlto the gradient of 23.27*C/ka

as observed in ths lower depth Interval of OB-2 yields s

hsat flow value of 0.95 HUT,

It was difficult to work-cut precisely toe thick

nesses of vsrious typss of besalts encountered in ths two

boreholes. Observed variations in hsat flow appear to

arise mainly frca random variations In conductivity. Ths

mean heat flow obtained frca the four depth lntervsls is

1*0 HFJ.

3.9<£~ Discussion

ths hsat flow value of 1.0 HfU for Alore is typical

of continental platform regions. Since ths Dsccsn Traps

have blanked ths pre-existing topography over a large area

and lie Juxtapoesd with the ?re-Cs«brisn Dharworc, granites,

gneisses, iCalsdgl snd Shis* series ssdiasnts and Goadwaaa

eediaentary fetsaations, ths stratigraphy of the underlying

formations was a aattsr of wide speculation. It is however

generally believed that the Deccan Trass overlie toe Pre-

Csabrian formations most of ths way. The tfecean trass have

s seen ags of about 60 m./. sad have lost practically all

their volcanic heat. Satlastss of the inferred thickness of

basalts in ths Alore region vary fraa 250 to 450 a. Also,
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sines basalta possss low concentrations of radioactive

best generating elements, mot of the Alore heat flow

represents charasterletlca of a Sre-csabrlsn crust.

Observed beet now values are respectively 0.7 sad 0.6 HFH

in Dharwsrs south of Alore (Chaptsr IT)| 1,49 HFC* at

Deans snd 1.18 st fehapanl in the Gondwsnss towards ths

northeast.

Although ths hsat flow value obtained free Alore

eoaetitutee s single cample, It sppsara to bs xeasonably

troo from sny dieturbenoes. Ths value la atallar to aodsl

values from other stable continental areas (Lee sad 3yedat

1965). If it is assumed to bs s representative val ue for

the area, it indicates that the shallow seismic activity

of ths region, which aay have been caused by resotivation

sf ssse local shallow fsults snd readjustment after the

lapounding of Shivajisagar leke, doss not mppomw to bs sf

such tectonic signiflcenos.
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CHAFTKH XT A

HBAT H,OW IV AHA?ALU MOUHTAIH BELT

AHD AT KALTADI (DHARWA18)

44.1 Introduction

Ths Aravalli mountain system constitutes sn iaport-

ent fre-Caabrian geological unit of the Indisn landaass. It

occupies ths north-western psrt of ths Indisn shield has sn

c* average width of about 80 ka and extends over a dlstsnss of
f

neerly 600 ka from Delhi to Gujarat across Bajasthan in a

south-westerly direction (figure 17-1). Hear Gujarat it

assumee a south-easterly trend snd dlssppsare under the Deccan

Traps. It say in fact be extending from underneath ths

Hisalysn architecture in ths north to the baccsdlves in the

south (Krlshnen. 1953).

The Aravalli range is the richest bass astal province

In India encompassing a large number of deposits and an unusual

^ concentration of copper and lead-sine mineralisation. Consider

able exploration and drilling activity has consequently been

carried out there. Beat flow aaaauremsnts in tares deep bore

holes et Madankudan In the <hetri area yielded surprisingly

high eurfsee valuee of 1.76 JfFTJ (Gupta et si. 1967), thereby

stimulating interest to study as many heat flow valuee as

possible over Its entire exposed length. Teaperature aeaeurs-

mente were accordingly asde in s large number sf diamond-cored

holee of rorying depths. Numerous cores were sampled for

I? A-1
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conductivity asaaureaents in the laboratory to evaluate

best flow values.

Reeulte obtained in the Madan-Kudan, Kelihsn, Kala-

pahr, Bhsgoni. (Delhi-Super Group), Zawar (Aravalli Super

Group), Bsjpura-Daribs, and Fur-Daribs (Pre-Aravalli Super

Group) areas of the Aravalli mountain ayetea (Figure 17-1)

ae well ee heat flow value obtained at Kalyadl, in a Dharwar

schist belt are presented and discussed in this oheptsr.

4A.2 Geology of The Aravalli Belt

The Aravalli belt Is composed of three Pre-oaabrlan

Super Grotipei the Pre-Aravallls. Aravallls and the Delhis.

The Pre-Aravallls constitute the oldest rock ooaplex

of the belt and include a wide variety of crystalline rocks

represented by schists, phyilites. slates, quartsites, marbles

and gneisses with assoolated sold snd baelc intrusive bodies.

Ths Bereaoh granites and gneisses, ths oldsst member (2580 a,y)

of the Pre-Aravallls, sre exposed in the central psrt of

Rajaethan and resemble, over s large part of the area, ths

post-Dharwarlan granite (Ciosepet type) of South India. Ths

Bended Gnelssio Coaplsx of eastern Bajasthan, overlying the

Bereaoh granites, is represented by algaatitee and composite

gaeissse that undoubtedly include original sediments, now repre

ssated by relict bands, snd lenses of blotlts and chlorite

sehlets, (Benerjs and Hitra, 1977).

IT A-3
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Hocks of the Aravallls super group which are ooape-

ratively less aetamorphosed than the underlying Pre-Aravallls

snd the overlying Delhie, comprise a thick folded sequence sf

argillaceous aediaente represented by quartaltee, arkose and

eoagioaerates at the base and mica schists, quartz!tee,

phyllitee, oherty limestone, dolomite and coapsalts gneisses

in the upper pert (Muxtiaath, 1967). The baeel beds ere found

to rest on the Bended Gnelssle Coaplsx with m erosional

unconformity. The thick series of ferruginous snd argillaceous

dolomite snd limestone beds exposed between fCankroil, Nathdwara,

Odaipur, Zawar and Dungsrpur areas, which wsre earlier consi

dered %f Heron (1925) as constituting the Ralalo, are now

grouped under the Aravallls as they represent s continuous

sequence.

The overlying Delhi super group of rocks are well

developed along the main sxis of folding of the Aravalli range an!

extend frca near Dalai In ths northeast to Gujarat in the south

west (Figure IT-1). Its lowermost group, consisting mostly of

limestones, with conglomerates and ojaartalts at the bass has

been designated ae the Halalo Group by Banerjee and Mitra,

(1977), ths name •Ralalo* being retained only In the type area

where it rests on ths Pre-Aravalli Banded Gneisslo Complex snd

Is overlain by the Alwar Group, both the Junctions being

unconformable. The Alwar group Is composed of arkosee and

grits e.g., phyilltes, sehistst Arfcoss quarts!tea, described

ea Alwar series, at the base, followed by t e upper aost eeriee I

naaed toe Ajabgarh series or group. The AJabgarh group is

I? A-4
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ooapoeed of s thick pils of aetaesdleenta represented by

phyllltes, biotite schists, oals-gnslssee,

All these formations of three super (peovipo snd sub

groups are associated with a number of acidic, basic snd

ultrebaaie Intrusivee of different 're-Cambrian ages and rich

baas metal deposits, Ths sastem part of the Aravalli sabrs-

sss the aajor part of toe deposits. The satire stretch of

ths metal logenetlo belt has a remarkably HIB-8SW linear trend

i.e., parallel to the regional strike. It is considered to

be a structurally weak sons snd constitutes a major tectonic

lineament that eight have originated due to long continued

deformatlve movements. Othsr minor linear fsbrios, In ths

form of linear faults, fracture end shear planes, are also

associated with the aajor one and essentially run parallsl to it.

The setsllogsnio-alnarogenetlo epochs of the Aravalli

region have been closely associated with its three main oroge

nies via., Pre-Arsvelii, Aravalli and Delhi of the region. The

aajor mineral belts such as thetri snd Alwar copper belts,

2awar lead-aine belt, and BhUwara lead-aine belt, are respec

tively related to ths Pre-Aravalli, Arsvslli and Delhi orogenies

(Muktinato, 1967).

4A. 3 Evolution of The Arsvslli Belt

Modem visws regarding ths initial growth pattern

of continental aassss envisage nucleatloa, accretion, and

merger into protoeontinents (Goodwin, I96O1 71I Anheeusser,

IV A-5
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1973f Gllksoti, 1971). frca the discovery of ohsrnoekltee

and associated granulits in ths *Banded Gnelsslo Complex1

In Bandenwara area (AJeer) by Psndays (1970) snd Gyani (1970),

existence of a nucleus of the Katarohsan continent of western

snd sentrsl north India has been inferred in ths Buadelkhsnd

snd Ajmer-Mswar region of toe Aravallls by Baja Bao (1971)

sad Tsldlys (1973).

The oldeet Katarehe an roc.:s (3,000 m0f) of the

Aravallls are represented by enclaves of old metsaorphies

present within the massif of the Buadelkhsnd Granites,and by

ths gnsissss, grsnalltss aad ehamockltss of central Rajasthsn

that have been extensively aigaatised or otherwiee reconsti

tuted into the Bsndsd Gneissie Ccaplsx* Crawford (1970, p. 105)

haa shown that ths Bereaoh as wsll as the Bundelkhsnd Grsnitss

hsvs ths ssms sgs (2555 ♦ 55 a.y). Ths Bundelkhand orogeny,

regional metaaorphien, end granitisetlon probably concluded

about 2450 m.y. ago. This ie supported by the fact that ths

overlying Bijawar lavas have a total rock Hb-Sr age of between

2460 and 2510 a,y. (Growford, 1969, p.361). A Pb-isoohron age

of 3500 a.y. has been reported frca ths Aravalli schists 8 ka

seat of Udalpur, whioh according to Eitohaauthu (1971) probably

indioatee ths ags of ssas component of the basement complex.

All the lithologioal foraatlone of the Aravalli range

mentioned in eectlon 4,1, are constituted of folded astssedlmente

of ancient ssas. The range is ths result of crusts! movements

In ths Pursns ere, elthough it now appeere aa a minor feature,

XV A-6
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it was once very lofty. Sver since ths Precaabrian tlaea,

it haa been subject to continued denudation, except for sons

upheave! during the Mesoaoic era, of as isrgs sn order ss

24 ailee(?) (Gulatee, 1952). On geological evidence, ths

Arsvslli range appssr to have been peneplaned in Pre-Crateceous

times.

Detailed structural studies of the Arsvslli region

notably by Ghosh snd Behe (1962), Baha st si. (1968), Bahs sal

MSJuader (1971), Sen (1970), Bsnerjse sad Mltrs (1977) sts,,

revealed tost four successive cycles of non-affine deforaative

aovements, followed by later minor otogenic impulses, sprssd

over e long span of tins have occurred. Ths Delhi s are

ohsrsstsrissd by st least two sets of aajor folding aovements

giving riss to saMSW sad VJV-BSE structural lirsnde, whiis

ths Aravallls are aesosisted with two completely seperate

structural trends, i.e., B-W snd BW-SE, which indicates that

ths tectonieity varied in space end slab la time during ths

Bslhl and Arsvslli times, the fold-pattern la ths Pre-Aravallls

being ths same ae that in ths Aravallls, thereby confirming an

Identical tectonic hierarchy prevailing during thsse two periods,

Ths aain aetaasrphio episodes In the Pre-Aravallis, Aravailie

and Delhis, whioh were, ssnsu strloto regional in nature, wars

ooevsl with the earlier phasss of ths aajor folding movements

snd were followed by dislocation and diaphtooresis in sones of

sheering, thereby causing retrcgrsds aetaaorphism la limited

locales. The grade of regional aetaaorphiaa. In general, varlee

IV A-7
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bet .een lover greenschist facles to Upper eaphibollte facias.

The presence of granulltes, at places, however, suggests

higher temperature and pressure eonditione prevailing et least

locally, (Banlerjee snd Hltra, 1977).

Begastltae occur during all the tor e orogenies and

the difficulty In associating thsse a** aasclfic orogenies
have led to s certain amount of uncertainty In ths interprets*

tlon of geochronologioal data. However, on the basis of ths

pionssrlng work of Holmes (1949. 1950, 1955), ths fC-Ar sgss of

Vinogradov and Tugarinov (1964) and the recent egee determined

by Crawford (1969, pp. 380* 1970, pp.108) the fellowing sequential

events have been recognised.

A whsls-rsa* fts-Sr isochron age of ths bssemsnt

complex near Chltor is 2600 awy. This probsbly marks ths

closing of the orogeny, actsjecrphiaa, and granitlsatlea of

the Pre-Aravalli basement in Rajaethan. According to Crawford

ths bass of the Aravallls can be no older thsa s?500 to 2590 a.y.

According to lohaauthtt (1971) it need not be quite so old if
>

there wss s isrge Use gap between the cryetellleatioa of ths

Baadslkhand aad Bereach granites end ths deposition of ths

Aravalli sediments. Ths bass of toe Aravallias la taksn dswa

to 2100 a.y. (Huktin^th, 1967). AravaHls are intruded by

granites with a minima* age of 1900 a*y, Ths sge of the top

of the Arevellie must bs of this order or lees. According

to Sarkar (1968) ths Aravalli orogeny snd aetsacrphisa closed

950 and 1500 a.y.

17 A-8
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V
• The Delhi super Troup is Intruded by the Bairath

Granite dated at about 1660 a.y. thus suggesting that the ags

of the Alwar series of the 09909 group snd probably of ths

entire group, ie greater then 1650 a.y. A second post-Delhi

Intrusive period occurred at about 950 m.y. which Is ths

sgs of toe Brlnpurs Granite cf the typs locality.

According to Crawfbrd, (quoted by Piohsmuthu, 1971)

whole-rock Rb-Sr ieoohrcn ages of poet-Dslhi Bairath granits

and Began River granite arc strikingly concordant (1660 a,y)

and so sedimentation of Deihis must bs ouch earlier then

1660 m.y. Barker, however considers that this is contradic

tory to other data svellsble frca Delhi and Aravalli rookei

end In hie opinion the Delhi orogeny and aetsmorphlsa oiosed

Between 724 snd 860 a,y, (Barker, 1968,, P«15) and a aetsaorphio

svent took ^1ace at about 6 O a,y. as Indicsted by tc-Ar sgss cf

biotite schist (621 a.y,) frca sfcstrif phylUts (643 a.y) free

Babel, biotite (614 .y) frca Dslhl sshlst, snd Pb-isotopio

Sgs of ths Bsasrskits (580 a.y) frca ths pegaatitee of
4

> Klshsngarh. Malenl rhy litec occupy a large area In and

around J dhpur. The associated Jalor and tiwana granite

intrusives into Delhie are considered to bs later than ths

Brlnpurs granite. K-Ar ages Indicate that ths rhyoiits flow

and granite eapleeement took plsss about 600.780 suy, ago

(Hchaauthu, 1971).

If A-9
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4A.4 Tsrapsraturs Measurements

Temperature measuremsnts at depth Intervale of

5 or 10 a (Inclined) were made la 11 boreholes! three et

Nsdsn-fudsn, two ssoh st Kollhan and Bhagonl, ens essh st

Kalapahar, Zawar, ^ur-Doriba and HaJ pura-Doriba. Vertical

depths of boreholes varied frca 200 a to 700 a. Partloulsrs

of thsss Boreholes slongwlth lssstsquare teaperature gradients

caloulf? ted for depth intervale, considered to be free frca

disturbanosB as revealed by linear teaperature • depth curves,

sre given in table 17 A-1. Ths teaperature gradients are

lowest at Rajpura-Darlba and Pur-Dsriss (Pre-Aravallle), scas-

what higher at Zawar (Aravallls) and hlgheat In ths Dsihls.

Teaperature depth eurvea in respect of ten boreholee ere shown

la Figures 17 A-2, 3 snd 4.

4A,5 Coefficient Of Thermal Conductivity

Ths conductivity values were determined frca measure

ments en 249 water saturated circular disss of either 41.2 am

or 25.4 aa diameter using the Hodlflsd Deaf1eld or ths Modified

Bireh Apparatus (Section 2.1.2), in which a quarts disc out

both persliel and perpendicular to its optic sxis or s calibra

ted lexan disc served ss s reference material. Ths overall

conductivity valuee sre considered to be soourats to ♦ 5*.

Host of the boreholee except that at Msdsn-Kudsn

are inclined boreholee drilled st sn angle so as to penetrate

fcreations perpendicular to their plane of foliation. Bowsvsr

17 A-10



TABLE I7A-1
00

CO
H

Particulars of Boreholes Lo
Plow Data lo Arav

gged, Geotheraal Gradlente and
©111 Mountain Bslt

Heat

Location
Bore Kleva-
hols tion
Be. above

a.s.l.

7 Depth to Ufcdistur-
whioh log- bed
ged (metres) period

Verti- (Inc-
oal lined)

Depth
interval
(metree)

Gradient
*CAa

6

Beat
Flow

Coordinates

1 2 3 4 5 6 7 9

I) Delhi Supe

Madao-Kudan
28*04'N 75'48,B

<r Sroujt

700

454 \

7 months

3ft -do-

1?0-700

I5O-3OO
300-460

21.75

20.26
2T.39

^7 333

S-43 331

1.75

1.75
1.83

8-49 36? 437 3ar -do- 150-300 20.62 1.71

Mean heat flow vrlue - 1.76

olihan

?9*59*?r 75*49*1
KKBB-52 364.3

KKBH-69

248

• 11

(393)

(475)

2 days

31 days

172-248

107-255

10.23

18.00

1.73

1.76

Kslapahar jkp-5 414 424 (580) 2 days 297-342 20.20 1.74

Bhagsni
27M7,B 76#24'B

DBBH-9 426.7

DBBH-18 419.3

238.6(365)

279.4(389)

18 days

21months

106.8-154.4
162.1-216.4
224.1-238.6
74.2-192.2

192.2-279.4

17.3 '
20.1 '
16.2
21.2 .
16.6,

\$t&<

I7A-11
(contd.. )
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**> Aravalli Supar Group

Zawar
24*21•* 73'44'B

mi-4 610 295.3(454) 24 hra. 71.6-295.3 14.5
j.of

I") Pre-Aravalli Twer Grouu

Rajpura-Darlba
24r58,B 74*8«B

PR4-35 581 275 (350) 41 hra. V. -.4-186.1 9.43 1.C0
186.1-227.7 11.33 0.89

Mean Jleat Flow Value 0.95

Pur-Darlba
25*21fB 74*82*B

-11 427 204.6(322) 11 days 120.5-204.6 12.7 0.95

I7A-12
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Fig. 2. Temperature versus depth curves and gradients for boreholes S-47, S-48, and S-49
in Khetri coi per belt, Rajasthan.
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various rooks, schists in particular, show considerable

anisotropy in their thermal properties. Two samples of

appropriate diameters were therefore cored from each borehole

and dimes of suitable thicknesses prepared from these.

Let, K e • Thermal conductivity of the sample oored

perpendicular to core madia.

K • Thermal conductivity of the sample oored

parallel to the cere axis.

X' f • Thermal conductivity when heat flow is

parallel to the plane of foliation.

*JJf * Thermal conductivity when heat flow ia
perpendicular to the plane of foliation.

for ooree taken from inclined boreholee,

XjJ • *!•

*jjt • *jjji

naturally the measured value of KiJk would be

greater than K * most of the time, as heat flow in such m

eaee la meetly along the plane of foliation. Sometime uncom-

pmtble results are obtained whioh aey be ascribed to various

factors. Thermal conductivity In the vertical direction was

Z? A-16
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calculated using the relation!

S. iCo8ln2# ♦ K^Ces**
jLfi

2,
K. Co**" KJLfSto«* % a 6

where *•* Is the angle of dip of ths plans sf foliation

from the horizontal.

In eass there ie no anisotropy,

r m if • K

Boreholee, often deviate during drilling, oauaing

foliation planes te make varying angles with ths axis of ths

eore sample. For such a eaee, using figures A and B as given

below end equation (1), the following relatione can bs

easily obtained.

%\g • t\j 81n2(90 ml ) ♦ Kjg Ces2(90 ♦/ )
• Kjjj Cos2 £ ♦ K^ gin8 < .. I? A-2

Similarly

*ie * Kjrt 8ln2^ * *if ^•^ •• *f M
Prom (2) snd O), we obtain.

IT A-17
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»at

8 Cos2«t-i

(KJLO *V C°*^ * *JL«
2 Cos^l
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Thermal conductivity (^) of the samplee In ths

vertical direction ie then computed using the general

angle of foliation of the area and the relation given in

equation 17 A-1.

Keeping in view the possible wide variation In

the geoehefaloal and theroo-physical properties among ths

various metm-sedimcate end between the meta-ssdiments and

associated volcenlce, an attempt has been made to make a

systematic study of the thermal conductivity values of ths

various rock types encountered the boreholes.

Thermal conductivities of representative core

samplee were determined, fifty one from Kanan-Kudan, thirteen

froa Xoiihan, seventy four from Darlba-Bhagoni aad twelve

eaapiee froa Rajpura-Dariba end their values listed in

Tabiee 17 A-2, 3, 4, 5, 6 and 7. In order to calculate

thermal cond activity in the vertical direction from the

measured K,0 and K.,values, relation 17 A-1 has been used

for Kolihsn, Rajpura-Dariba and 17 A-4, 5 and 1 for Bhagonl.

The saaplea were mostly fine-grained and were found to have

negligible porosity es determined by soaking e few of these

in water for 24 to 48 hours* frantically no difference wae

found in the conductivity valuee of soaked and dry samples.

17 A-19
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T A B L B I7A-2

Conductivity 7alues for Corea

from Borehole S-47

Sample
Depth
metres W

Thermal
Conductivity
meal/cm see C

Rook Type

K-40 129 2.845 11.60 Quartzite

K-42 162 2.806 6.76 Phyliite

K-43 171 2.1543 7.70 Biotitic quartzite

K-45 203 2.745 7.87 Phyliite

K-46 216 2.722 7.03 Phyliite

K-47 228 2.727 7.48 Phyliite

K-48 243 2,745 8.05 Biotitic quartzite

<-50 272 2,757 9.42 Biotitic quartzite

K-52 294 2.834 8.11 Phyliite

X-53 309 2.736 8.18 QuarUite

K-55 340 2.790 8.11 Phyliite

K-56 358 2.735 8,57 Quartzite

K-57 386 2.65 7.47 Phyliite

X-58 390 2.784 6.65 Phyliite

K-60 423 2.762 9.80 Phyliite

fC-61 443 2,830 8.30 Phyliite

K-62 458 2.794 8.53 Biotitic quartzite

K-64 488 2.795 7.54 Phyliite

K-66 524 2.699 9.17 Phyliite

K-67 539 2.747 6.71 Biotitic quartzite

K-68 556 2.783 7.16 Phyliite

K-69 569 2.743 7.23 Biotitic quartzite

K-70 588 2.714 7.87 Biotitic quartzite

K-71 599 2.722 7.40 Biotitic quartzite

fC-72 613 2.698 9l59 Biotitic quartzite

-74 645 2.720 7.32 Biotitic quartzite

Conductivity range 4 6.65 to 11.60j mean value « 3.06*1.11 s.d

I7A-20
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TABLE I7A-3

Thermal Conductivity 7alues for Cores

froa Borehole 8-43 & S-49
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Sample
Berth
metres

Density
g/Ofl?

Thermal
conductivity Rook Type
moal/oa see C

Borehole S-48

K-97 153 2.652 11.5 Quartzite

-08 158 2.733 6.9 Biotite quartzite

K-99 186 2.63 8.1 Quartzite

?- 100 205 2.716 7.3 Biotite quartzite

K-101 213 2.689 8.4 Quartzite

-102 229 2.659 8.3 Quartzite

7-103 245 2.735 9.2 Biotite quartzite

-105 290 2.669 9.3 Quartzite

Conductivity range •
Mean value «

6.9
3.63

- 11.5
♦,1.32 s«d

K-107 307 2.658 7.4 Biotite quartzite

K-109 324 2.623 8.2 Quartzite

>110 341 2.660 9.9 Biotitic qi art site

K-111 355 2.71 8.6 Biotitic quartzite

K-112 368 2.023 7.9 Biotitic quartzite

K-113 383 2.773 7.4 Phyliite

K-114 401 2.673 10.4 Biotitic quartzite

-115 419 2.784 8.7 Jhyllite

K-116 434 2.84 7.9 Phyliite

Conductivity range •
Mean value «

5.4
8.18

to 10.5
i ♦, 1,39 s.d

(Contd.. )
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TABLE I7A-3 (eontd..)

Sample
Depth
metres

Density
g/o«>

Thermal
Conductivity
racel/cra oec*

Rook Type

Borehole S-49

K-7 157 2.749 7.60 Phyliite

K-8 166 2.728 7.40 Phyliite

{-10 195 2.752 7.90 Biotitic quartzite

-11 216 2.751 7.90 Biotitic quartzite

K-12 236 2.71 11.50 Quartzite

K-14 272 2.819 7.80 Quartzite

-15 292 2,770 7.45 Phyliite

K-16 299 2.847 8.90 Phyliite

Conductivity xnl* range • 7.4 to 11.5

Mian value » 8.31 £ 1.37 s.d

I7A-22
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Thermal Conductivity 7fiiuo© for Cores

froa Kolihan Boreholes ?XBH-52 and KOB-69.

145

7erti-
cal
depth
metres

TT-52

Theriaal Conductivity*

* 0 K O Sa

7erti-
cal
depth
astres

KJCBff-69
Thermal conductivity1

*X0 «Ji. %

177 il.72 11.69 11.70 136 12.22 10.07 11.97

183.5 8.35 6.32 7.16 145 11.2 3.54 10.69

190 6.15 5.5 .20 174 8.45 6.8 0.25

196.5 10.51 11.65 11.18 201 8.9 6.5 8.62

203 11,6 9.6 10.43 210 9.0 8.76 9.0

209.5 10.4 8.5 9*28 219 10.2 8.73 10.03

215.7 11.75 10.34 10.92

Mean
value 10.07 9.09 9.84

Mean

value 10.71 8.61 9.79

*.acal/Qji ama£a\ i
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T A B L B I7A-5

Conductivity 7aluee of Core
8a»plee froa Borehole D2BH-9.

146

Inclined Thermal Conductivity
Depth aoal/oa.See*C
netree K_u m Kj_ s,

Artcoeic Quartzite 177.3
187.5
197.6
207.3

11.66
10.96
9.31
9.85

12.9
9.12

10.20
11.34

12.1
10.3
9.6

10.4

Mean value 10.45 10.89 10.6

Biotitic quartzite 267.1
294.3
301.9
308.9
316.0

9.44
10.49
7.27
9*63
9.51

10.1
10.83
7.66
9.58
9.99

9.7
10.6
7.4
9.6
9.7

Mean value 9.27 9.49 9.4

Aaphibole Quartzite 323.0
330.6
336.8

7.22
<\00
Ml

0.15
a. 52
7.75

6.8
8.8
8.3

Mean value 8.5 7.44 8.0

Metadelerite or 217.4
Aaoblbolite ' 227.5

237.6
257.5
267.5
352.3
358.9
365.3

6.00
6,00
5.24
6.97
5.36
5.95
5.96
6.79

6.24
6.02
5.00
6.59
6.72
5.60
5.79
6.45

6.1
6.0
6.1
6.8
6.4
5.8
5.9
6.7

1 Iml ^** * V ** ^**-» 6.35 6.18 6.2

Phyliite 129.8
133.8
167.4
168.0

9.40
0.17
7.34
7.39

10,07
9.72

10.44
10.15

9.6
8.7
8.5
8.7

Mean value 8.20 10.10 8.9
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TABLE I7A-6

Thermal Conductivity 7alues of Core

Samplee from Borehole DBBH-9

147

Inclined Thermal Conductivity
Rook Type Depth moal/em See*C

aetras
Kile Kj-c *\j

Metadelerite and 230.0 7.4 7.8
6.8

7.5
Aaphlbolite 235.1 6.8 6.8

^ 240.0 5.4 5.5 5.4
25C.0 6.8 *.8 6.8
25r3.0 6.7 7.0 6.8
260.0 6.45 6.7 6.5
265.9 7.4 7.0 7.2
270.0 8.91 6.9 8.2
275.4 6.8 7.7 7.1

Mean value 6.96 6.91 6.92

PhyHite 100.8 6.7 9.3 7.7
120.4 7.3 0.4 7.7
175.2 8.8 10.7 9.5

Mean value 7.6 9.47 8.3

Marble 140.2 5.7 5.7 5.7
206.0 5.5 5.5

Mean v elue 5.6 5.6

Aaphibole Quartzite 245.6 6.2 6.1 6.16
253.3 8.1 8.8 8.4

Mian valiis

15§.»7

7.15

11.1
9.5

7.45

10.6
10.4

7.28

Quartzite 10.9
(Arkaritf, Felepaltio 190.0 9.8
or Gritty) 194.9 11.5 11.4 11.5

210,0 9.4 .5 9.1
«1M 3,8 9.7 9.1
220.0 9.6 11.1 10.1
225.8 9.6 10.5 9.9

Mean value 9.93 10.31 10.1

Blollte Quartzite 235.5 9.3 9.8 9.5
335.4 10.2 9.3 9.9
365.8 10.1 10.4 10.2

Mean value 9.37 9.83 9.87
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TABLE I7A-7

Thermal Conductivity Data for Rajpur-Doriba

borehole DR4 - 35

148

Rook Type
taetree «*c ^

Syanite-etauroiite
bearing Garnetiferous
graphitic sohist

101 12.32 7.46 9.14 1.65

-do- 107 12.5 9.34 10.43 1.34

-do- 126 13.2 11.28 11.94 1.17

-do- 133 13.6 8.69 10.39 1.21

-do- 143 11.0 8.42 9.31 1.31

-do- 144 13.68 11.73 12,40 1.17

Mean value 12.72 9.49 10.60

Graphltie mloa schist 180 9.5 6.6 7.6 1.44

-do- 219 10.55 4.52 6.67 2.28

-do- 220 10.51 6.08 7.61 1.73

-do- 224 11.15 5.52 7.46 2.02

-do- 229 10.16 5.62 7.19 1.81

•do— 234 12.46 6.35 8.46 1.96

Mean v alue 1072 5.8 7.5

meal/cm eeo'O

m56



149

4A.6 Evaluation of Hsat Flow

4A.6.1 Best flow in the Delhi super group formations

Thermal measurements have been carried out In

three areas of the Khetri Copper Belt and one of the Alwar

Copper Belt of this Super Group. The Khetri ooppov belt

whioh le about 40 km long is situated at ths northern end of

the Aravalli system. The rook formatlone in the area eensists

mostly of quartzitee end phyllitee belonging to the Alwar and
-*

the Ajabgarh series of the ">elhi system. Regionally the

strike of the formations varies from HtfB-SSW to IB-8W with

high dips.

Widely distributed eopper occurrencee have bean

found in the Alwar and Ralalo series of the Delhi Super Group

nsar Alwar town, mineralisation being confined primarily to

the calcareous rooks of the upper Ralalo Seriee in Bhagonl

where thermal meaauremsnts have bean made in two boreholes

BBBR-9 and 18 (Table 17 A-1).

*

4A.6.1.1 Results froa

Temperature versus depth ourveo for three bore

holee along with gradlente at different depths are shown In

Figure 17 A-2. Since the temperature - depth surve fer bore

hole £-47 ie quite linear below a dept of 120 a, only one

gradient was calculated for the interval 120-700 m. The

least-square fit of teaperature with depth for this borehole
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Is T(*C) i 28.5 ♦ (21.75 ♦ 0.03) X, where 'X' is dspth In

kilometres.

In borehole 13-48, two slightly different gradients

were found in the depth intervals, 150-300 a, end 300-460 a.

These valuee wsre 20-26 ♦, O.OS'C/ka and 22.39 ♦ G.09*C/ka,

respectively. The overall gradient in 150 to 460 metre depth

interval being 21.28 ♦, 0.1#CAm.

In borehole s-49 three distinctly different gradlente

were found in the depth Intervals 130-300 m, 310-370 m, and

380-500 metres* The three gradients in 5-49 were found to be

20,62 ♦ 0.09*C/km, 18.33 ♦, 0.4'C/ka, end 21.74 ♦, 0.2*C/kn>»

reepeetlveiy. The change in gradient below 310 a may be due

te the presence of grapbltio phyllitee lying between 320 and

370 m.

Beat flow values evaluated from these boreholee

for four different depth intervale are listed in Table 17 A-1.

For borehole ^-49. heat flow was evaluated for only one inter

val because adequate number of samples wsre not available at

other depths.

Ths mean value of heat flow obtained froa the throe

boreholee ie 1.76 ♦, 0.1 HFV. Differences in heat flow valuee

aay be due to inadequate samplee for thermal conductivity
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4A.6.1.2 Results froa Kollhaa aad laiapahar

These two eeotlons of the Khetri cooper belt (KCP)

are located within ten kilometres from Maden-Kudan. Observed

teaperature gradients for these two sections of KCP, are

slightly lever than taoee observed In Modan-Kudan. However,

ths heat flew values are acre or lees of the saas order

(Table 17 A-1). The heat flow valu from borehole SKBH-69

relates to only one depth interval (107 - 255 a), beoause oore

samplee could not be obtained from deeper sectione of ths

borehole, lo oore samplee could be obtained from borehole

ttP-5 either, but fortunately ite detailed lltholog was avail-

able. This and ths conductivity valuee of rook typss of

interest, given In tables 17 A-2, 3 and 4. were used for heat

flow evaluation in respect of borehole irKP-5.

4A.6.1.3 aesuite from rfeagonl

Apart from various types of quarts!tee and phyllitee,

thiek sections of metadolerlte and eaphlbollte also occur in

Bhagoni area. Coefficients of thermal conductivity of these

roote end quartz!tea are quite different. Two aethode viz.,

1) KQ and 11) MBP Iseetlons ".3.1 and 2,3.3 reepeetlveiy) were

for the evaluation of heat flow. The conductivity of the

»ue rook underlying the whole structure in whioh heat

flew would be normal was taken ae 7.!) jueal/ea.eso.'G. The

plots of teaperature against Dl (C%f ^ ♦ ^ *) In reepeet
of both the boreholes, gave two linear segmente saoh. Ths hsat
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flew values ere given in Table 17 A-8. It* appears that the

offset of refraction due to dipping bede of different conduc

tivity is rather appreciable snd the method of correction has

not proved very satisfactory in the present esse.

The heat flow st Buagoni (1.5 ♦ 0.15 HFV7) although

lower than that for the north-eastern part of the Khetri copper

belt, i« still higher than the global average for shield areae

(Chapter 17 C).

4A. 6.2 Seat flow in the Aravalli system

Thermal measurements were carried out in borehole So.

BM4-4 drilled in the roe*e of Aravalli ?uper Group in the 2awar

leed-2ino belt, which extends along a distance of about 20 ka.

The boreholes oroeeed through reek formations consist

ing mainly of graywaks with some phyliite. Although core samples

of rocks encountered In the borehole could not be obtained, a

heat flow value of 1,05 fiFt? was obtained using the relationship

between surface heat flow and average temperature gredisnt fbr

the Pre-Cambrlan crystalline areas of India (Figure 17 A-5).

4A.6.3 Heat flow in Pre-Aravalli super group

Beat flow values In this super Group have been deter

mined from thermal measure aente at two looaUons in ths Shilwara

Lead*£ine-Copper belt, whioh extends along a distance of about

80 km froa Rajpura Darlba to Banera (Figure 17 A-1).
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Surface Hsat Flow In Bhagonl
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»— ,^_^ Thsitjsl So. Ora- Hsat
mors Depth oonduo- of dls- Flow *hois intervsl tivlty saa- nt. ^ai/aa2see.
mo. metres a ssl/ *C/k« ^ rt»«

ea.seo*C q *

DBBH<*0j

4 7.00 6 80.1 1.401DB3BH-9 162.1-216.
(200 - 270

I,.47

mm~9 (aso1!2**) 8,2T 10 16#2 n54 *♦*
Mean heat flow
rains tor 3 1.47
dspth intervals

OTBM8 (7^|2j2 8.52 23 21.2 1.67 1.43

DBBM8 192.2-279.4 - a 16.6 - 1,32

Inclined depthf by KG Method* ***ay MBP Methodi
•mi 1. in 1.1
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G

Fig. 3—(a) Heat flow Q (in /* cal/cm-' sec), versus thermal conductivity
• K (in m cal/cm sec 'C).

(b) Heat flow Q versus geothermal gradients, C (in °C/km)
for Pre-Cambrian crystalline areas in India.
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Ths Hajpura-Dariba area constitutee the western limb

of a aegasynollne snd is underlain by high grade meteaorphie

recite. Much of the area, however* is covered by alluvial.

Ths sulphide mineralisation is mainly confined to

graphitic mica sehiet at Hajpura-Dariba and banded magnet!te-

quartaitee which is interlined with quartz-sericite schist st

Pur-Daribe.

iaast square gradlente and heat flow valuea at

Raj pure-Dariba were evaluated for two vertioal depth intervals

111.4 to 186.1 a and 186.1 to 227.7 a, m the firet interval,

the gradient wae found to be 9.43'C/km whioh considering s mean

conductivity value of 10,6 u oal./om.eeo.*C (Table 17 W)

yielde a heet flow value of 1.00 HFU. The gradient st deeper

interval ie higher then that observed in the shallow depth in

terval, but as the roo*s st this level has s lower conductivity

value of the heat flow value tome out to be 0,89 HFU, Obeerved

variation In the heat flow valuee appeare to be eaased by

unayetemetio conductivity variations cou led with some effect

of refraction in dipping strata of different conductivities.

Ths mean heet flow value obtained from these two depth intervale

is 0.95 HFa.

fceaat e%uare gradient aad heat flow valuee wsre

elallerly calculated in reepeot of borehole ?DB-11 for one ver

tical depth interval of 120,5 to 204*6 a. The gradient in this

depth interval is 1?.7*C/km, which considering the moon condue-
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tivity 7alue of 7.51 meal/ea,sse*C cbtalned froa 6 ea.pl,.
yields a heet flow value of 0.95 HFir,

Dleeusslon of Results

The heat flow dats as obtained for ths Aravalli
mountain system clearly demonstrates that ths KB part of ths
khetri copper belt is characterised with significantly higher
heat flow than other pert* of ths belt. Another point thet
•nsrgss clearly is that hsat flow over areas covered with rocks
of the Delhi super Group is mueh higher then over rocks of the
Aravalli and Pre-Aravalli Super Groups. la ths latter two
•user groups, the heat flow values agree with the characteristic
trend for Preoambrian Shields. These two super groups a era
mors or lees equivalent to ths Dherwarn. heat flow values over
whioh are also similarly low (section 4A.7 and Chepter 7 B). A
detailed discussion of ths high best flow values is given in
ohapter 17 c.

4A.7 Heat Flow At Xalyadl, Dharwere

4A.7.1 General geological setting

KWyadi (13-04«H, 76*9% Figure 17 A-6) is located
en a eharply outlined northwest plunging aynelinoriua of
schistose roote known as Dharwara which rune in the HSW-S8!
direction amidst the vast expanee of ftoineular Gneiesss near
• pmtsh of granite called the Arolksri granite. It forme an

£ isolated hill range of about 8 alloc In length end 5miles in
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width and liee between LaUtu e 13*19'!? ~ 13*27,H| tad

tude 7n*15*I - 76*19*B. ntudiec show that it did not crystal

lise out of a liqquid aagaa but developed insitu (Das, 1970).

The Dharwar formations, representing one billion years of Pre*

Osabrlan era (3.2 - 2.2 b.y) ov mainly made up of metesedlmente

snd aetavoloanios, whioh have been folded oroes-folded, mets-

aorphossd snd intruded by various granites snd dykee. These

roose are exposed in HHW-SSB, BhS and NS&-SSW trending narrow

belts. Some of the oldest dates in India havs been reported

In respect of roe*e bslonslns to the Dharwer eehists belts,

vie., a £-Ar sgs of 3295*200 m.y, for hornblende sohist flroa

hattl Gold (Barker, 1968) and lsad ioochron of ages of

2900*200 m.y. for galena froa Chltaldrug (7inogrsdov and

Tnagrinov, 1964), The prominent rook type In the 'alyedi area

ie quartzite biotlte-eblorite-sohlsts, and biotite gnelee end

ultrabasie roccs vis., tslo-chlorite and Aotinolite-chlorlte-

eohiet, pink porhyritic granitee and Pegmatites. Mineralisa

tion in the form of pyrite and chloopyrite ie confined to both

sohiete and sheared quartsitee whioh are interbedded. The

country rock ie a grey-bended granite gneiss whioh is highly

crushed and micaceous (Hadhakrishns, 1974).

4A.7.2 Teaperature measure-tents

Temperatures were measured in en inclined borehole

CA&-H2 (45*) et 5 or 10 a Intervals within a depth Interval of

270-350 a. The temperature depth curve and ths gradlente in

ths borehole am shown in figure 17 A-7.
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4A.7.3 Thermal conductivity measurementa

Coefficients of thermal conductivity of 15 oore

samplee eolleeted from the borehole were measured, using the

Modified Blrohs apparatus. Sample discs wars oored both para

llel and perpendicular to the oore sxis. jjroa thsse values,
oonductivitiee were then calculated for the plans of Schistocity

(KoL)» Perpendicular to the plane of schistocity (gj.), and

finally in the vertical direction (K,), following the method
stated earlier (Paso 17 A-18).

4A.7.4 Bvaluation of heat flow

Least square gradients snd hsat flow valuee were

evaluated for two vertical depth interval si 81,3 to 130.8 a

and 134.3 to 190.9 a. In the first Interval the gradient was

found to be 10.2VC/ka. Combined with the weighted mesa

conductivity of formations (7.83 moal/ea2eec.*C), ths heet
flow tume out to be 0,8 HFSJ. Ths gradient in the deeper

interval where ainerelised quarts!te has been encountered was

found to bs 3.0#C/ka whioh is lower than that observed in the

upper depth interval, towering of the gradient is mainly

caused by the higher conductivity values of these quarts!tee

ae compared with those for sohists which alongwith pegaatltes

occur in the upper depth interval. In the second interval ths

weighted thermal conductivity wee 8.0 aoel/oa2eee*C snd ths

oorresponding heat flow value equal to 0.64 HFO*. Ths obssrvsd

variation in heat flow ie mainly due to unsystematic
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conductivity verlstlons. The formations in the depth

interval 176.B to 190.9 m show occassional speeks of pyrite.

This dspth section when considered separately, yielded s heet

flow value of 0,67 HFC, the mean heet flow value froa the two

depth interval a being 0.74 IIFO.

4A.8 Discussion of Resulate

Ths hsat flow value of 0,74 for "alyodi is typi«al of

a ehield area. In the southern part of ths Indian shield one

other value of heet flow vis., 0.95 HFTT at Kolar in the Dharwar

schist belt has been reported (Reo, 1970). Ths Kolar as well

sa ths tslyadl sohist belts, sre both eq uivelent te the green

stone belts of other shields which are also characterised by

low heet flow. Books of both the areas show high grads of

astsmorphlsm. The foliated bJAite gneiss which was met between
"A

the 184-191.2 m vertical dspth interval in the Kslymdi borehole

contained pink garnet.
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CHAPTER 17 B

CRUSTAL THERMAL STRUCTURE OF DflARVAR CRATOV

43.1 Introduction

Ths Dharwar Crnton isoompoeed of various ay stems of

Pre-Cambrian rocks, evolved through complex geological proces

ses. It has remained a stable land mass for acre than 600 a.y.

except for some gentle warping, 8oae valuee of surface hast

flow end hsat generation in the near surface rooks of ths

Dharwar Craton have been reported surlier (Gupta and Rao, 1970|

Rao and Rao, 1975$ Atal et al, 1978). These together with some

acre new data recently obtained have been used to estimate the

oruetal temperatures of a few unite of ths Dharwar Gpaton.

4B.2 Fre-Cambrian Systems of ths Dharwar Craton

According to ffarayanswaay (1970), three major rook

systems of thie Craton are enclosed within the feninsuiar

Gneiss basement complex. These arei

1) The Dharwar System - sshlst belts

2) The Chanrnolvite - khondalite system

3) The Cuddapah - Kurnool system.

Without going into the oontroverelal relationship of

ths Dharwar sonist belts with ths gneiseio complex, one may

the salient features of ths Dharwar system as fbllowsi
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4B.2.1 Dharwar eyatea

Ths Dharwars consist of the famous schistose pre

dominantly metasedlaents and aetavoleenice rooks of Indie

exposed in MW-sse, ff-8 snd NN&-SSW trending narrow belts.

Ths prominent sohist belts are those of Sniaoga-Goa, Ohltra-

durga-Gedag. Bababudan, Kolar, Ssndurf Holenarasipur,

Huggihaili etc., (Figure 17 B-1). It is generally recognised

that while seas sohist belts vis., the Kolar, Sandur, Hutti

etc., are eesentially volcanic, similar to other well known

greenstone belts of ths world, others such as the Shiaoga-

Goa, the Chltradurga-Gadag and the Bababudan belts are

predominantly sediaentary with intercalated voloanioe

(Swaainath ot al., U76; ITaqvi, 1977)* Keeping these features

in vlsw, Swaainath et al. (1976), suggested a possible division

of the Karnataka Craton, which ie a part of the main Dharwar

Craton into en Eastern atsatl dominated by volcanic greenstone

belts, and a V?eatero Bloo": characterised ty sedimentary

greenstone belts, roughly separated by the Closepet Grenite

(Figure 17 B-1),

Almost all the schist belts which are widely dietri-

buted, are associated with positive gravity anoaallee varying

in amplitude froa 10 to 30 mgal. m moat oases the gravity

contours are found to follow the configuration of the schist

belt with localised negative anomalies over the intruding

granites (Subrahaanyaa, 1978), The thickness of the schist

belts as yielded by gravity data snd by dsep seismic sounding

17 3-2
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studies respectively range froa about 4 to 10 ka (Subrahaanyaa,

Personal coaaunioation) and 4.5 to 7.5 ka, (Kaila st si. 1979).

48*5 Heat Flow And Heat Generation Helationshlp

Heler (1965) snd Lambert oaA Ueier (1963) bars shown

that proossses of regional aeteaorphism, partial aelUng snd

aagastisrn whioh ceased long ago In the Preoaabrian cratone,

cause radioactive heat producing eleaents to migrate upwards

thsrsby increasing their ooncentratlon at higher levels in

the crust.

Birch st si. (1968) snd Leehenbruoh (1968) establl-

shsd thst in many Pre-Caledonian regions of USA, the surface

hsat flow Q and beat :eneration of the eurfacs rooks *A0*

have the following linear relation.

Q • % ♦ A0 b ... IT B-1

where Q0 and *b9 are constants with dimensions of hsat flow

snd length (depth) reepeetlveiy, snd are characteristic of

large provinces of uniform teotonlo structure, The value of

'b* obviously represents the slops of ths line between Q snd

V

the above mentioned relation Isd to the division of

ths surface heat How into two components! one connected with

a top radioactive layer and the other *Qe* (the reduced heat

flow) upflowing from the lower crust end mantle. The relation

*
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also provided of dear idea of the vertical distribution of

host produstlon and more precise estimate of orustal tempera

tures. There sre innumerable solutions for distribution of

host generation versus depth whioh can satisfy ths sbove

mentioned emperloal relationship. However, two extreme

distributions that have been much discussed (Blroh et al.

1968| Roy et al, 1968s landman st si, 19681 baohsnbruch,

196a) are 1 1) assumption of a constant hsat generating layer

upto s dspth 'b* (the step model) and 11) hsat production

decreasing exponentially with a logarithmic decrement *b*

according to the relation

A(A) - k^O-V* ... IT B-2

where 2 is ths depth.

The step model represents ths simplest interpreta

tion of the above relation and can easily secount for lateral

variations in the surface heat flow over a province, due to

horizontal variations In hsat generation in s top radioactive

layer of thickness *b». In respect of the exponential model

the layer subject to horlsontel variation in heat production

oan be of any thickness.

4B.4 Geothermal Data And Discussions

Ths Dharwar system of rooks have been fairly well

studlss owing to their aeeociated aessesories deposits.

it a-5
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Various exploratory boreholes have been drilled in ths sohist

bolts and reliable hsat flow values bars bean obtained at

seven locations. However, the Peninsular Gneisses although

covering s vast terrain of thj Dharwar Craton have induced

cooperatively lesser attention being largely barren, and only

a few boreholee exist there. Thermal logging of one of these

wes serried out upto s depth of about 200 m. The aeon host

fL ow valuee and available data on mean hsat generation In

various roc :s of ths Dharwar Craton sre summarised in

m Tables XT B-1 snd IV B-2 respectively.

Best flow within ths Dharwar Craton generally varlee

froa 0.60 to 1,51 HFO* with a solitary high value of 1,8 HFCT.

observed at ths UK margin of the Cuddspsh basin, ws also

notion thet the Dharwar Schist belts of the western bloc*

(Table IT B-1 and Figure XT B-1) ere characterised with dis

tinctly lower heat flow than the schiet belts of the eastern

block. The lowest heet flow value (0.6 HFO*) free froa any

oonolevabie disturbance was obtained from a fairly deep bore

"•a hole in the Dharwar Sohist belt of Western blook whioh based

on gravity and dsep seismic data has a thickness of about 7 ka.

Observation of this low hsat flow in the Dharwar Craton

imposes s constraint on ths magnitude of ,Q0* (equation 1).

Even if we consider a lower value of 0,6 HFO* for AQ (Table

IT B-2), and a thickness of 7-8 km for thetop radiaotlvs

layar, a value of about 0.55 UFO* is obtained for *Q0*. An

attempt has been made to obtain ths values of the two host

flow parameters 'Q* and 'b* for ths Karnateka Craton (figure

IT B-6



TABLE IT B-1

HEAT F&OW DATA IS DHARWAR CRATOH
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S.Ifo. Description

Danth af MO* Mean

cm2.seouee

1.

a) Sedimentary Greenstone
Beits (Western Blook)

150 to
650

4 0.64

b) Toloanlo Greenstone
Belts (Sastern Block)

150 to
165

deep mines
(Kblar)

?! 0.95

2. a^aaaff^ri Gqe4BS88 -

Karadikuttam,
Madura! district.

195 1 1.51

5. Cuddaoah Basin

a) Northeastern margin
(Bandalamattu)

800 1 1.80

b) South-weetem margin
(Pulivendaia)

250 1 0.64
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TABtB IT B-2

SUMMARY OF HSAT OSKHRATIOH DATA
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s. Mm Aree aad
Ho. System

0* Th

PPO
K*

Bast
gene
ration
HGU

1, Dharwars

s) HDlenaraeipur
Schist Belt

-do-

1) anorthoalts

ii) aaphibolite

0.2

0.4

0.5

1.1

0.06

0.19

0.24

0.55

—do— mt^m>^m 0 O^* oma>mm ^p^B^B' ^a^fl^BnBa'Baap bb*a ^^ 7.5 1.20 5.50

b) Koler Sohist
Belt

-do-

-do-

1) aaphibolite 0.4

11) hornblende
schist

ill ) granitic gneiss -

1.5

•m

0.20

*

0,62

0.62

5.60

o) Sargur Sohist Belt saphiboiits 0,25 0.8 0.20 0.58

2. Peninsular Gnelssss

a) JCardikuttam gneiesee - -
(Madura! district)

•
7.00

b) S.3. of Mysore Banded gneiesee * - - 7.50

* 5. Cuddapah Basin

Bandalaattu Phyllitee snd - -
argillitee

<•» 6.25

1, RGU * 10"15osl/ea5sso • 0.4187 x 10*6 Waf5

£
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IT B-1) by using three data sets of neat flow and heat gene

ration In near surface rooks (Tables IT B-1 end 2). Talues

of 0,54 and 11.5 for 9Q9* and *b* respectively have been

obtained. On account of varying thicknesses of the sohist

belts snd therefore of the top layers, these can be taken as

approximate values only. However, it is quite evident a that

a major part of the Dharwar Craton is characterised by low

heet flow froa the lower crust and upper mantle.

4B.5 Crusts! Teeqosratures

Jaeger's (1965) equation was ueed to estimate

erustal temperatures. Ths equations given bslow relets teape

rature to the surfsee heat flow and subsurfses hsat source la

a layered crust, for stssdy flow of hsat In one dimension, wo

have

a*
T(2) • fL ♦ ~ - *??_ """ •»• I* B»3

Q3 Aft

K 2:

s*
T(Z) • T ♦ '•"' • —• at» 'I'

• K 2K

♦ (Q- A0a1)(a- «1)A1

- A1(E« Z1)2/2r1 ##. IT3M

Where T0 ie the mean surface temperature and Q the surface

hsat flow. Ths equations refer to layers of constant bast

IT B-9
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production and thermal oonduotivity, equation 5 is for a

top layer of rsdioactlvs heat generation A0 and thermal conduc

tivity K, Whsn the so valuee change abruptly to A1 and 3C, at

dspth 2^ ths temperatures for depths 2 21 are given by

equation 4.

Subsurface teaperatures for a orustal model in which

heat production decreases exponentially with dspth, are given

by the following expression (Laohanbruoh, 1968, 1970),

T(2) • T-* -*- ♦ I ... IT B-5
9 t K

Taluss of average neat production, in ths lowsr

orustal rooks, knowledge of whioh is uncertain, is required

for calculations of teaperature using equation (4). Gooehemi-

cal deduct!one do exist snd a constraint is also imposed on

the value of ^ by Q^, However, it is believed that ths lower

orust is composed of high grade basic rooks. Hsat production

value in high grade astamorphio rooks ranges from 1.1 to 1.5

HUT. Iflmbert and Heler (1967). end is 1.08 in average Desalts.,

Beler and Rogera (1963). These values load to rory low mantle
\f> tb<2 |>6<2£e>if\V Case

heet flow •Qn* (0.17 to 0.24 HFU^^ahd therefore appear unao-

oeptabie. It Is aost probable that ths lowsr parte of the orust,

epeoieliy under the Kamataka Craton, was depleted in radioacti

vity, and the present hsat generation is of the order of 0.5

RGTJ. On similar considerations Hlaokwell (1970) adopted almost

ths seme heat generation value for his model of Sierra Nevada,

Allls (1979).while proposing a heat production model for a

IT IMO
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stsbls continental crust, pointed out that in such a oass

the lower orust should be uniformly depleted of heat

producing elements with s moan beet production of 0.5 ♦, 0.25

A coast to coast, deep seismic sounding profile

aoroes ths Dharwar Craton, hae shown that the orustal thick-

nsss varies from about 54 to 40 km (Kails st al, 1979).

Accordingly a value of 58 km has been adopted ae the average

crustal thioknsss of the Dharwar Craton, An eetiaate was

thsn aads of the surface heat flow component from the mantle

(o^) underlying the Dharwar Craton, assuming the calculated

value of Q0 * 0.55 HFO* and b » 11 km whioh turns out to be

0.41 HFO*. This value ie similar to those inferred by Hyndman

and Everett (1968) for the mantle underlying the KaabaLde m

region of the West Australian shield, whilst ths magnitude

of *QB* ie likely to differ froa one shield to another (Gupta

et al. 1971) 1975), a constant mantis contribution to the

surface heet flow is largely favoured from individual Pre-

Cambrian Craton. On this assumption w* ehall examine Its

implications to orustal temperatures of the Dharwar Craton.

The diverse types of surface geology for whioh

geotheraal data (Tablee 1 and 2) ie available are; 1) the

greenetoneei ii) the Peninsular Gneisses end HI) the irotero-

zolo metaeedlments. Crustal temperature have been oaloulated

for a number of models incorporating different values of

heat production and thiokneesee. The parametere assumed for

IT Ml
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such models are listed in Table IT B-3 and the resulting

teaperatures in Table IT B-4. Models G1 and P1 pertain to a

two layer orust with the top radioactive layer having a thick

ness of 11 ka whlls models Gg and ?2 represent exponentially

decreasing values of heat generation. Using the available

solsmie information, a three layer model *^* (Table IT B-5)

has also been considered. Ths velocity-depth function as

determined from ths Dsep Seismic sounding data in the Dharwar

Craton hae shown that the interval velocity starting from a

value of 5.68 km/sec at a depth of 2 ten, increases continuously

and reaches s value of 6,5 km/sso at 15 km. Thereafter, the

velocity remains more or less constant uptii a depth of 23 km,

Bslow this depth the velocity inoreasss again reaching a value

of 7.15 km/sso at 40 ka. Therefore a crust comprising of thrse

layers of thloknessoe 15, 3 and 15 km was considered. As

regards the heat production value in the top layer, a mean

value of 4.5 HOD* has been considered based on those obtained

for near surfsee rooks (7.0 HGTjr) and for ths bass of the upper

crust of stsble continental areas 1.7 HOT as suggested by

Allls (1979). Such apreoednre was adopted in order to account

for continuous increase of compressions! wave veiooity upto a

depth of 15 km,

Ths Cttddapah basin is a distinctive feature of the

Indisn Shield, sal studies over the Basin have shown s base

ment depth of about 3*10 km. Thus three-layers crustal aodsls

(C1 and Cg, Table IT B-3) have been considered. For the first

model the mantle heat flow is assumed to be of the ssas order

IT B-12
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MODB&S FOR T^MPBRATOKO-DSFTH CALCULATIONS
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Greenstone Peninsular Gneies Cuddapah

uamol Kos. 1—^SilS , Basin—
<*1 c2 p1 *2 P3 °1 C2

«——fc————•« I I III |l«MI»«»^«M~«M»^»P»»»»»«»-»«^~»~«—«!»»»»—^«»-»»l Ill 'I. I I Mill ————»

Surface hast 0.6 0.6 0,31 1.31 1.31 1.8 1.8
flow HFO*

Generation of 0,6 0.6 7.0 7.0 4.3 6.2 6.2
top radioactive
laysr HOU

Thickness of top 11 - 11 * 15 10 10
radioactive lay-
erOst layer 21)

Thermal conduc
tivity of 1st
layer aosl/oa
seo*C.

6.5 6.5 6.5 6.5 6.5 6,5 6.5

Depth to
Mantis, Km

58 58 58 38 36 38 38

neat generation
of 2nd layer
HOU (A,)

0.5 — 0.5 * 1.7 5.25 1.7

Thermal oonduc-
tivity of 2na
layer acel/em.
seo*C.

5.5 5.5 5.5 5.5 5.5

Thickness of
2na layer, km

m

- -
a 8 13 13

Beat generation - • - - 0,5 0,5 0.5
of 5*d layer :'0IT(A2)

Thermal conduct!- - - - - 5 5 5
vity of 3rd layer
mcal/om.seo*C.

Mantle hsat O.** 0.*t 0.*t 0.41 0.46 0.41 0.9
flow HFU

Hxponential model 1 HFO* • 10***oal/om Beoi
1 HOU m 10 15oal/oaPSec.

•B— mmmmmmmmmm
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TABLE IT B-4

TEMPERATURES (*C) TBR8U8 DEPTH FOR THE MODELS

IH TABLE IT B-3

Rsf.Tsap, 0 T*
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Depth
(km)

Model
Ho,

Green Stone
Belts

Fenlnsular Gneiss
Cudda
Basin

Stsp
model

5
xayers

C1

pah

model
2

Isyers

*1

Sxp.
model

Stsp
9ma)w*Oi^/fmt

2
layers

h

modal

'2

Step
model

3

if

Stsp
model

3
layers

C2

5 45 47 88 90 94 127 127

10 88 92 150 163 170 230 230

15 134 137 199 225 231 324 332

20 179 180 246 279 285 395 427

25 222 223 291 350 355 445 519

50 263 266 334 377 384 491 612

35 302 309 375 423 430 535 702

58 324 335 400 450 457 561 755
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(0.41 HHJ) as that obtained for the itamataka Craton.

This assumption implies high hsat generation in the middle

crustal layers, However, there is no evidence direct or

otherwise, for such a case.

Ths SW margin of the baoin is characterised with

low heat flow values (O.64 HHJ, Tabls XT B-1). Also, a hsat

flow value of 1.2 HFU has been reported from a borehole of

252 m depth nesr Bendslsaattu (Terms st al. 1969). A third

normal value has been obtained (Gupta under preparation).

Temperaturee have been therefore calculated, both for low as

well as high heat flow valuee from the mantle (Tables IT B-3

and 4).

Tarlous aodsls can bs built for example, assuming

an unehanging teaperature at ths Mono discontinuity under

various geotectonic unite of the Dharwar Craton. These, how

ever, lead incompatibls results for host source distributions.

Models whioh assume different heat source distributions snd

even c ruatel layering, but sre restricted to constant mantis

contribution to surface hsat flow, are found compatible for

ths Dharwar and ^sninsulsr Gneise super groups. As regards

ths area near the HE margin of the Cuddapah Basin, it seems

likely that the mantle conducts significantly more hsat flow

than 0.41 HFU.
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4B.6 Conclusions

A graph of surface hast flow values snd hsat

generation valuee for the Dharwar Craton shows a heat flow

provinoe with sn intercept (Q^) of 0.54 HFU and a slope of

11.5 km. The results of calculations of orustal tempera

tures are i 1) that the Saraatake Craton is characterised

with low temperatures of the order of 400 ♦, 50*C at the

orust - mantle boundary| 2) that temperatures undsr Benin-

sular Gneiesee appear to bs higher than those underlying

areas of Dharwar Schists belts* 5) that high crustal and

Mono temperatures alongwith large lateral temperature

variatione prevail under the ITE margin of ths Cuddapah Basin.

It appears reasonable that lateral variations in

subsurface temperatures near the 15 margin of the Cuddapah

basin cause thermal stresses, whioh may be partly responsi

ble for the occurrence of shallow seismic activity near

Ongole,

Lateral orustal inhomogeneties have been revealed

in the Dharwar Craton by geological, gravity, and deep

seismic sounding data, Thsse inhomogeneties are the oonse-

quenoe of initial FaT conditions of the earth snd subseqsusnt

gooohemical fractionation. Ths geothermal deta preeented

here also support the existence of lateral inhomogenctiee.
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CHAPTER IT C

SURFACE HSAT FLOW OTSR PR8CAMBRIAH SHIELDS

40• 1 Introduction

Our knowledge of the surface heat flow of the

earth has grown significantly during the last fifteen years,

the number of heat flow determinations increasing ffcom about

1000 in 1965 to over 7,000 by the first quarter of 1980.

The new resuite whilst making only a marginal difference to

ths aversge values of global hsat flow i.e., from 65 mW/«2
(1.5 HFU) Leo and Uyeda (1965) to 74.3 aW/m2(1.77 HFU).
Jeesop et al. (1975), do however contribute valuable inform

ation in respect of the tectonic setting of a region and the

thermal evolution of the earth.

With increasing number cf hsat flow dsterminations,

124 at present, the average value of hsat flow over Pro-

Cambrian shields has risen marginally but progressively from

34-58 mW/m2 reportsd by Haraskovskiy (1961 )| 39 aW/m2 by
Folyak snd Smlynov (1968 )f 40 mW/n by Gupta, Gaur and Herein

0974)1 Rao snd Jeesop (1974)* to 41 mW/a2(0,98 HFU), Gupta
snd Gaur, 1980 (communicated and this chapter table IT 0-1).

However, notwithstanding this low average value indicative

of ths general pattern of heat flow, certain anomalous sone8

of high and very low heat flow do exist in the shield areas.

In order to gain a better insight into the present

thermal field of the Indian Shield generally and the Aravalli
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teotoole bolt in particular, a study waa aads of ths surface

hsat flow in the Preesmbrian shields In ths light of geolo

gical and other information of specific areas. An attempt

has slso been made to interpret ths anomalously high host

flow valuee, obssrvsd in the Delhi Super Group of the Aravalli

belt in terms of its evolutionary history and the attendant

earth processes. These re cults sre presented In this

chapter.

> 4C.2 Distribution of Float Flow in Shield Areas

s fair number of heat flow date now available

from the Indian, South American, Australian and African

Shields of aondwana'land, snd the Canadian, Baltic, Ukrainian

aad Greenland shields of Laurssia, average heet flow values

were computed for various shields and shield blocks of

Ckmdwanalsnd snd r*uresis (Table IT 0*1), In all, 124 valuss

were used for this computation and analysis, carefully exclud

ing those which

1) were suspected to Involve methodological errors.

U) pertained to a acne of a local anomaly, e.g.,

Koshya snd Khibinl Mounts, Kola Peninsula USSR

^s ^vbp o) a ejB>ssai

iii) belonged to a region of poorly kn>wn teotonie

context.

It is interesting to point oit that the Gondwanaland

^ shields show higher hsat flow values than their Laurasisn

IT 0-2
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counterparts, the highest being 54 mW/m2(1.29 HFU)t 52 mW/m2
(1.24 HFU) associated with ths Indian and South American

Coastal shields respectively (vide Table IV C-1).

Tables IT C-2 and 3 respectively give ths distribu

tion of availabls hsat flow data separately for Archaean and

iroterozoic areas in respect of the Gondwanlo snd Lauraslan

shields. These show t at the shield segments of proterosoie

ago are associated with higher hsat flow than those of the

Archaean areas both in the Gondwanlo as well ss ths Lauraslan

shield blooks (Tables IT 0-2, 3 snd 4).

Ths frequency distribution of ths data over 1) the

Gondwanlo shields, ii) ths Laurasian shields, and ill) ths

two together le given in Tsble IT C-5. Three hsat flow sonss

characterized by a) low heat flow values in the range of

25 to 40 aW/m2(0.6 to 0,95 HFU), b) intermediate values In
the range of 40 to about 60 mW/m2(0.95 to 1,44 HFU), and
o) high values ranging froa about 55-60 mw/m2 upwards sre dis-
tinguishabis. The table shows that the frequency decreases

with increase in the heet flow values.

40.5 Thermal Structure of Shield Areas

Shields are continental blooks of the earth's orust

whioh have been relatively etable for over 600 m.y. and in

contrast to the strong fk folding suffered by adjoining geo-

synouinol belts, have under gone only gentle warping.

*
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TABLE XT C-1

BEAT FLOW DISTRIBUTION FOR DIFFERKRT
FRSC«BRIAH SHIELDS

q range q <=r-

a) Gondwanlo Shields

!• Indian Shield

11. South American
Coastal Shield

lii, Australian Shield

^ iv. African Shield

b) Lauraslan Shields

i. Canadian Shield

ii. Baltic Shield

ill. Ukrainian Shield

iv. Greenland Shield

tF^ 18 - 75 47 1.9 13

14 27 - 75 54 4 15

7 37 - 69 52 4.5 am

13 29 * 54 40 2.3 8

14 18 - 60 44 3 12

n 20-54 37 1 8

31 20-54 57 2 9
21 21-50 37 2 9

22 25-54 37.6 2 7

2 36-43 39.5 4 5

>~

o) Total values 124 18 - 75 41 1 11

d) Climatic Effect

Canadian Shield
(Cor.) SUB Prov, 20 25 - 60 40 2

Canadian Shield
(u.oor) SUB Prov, 20 20 - 50 54 2

BOTE* n • ths number of values

q • ths arithastio mean value

er* the standard error of ths moan

S * the standard deviation

(All boat flow values are la mw/m2*
1 mw/a2 « 0.02588 uoal/oa2eeo).

*aBaaBMIMtMBto«N*BPMwa^
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TABLE XT 0-2

HSAT FLOW DI8TRIBUTI0E FCR DIFPfSRSBT

SHIELDS OF OOHDWAHAL/BD

s) Archaean

1. Indisn Shield

ii. South American
Coastal Shield

Hi* Australian Shield

iv. African Shield

Total values

b) Iroteroaolo

q range <3r- 8

f 52 • 55 43 4 8

3 37 • 58 42 4.5 8

13 29-54 40 2.3 8

12 18-54 41 3 11

33 18-58 41 2 9

1, Indisn Shield 9 27 *»75 60 5 13

11. South American
Coastal Shield

4 48-69 59 5 9

ill. African Shisld 2 59-60 59.5 0,5 0.7

Total values 15 27 - 75 59.5 3 12

n, q, <5~, s t Haass refer to Tebls XT 0-1
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TABLE IT C-3

HEAT FLOW DISTRIBUTION FOR DIFFBREBT

SHIELDS OF LAURAGIA

183

n q range * -
8

a) Arohaean

1. Canadian Shield

ii. Baltic Shield

ill. Ukrainian Shield

20

6

22

20-50

29- 37

25-54

34

32

37.6

2

2

2

8

4

7

Total values 48 20 - 54 35 1 7

b) Proterosoio

1. Canadian Shield 11 33 - 54 42 2 8

li. Baltic Shield 15 21 - 50 40 3 10

iii. Greenland Shield 2 36-43 39.5 4 5

Total values 28 21 - 54 40 2 9

a. q. bt-» S t Please refer to Table IT C - 1
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M

*

TABLE XT 0-4

HEAT FLOW DISTRIBOTXOa*

184

q vongo q &- 8

X Gondwanio Shields 48 18 - 75 47 2 13

a) Arohasan 33 18 - 58 41 2 9

b) Protsroaolo 13 27-75 59.5 3 12

XI Lauraslan Shields 76 20 - 54 57 1 8

a) Arohasan 48 20 - 54 35 1 7

b) Froterosole 28 21 - 54 41 2 9

III Total values 124 18 - 75 41 1 11

XT Climatic Effect

Canadian Shield
Sup. Prov.(u.oor)

-do-(oorreoted)

a, q, «-, S t 'lease refer to Table IT C-1

20 20 - 50 34 2 8

20 25-60 40 2 8
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|g TABLE IT 0-5
FBJSQUERCT distributioe of surface heat flow data of prscambria* shields

Obits i at* m *

Range Upto 25 26- 31- 36- 41- 46-51-56- 61- 66- Over To-
^ ^ 30 35 40 45 50 55 60 65 70 71 tal

Ho. of values

im « < ••«» urn mi' • mil hi

Gondwanlc Shields 2 32 10 596431348

LeMraelan Shields 7 72112 17 8 4 ----76

Totsl values 9 10 23 22 22 17 10 4 3 1 3 124

IT C-8

r



186

Ths obssrvsd variation of hsat flux over shield

areas can be attributed mainly to a) their initial growth

pattern, b) Initial degree of partial differentiation and

migration of ths hsat producing elements K, U and Th from

deeper levels and their distribution in ths orust and

mantis prior to 600 a,y, and o) uplift and erosion, whioh

have bean continually active since their very formation.

Although various hypotheses have been advanced froa time

to time to explain ths formation of continents, not much

is definitively known regarding thsir growth patterns. How

ever, recent epurt in geoehemloal investigations of shield

areae, owing to their recognition as potential repositories

of mineral wealth, have shed significant light on the

nucleation of continents! masses. It ie now believed that

a central mantle plume or a family of plumes provided the

nuclei for continental masses whioh subsequently accreted

and merged into proto-continents Godwin (1968, 1971).
Pavlovskiy (1970), Anhassusser (1971, 1973), Gllkson (1970,

1971). Ths Preoambrian orust of ths earth is thus envisajed

as having evolved through six super shields or proto-conti

nents whioh were, in turn, fbraed tUrou^h concentric growth

with some parte experiencing erogenic events and geosynclinal

phases. Ths Precambrisn orust was, perhaps, the first to

become continuous throughout ths super continents of Lsurasis

and Gondwanaland (Dlsts end HOlden, 1970* Goodwin, 1974).

Thess two must hove been then united to form s singls conti

nental mass of Fengasa, envisaged by Wegener (1912) to be

>
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subsequently split snd set adrift towards their present

positions.

Heier (1965), Lambert and Heisr (1968) showed, on

gsoohsmioal evidence, that heat producing radioactive isotopes

wsre concentrated upwards in the continental orust and Birch

et al, (1968) demonstrated that a linear relation exists

between the value of surface heat flow and ths hsat production

canned by the decay of radioactive isotopes U2', tr* , Th*2
snd ^C In ths nsar surface rooks. A consistent relationship

between continental heat flow and the age of ths last teotono-

theraal event was also shown to hold, by Lee snd Uysda (1965),

Gupta (1967), Polyak and Smlrnov, (1968), Hamsa and Tsrma

(1969). A number of studies have appeared in recent years

analysing the surface heat flow in terms of the likely source

distribution in different depth sections of the earth, Crough

and Thompson (1976), Kutas (1977), Hono and Amano (1978),

Tltorello snd Pollack (1980),

Folyak and Smlrnov (1968) on the basis of 446 conti

nental heat flow values, showed that tectonic provinces of

different ages are characterised by different average values

of hsat flow, being as high as 95 aft/m for younger etructure
a

such ae ths Oenosoio Toloanlo provinces and as low ss 39 mW/m

in regions of Preoambrian folding. Subsequently numerous

writers aeoribed this variation to two prooosses, vis., 1) ero

sion and removal of the top radioactive layers, snd ii) ths

decay of thermal perturbation Introduced by the teotonlcity

XT C-10
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of the province. Vltorello and Poiisok (1980) deinonstratad

that this decay process could be reasonably represented by a

time scale of q(t) * a.t"* as happens to hold good over ths
oceanic areas. However, the two processes combined have no

simple time scale rfepresentation. It should offeourss be

obvious that variations in surface neat flow qvot Preoembrian

regions have nothing to do with technically induced thermal

perturbations and arise from variations in the amount of

crustal radiogenic heat production and ths deep neat rising

^b from below the sone of crustal radioactive enrichment.

Tarious questions therefore eriee while attempting

to explain the variations in host flow values observed in

different shield regions, 1) was the character of the initial

mantle plumes uniform? 1!) Did significant differences in the

chemical composition of continental masses occur at the time

of initial oratonisation of the ehielde? iii) Is ths mantle

component of hsat flow different under t different ehielde?

Or can the variation in amounts of concentration of radioactive

elements in the near surface rooks explain these differences?

iv) Do the obeerved high heat flow values at certain locations

in ths shields reflect some characteristic geological environ

ment and if eo what re the significant geological parameters?

Definitive answers to these questions are clearly not available

today but most likely, some combination of these processes

' occurred in"cohort.

jr

Different areas of similar thermal regimes as well es
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dissimilar nee, notably the Gondwanlo and Lauraslan shield

arses have been compared and studied to elucidate some of

thsse questions.

4C.3.1 Armas of low heat flow

Such areas are mostly occupied by reworked Archaean

or Archaean, basic and ultrabasio aetamorphio rooks, and

greenstone belts. Salop snd Sehelnmana (1969) etate that

whilst roeke of the saphlbollte and granullte facies which

have lower concentration of Urania* and Thorium are well

developed in the Archaean-complexes, these are absent or only

looally developed in post-Archaean and Preoaabrian deposits.

Uranium Thorium and Potassium whioh were more progressively

concentrated in the uppermost portions of the orust by upward

Migration during the Preoaabrian, were continually depleted

as erosion progressed apace. For example, the Canadian shield

whose eratoniantion according to Scodwin (1974). was substan

tially advanced by the end of Archaean (2,500 m«y) and comple

ted by the end of the Aphelion time (1,735 m«y), is characte

rised by a low value of asan heat flow. Edwards and Hasan

(1970) have indicated that 90$ of all rootes exposed in the

structural provinces of ths Canadian Pr^oambrians were dated

to be Archaean but were reworked at different times. By using

structural, texture! and geoohrenologioai technique, Burwash

st si. (1973) have demonstrated that broad areas of ths

Churohill Province of ths Canadian shield have been reaobilised.

Quantitative estimates by Shaw (1967) of the moan concentration
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of beet producing elements in the Canadian shield also show

that its surface rooke are characterised by a low value of

heet production equal to 1.63 x 10~* mW/sr.

Ths stages of evolution of the greenstone belts

which are mainly occupied by actavolcanie basic and ultrabasio

rocks associated with some sedimentary groups snd granulits

faolee have been entirely different, their association with

low hsat flow being mainly a chance coincidence.

> The lowest reported neat flow values so far in ths

Preoambrian shields srei

1) 18 snd 21 aw/a2 in ths fcet African Craton,
Cahpaan and Pollsok (1974),

ii) 21 aW/m2 in the Baltic shield by Swsnberg et al,

(1974).

The latter has been observed in boreholes drilled into and

around a titanium bearing ilmenite orebody located near the

^ central part of a 1,000 km anorthosite complex of deep seated

origin. The correction for peleocliiaatic temperature varia-
2

tione is lees than 0.4 mW/m . Various possible phenomenon

including impoverishment of lower-crustal and upper mantle

heat gsnarating materials have been suggested for this vsry

low heat flow value. A low heat generation value of 0.09 x

10*6 Wa"5 was obtained by Swanherg et al. (1974) for the rook
types of ths area, whioh is similar to that measured in

anorthosite rooks froa -iolenarasipur, Dharwar schist belt

(Table IT B-2)*
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4C.3.2 Arose of intermediate heat flow

Intermediate heat flow valuee in shield areas of ths

order of 40-60 mW/m , have been generally observed in two dis

tinct geological environments. The first of these sre related

te bodies of granites or jranitie gneisses or to granitic

piutons occurring at shallow depths. This is quite understand

able as granitic rootes arc more radioactive (hsat generation

being 2,6 x 10*u Wm , heier and Rogers, (1973) end mors endur

ing owing to their resists oa to weathering and erosion.

Intermediate hsat flow values have also been observed

in the marginal regions of shields quite irrespective of the
p

nature of roctt formations. A value of 55 aW/m has been

reported by Beck and Sass 09^6) over ths Muskox intrusion, in

the Canadian shield, cons!sting of mafic and ultromafio rooks.

This, as well as slightly lower values have been observed in

the marginal regions of ths Western Canadian shield (Lewis,

1969* loasop, 196a), whilst the oentrai part of the shield

(Superior Province) is characterised by average hsat flow of
2

the order of 40 oW/m . This anomaly is caused by the fact

that the margins of the shield blooks whioh are bounded by

faults experienced recent thermo-tectonic events.

40.3.3 Areas of high heat flow

I e main areas of hlghas heat flow (70 mW/m2) have
been found to occur in two regions. These are in the Indian

shield, the Delni system (this thesis, section 4A.5.1) and
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the aortbeaetern margin of the Cuddapah basin. Ths Delhi

system consists of folded rooks of TTppor Proteroaoio sgs whioh

wsre deposited in a geosynelins formed Is a newly collapsed

area within an already ooaplex Arohasan Lower Proteroaoio

basement. Thus, at the time whan other portions of the shields

were undergoing prooeesss of metemorphism, uplift, and erosion,

some parts of the shieldss such as the Delhi belt were sinking

and receiving radioactive sediments eroded sway froa uplifted

portions, some of these strata being preserved even to this

day. According to Barker 1963, 72) the Delhi erogenic oyole

closed at around 750 a.y and ths khetri phase, region for

whioh heat flow values were determined slightly later (Ca 600

a.y.). The Delhis which are about 6 km thiok (Piohamuthu, 1967)

with a mean heat generation capacity equal to £,2 x 10*°V»T'
p

(Rao et al. 1976), contribute about 13 aw/n (0,31 HFU) towards

the observed host flow. Considering heat flow end heat gone-

ration data from regions of diversified geology and tectonic

setting, widely sop rated from each other, Kao st el. (1976),

estimate that the thicmere of the top radioactive layer for

tuoee regions including the Khetri area to be 1$ 14.3 km.

There is no geological evidence that the Delhis are so thick

in ths Khetri copper belt, being exposed in s long narrow belt

extending approximately HB-SW from near Delhi to Gujrat and

overlying the Aravalli a or Pre-Aravalli Systems (Sections

4A.2 and 4A,3) exposed in their vicinity. Measurements in

these regions have yielded normal heat flow valuee equal to

41 aW/a (sections 4A.6.2 and 4A.0.3) indicating thereby that

IT C-13



193

much of the top radioactive layer of the exposed Aravalli

and Pre-Arevsail cystoma b?sr© probably been e roded. It

be that ths underlying layers contained more radioactive

elements in oomparleion with their ooantarpart© exposed on

the surface, but their original concentration must have changed

due to later processes of aatsaorphlem, melting and aagmetlsm.

It appears probable that under such portions of the shield

which experienced geoaynolinal developments during the middle

Proteroaoio, the lithosphere has not been differentiated as

y mush ae it has been under other shield areas, thereby causing

the mantle component of he t U w to vary In different regions

of ths Aravalli Preoaabrian Craton, and ths isothermal inter

face between the lithosphere end acthonosphere to lie at

different depths.

Ths Cuddapah basin whioh ie an intre-eratonio Protero

aoio basin, also depicts a very contrasting geothermal character,
2

where a heat flow value of 75 aY?/m intermediate to low, was

obtained. The estimate of 14.8 km as the thickness of thajtop
radioaotivs layer for the Cuddapah basin would be in2oom >atlble

on geological snd geophysical grounds, as the thickness of ths

Cuhdapoh sediments, revealed by deep solsmie sounding studies,

varies from about 3 to 10 km. (.Tells et al. 1979). An evolu

tionary hietory similar to that of t e Delhis* together with

granitizatlon of the Cuddapah Sediments, whioh are analogous

to the Delhis, appears to be the eause of high heat flow

( 75 mW/m2) at the northeastern margin of the basin.

4r
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4C.4 Comparison of Heat Flow Between Gondwanlo
and Lauraslan Shields

It has already been pointed out that the Laurasion

shields are generally associated with lower heat flow than the

Gondwauic shields (Table IT C-1 and 4). Ae the former lie

nearer the pole, it ie probable that these have suffered

greater uplift and subsequent erosion following deglaciation,

or that the corrections to be applied in reepeot of past

climatic changes, although not used in all esses, are not

adequate and need to be reconsidered, rt ie worth noting that

Jeesop and hewia (1978)(Table IT C-6) demonstrated an 13$

increase in the magnitude of the measured heat flow value if

past climatic effects were taken into account. If it were so,

coreactions of the mean heat flow values in the Laurasian

shields should not be statistically different from those for

the Gondwenlc ehielde. However, observations in a 3 km drill

hole revealed no vertical variation in the heat How (Sase

et al. 1971) which may be attributable to past climatic changes.

Whilst uneven, sampling of heat flow data sets, oan

not be ruled out as being the cause of high mean heet flow

obtained over some of the ehielde notebly, the Indian and South

American coastal shield, there are other Precambrian regions

showing significantly different thermal characteristics. The

African land mass consists of three large Precambrian Cratons

vis., the Kalahari, The Cango and The West African Craton.

Bach ie roughly eqtuidimensional and of the same size ae the
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TABLR IT 0-6

PARAMETERS OF HBAT FLOW PR07II30BS

Province

•>'' — ••

iVtoSBthm in4i n\ftnri/i
Reference

Shields of Gondwanaland

1. Indian Shield

a) Dharwar Craton 4

b) ProteroBolo shield 6
(?)

11. * South American
Coastal Shield

23

59

• Australian shield

a) Western Shield 4 26

b) Central Shield 10 27

11.3 Gupta a Sharma(1979)

14.8 Rao st al.0976)

13.1 Titorello, Hamsa,
Pollack (1980)

4.5 Jaeger (1970)
11,1 Sass et al,(1976)

Shields of haurasia

i. Canadian Shield

a) Superior Province 5

b) -do- 11

a) -do-(correct
ed for climatic 11
changes)

ii. Baltic Shield 4
(Norway)

ill. Ukrainian Shield 6

21 13.9 Cermak and Jeesop
(1971)

21 14.4 Jeosop & Lswia(l978)

28 13.6 —oo—

20 8*4 Heier and Gronlie
(1977)

25 8.0 Xutas (1979)
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Baltic Shield. Out of 14 host flow values, whioh have been

considered for the African Shield, 12 are from the Kalahari

Craton and ths othsr two froa the west African Craton, It

is worthy of nets that amongst the 29 recognised Preoambrian

Crstono of the earth, ths Kalahari Oraton ie characterised

with the highest hsat flow (48 mW/a2) while the reported hsat
flow value (18 and 21 mw/m2) for ths Wast African Craton by
Chapman and Pollack (1974) are ths lowest. Such contrasting

thermal character will have to be traced beak to ths various

r stages of evolution of different segments of ths African

shield. The answer to this snoaaly parhaps also lies In the

compositional variations of lithoepherie plates bearing dif

ferent shileds. The does correspondence between higher heat

flow over Indian, African (iCslshari Oraton) and South American

coastal shielde would thus appear self explanatory In view of

their predrift continuity.

40.5 Rsduoad neat How

It has boon mentioned in section IT B-3 that ths

linear relationship between surface beat flow Q and heat

generation ao in near surface rocks has led to the division

of surface hsat How into two ooaponentst one arising from a

top radioactive layer snd the other %' (ths reduced heat

flow) froa the heat flowing upward from the lower orust snd

mantle. The relation also led to the recognition of large

geothermal provinces with constant value of 'reduced heat flow'

and equal thioknsss 'b* of the top radioactive layer but with
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1, That boat flow values over shield areas vary

froa 18 to 75 mWaT2 and are not uniformly low as was generally
believed. Three characteristic regions of low, intermediate

and high values can be Identified,

2. That those rgions of the shields, whioh are

covered by high grade metaaorphle rocks or by Archaean or

reworked Archaean roe ts or greenstones, sre generally oharao-

terised by low heat flow values of about 20 to 40 mWa . In

the ease of greeyistoao belts, It is the nature of their ini-
T

tlal evolution whioh is mainly responsible for their low

heet flow associations whereas In the Arohasan high grade

terrains, it has been caused by the vertical seggregatton of

radioactive elements snd their subsequent depletion with

erosion of overlying layers. According to Watson (1978) ths

magnitude of the Post-Arohesan vertical aovements required to

bring ths Archaean granulite complexes to their present

eroded level, suggests that their subsequent evolution followed

a different course froa that of the greenstone belt provinces

' whioh have maintained a reither constant level, Another

pointer to the operation of different thermal rogimee during

the evolution of various segments of ths Preosmbr!an orust is

furnished by the occurrence of diamonds, which reach the

surface in regions of low thermal gradients, Considering ths

stability field of diamond occurrences another writer,

Shackleton (1973) suggests that despite a generally high

thermal gradient within the shields, there exieted soma regione

whore it wae low during the early Proteroaoio times.
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v
3. That the Proteroaoio regions of ths shislds are

characterised with higher hsat flow than ths Archaean. Apart

from othsr considerations, it can bo mentioned hare that on

ths basis of detailed geochemloal studios, numerous workers

have pointed out that the earlier crust hae been more basic,

had lass K, U and Th and mors Ha, Cr, Wl and perhaps Aa,

than the younger crust.

4. That granitic regions of ths Preoambrien shielde

are associated with higher than average heat flow (1.1 to 1.8

HFU) due, mainly, to the concentration of high radioactive

slsasnts in the granitic gnelssio rooks.

Furthermore, marginal regions of shields, Cana

dian and Ukrainian for example, are associated with higher

heat flow than their central regions lending credence to the

suggestion of concentric growth of continental orust. Besides,

heat flow velues as high ss 55 (1.31 HFU) havs been observed

even in the basio rooks located near the margins of the shields

, dus perhaps to subsequent thsxao-tectonio prooeesss occurring

along marginal faults.

5. That Proteroaoio laiogoosynolinal belts, Indian

shield for exam ae, have been found to mark ths highest heat

flow regions in the shields. It might be that in such regions,

erosion of the top layers of the sadlments, which were deposited

snd aetamorphoesd in ths upper Protemsoio, was not ssvere enough

to deplete their radioactive contents appreslabley. However,
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it appears more 11 :ely to be the result of the lithosphere

being less differentiated under such portions of the shisld

which experienced geo synclinal developments during ths Middle

Proteroaoio.

6. That ths 'reduced hsat flow* and the mantle

component of heat flow is likely to be different under differ

ent ehielde and or parts thereof. This implies that the iso

thermal Interface, between the lithosphere and oathenosphere

aay bs an undulating surface,

7. That ths Gondwoalsnd shislds have in general, a

higher heat flow than their Lanraslan counterparts. % waver,

ths difference between the boat flow in the two shields blocks

becomes insignificant if climatic corrections are applied to

all values obtained over too iaurasian shields. Ths Kalahari

Craton of the So ith African shield is associated with 4<#

higher hsat Clow than ths Baltic snd too Ukrainian shields.
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5.1 Introduction

India is a big country with a large population,

where local conditions and availability of natural resources

vary greatly from one region to another, particularly of

Energy resources which constitute a crucial input for develop

ment. The only way to provide it to every corner of the

country whether in the inhospitable desert regions or in the
7

remotest regions of perennial snows without wastage and with

out degrading the environment is to develop and exploit widely

distributed sources such as solar and geothermal energy, wind

and tidal power ojtybiogas. The relevance of our R&D efforts

in these fields thus acquire a special significance.

Although geoheat has been turning the blades of

turbines and generating cheap power since quite some time in

Italy, New Zealand, USA, USSR and Japan, it did not attract

much attention in other parts of the world until recently,

when the Implications of the new global energy crisis burst

upon us with a bang.

Geothermal exploration seeks to delineate regions

at shallow depths where thermal energy is concentrated. An

examination of the well explored and developed geothermal

fields of the world indicate that most of these are located
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In young orogenic zones associated with Quaternary voleaniam.

However, Larderellow, the first well-explored geothermal field

In the world, lies at a considerable distance from the nearest

volcano. This area and a few others have been found in the

hinterland fault block structures or hinterland basins and in

rift zones. Potential geothermal areas are also known to

occur in regions of crustal rifting and of recent mountain

building. Moet of the geomechanical energy released in the

earth is expended within a few narrow orogenic belts marked by

a strong seismic activity. These are the junctions of large

crustal plates and are highly deformed along their borders.

In their interior regions, mostly broad epirogenie movements

occur. The heat energy is concentrated mostly at the plate

aargine, or at places within the plates marked by zones of

ancient weakness or of magmatic activity.

No recent volcanic activity is known in India except

in the Barren Islands which form the crest of a deeply sub

merged ridge in the Bay of Bengal. However, many hot springs

have been known in thia country from ancient times and plate

boundaries, rift valleys and tectonic zones affected by recent

crustal movements are also found to occur in several regions.

All these are generally associated with hydrothermal systems

and point to the potential and poasibilities of an exploration,

evaluation and assessment programme of geothermal resources.

In order to gain a better insight into the geothermal

resources of India and to recognise, if possible, certain
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geothermal provinces of India, where subsurface thermal

waters may be encountered and exploited, an analysis and

synthesis has been attempted of available geodata, particular

ly of the major tectonic features of the Indian land mass,

of the surface manifestations of geoheat and of available

heat flow data in the Indian peninsula. From these, it is

felt that nonvolcanic geothermal resources of moderate to low

grade can be expected to occur in certain geothermal provinces

of India.

5.2 Evolution of The Indian Landmass

The Indian landmass has been divided both geologi

cally and geographically into the following three main

provinces.

1. Peninsular India

2. The Indo-Gangetic alluvial plain J^ -,r|||t|1,
3. The Himalaya 8 India

Potential regiona of geothermal resources are

those which continued to be tectonically active during the

Tertiary-Quaternary periods and or suffered p Pliocene -

Holoeene igneous and volcanic activity. Accordingly, the

evolution and growth of the above mentioned geological units

of Indian landmass have been summarised below. Tectonic

events, wherever relevant to creation of geothermal resources,

have also been discussed.
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5.2.1 Peninsular India

The creation of continental masses and the dyanmism

of the earth as a whole have been primarily controlled by its

internal heat. It is believed that deep-seated, long lived

convective mantle cells, and mantle plumes produced continen

tal nuclei! and protocontinents, which merged at one time to

form a single continental mass, the Pangaea, At the end of

Triassic, the Pangaea had split into Laurasia and Gondwanaland

(Diets and Holden, 1970). The latter itself broke during the

early Cretaceous. According to McElhinny, (1973), Xlootwik

(1973) and Valencio (1975), the Gondwanaland appears to have

remained mostly intact from the late Pre-Cambrian into the

Mesozoic, although the first indications of the eventful

brealc-up may have appeared in the late Paleozoic. Craddock

(1977) described twelve events in the Gondwanaland fragmenta

tion, which possibly first occurred with the separation of

west Gondwanaland (South America - Africa) from East Gondwana

land (Antarctica-India-Australia). The time of separation of

India from Antarctica is difficult to establish but according

to Craddock (1977) it probably occurred in early Cretaceous.

McElhinny (1976), puts the event around 130 m.b.3.P., while

Laughton and others (197J0 date this separation to be older

than 75 m.y.B.P.

The break-up of the Gondwanaland was attributed to

deep thermal processes. Hot spots have been believed to be

the cause of rifting between Australia, India and the
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Antarctica. According to Morgan (1972) Gondwanaland may have

fractured along rifts that made triple junctions over rising

mantle plumes. Numerous hot spots are believed to be still

operative in the earth*s mantle under various places.

As regards the Indian Shield, six continental

nuclei! are believed to have developed during the early stages

( y 3,5 billion years) of its crustal evolution. These can be

grouped into three pairs, demarcated by the Narmada-Sone and

Godavari linements. Later, though vertical and horizontal

acoretion these three pairs developed into three protoconti-

nents, the Dharwar, the Aravallis and the Singhbham, Raja Rao

(197D and Naqvi, Rao and Narain (1974).

Regarding the nature of the primordial crust of the

Indian shield, various suggestions have been put forward. One

group favours that the segments of the Indian proto-cruat may

be anorthosites, or basic and ultrabasic charnokites of

komatiitlo.chemiatry, while others consider it to be made up

of granities, gneisses, migmatites, oceanic tholeiites, basal

tic komatiites, Detailed geochemioal work at -toe NGRI supports

the view that the primitive crust waB thin, unstable, basaltic

and of oceanic type; that the Archaean mantle beneath southern

Indian was peridot!tic* that late Archaean to lower Proterozoio

was transitional from aimatic to sialic crustal development*

and that Cratonisation was over by mid-Proterozoic (Pichamuthu

1977).
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Krishnan (1953) and other earlier workers delineated

four persistant regional trends in the Archaean - Proterozoic

rocks of India, These arej

1, The Satpura trend (ENE-WSW) in central and eastern

India extending from Panchmahals (Gujrat) to tha

Assam Plateau.

2. The Eastern Ghats trend (NE-SW) along the Eastern

Ghats of Orlssa, Andhra 2 and Eastern Madras.

3. The Aravalli trend (NE-SW) in Rajasthan.

4, The Dharwar trend (NHW-SSE) in Mysore and Hyderabad,

extending as NW-SE trend into southern Madras and

Kerala.

It is believed that two or more regional trends

intersect or intermingle at certain locations notebly in areas

like the Bhandara triangle, the Mahanadi valley, the Nellore

mica belt, southern Mysore and Wynad.

Eremenko and Negi (1968) view the tectonic evolution

of the Earth's orust in India along two main stages:

i) geosynclinal and ii) platform.

They suggest that the five Archaean-Proterozoic

folded regions, which constitute the basement of Indian plat

form are areas of i) Dharwar folding; ii) Aravalli folding;

ii!) Eastern Ghat folding; iv) Satpura folding and v) Delhi
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folding. Areas of Dharwar orogeny have been considered the

oldest followed by Aravalli, Eastern Ghat, Satpura and Delhi

orogenies.

The Cuddapah sequence represent the oldest sedimen

tary sequence of the Indian platform and occupies the

Cuddapah depression, the Godavari graben and probably the

major part of the Deccan synoline and the Western part of

Narmada-Sone-Damodar graben. Subsequently, positive movements
I

resulted in complete erosion of the Cuddapah sediments from

some uplifted parts of the intervening platform areas. The

next stages of the tectonic evolution of the Indian platform

followed through the Tindhyan (Upper Proterozoic - Lower

Palaeozoic), Gondwana (Upper Carboniferous to Lower Cretaceous),

the Middle and Upper Mebozoie and other sequences.

Granitic intrusive activity continued with breaks

throughout the Proterozoic Era, Numerous large and small

granitic bodies are exposed presently and many have been

inferred on the basis of relevant geodata. The main large

granitic bodies are the Bundelkhand, Erinpura, Berach,

Singhbhum, Dongarh and Closepet massifs.

*

n

A significant event in the evolution of the Indian

platform is the widespread Upper Cretaceous - Lower Eocene

Igneous activity, represented by the Deccan Trap lava flows,

which presently cover a very large part of the Western and

Southern India. Igneous activity occurred during Upper

Jurassic to Lower Cretaceous also and is represented by
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Rajmahal and Sylhet traps and intrusive dyfcis and slls in the

Gondwanas. However aome of these are considered contemporane

ous with the Deccan Traps.

Earlier views consider the Indian Peninsula to have

remained a stable shield unaffected by movemente of any kind

and all the physiographic peculiarities, an end result of

t oircum-denudation of an old table land. However, recent

geoevidence indicates that eventful vertical movements occur

red in the Peninsula during all times including the Tertiary

and Quaternary periods. Uplift and rejuvenation of the Penin

sular Shield did occur in Cretaceous and Mid-Cenezoic. Post-

Miocene uplifts are noticeable in the Cuddapah basin, the

Western Ghats and in the Mysore Plateau.

Sedimentation occurred in Kathiwar and Kutoh area

during Tertiary period but these were raised up into dry land

in the latter part of Pleistocene. Uplift of the Western Ghats

during the Upper Tertiary is indicated by the youthful behaviour

of the upper reaches of the river basins of the area.

A major regional upwarp; whereby the older pane"

planned surface was uplifted to a height of over 3,000 ft,

occurred during the Mio-Cainozoae in the Peninsular shield.

Laterite, which had formed a crust over the peneplanned

surface, came to occupy elevations of 3,000 ft, over the Mysore

plateau (Radha Krishna, 1976). A general upward tilt of the

Peninsula in the south ic also occurred there.
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5,2,2 Extra-Peninsular India

India after its detachment from the Gondwanaland

moved northward moat likely during early Cretaceous. Laughton

MoKenzie and Sclater (1972) suggest that the northward move

ment of India started slowly but accelerated between 75 and

70 m.y.B.P. to a total rate of 17 cm/year. It decelerated and

considerably slowed down quite suddenly around 56 m.y.B.P. per

haps at the time when it arrived at the subduction zone in the

Tethys Sea in the north. The total drift is about 5,000 km

with an average speed of about 7 cm/year. Palaeomagnetic data

obtained from Indian rocks of various locations and ages

(Duetseh et al. 1956; Terma, 1973) also point out to its rota

tion by as much aa 20*. It is believed that during its north

ward movement in the late Cretaceous and early Tertiary, trans

form faults of the Owan Fracture Zone, the Masearene-Chagos-

Laccadive Ridge and the Ninety east Ridge were formed. These

fracture systems extend to the great Himalayan border thrusts

of Kirthar in the west and Patkai-Arakan-Yoma in the east

(Gansser, 1965). The Seychells and the Chogos-Laccadive rises

appear to be remnants left behind by the advancing peninsula.

The roughly northward moving Indian Shield eventually

collided with the mainland of Asia, but it is difficult to

establish the exact time of this event. Most workers advocate

collision during the *<»cene or early Oligocene (Ravi Termam,

1972* Golchen, 1975; Molnar and Tapponier, 1975* Blow and

Hamilton, 1975). The origin of Siwaliks derived from the

7-9



210

rising Himalayas, however, suggest that collision was certainly

underway by the Miocene (Gansser, 1973* Terma, 1973).

The aforesaid northward movement of the Indian sub

continent after its dstachment from the Gondwanaland and col

lision with the Surasion plate with consequent underthruoting

has pleyed a most significant role in its subsequent tectonic

history. Lofty mountain chains sprang up along the advancing

edge in the north, while the sedimentary pile (Tethye) accumu

lated in front of the Asian craton was compressed and lined by

an immense volume of ophiolites, A collateral of the mountain

building activity along the northern margin of the Indian shield

was the formation of a belt of persistentjsubsidence between the

central part of the shield and the rising mountain. The Siwaliks,

since raised were deposited in this depression followed by the

Indo-Gangetic and the Brahmaputra basin. It is now well esta

blished that the northern margin of the old Gondwanaland was

alBO involved,in mountain building. The Himalaya in fact con

sists of two parts, one belonging to Peninsular India and

represented presently by most of the Lesser and some parts of

the Higher Himalaya, and the other belonging to the Tethys geo-

syncline which now occupies the northern flank of the mountain

chain. Presently the Himalaya comprises of four contrasted

lithotectonic units each characterised by its own distinctive

structure, lithological composition and stratigraphic setting.

As a result of prolonged northern movement and colli

sion large compreaslonal forces at the corners of the subconti

nent produced the dramatic syntax!al bends notebly the one in
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Kashmir, Anatexis also occurred in certain parts of the

Himalaya producing mountains such as the Nanga Parbat. The

Mikir Hills - Shillong Plateau and the Ranch! Plateau were

uplifted. Fusion took place in the orust under the Tethys

and Higher Himalaya, and synorogenic and postorogenic

granites were emplaced.

5,2,3 Geotedtonic evolution and relationship with geo

thermal resources

It has already been mentioned that the Indian main

landmass is devoid of any recent ttolcanism. The remarkable

features of the Tertiary period of the Indian landmass have

been: a) The eruption of stupendous quantities of basic lava

in the Eocene which might well have begun during Cretaceous,

b) compression, thrusting and uplift of the Tethys geosyncline

to form a great mountain system on the northern border in the

Upper Tertiary, and c) down faulting of a narrow strip along

the western edge of the shield in the late Pliocene. All

these must have caused considerable transfer of material in

the lower cru8t and mantle which perhaps resulted in vertical

movements, reactivation of ancient faults, and refashoning of

subsurface thermal regimes.

It is now well established that the collision of

Indian plate with the Eurasian plate reactivated certain an

cient faults, and transcurrent tear faults such as those run

ning through Moradabad, Lucknow, Patna and Dubri, produced blook
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uplifts and epeirogenic movements. Imprints of this movement

are infact discernible throughout the Indian shield. As

believed by some, this also perhaps resulted in the outpouring

of the Deccan lava flows. According to Sen Gupta and Khattri

(1973), beginning in the Cretaceous, the Cambay area in Western

India experienced tensional forces oriented in an east-

northeast west-southwest directions, which gave rise to the

formation to the Cambay rift. Ancient deep features such as

the Narmada-Sone lineament continued to be reactivated. These

are probably regions in which concentration of heat energy has

occurred and may still be occurring at shallow orustal levels.

Deep seismic sounding studies have revealed a large

crustal thicknessof about 30 km thick granitic layer under

the Himalaya. Release of stresses accumulated due to great

compressive forces result in the liberation of heat at the

expense of tectonic friction. Northward movement of the Indian

Plate caused compression, buckling, squeezing and upward move

ments of the Himalayan rocks during the Tertiary orogeny,
e

Processes of compression and squeezing should have caused crus

tal melting resulting in generation of magma and in the emplace

ment of syntec Ionic granites under the Tethys and Higher

Himalayas, Upwarping and faulting of the highly heated rocke

relieved the pressure, lower in the crust, allowing fusion

and generation of magma involving the depressed sialic layers,

Post-Orogenic granites, notably of Badrinath-Kedamath, Gangotri,

Kalapani, Burzll, Pir Panjal, Melakarchung and Chemolhari etc.,

appear to owe their origin to such a process in the Himalayas.
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Most of these granites seem to bs of Mio-Pliocene age.

Profuse shallow seismic activity continue to occur

and movements of the orogenic phase are still continuing in

the Himalaya, where crustal velocities, have been found to be

lower compared to those in the Indian shield, particularly

those under the Higher Himalay and Tethya zonee, suggesting

the prevalence of comparatively higher crustal temperaturea

under these zones. Possibilities of occurrence of Holocene

zones of melting at shallow depths due to release of pressure

on account of uplift and by seismic stresses In the heated

crustal layers thus become fairly distinct, opening up, in

turn, the possibility of finding suitable environments for

the occurrence of geothermal resources, both in Peninsular

India and In the Himalaya.

5.3 Thermal Manifestations in India

Surface manifeatations of geoheat in the form of

hot springs occur in almost all tectonic units of the sub

continent (Figure 7-1). However, except for the Barren

Islands, they are all devoid of any recent volcanism, Oldham

first compiled and catalogued almost all the know hot springs

of this sub-continent as far back as 1382. About 250 thermal

springs some of which exhibit boiling with steam separation

and mild geyser activity are presently known. Most of these

are not isolated phenomena but follow certain tectonic trends

and tend to occur in areas associated with tectonic movements.

I
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This is specially valid for those lying in the Himalayan Oro

genic belt, in the Narmada-Sone and Damodar valleys as well as

on the West Coast, commonly known as the Konkan Coast region.

Hot springs generally occurring in clusters and

groups are known over 50 locations presently in the Himalayas.

These are associated with thrusts and faults in its four con

trasted lithotectonie units (Figure 7-2). On the West Coast,

many hot springs approximately aligned in a N-S direction,

emerge from the shear and fracture zones near the junction of

lava flows or contacts of dolerite dykes with basalts (Figure

7-3), Few hot springs are also located in the Narmada and Sone

valleys which mark a prominent lineament on the Indian land

mass. A group of hot springs generally known as the Rajgir-

Monghyr belt of hot springs, whose waters are uniquely

characterised by a low pH value and low mineral content, flow

from the Pre-Cambrian meta-sediments in the northeastern part

of India, where crustal movements corresponding to the lste

phase of the Himalayan Orogeny have taken place. Another

group of hot springs occur south of this belt, in an area

largely covered by Pre-Cambrian crystalline rooks and partly

by Gondwanas (Upper Palaeozoic - Lower Mesozoio). These

include the famous Tatapani hot springs (Figure 7-4), whose

waters have the highest temperature (91*C) of all the springe

in peninsular India, Crustal movements corresponding to the

late phase/s of movements of the Himalayan orogeny have, most

probably, occurred in this region, A few hot springs are also

aligned along a Pre-Himalayan lineament towards south-west
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of Delhi apart from a large number widely distributed in other

Pre-Cambrian fold belts of the Indian shield in areas of minor-

faulting and shear zones, (Figure T-1).

5,2,1 Geochemistry of thermal waters

Geochemioal data on hot spring waters supply useful

informations regarding the geothermal resources potential (sec

tion 2.5,5), The geochemistry of the thermal waters of India

has been considered by Chaterjee in 1969 and Gupta et al.(1975).

Detailed data of chemistry of thermal waters of various regions

are also available. Deb & Mukherji (196^); Gupta and Saxena

(1974, 75, 79); Handa (1975), Jangi (1976), All the known data

has been re-examined so as to get a better insight into the

geothermal resources potential of ladia.

As regards Himalayan Orogen partial and in some

cases detailed chemical information of ite thermal waters of

various hot spring areas is available, and thermal waters of

nearly neutral to mildly alkaline Na-HCOv-Cl, Na-Ca-Cl-HCO,,

Na-Cl- Na-Cl-HCO,, Na-HCO», Ca-Mg-HCO,, Jra-Hg-HCO«(mixed type)

types are known to occur. An analysis of data and coaparision

of weight ratio of thermal waters in volcanic hot springe as

reported by White and others in 1963 indicate association of

some magmatic components in some thermal waters of the

Himalaya. To site an example, Puga thermal waters (section

6,5) are dominated by relatively high P, CI, SiOg, B, C02 and

Li, ae well as, low Ca and big and also have large (11-12 mg/lit)

Cesium. This indicates association of some phase/s of late
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magmatic activity in the area. Association of these waters

with borax and sulphur also indicate contribution from mag

matic bodies a8 sources of heat and some of the solutes.

Moat of the hot springe in the Himalayas occur in

river valleys. It is likely that those manifesting in a

particular river valley ahare a single bydrothermal system.

Chemical similarities if observed in thermal waters of a

river valley point out towards such a situation (section 6,8.1

and 6,8.7), It has been found that generally the hydrothermal

systems of Himalayas are characterised with base temperature

of the order of 150'C or over (Gupta et al. 1975, 76, 79*,

. Thus indicating good geothermal resources poten

tial in the Himalayas.

Next important hot spring region is the Konkan Coast,

which is a strip of land of about 50 km wide lying between the

Western Ghats and the Western Coast of India. Its thermal

waters are dominated by Na*- Cl" and Ca**- SOT" ions. Most

of the springs in this region issue from the same geotectonic

environment and indicate more or less similar chemical charac

ter of thermal waters, thereby suggesting a cojtgnate source.

However the spring waters lack in appropriate concentrations

of boric acids, fluoride, ammonia, hydrogen sulphide, whioh

are found in significant quantities in waters of high tempera

ture geothermal areas. The main gasses in such areas are C0«

and HgS. Analysis of gases discharged from some of the main

hot springs of Konkan has shown low contents of C02, BUS and
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Hg. Thus suggesting that contribution from high temperature

rocks (magmatic sources) to the gas discharge are negligable.

It appears that low enthalpy fluids can be tapped in the

Konkan Coast.

Next regions worth consideration are the various

grabens of the Indian land mass; viz., Cambay, Narmada-Sone,

Godavari, Damodar etc. Cambay Graben is well known for its

hydrocarbon resources. Highly mineralised (about 4,6 g/lit)

thermal waters were found to flow from two exploratory oil

wells in the graben. Fluid chemistry of thermal waters and

those stored within the sediments at similar depths from

which thermal waters had been tapped, indicate a different

source of the high enthalpy fluids, whioh probably lies within

the traps. Hot springs are only found near the periphery of

the graben. However in the case of Damodar, Mahanadi, Goda

vari etc, Grabens, hot springs are known to emerge through

the Gondwana sediments in various locations, but detailed

chemical analysis of their waters, except for few locations

of Godavari valley, are not available. Reservoir temperature

around 160*C has been estimated for one hydrothermal system

(Agnigundala) of Godavari valley (Saxena and Gupta, under

preparation).

Hot springs are wide spread and manifest through a

variety of rock formations in Preoambrian fold belts. Their

thermal waters differ significantly in physico-chemical charac

teristics. The total mineralisation is low and varies from
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0,06 to 0.7 g/lit. A detailed search indicate that the known

mildly acidic waters of India issue through the Archaean

quartzite in Rajgir-Monghyr belt of hot springe where movements

have occurred during Miocene to Pleistocene. The hot springs of

this belt although distributed over a large area, separations

between two hot spring areas can be as large as 150 km, show

the same chemical charaoter and have very low mineralisation

0,06 gAit, The waters differ from the local ground water in

their chemical character and their origin is difficult to explain.

They are in fact rather unique, being radioactive and aasocia-

ted with 15 to 20% C02; 1% CH^; 6 to 9$ 02 and 70 to 80% N2 and

inert gases (Guha and Nag, 1971), C02 is generally a major

constituent of gaseous material from areas of volcanic hot

springs, and contribute from 70 to 95$ of the total volume

(White, 1957; Mahon, 1970), The low and high contents of C0g

and N2 respectively in the spring gases of the belt indicate

that their volcanic/magmatic origin is very remote possibility.

Thus suggesting to their very low geothermal potential.

Another group of hot springs with temperatures vary

ing from 35 to 91*C (Figure 7-4) occurs towards the south of

the liajgir-Mnnghyr belt through the Pre-Cambrian Chotanagpur

genissic complex. The thermal waters are alkaline, of mixed

type with TDS 0,6 g/lit and mostly dominated by Na*HC0*~.

Considerations of chemical parameters and other environmental

faotore point out their meteoric origin. However the hot

springs of Tatapani (Figure Y-4) (Surguja district) which has

a discharge temperature near 91*C and some sinter deposits in
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its vicinity needs further attention.

Most of the hot springs of the Pre-Cambrian belt

emerge through fractures at points which are lowest topographi

cally. Rocks of various types with little or no primary poro

sity or permeability occur in their vicinity. The effective

porosity and permeability being due to fracturing, shearing

or jointing. In the peninsular shield, various old faults

have been delineated and several earthquakes of small magnitude

recorded during the last decade. The northward moveioent of

the Indian plate, whioh is still continuing and its collision

with the Eurasian plate is a major tectonic activity of far

reaching consequences. Associated phenomena with this and

minor earthauake activity, have kept the old faults and

fractures open and thus facilitated the deep circulation and

heating of meteoric water and emergence of hot springs.
•si

On the whole, chemical parameters alongwith other

considerations indicate that the waters of the hot springs,

which occur in various Pre-Cambrian fold belts of the Indian

shield, are mostly of meteoric origin. Their temperatures are

controlled by the geothermal (mostly normal or below normal)

and hydrogeo logical regimes of the respectiver regions.

5.4 Thermal Field of Indian Landmass - A synoptic 7iew

Observed geothermal gradients in rocks of various

ages and types in India (Figure 7-5) show a large scatter and

variation. The highest temperature gradient (45 to 75'C/km)
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ao far observed has been found in the Upper Tertiary hydro

carbon bearing sediments which overlie the Upper Cretaceous

- Eocene flood basalts. Next in line come the coal bearing

Gondwana sediments showing somewhat lower gradients (27 to

60'C/km).

The observed heat flow in the Cambay graben range

from 1.3 to 2.3 HFU. A zone of high heat flow in the middle

part of the basin, located towards north of Hahi river, has

been also delineated. The cause of high heat flow has been

attributed to an igneous intrusion in the crust beneath the

basin during the Pliocene-Miocene times vide section 3,6.

The heat flow values so far measured in the Damodar

Gondwana Graben which is believed to be a rift valley, show a

large variation, ranging upto 2,45 HFU. However, a systematic

analysis of the heat flow data after duly accounting for the

disturbing factors which cause large variations in the heat

flow field, give a value of 1.8 HFU. This value of heat flow

is somewhat higher than the global average. Recent uplift

with noticeable arching of the crust indicating recent mantle

disturbances which has been reported in the Damodar Graben,

may be the likely cause of high heat flow.

Pre-Cambrian Terrains of India, as elsewhere are

characterised with low geothermal gradiente (9 to 24*C/km).

However, some portions of the Indian Pre-Cambrian shield are

associated with significantly higher surface heat flow as

compared with the world average.
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The thermal field of the Himalaya which, geologi

cally speaking, attained its present landscape configuration

only about a million years ago and where rock suites dating

from recent times to the Pre-Cambrian are exposed in all of

its four contrasted lithotectonie units, ie certainly of a

very complex nature. The Himalayan region has experienced

compression buckling, heating and upward movements eversince

the collision of the Indian plate with the Eurasion plate.

Arched block warping of such highly heated crustal zones lead

^ to lowering of pressures, which can locally generate magma.

Emplacement of post-Orogenic granites in the Himalayan region

probably occurred in this way. Small intrusive masses are

indeed expected to have been emplaced in the Himalaya in the

wake of such processes (Figure 7-6).

Measurements at 3 locations in the Himalayan foot

hilla revealed normal temperature gradients of 26-32'C/ km

and heat flow valuea of 1,2 - 1.3 HFU, but the Great Himalaya

located between the Main Central Thrust and the Counter

Thrust are characterised by high heat flow with some localised

pockets for very high heat flow.

5,5 Geothermal Provinces in India

On the basis of the aforesaid analyses of available

data, the four main geothermal provinces of India which have

been selected for detailed studies are*

i) The Himalayan-Burmese-Andaman Nioobar Are
4 Geothermal Province.
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ill The Narmada-Sone-Dauki lineament Geothermal
Province.

iii) The Konkan Geothermal Province.

iv) The Cambay Graben Geothermal Province.

Additionally, there are a few smaller geothermal

provinces where hot springs and thermal waters of low enthalpy

are encountered. However, these are generally areas of normal

geothermal gradient where the meteoric waters have been able

to penetrate to great depths and return to the surface thereby

A transporting the geothermal energy. At some places some

exothermic chemical reactions might also play an active role.

However geothermal resources of such provinces (with two

exceptions: Agnigundala and Tatapani-Surguja) are not promising

for exploitation from the techno-economic point of view.

5,5,1 Himalayan-Burmaae-Andaman-Nieobar are geothermal

province

*

Thia province forms a part of the Alpide-Himalayan

zone, whioh is a region mostly of continent-continent collision.

Crustal shortenings of the order of 200 to 500 km appear to

have occurred in this zone during the last 10 m.y. The zone of

intercontinental shortening runs from Iran through Baluchistan,

Himalayan and the Burmese Arcs to the Andaman-Nicobar Islands.

A large part of the differential motion is probably accomodated

along the Zagros fold belt, the Baluchistan and the Himalaya

arcs (Lepichon et al. (1973),
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The Himalaya were largely formed by middle to late

Miocene times (10 m.y,), However, geologically speaking, the

Himalayan mountains attained their present configuration only

about a million years ago. This mountain belt, bordering the

Tibetan plateau to the south, extends aa an arcuate belt for

over 2,500 km, flanked by remarkable syntaxial bends on ite

western and eastern ends. The eastern bend joins it to the

Burmese ranges (Arakan Yoma) which continue upto the Andaman-

Nicobar Islands through a submarine ridge.

Earthquake activity in the province is not uniform

all along the arc. Clueters of epicentres occur in the Hindu-

kush, Northwestern and Western Himalay and in the north-eastern

part of the country down to the Andaman-Nicobar Islands

(Figures 7-2 and 7-7), Most of these earthquakes are of

shallow origin except in the Hindukush region where they occur

at intermediate depths. Pew intermediate depth earthquakee

also occur near the Indo-Burma border region and the Andaman

Sea.

A belt of hot springs extends from NW Himalayas

through Nepal, Bhutan to NE Himalayas towards Burma and

finally to the Barren Islands (Fgiuree 7-2 and 7-7). Most of

these are located in the north-western part of -toe Himalayas

while a few are known to occur in Sikcira state and Nepal and

Bhutan. More detailed studies may, however, reveal additional

hot springs in the eastern part (Gupta et al. 1975). The

Geological Survey of India has reportedly located some centrea
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of hot springs in the Assam-Nepal region. In the Barren

Island which is famous for mud volcanoes only one group of

hot springe is known to occur.

5.5.1.1 Sub-provinces

This rather large and aprawling province can be

divided into two main sub-provinces* i) The Himalayan Geother

mal sub-province and ii) the Burmese-Andaman-Nicobar arc Geo

thermal 8ub-province. The former can be further sub-divided

into smaller sub-provinces, namely the NW Himalaya and the

Eastern Himalaya geothermal sub-provinces. However till more

detailed etudies are available and discriminating characters

and geoparameters have been clearly observed, the Himalaya may

be considered as a single geothermal sub-province.

5.5.1.2 Himalayan geothermal sub-province

Attempta to construct the evolutionary and tectonic

history of the Himalaya have been made since the 1930s by

various workers, beginning with Auden in 1934 and 1937, Helm

and Gansser in 1939, West in 1939, Wadia in 1962, Pande and

Saxena in 1968, and VaLdiya in 1969 (See 7aldiya, 1973).

These studies have shown that the Himalayan tectonic belt

consists of four contrasted lithotectonic units, as shown in

Figure 7-2. These units from south to north ares

1. The outermost Himalayan unit consisting mostly of

Siwalik sediments of Miocene-Pleistocene age, which

form hills of varying widths.
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2. The Lesser Himalayan sedimentary zone consisting of

folded and faulted Precambrian to younger sedimente.

3. The Great Himalayan Central Cryetalline Zone, con

taining practically all the snow-clad high peaks,

consisting of some sedimentary and metamorphic rocke

and large masses of igneous intrusions.

4. The Thehya-Himalayan 2one which is composed of sedi

ments of all ages formed in the Tethyan geosyncline.

All four units extend from east to west in continuity

and are eharply delineated by tremendous boundary thrusts.

Figure 7-2 clearly shows that in many areaa, these Himalayan

thrusts are sesimically active.

The northern boundary of this sub-province is separa

ted from the Karamoram-Kailas ranges by a great counter thrust

called the Indus Suture Line (belt by Gansser, 1964, 1966).

This suture belt which resulted from the fracturing of the

northern boarder of the Indian Peninsula when it collided with

the Eurasian plate (Tibetan Block), is a narrow belt of deep

fracture (50 - 60 kn) located along the Indus and Brahmaputra

rivers. It is composed of strongly compressed (sandwitched

between the Himalayan belt of rocks to the south and the Ladakh

granite towarda the north in N-W Himalaya) Upper Cretaceous to

Eocene continental deposits of Indus flysch and associated

ophiolites. According to Tiwari (1964) the Indus fLysch repre

sents a molasse facias and are probably of post-Eocene to Miocene
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age. The main large scale thrusting which caused the squeez

ing of the Indus ilysch and associated ophiolites also caused

:.-S cross faulting both in the Indus zone and the Ladakh zone.

The cross faults developed as relief structures following large

scale thrusting, !♦*

Another thrust of deep fundamental character of this

subprovince is the Main Central Thrust, which continues to be

active, 7aldiya (1973), This thrust along with its associated

faults and thrusts, separates the lesser Himalayan sedimentary

zone in the south from the metamorphics of the Central Crystal

line Zone in the Forth,

As explained earlier magmatic hearths ean locally

appear in highly heated zones of the crust experiencing arched

block-warping. These processes which occur quite commonly in

the Himalayan Orogen, have created potential geothermal fields

through out this province and even beyond the Indus suture

line in the Karakoram-Kailas region. Youthful uplift in the

Himalaya not only produces large fracture systems, but keeps

these open, thereby facilitating the emergence of hot springs

which usually manifest themselves along the faulted contacts of

Tertiary and Pre-Tertiary sediments with granites and gneisses,

and in some cases through joints and fault8 in the crystalline

rocke. Misra and Bhattaoharya (1976) observe that in the

Central Crystalline <tone of northern Kumaun Himalaya, a number

of springs and prominent nalas have been found to originate,

all around the thrust plane.
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Whilst only a few warm springs are found in the

Lesser Himalayan Sedimentary Zone and the Siwalik sediments,

they occur mora frequently further north e.g., the high tempe

rature hot spring of 'uga, Manikaran, Jumnotri, Tapoban etc.,

all occurring in the Great riimalaya, usually close to one of

the bounding thrusts. Boiling with steam separation and mild

geyser activity in India is only observed in this region.

Various hot springe Including the high temperature spring of

Nubra (Figure 7-1) also emerge in the Karaiaoram-Kailas region

towards the north of the Indus-Suture Counter Thrust.

Hot springs located in between and in the vicinity

of the Counter Thrust and the Main Central Thrusts are usually

found to possess good geothermal potential as recent investi

gations reported in a later chapter indicate.

5.5.1.3 Probable heat sources of hot springs

The Himalayan belt is not marked by any recent

volcanic activity, which is true also for the rest of the

Alpide-Himalayan tectonic belt from Assam to Central Europe,

along which many hot springs occur, m the Himalaya there hae

been and continues to be intense tectonic and orogenic activity,

along its numerous faults and thrusts. Heat is normally gene

rated by orogenic activities, by the disintegration of radio

active elements, and by exothermic chemical changes. Heat

is given out by oooling of uplifted rock masses. Preferential

heat transport occur through tectonic fabrics such ae foliation
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or schistosity perpendicular to the stratification, ete. But

neither of these can, alone or collectively constitute geo

thermal resources which would be economically viable.

Whilst thermal waters obtained from such environments

can be profitably exploited for various uses such as space

heating, agriculture, etc., basically, it is the heat conducted

away from shallow hot magmatie bodiea along., which can provide a

euatained economically viable source of geothermal energy.

Granitic intrusion in the Himalayas has already been

discussed in section 5.2. Granitic and granodioritic rocke

ranging in age from Precambrian to Uppermost Tertiary, are pre-

dominently confined to the Great Himalayan Central Crystalline

Zone. Large granite emplacements were produced during compres

sion and uplift of the region through processes discussed ear

lier. The Tertiary granitic rocks predominate over the rocke

of other ages. For example the Badrinath-Kedamath granites

are of post-Miooene age (Gansser, 1965). 7aldiya (1973) sug

gests post-Tectonic emplacement of Badrinath granites (possible

18 m.y.). Recent investigations in the Puga-Chumatang region

show evidence for the occurrence of Miocene/Pliocence granites

in the Ladakh range near Chumatang. The granite intrudes into

younger Indus formations whioh are post-Eocene-Miocene, not as

old as Cretaceous (Tiwari, 1964). Thermal waters of Puga show

evidence for their association with some late phase/s of

magmatic activity. Granites of Tertiary age exposed in the

vicinity of some Himalayan hot spring area8 could be possible

heat sources if they are really younger (post-Miocene).
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t There are also granitoids in the lesser Himalayas.
These bear a resemblance to granitic rocks of the peninsular
type. These are in all probability the result df involvement
of the northern margin of the Gondwanaland in the Himalayan
orogeny. Such granitic masses, though very rare, are the
result of northward under thrusting of the northern margin of
the Gondwanaland.

It is therefore very likely that granites formed at
various times due to one or other factors outlined above are

* the source of heat for most of the hot springs of the
Himalayan orogen.

5.5.2 Narmada-Sone-Dauki lineament geothermal province

The Narmada-Sone lineament and the Dauki fault in

the eastern part of India mark a most prominent east-west
feature line of the sub-continent. West (1962), Ahmad (19&5),
and Choubey (1970) have emphasized the fundamental nature of
the Narmada-Sone line. Extended eastward, this line joins up
with an active normal fault - the Dauki fault - which borders
the Khasi-Jaintia Hills in the Shillong plateau. The Dauki
fault then merges with the great Naga thrust of eastern India.
To the north of the Narmada-Sone-Dauki line lie,the Vindhyans
and their equivalents in the Lesser Himalayas; to its south,
stretch the Gondwanas in linear basins formed in the Cuddapah
and Archaean floors (Jhingran, 1970). It is significant that
aouth of this line the Pre-Cambrian 7indhayns do not occur
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before the Wardha valley. North of this line the Deccan trap

lavas rest directly on the 7indhyans; to the south they rest

on the Gondwanas or on the Archaeans, the 7indhyans being

absent. West (1962) and Ahmed (1965) consider the Narmada-

Sone line as a major fault zone of the Indian peninsula and

probably an ancient feature reaching the deep mantle.

The succession of events in the Indian peninsula

suggests that the line of the Narmada-Sone valleys has been a
line of crustal weakness since the Precambrian, and has been

repeatedly activated by crustal movements operating intermit
tently along this line. On the basis of combined structural
and geomorphological observations, Choubey (1970) concluded
that rift-faulting has occurred along this line, Bhimasankaram

and Pal (unpub. data) on the basis of palaeomagnetic traverse

taken across the Narmada, speculate it to be a strike-slip

fault. Choubey (1970) suggested that this ancient feature

has been connected in someway with primary weak zones parallel

to the Archaean grain. Naqvi, Rao and riarain (1974) postulate

* the merger of the Singhbhum and Dharwar protocontinents with
the Aravali protocontinent along the Narmada-Sone line. If

this line of merger is extended towards the east, it would

seem to fall in line with the Dauki fault. The Narmada rift

is also bordered on the north by a line of carbnnatite intru

sions (Yellur, 1968, as ouoted by Jhingran, 1970). Jhingran

postulates that in the pre-drift configuration of Gondwanaland
the Narmada rift lay in continuity with the African belt of
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carbonatite along the :id-Zambesi-Laungawa rift of central

and East Africa.

The east-west trending Dauki fault demarcates the

Sail long plateau against the sedimentary plaina of Bangladesh.

This fault merges with the Naga-Dismog thrust on the east.

It is most probably normal fault along which the Assam Plateau

has been uplifted as a horst. Murty (1970) postulates an

upward rise of the mantle material in the eastern part, This

would result in the rise of isogeotherms; where this rise is

steep, as in the Himalaya the deformation would be accompanied

by regional metamorphism, with formation of synkinematio

granites. A system of east-west trending vertical faults has

also been mapped in the areas; these are parallel to the Dauki

fault (Sengupta and Khatri, 1973),

7arious hotsprings are located in the Narmada-Sone

valleys, and towards the south in the Damodar graben and also

at the margin of the Shillong plateau (Figure 7-1), The geo

chemioal character of the hot springs of this province, except

for some located near the Damodar Graben, is not known. The

Narmada-Sone-Dauki line zone extends beyond these limits west

ward to the Saurahhtra peninsula and eastward to the Naga thrust.

This ancient rift, possibly analogous to the East African

Rift, is a deep fault which divides the Indian subcontinent

into atleast two major blocks (Jhingran, 1970). Movements have

continued in this zone and it is a pretty likely place for the

concentration of heat energy to form potential geothermal

energy sources in the region.
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5.5.3 Konkan geothermal province

The Western Ghats ~ a chain of mountains running

parallel to the western coast of India in a north-south

direction, at an average distance of about 50 km from the

shore — border a coastal strip of land known as the Konkan

area. A large number of hot springs or group of hot springs

with maximum temperatures upto 70*C emerge from the Deccan

trap in this belt between latitudes 16*N and 20*N (Figure 7-3).

The Deccan traps consist of a number of flows, covering about

512,000 sq.km. It is generally accepted that a fissure type

volcanic activity continued for a fairly long time, probably

from the Upper Cretaceous to the Eocene, However, there are

indications that volcanic activity on a small scale might have

continued upto the Pleistocene, long after the close of the

Deccan trap activity (Gupta et al., 1968). All the tectonic

trends in the Konkan coastal tract are oriented in the N-S

and NNW-SSE direction. The hot springs show a linear north

to south spread. This fact along with the occurrence of

lower to Mid-Miocene strata along the west coast is indicative

of a set of faults parallel to the West Coast fault, which was

suggested by Oldham (1983, p.493). Krishnan (1968) states that

the remarkably straight edge of the western coast is indicative

of a fault formed in the Miocene, running from south of Cape

Comorin to near Karachi (Pakistan). The extent of down fault

ing being of the order of 2,000 m. Krishnabrahmam and Negi

(1973), on the basis of the conspicuous axes of gravity lows,

suggest the existence of two rift valleys beneath the traps;
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the Koyna rift, passing through Koyna and covering a length of

about 540 km, and the Kuruduvadi rift about 390 km long appa

rently merging with the Koyna rift near Poona. The average

width of the rifts on the basis of gravity profiles appears to

be about 50 km. i'hese rifts are still active as indicated by

earthquake activity.

A striking feature is that most of the hot springs

of the Konkan are located near the axis of the Koyna rift.

Another interesting feature is the location of many of the hot

springs on the borders of dolerite dikes, which run in a north

south direction near the hot springs. At most places the hills

at.the foot of which the hot springs emerge are found to have

a triple flow formation, which is indicative of deep fissures

in the area. However, general association of hot springs with

topographic lows, as Indicated by the presence of rivers or

small rivulets adjoining the spring, is observed. Occurrence

of frequent shallow seismic activity is also well known in the

Konkan belt. The above mentioned factors are indicative that

strong crustal movements occurred in the region and the fracture

system which control the hot springs are still active.

5.5.4 Cambay graben geothermal province

The Cambay graben (Figure 7-1) is located in the

alluvial plains of Gujarat State of Western India, extending

approximately from latitude 21*N to 24'N and longitude 71'31*5

to 73*4*E. It ia a Cenozoic basin and runs as a narrow graben

in an approximately north-northwest to south-southeast
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direction. South of latitude 21*45' it takes a swing towards

north-northeast to south-southwest and runs into the Gulf of

Cambay, Extensive geophysical work in connection with oil

exploration has been carried out in the basin since 1958.

Geology, tectonic and heat flow of the basin has been discus

sed in detail in Chapter III.

It has been shown that high temperature gradients

(upto 75*C/km) and high heat flow values varying from 1.80 to

2,3 HFU have been observed in the area located north of Mahi-

sagar river. Two wells drilled for oil exploration in this

part of the basin tapped steam-water mixture under very high

pressure (50 to 100 atmospheres) and at temperatures over 100*C

from deothB of 1757 m and 1958 m. Discharge of 2500 to

3000 mVday have been estimated. The most probable source of

the large volume of high-pressure thermal fluids must be some

deep-seated reservoir in the Deccan traps where it must exist

in the water phase. Great faults (possibly penetrated by the

wells) and extending to the traps must have provided the

channels for the upflow of thermal water. The above factors

indicate that a potential deep geothermal reservoir lies in the

Cambay graben. It is worth pointing out that high temperature

(110*C) haB been observed at a depth of about 50 m in a bore

hole drilled in the ^owa hot spring area (Rao, Ghosh and Bhalla,

1979), The Towa springs are located in a fault zone in

pegmatites in the Proterozoic Erinpura granite and are near the

northeast margin of the Cambay graben. The existence of a

connection between the heat sources for the thermal water of
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the Cambay graben and for the hot springs of the Towa region

is doubtful. This only indicates that the areas near its

margin, are, probably, also thermally anomalous.

5.6 Conclusion

It is clear that the analysis of various geodata,

mainly the geological and the tectonic history of various

units of the Indian landmass and of its thermal fields, and

the occurrence of hot springs and their chemical character,

indicates that a few geothermal provinces of India occur

along tectonically weak zones. Keeping in view the current

techno-economic considerations, potential hydrothermal

resources in India can be explored and exploited for various

uses including power generation.

7-42



>

243

CHAPTER YI

EXPLORATION OF GEOTHSRMAL KHSRGT RESOURCES

"In the long run, however, a major contribution

may veil oome from the heat of the rooks In the earth'e

crust. One might envisage using the atom bomb to blast deep

holee ineide the earth*a crust. Water eould be made to enter

theee holes and oome up in the form of steam to run turbines,"

M,S, Thaokar (1961)

6,1 Introduction

Currently the pattern of power production and ite

futuristic plane and projections areundergoing a conceptions!

revolution. This is the direct consequence of the technologi

cal break throughe motivated by epiraling demands for eleotrle

power. Governmente in various countries are funding and

seriously planning for the development and exploitation of

new sourcee of energy* Geothermal resources belong to this

unconventional group. Attempts to explore and develop the

geoheat sources not only of natural hydrothermal systems hut

also of dry hot roc:s have been Initiated in a number of

countries of the world and intensified In those where sone

exploitation ie already being done.

In India the first steps in this direction

with the study of the thermal state of the Indian orust,
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initiated by a few individuals which was subsequently inten

sified with the formation of an Inter Agenoy "Hot Spring

Committee" by the Government of India in 1966, Ae a eequel

to this, a few earth scientists and technologists compiled

the evailable information on the hot springe of the country,

carried out reoonnaieaance work in four geothermal areas and

recommended some others for future inveetlgatione,

Ae a member of e team of the said committee the

author firet carried out a preliminary thermal eurvey of the

Puga hot epring area (Ladakh), during 1967. The survey indi

cated the possibility of encountering hot water at a tempera

ture near boiling at a depth of about 50 m, and of retrieving

borax from the thermal watere and using the thermal fluide

for refining the borax depoeite at the eite (Gupta, 1967)»

Thle was later confirmed when exploratory boreholee drilled

in the area spewed out eulpheroue hot water and eteea/vater

aixtures. Spumed by theee encouraging menlfestations of a

potential geothermal source, detailed inveetlgatione were

carried out to establish ite oharaeter aad extent. The gee-

thermal data and the resulte of field inveetlgatione eo obtained

i.e.,estimates of the natural heat lose from the surface,

probable reservoir temperaturea, subsurface thermal conditions

of the ~Paga valley form the subject of thle chapter.

Additionally results of some lnvestigatione in the Parbatl

valley (Manikaran-Kaeol) hot spring area are alee included,
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6,2 Puga valley Hot Spring Area, Ledakh

6,2,1 Location and geology

The area under investigation liee in the Puga valley

whioh ia situated towaris south-east of Leh at a diatanee of

about 220 km froa it in the Ladakh distriot, in the SW Hiaala-

yae at an altitude of 4,400 a above m,e«l. The valley located

towarde east of Samdo and trending B-W over a stretch of about

15 km with a maximum width of one kilometre is situated between

the Zanskar and Ladakh ranges. It lies to the south of the

Indus suture eubduetion aone, Thle sons with ophlellte and

associated roots represents the remnants of an uplifted wedge

of the oceanic orust and presently liee compressed between

two continental plates (the Indian and The Euraeian),

The geology of the area hae been studied by various

workers, De Terra (1932), Raina et al, (1963)« Tewari 0964)»

Shankar et al, (1974)* The main rook sequence in the area is

the Puga formation of probable Paleozoic age. It ie comprised

of paragneissest qusrtz-aics schists and phyllitee inter-

layered with bands of limestone. The Puga formation which ie

sparsely eeen on the slopes of the mountain ranges bounding

the valley, is st plecoo obliquely intruded by baeie rocke and

amphibole-chlorite-ochict in the form of dykes and sills. The

intrusions sre thin and ere exposed on the southern slope of

the valley (Raina et el. 1963, as <3*&ted by Baweja 1967). The

Puga formation ie intruded by Poiokongkala granite In the west.

In the east is expaaed the Saado formation, whioh eomprieee
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of volcanic flow, ash beds, tuffs and associated sedimentary

rocks intruded by ophioilte suite (Ehanker et al, 1974).

Towards the north of Sando formatlone and south of Ladekh

range, a thiek pile of clastic sediments eel led the Indus

formation or Indue Flysch are present. According to Tewarl

(1964), this formation is a sequence of largely continental

molasse faciee of poet-Eooene-Miooene age. This has been

Intruded by a granitic bathollth - the youngest phase of

Plutonic and granitic activity (Post-Miocene to Pliocene?)

in the area. The region therefore seems to have witnessed

intense piutonio snd sub-marine volcanic activity froa Middle

to Upper Cretaceous age and various phases of aeid Igneous

activity from Jppar Cretacsous to Upper Tertiary,

The ?ugo valley appears like a graben or a down-

faulted blook with its northern and southern faults concealed

under the valley material. Detailed geological mapping (Raina

et al. 1963, Shanker et el, 1976) has indicated that the Puga

valley ie aligned along the faulted crest of an aeymetrieal

anticline in Puga formation. The regional trend of the folia

tion in these formations is NW-SB with a dip of 25* towards

IB in the northern range and of 35* towards SW in the southern

range. The northern Halt of the Puga formations is marked by

a aajor NW-ss trending fault, named as the Ziidat fault.

Certain WW-SB and N-S trending faults are also suspected to

occur in the northern flank of the valley, A concealed fault

along the base of the northern hill is inferred froa the pro"

eenee, In the central part of the valley, of the sulphur deposit
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representing en old line of fumarolic activity. The valley

floor is covered with recent to sub-recent deposits of glacial

moraines (partly lake sediments), eeoiian sand and soree,

borax, sulphur snd other spring depoeits. Borax and sulphur,

whioh widely occur in the central part of the valley and are

genetically connected with thermal fluids are deposited by

oapiilary action, The surface is hardened, in the vicinity

of hot springs, due to the cementation of soree and sand of

the valley floor,

6,2,2 Surface manifestations

The surface manife atatloae of the geoheat are in the

form of a large number of hot springs, ever hundred, with tei

ratures varying froa 35 to 84*0 (soiling point of water at Puga

altitude), and individual discharge upto about 5 lit/see.

Extensive patones of warm ground, mud pools, hot water seepage

in Puga nala, sulphur condensatee and borax deposits aieo ooour

in the area. Almost all the surface thermal aotivlty ie con

centrated in e 4 ka long stretch of the valley towarde ite

eastern part* Apart froa Isolated hot springs, whioh emerge

on either flanke of the valley, the hot springs usually ooour

in clusters along the Puga nala. Few hot springs ere looeted In

the nala bed itself.

Encrustations of borax ar*» noticed around each

spring. Sulphur rings formed aft^r reduction of HgS origi

nating from deep thermal waters ooour at several places along

with borax,
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6,3 Thermal Investigations And Surveys

6»3»1 One-metre teaperature surveys

Temperatures were measured at a depth of one metre

by using calibrated thermistor probes especially designed for

the purpose (section ?,4), over a grid at ©operation of 50 or

96 m in the IJ-S as well as in E-W directions, covering a 6 ka

stretch of the valley.

Isothermal aapa based on these measurements are

shown in Figures 71-2, 3 and 4 from the western part of the

valley towards its eastern end,

6,3*2 Shallow temperature gradient studies

Temperatures at 0, 20, 40, 60 and 100 ca depths

were measured in specially drilled small diameter holee at a

large number of locations, mostly in a ?f-s direction on various

traverse lines. Temperatures at various depthe for some

locations are ehown in Figuree 71-5 and 6 and sn isogradlent

asp ie shown in Figure VI-7. The shallow teaperature gradlente

generally vary from about 1.0 to 10*C/m, with exceptions

generally In the vicinity of hot eprlnge (Figure 71-7),

Shallow teaperature surveys were carried out more or

less during the eaae months in two different years at two

stages| i) during the period when exploration for sulphur

depdelts was going on and ii) during the period when geolnves-

tigetions for the exploration of geothermal resources of the
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valley were started. Teaperature observations at baae sta

tions made in the two years showed sooe variation but thle

does not affect the overall results and inference.

6. 3.3» Dieouseions

A systematic analysis of the shallow thermal data

obtained In the valley leads to the following conclusions»

i) Subsurface teaperaturee at 1-a depth gradually

y Increase froa the western part of the valley towards

its central part (located between grid points W88

to BB4, Figures 71-2,3 and 4). There is an abrupt

decrease of these teaperaturee froa about 34*C to

14*C near the grid point 584 (Figure 71-4). Towards

the east of this grid point, the teaperaturee are

still lower and this trend continues upto Saado

village (Figure 71-9).

Temperatures gradually decrease towards west of grid

point W60. In fact a big low teaperature zona lying

in between grid points W30 and W116 observed

(Hgore© 71-2 and 8)«

11) The maximum observed subsurface temperature at 1-a

depth is 69"C (Plvure 71-4), In the victaity of hot

springs. The lowest temperature of 2*C(Hvure 71-2)

was observed within the western part of the valley,

suggesting the absence of feeder channels of thermal
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water in this part of the valley* Hot springs are

also found aheent here*

ill) There ie an indentation of the geoisotherms between

the grid points T-l60 and S82 (Figure 71-4), aost

probably, reflecting the boundaries of subsurface

sonee saturated with hot and cold waters and chan

nelised flow of thertaal waters. It appeare that

there is a sudden ohange in the pattern of hot

water movement In the valley, nesr the grid point

B82.

Iv) Subsurface temperatures st 1-a depth between grid

points WQ8 (W120?) and E84 (Figures 71-2, 3» 4, 8,

9 end 10) ere hi^h along both the banks of Puga

nala and decreases towardr the foot hills. This

fattern appears to bs reversed beyond £84, as per

teaperature profllee 886 and 8106 (Figure 71-10).

v) The observed shallow temperature gradients are all

positive in the surveyed area lying la between grid

oointe W84 and 302, while these are negative in

the part of the valley lying towards west of W84

and east of 382 (Figure VI-7). Two shallow drill

holes (6-10 a) drilled in the wsstaxw part of the

valley (west of W84) also showed normal behaviour

(i.e., decreasing temperatures with depth ae in

normal areaa the annual temperature wave gets

attenuated at a depth of ,-sbout 20m, and only below
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this depth, the subsurface teaperature starts

increasing). Steep lateral teaperature gradients

have been observed towards west of grid point W70,

thus indicating either eloping basement towarde

wast or SW or a basement fault.

vi) A 4 tea stretch of the valley situated in its

eastern portion between W84 and 382, encompassing

an area of 3 eq.tea is characterised with abnormally

high subsurface temperatures and teaperature gra

dients. This seems to have been largely caused by

the upflow of hot waters and oonvective heat

transfer at least in the upper layers* Further,

the observation of negative subsurface teaperature

gradients in both the portions of the valley lying

towards west of W84 and east of 332 strongly suggest

the absence of sub-surface channels of thermal

waters under those areas. In order to study the

subsurface thermal conditions and to draw Inferences

about the location of heat source, it will be

desirable to drill boreholes In these parts of the

valley.

The Isotherms (Figure 71*3) In the central part of

the valley, based on measurements mads before exploratory

boreholes were drilled, gives a very good picture of the sub

surface thermal conditions. The general appearance of the

geoisotherae strongly suggests that a great deal of hot water
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and consequently much of the heat flow Is transported through

relatively Isolated channels or group of channels, which

appear to be shaped more lice pipes than elongated cracks or

fissures* In places, there Is some suggestion or alignment

of these passages along what aay be more extensive faults.

The trend of these passages also oolnolde roughly with the

general oouree of the main straaa draining It.

Boreholes 20, 20A and 20B (Figure 71-3) all were

drilled for exploration of sulohur and are located at the

weetem extremity of the sulphur mineralized area in the

valley. All these boreholes encountered thermal fluids. Two

acre boreholes PS-8 and PS-17, whioh were located within 240 a

towards HE of PS-20B also encountered hot water under pressure.

The Isotherms close up ne r the locations of ths previous

three boreholes and there is an indication that the 35*C

isotherm aay continue near and parallel to the location of

the boreholes. This sone seems to be a good area for

encountering thermal fluids of high temperature and pressure.

Borehole PS-22 (Figure 71-3) which also encountered

streams of hot water Is located near another 'Higher Teapera

ture Zone*. The area under the 30*C isotherm is the largest

in this sons. This seems to be a very promising sone, snd

warrants deeper exploration (Gupta and Kao, 1971). Geothermal

wells (GW-10 and 0W-12) when drilled later during 1973, 1974

In this eastern high sone encountered steam/water mixture

under pressure.
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NCar the PS-23 borehole (Figure 71-3) the teapera

ture contours show a HW-SH trend. This is aost probably

controlled either by the basement structure or by hot water

flow in a narrow channel. This is another high temperature

sone and borehole GW-5 when drilled later during 1975 in this

sone, encountered thermal fluids under pressure, incidentally

deaon/strating usefulness of the rapid end quick tool for
deteralalng subsurface theraal conditions.

6.3*4 Teaperature measurements In exploratory drill holes

and Interpretation of data

A large number of shallow holes were drilled in the

vallsy, by the Geological Furvey of India during 1969-71 for

exploration of sulphur and froa 1973 onwards for the explora

tion of geothermal resources under a joint collaborative

programme.

Teaperaturee at various depths, In stable water

column conditions have been measured In two boreholes P3-10

and PS-14 drilled for sulphur exploration and the ten other

wells. The locations of all the drill holee and wells are

marked In Figures 71-3 and 18 end details of comparative

gradients at various dspths are given la Table 71-1.

Figures 71-11 and 12 show rapid increase of teapt-

ratures with depth except in GW-6, whioh depict teaperature

reversal from 23 a downwards.
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TABLE V/ - 1

Temperature Gradients in Shallow Boreholes at Puga
Geothermal Field

260

Depth Depth above Gradi Depthi Depth above Gradi

from a.s.l. ent from m.s.l. ent

Surface(m) (m) 'C/m Surface (ia) (m) °C/m

GW-1 GW-6 (co ntd)

8-23 4401-4386 2.21 23 - 39 4387-4371 -0.05
23 - 27 4386-4382 1.90 39 - 41 4371-4369 -1.37
27 - 31 4382-4378 1.76 41 - 43 4369-4367 -0.59
35 - 40 4374-4369 2.56 43 - 63 4367-4347 -0.24
40 - 45 4369-4364 1.84
45 - 50 4364-4359 1.30 GW-7
50 - 55 4359-4354 0.90
55 - 60 4354-4349 0.84 3 - 6 4397-4394 3.49

6 - 8 4394-4392 2.61
GW-3 9 - 11 4391-4389 6.54

11 - 13 4389-4387 3.85
3-10 4403-4396 2.55 13 - 16 4387-4384 2.67

14 - 19 4392-4387 1.94 16 - 18 4384-4382 1.15
19-26 4387-4380 1.36
28 - 31 4378-4375 0.62 GW-8

34 - 44 4372-4362 0.32
3 - 7 4406-4402 1.07

GW-4 7 - 12 4402-4397 4.54

7-12 4403-4398 1.73 GW-9
13 - 16 4397-4394 2.10
16 - 20 4394-4390 0.56 1 - 4 4404-4401 1.87

4 - 9 4401-4396 0.88

GW-5
GW-10

1 - 4 4402-4399 1.05
4 - 6 4399-4397 2.83 2 - 8 4398-4392 2.30
6 - 13 4397-4390 4.60 8 - 10 4392-4390 0.73

13 - 15 4390-4388 3.28 12 - 14 4388-4386 1.81

15 - 17 4388-4386 1.65
17-20 4386-4383 0.00 GW-11
20 - 22 4383-4381 0.55

1 - 5 4397-4393 1.90
GW-6 5 - 9 4393-4389 2.66

9 - 12 4389-4386 1.93
5-10 4405-4400 1.52 12 - 14 4386-4384 1.09

10 - 17 4400-4393 0.93 14 - 17 4384-4381 5.80
17-23 4393-4371 0.42 17 - 18 4381-4380 1.03
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Table 71-1 (GW-1, GfW-3, GW-5 etc.) clearly ehowe

that the near surface Isyers of the central part of the

valley are characterised with high temperature gradients,

wtilch generally start decreasing after s particular depth in

each drill hole/well. Such a behaviour suggeete that a

hydrothermal eonveetive system is located at a wary shallow

depth. The wells whan drilled to deeper depth tapped buoyantly

rising thermal fluids (Figure 7I-13)»

In order to have a good insight into the subsurface

thermal conditions as revealed by the thermal data, let us now

consider the complete system. The system under the present

study le a valley filled with sediments which are generally

saturated with cold waters and at places with uprising deep

thermal waters containing about 1300 ppm of dissolved solids.

Deep thermal waters may flow either laterally into the valley

at certain depth froa elsewhere or from the deep parts of the

valley through connected faults and fissures. In any case,

ths top 20-30 m or more, as the cast aay be, of thick sedi

ments can bs considered as being heated through up flowing or

horizontal flowing thermal waters. Additionally they aay

also, in seas oases, encounter deoending cold waters.

Teaperature has a pronounced effect on the concen

tration of certain cations and anions in thermal waters (eec

tlon 2.5#5)# The ascending thermal fluids, when flowing In

a top permeable layer, would naturally deposit dissolved

coaetltuente as these gradually cool near the surface. This
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in turn, reduces their effective peroslty and renders them

wholly or partially impermeable. If the thickness of the top

permeable layer Is appreciable, snd ths source temperature of

the deep thermal water is 180*C, the following phenomenon

must ooour. In most of ths oases. Depending upon the envlron-

aental conditions and the character of the thermal waters a

suitable oaprock will bo formed at appropriate depth, thus

Impeding the unrestrlcatcd flow of thermal waters, whioh even

tually would escape to the surface through certain paths,

determined again by various factors. The sediments which

overlie the sone of ascending thermal fluids would gradually

lose their primary porosity and experience reduced peraesblilty.

Conduction and convection partly would be the mode of heat

transfer, apart from mass flow, in these layere; while con

vection will be the dominant mechanism of upward heat flow

through connected openings in the lower permeable layere.

Tc summarise the above argumentst In the ease of

Puga valley the top layers of the sediments of Its central

part, under whioh channels of thermal waters exist, have been

more or less cemented and behave like a rock of low disconti

nuous porosity. High temperature gradients are registered la

drill holes/wells in such top layers due to predominance of

conduction. The lowering of the gradient values is due to

the wella opening Into formations in whioh teaperature equili

brium takes place due to eonveetive fluid motion*

In certain parte, due to saturation of near-surface
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layers from rapid rise of thermal waters to the surface,

convection may play a significant role in heat transfer, aa

would appear to be the ossc in Fugs.

The hot springs do not show intenee geyser activity

nor do large patches of stesalng ground occur in the valley,

indicating thereby the absence of boiling water conditions at

shallow depths. It is slso clsar from Figure 71-12 that the

wells registered lower teaperature than the boiling tempera

tures for pure water for corresponding depths. All the wells

are located in the thermally anomalous sone and moot of them

have flow, hot water along with some flash steam, thus

supporting the above Inference*

Reversal of teaperature as registered by GW-6 appears

to have been caused due to a sheet of moving water of low

teapereture. As regards temperature-depth data of P9-14, It

is inferred that, moot likely, hot water either entsrs ths

borehole or rises up along the casing froa a dspth of about

24 a or so and flows Into the formations at a dspth of about

9 a (Figure 71-11). Drill hole F3-10 slso glvss such an

indication. The depths of water column in the boreholes was

9 and S a respectively.

The rapidly increasing temperatures and the high

near-surface temperatures point out to a heat source nearby,

!• the present case, - a hydrothem* 1 reservoir. High near-

eurfaoe teaperature gradients are caused by ths low mean

surface temperature and shallow high teaperaturee.
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6,3.5 Determination of thermal conductivity of Puga

sediments

A large number of soil samples were collected froa

one metre depth froa the sites, where 1-a temperature gradient

studies were carried out. Thermal conductivity coefficients,

of seventeen samples were determined by using thermal conduc

tivity needle probe (ssctlons 2.1.2 and 2.2,2), The values

range froa 2.3 to 4*2 with a mean of 3.01. Some very high

values were also obtained*

6.3*6 Measurement of natural hsat loss on the surface

Ths heat flow on the surface. In those parts of the

Puga valley where high temperatures were recorded at 1-a depth,

was measured by using the heat flow transducers (section 2.4)

eabedded at depth of 1-a. The heat flow valuee obtained range

about 130 HFU to about 2,500 HFJ.

6*3*7 Natural heat loss from the Puga geotheraal field

Estimation of natural heat flow froa a geothermal

area forms a very important part of the exploration programme

as it provides a basis for determining a safe and long tera

minimum for power production from s allow drill holes.

Conduction Is the dominant mechanism of heat transfer

through the soil if the temperature difference between the cur-

fsoe and at 1-a depth Is not greater than 25*C (Dawson, 1964).
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Taking the average thermal conductivity of the saturated soil

as 3 a oel/em.sec«*C, the observed temperature gradient, and

the respective areas Involved, the heat lose from the valley

through conduction has been estimated to about 2400 keel/see.

It hae been already mentioned (page 71-24) that the

heat flow in areas which are dominated with convection, range

from 180 to 2500 HFU, Taking a rather conservative figure of

300 HFU and the area as determined on the basis of 25*C geolso-

therm, the eonveetive heat loos turns out to be 1800 k esl/oec.

Heat loss through water diecuarge from a hydrothermal

system cm be berst estimated through the measurement of heat

content of stream/a into whioh spring and geysers discharge

their thorfflsl waters directly or through seepage. Tale is

preferable to individual measurements, partly because, springs

may discharge a greater proportion of their heat by thermal

fluid seepage rather than through surface flow. The host

eneterlng Into the stream due to spring discharge can be calcu

lated by measuring the stream flow and teaperature at upstresa

and downstream points In ageothermal area. Adopting such a

procedure a value of 1300 k osl/seo was obtainsd.

"he total natural heat flowing upwards through the

process as mentioned above and lost from the surface will be

the sum of th© above mentioned heat lot-tee. This Is equal to

5500 kosl/sec or 20 billion oal/hr. whioh is equal to appro

ximately 25 W electrio oower theoretically. The heat loss

from the surface calculated through equations given in section

2.5.3*4 comes out to bo of this order*
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6.4 o..th*n*l Sarv.yp • B.C. Relativity HouncUnse

And Profiling

.").". Heslstivlty soundings using a Sohluaberger

electrode configuration with a probing depth upto 0*9 km (equal

to electrode spacing KB/2) and resistivity profiling with

various electrode spoolngs along with few orose-soundlngs near

boreholes wore carried out In the valley using a NGEI resisti

vity metre* nieotrode spread for the soundings were laid

approximately parallel and perpendicular to the strike direction

and were taken on both sides of the Puga nala and In the central

part of the valley* The sounding curves were interpreted using

a curve-matching procedure from albums of theoretical curves In

conjunction with the auxilory point dlagraaa (Coapagnia Generals

de Geophysique, 1963$ Orellans and Mooney in 1966).

6,4*1 Results and diseusslona

The value of true resistivity of various subsurface

sones and the aost probable thickness of the different layers,

ae obtained by interpretation of the field data, ere given In

Table 71-2. foe field curves are shown in Figures 71-14 and 15.

All the soundings considered together ©how a large

variation In the resistivity (11 to 1125 oha*a) of the top

surfieial layer* However, the thickness of the top layer is

usually of the order of a few metres. The wide variation in

electrical resistivity of the top layer is mainly due to varia

tion in ths dspth of the water tsble, from obout one to six

71-26



~

CD

<

APPARENT RESISTIVITY Ohm-meters

40 170 IS 100 400 10 20 100 JO 40 100 460 l» SO lOQ 1*0 SO '00 3«°
t si _ , ; ' r - _—' ' I ' _—T^ i .' .~~'— ,' ! ~ I-' " 1 ' f /? '.

10 tO SO ItO 10 to ,0 K> tO

o t-» '

o S-I3\
IT 10

(-
/\

o

UJ

-i 100

UJ

1000

269

FIG.. 71-14 Schlumberger Resistivity Sounding Curves
Puga Geothermal Pield

IOO -

30 60 ioo io 30 a 60 IOO 15 30 80 IO 30 70

JIG. 71-15 Schlumberger Resistivity Sounding Curves
Puga Geothermal Pield



270

metres, the oressnce of hot springe snd spring deposits,

mixing of oold surfaoe (Puga nala) water and hot saline sub

surface water, the presence of cemented breccia, and eo on*

The looatlon of resistivity soundings are shown later In this

chapter* The soundings are divided Into the northern, middle

and southern psrt of the valley and sre discussed below*

6*4*1*1 Electrical soundings over the area north of the

Puga nala

Bine vertical electrical soundings, S-1 to S-7 and

S-14 (GW-9) and S-18, were carried cut on the northern pert of

the Puga valley* Sounding r-1t in the western part of the

valley near the northern flank, is located beyond the main hot

spring acnes* The curve of this sounding (S-1, Figure 71-15) Is

a typical KHX-type curve representing a five-laysr section, sug

gesting a resiBtive substratum at a depth of about 160 a* Below

a thin layer, thick layers of resistivity 36 to 92 ohm.a overlie

the resistive basement* Theee are either layere of low porosity

saturated with hot water or more probably layers saturated with

e mixture of fresh water and saline thermal water*

Soundings s-2 to 9-5 and S-13 are all located in the

northern foothills* The interpretation of curves S-2 to 3-5

practically provides Identical results ani. represents a H-type

behaviour* Between e top thin layer of resistivity 115 to

350 ohm.m and ths rssistive substratum, there exists a low

resistivity zone of 7*5 to 21 ohm,m. The thickness of this
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aono varies from about 72 to 143 m. ?!owever, the ioweet

resistivity of 5.1 chm.m has been obeerved at the sounding

site 0-18. The drilling data from various shallow boreholes

(30-60 a) indicates that the subsurface layers consist of

sands with grains of quartz mice and so on at the top, fol

lowed by fractured schists or breccia, consisting of frag

ments of gneiss, schistr, phyliite quartslte, snd so on, In an

argillaceous, siliceous matrix* Keeping In view the electrical

properties of these layers, of fresh water, of borehole and

H opving saline thermal waters and of the sub-surface tempera

ture conditions, it can bs safely concluded that these layers

are saturated with a mixture of deep thermal water and fresh

water In various proportions. It is most likely thet the

brecciated sone has been oemented at certain shallow dspths

(30 to 60 a) by the deposition of salts from the hydrothermal

solution, thus making Puga geothermal field a self-sealing

field. The low-reelstlvity layers observed by the 7SS form

a shallow hot aquifer. However, the zones saturated fully with

ths deep thermal waters that ascend and flow through the hot

springs are most likely of very local nature and are not

extensive. This Indicates the probability that either the

deep thermal waters are flowing towards the valley in seas

channels or that they find their way up through certain

fractures arid fissures in the resistive basement*

Soundings s-6 and S-7 are located toward the north

east of S-5 and were taken In the area where surface traces of

sulphur and bor joe are v^ry infrequent and hot springs are not
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TABLE V/ ' 2-

Resalts of electrical soundings in the Puga geotheraal field

Sounding Thickness in metres Resistivity in ohn-metres
nomen- location Layer Layer Layer Layer Layer Layer Layer Layer Layer
clature 12 3 4. 1 2345

Toward the north

of the Puga Nala:
S-1 W82/N10* 3.2 10.2 58.8 110.5 120.0 36.0 92.0 40.0 vh
S-14 ^65/N7 6.7 82.5 - - 46.5 13.9 v.h -
(GW-9)
S-2 tf59/(N11-N10)/2 6.3 75.6 - - 165.0 14.8 v.h -
S-3 W17/(N7-N6)/2 14.5 72.5 - - 115.0 7.5 v.h -
S-4 E12/N10 5.5 143.0 - - 35O.O 21.0 v.h -
S-18 (E27-E28)/2/N17 2.0 2.6 36.9 - 335.0 134.0 5.1 v.h -
S-5 E33/(N17-Nl6)/2 7.9 79.5 - - 213.0 14.9 v.h -
S-6 E56/N25 2.4 21.6 158.0 - 75.0 375.0 27.36 v.h -
S-7 E100/N45 1.9 3.2 12.78 - 140.O 280.0 32.55 167.0 -

Towards the south of
the Puga Nala:

S-12 W100/S26 2.5 29.2 356.5 - 1125.0 900.0 63.0 v.h -
S-11 W24/S21 2.1 14.7 472.2 - 123.0 1230.0 63.2
S-15 W18/(S16-S15)/2 3.7 239.2 - - 250.0 20.4 v.h
(GW-4)
?-10 0/sV 1.6 14.8 76.5 - 140.0 28.0 9.6
S-9 E29/0 2.2 6.8 84.1 - 70.0 350.0 15.5
S-8 E52/N6 8.5 53.5 - - 210.0 10.5 v!h -

Central part of the
valley

S-13 438/S11 7.7 150.1 - -. 57.5 10.3 vh -

T&L) ^ 1*9 74,2 " " 11-° 13-7 135'° -
S-17 (E33-E32)/3/(N13 1.3 15.5 - - 21.0 10.9 77.0 -

(G^j^8"^^^3 2'1 3'U 2-4 ?1-5 15'° 18'8 3-6 21'° 380'°
(GW-5) 2rS>-f^^ 1'5 16*5 7'° 131'6 21,5 14'° 52'5 31*5 101*5
S'-3 (E-11-E12)/2/iV7
(GW-10) 11.0 18.1 - - 41.5 12.5 59>5 _
HM,urPadoCUlar 2'5 7'5 28-° " 31.1 38.8 14.8 90.0 -(^uw-io; to s'-3

(PS-23)°/0 1'7 12'6 48*2 " 70,° A5'5 14'7 10°-° "
%t23)%r^Td±OUlar 2'3 B'5 58'3 ** **'° 52'5 2°'8 H'° "
S»-7 (E42-E43)/2/N12 4.8 31.2 31.5 - 12.0 42.0 10.0 190.0 -
(GW-11)

* Grid points at 25 minterval; v.h. means very high

v.h

v.h

v.h
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seen In the vlolnlty* The analysis of data Indicatee that

the feeder channels of deep thermal fluids are most lively

not located underneath this area. However, borehole OW-6

drilled about 100 a towarde the east of sounding S-6 dls-

ohsrgsd thermal fluids st 85#C, Indicating that the layers

probably have low porosity, m order to have somewhat

better knowledge of the subsurface underneath a nonproductive

borehole, sounding S-14 was carried out with a maximum

electrode separation (AB/2) of 300 a towarde southwest of

sounding point B-2 et drill hole Ko.GW-9. This sounding

located on the northern flank of the valley at the extreme

western end of the hotsprlng sone represents more or lees

ihe saas behaviour as that of 8-2. hover subsurface tempe

ratures than those near boreholes GW-7 and GW-5 were observed

at 1-m depth in this area as well as in ths borehole. This

fact, along with the observstlon of low-rsslstivity layers

of 14 oha.m Indiostes that there are large lateral variations

In ths parameters which cause variations in the resistivity,

feverthelose, It can bs Inferred that the top layer of about

6 a Is mostly saturated with fresh water, and below this

the formation Is saturated with a mixture of thermal fluids

and fresh water. As mentioned above the subsurface teapera

turee are comparatively lower and the geothermal well did not

discharge any thermal fluids, whioh Indicates that the arsa

lacks appropriate pressure for the How of fluids.

The right-hand part of some 7>S curves (S-6, S-11,

S-13) shows sn Inclination of more than 45 degrees, which is
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theoretically not possible if all four electrodes were placed

In the same physical conditions* However, field experience

Indiostes that If one of the current electrodes is on highly

conducting ground and the other on resistive ground, one

may get Inclinations above 45 degrees for a large separation,

6*4*1*2 Soundings on the southern part of the valley

Six soundings, B-3 to S-12 snd S-15, wsre taken in

this area* Sxoept S-8, all the soundings are located near

the southern foothills. Sounding S-12 is located beyond the

hot spring sone in the south-western part of ths valley.

The results of this so aiding, when combined with those of S-1

located in the northwestern part (Table 71-2), indicate the

abssnoe of low resistivity formations in this part of the

valley. However the results of 7ES S-11 further indicate that

thle behaviour continues In a more extensive area eastwards

In the southern part of the valley* Under sounding locations

S-12 and S-11 the resistive substratum occurs at greater

depths than that at all other sounding sites in the valley.

It occurs st depth of about 380 to 490 m. Above this

resistive sone and under a thin resistivity layer liee a sone

of resistivity of about 63 ohm*m* Without any other control

it Is difficult to ascribe this behaviour to any specific

factor. However, It seeas likely that the formations in this

area sre saturated mostly with fresh water.

Sounding S-15 gives a similar picture as obtained
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by TBS curve S-4 toward the northeast, except that the thick

ness of the middle conducting sone is much larger here (about

240 a). Borehole OW-4 drilled to a depth of 50 m In this

area has not discharged thermal fluids* Temperatures In the

sbove borehole (Flvure 71-12) are much lower than those In

the area located toward the northeast of PS-23*

The general behaviours of sounding curves S-10, S-9

and 8-8 are alike, and similsr to those of S-3, S-5 snd S-18

soundings In the northeastern part* The looation of sounding

S-10 is just towards ths south of PS-23, and the locations of

S-9 and S-8 are towards the east* In these cases the resistive

substratum occurs at more shallow depths In comparlslon with

the areas underlying sounding points S-15, S-11 and S-12*

There is an increase In the depth of the resistive substratum

from 100 m to about 250 m, within a email distance of 450 a

from S-10 a to S-15* Frem the Interpretation of the curves, it

appears thst the resistive substratum covering a lateral dis

tance of about 730 a betwe n S-10 and S-9 has a mors or less

flat relief. A low resistivity formation of about 9*6 to 15.5

oha*m. overlies the resistive substratum snd underlies a partly

saturated top layer. It also has a more less uniform thickness

(76 to 34 m) under sounding points S-10 and S-9, while ite

thickness Is appreciably lower under location S-8.

6,4*1*5 Soundings In the central part of the valley

Soundings S-13, S-16 and S-17 were taken In the flat
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portion of the valley located near the Puga nala* Latter the

three pairs of crocs scundlnge (S»-1 to S*-6) and sounding S-7

were taken near the producing boreholes QW-5, (JW-10, PS-23 and

GW-11. 7SS S-13 Is located in the west-oentrel psrt of the

eurveyed area and represents a three-layer section. The data

Indicate that a low resistivity formation (10 oha.m) exists

upto depths of 158 a In this area*

The locations of 7B8 s-16 and S-17 were ohossn in

hte hot sone demarcated by the 1-a teaperature survey (Gupta

and Rao, 1970| Oupta, Rao and Herein, 1974). All the bore-

holes drills! In this area have discharged thermal fluids

under pressure* The Interpretation of soundings S-16 and

S-17 and S'-1 to Sf-7 indicates that the top layer itself con

sists of low resletlvity formatlone. An interaediste layer

of low resistivity 10 to 30 ohn.m(lf we could combine the

top two layere ae single layer In some oases) overlies s high

resistivity layer of about 77 to 190 oha*a, which is Interpre

ted as a sone dominated by vapour/gas, rather than liquid water.

The top low resistivity layers aoat likely owe their character

to condensation of steam into hot water* The rocks st these

depths are likely to be fragments of gneisses snd schists in

on argillaceous, siilosous matrix* The maximum depth to the

bottom of the vapour-gas dominated layer haa not been demarcated

by theee soundings* The lateral extent of the vapour/gas

dominated 'one, as Indicated by the sounding results, is about

1*25 km,
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The Interpreted results of 7S58 curve S-17, which Is

located near CJW. 7 where a steam-water mixture at 125*C and a

pressure of 2*5 km/cm have been discharged frca a depth of

about 31 m, indicate the shallow nature of the vapour/gas

dominated layers* However, this discrepancy aay be ascribed

to ths assumption of horizontally stratified homogeneous

layers for resistivity interpretation, which certainly la not

the actual case as a large lateral contrast in electrical

properties of the subsurface has been obeerved In the Puga

valley*

The pairs of cross soundings (8f-1 to S*~$) slso

proved useful la avoiding a grossly erroneous Interpretation

whioh aay have resulted If only a single sounding had been

aade at each sounding ststlon. The curves S*-1 and S»-2

(Figure 71-15) indicate the presence of a lateral discontinuity

In electrical properties in the substratum especially upto a

depth of 100 m. Below this depth, both curves represent more

or less ths ssms behaviour* The striking similarity and coin

cidence of the results of 7S8 curves S*-3 and S'*4 (Figure 71-15),

except near the surfaoe, demonstrate the dominance of horizontal

stratification and the absence of lateral peeudoanlsotropy*

Sounding curves S*-5 and S'-6 (PS-23) display lateral pseudo-

snlstropy especially near the surface. The distortions on

TB8 S-16 (Figure 71-14), however, represent an Interesting

example of the effeot ofstrong lateral heterogeneitlea on field

VSS curves of the Sohlumberger type* This type of displacement

ie Indicative of the placement of one of the potential electrodes

71-35



278

over a medium of higher resistivity than that on which the

center of theeieotrcde array is located (Depperaann, 1954;

<5ohdy, 1969).

The measursme te in differ nt axlmuths at the aaae

V38 etetdons have yielded elgnlfloantly different interpreta

tions. The qualitatively Interpreted result of the 75S eurvea

haa been taken here to reach a somewhat geological iy and geo-

electrlcslly acceptable solution. The elope of the ground In

the working area Is toward the Puga nala, and the results

show a aarked lateral inhoaogenety in electrical properties of

tne subsurface layers* The Interpretational results are con

strained by theee factors and in our opinion give a qualitative

picture*

6*4*1*4 Resistivity profiling
•

In order to get a picture of the lateral variation

of resistivity, horizontal resistivity profiles using Vtenner

electrode spacing a * 25, 50, 75 and 100 a, (towards east of

K 40 grid line) and a • 100 and 150 a (from grid line W 50 to

850) were el no obtained along with electrical soundings*

The iaoapparent resistivity map for a • 25 and 50 a

are given in Figures 71-16 and 17* The resistivity valuee

between E46 - S62 from south to north, first decreases froa

the southern foot hills towards the nala and then inoreasss

towards its north. There la an ebrupt Increase of apparent

resistivity towards the north and northeast of B56/H15 point*
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WENNER ELECTRODE SPACING a v25mtrs. IN PUGA GEOTHERMAL FIELD
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The values Increase suddenly within a short distance of about

25 a from 26 ohm.a to 340 ohm.su However this Increase In

apparent resistivity shifts slightly towards north for ft » 50 o

(Figure 71-17) and is not so clear for a • 75 m and 100 a

electrode spacings. The resistivity values along K66 almost

remains uniformly low (7 to 14 ohm.m). Proa £70 to 884, the

pattern changes and the apparent resistivity values In the

northern part are lower than those In the southern part*

The results of resistivity profiling for a • 25 and

50 m gave apparent resistivity values of 10 to 20 ohm.m m®r

the steaa-wuter-yleldlag boreholes* %ls further supports

the hypothesis that a shallow low resistivity cover exists

above, the layer which has been Inferred to bo dominated by

vapour/gae.

Towards the north of the :\tga nala near the grid lines

K64 and 380 there a ie an Indentation of isoapparent resistivity

contours (Figures 71-16 and 17), This suggests movement of

hot water in a channel and separation of sonee saturated with

deep thermal waters and flpesh water*

A traverse was also taksn east of R53-N29 over this

ohanneK?)* Confirmatory data l.e,, occurrence of low apparent

resistivity towards the east of E66 both for a • 25 and 50 a

were aleo obtained* Two traverses ajar E74-fl36 point more or

less parallel to Puga nala Indicated that the low resistivity

zone aay not continue towards north*
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The results of resistivity profiling for a • 100 and

150 m are given in Figures 71-18 and 71-19. The lowest appa

rent resistivities (13 to 25 ohm.m) with either electrode

eeparations were found to occur near the western part of ths

valley. This Is due to the presence of a jreat thickness

(160 to 480 a) of saturated sediments and further supports the

7ES 8-15 Interpreted results. From the laoapparent resistivity

map, it Is a clear that a comparatively higher apparent

resistivity (27 to 45 ot*rs,m) encloses that area of the valley

where boreholes (CJV-5, GW-10, OW-2, OW-7, CTW-11 snd PS-23)

have dioohargod o stea.3-water fixture (Figure 71-13)* ?he

rise in the apparent reeietivity is due to the effeot of a

hi^ily resistive vapour/gas dominated lt*yer. The apparent

resistivities measured with an electrode separation a » 150 m,

ere larger than those measured with the smaller spacing

a a 100 m* This inoreace in apparent resistivity at larger

electrode apaolngs slso corroborates the TBS data interpreta

tion that it a highly resistive layer occurs at depth beneath

^ a shallow low resistivity cover,

Ths apparent resistivity map also indicates two

certain north-south features — one located near OW-5, and

another along Of-7 (Figures 71-18 snd 19). The feature near

GW-5 le most likely due to a change in depth of the resistive

basement while a north-south hot water channel probably

exists in the area In the vicinity of GW-7.
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6.4*1*5 Low resistivity sone

The above mentioned electrical resistivity surveys

and Investigations in this part of the Puga valley have de

lineated a zone of low resistivity (6 t:> 20 oha.a) of areal

extent of about 3 sq.km (4 ka striks length) with some Isolated

zones of still lower resistivity of 3-6 oh. a. within this

sons (Figure 71-20). £he studies also suggest the presence

of a vspour/gas dominated sub-zone of lateral extent about

1,35 ka within the low resistivity zone.

A probable geoeleetrical section with an area of

about 1,25 a sq.km, which appears to be vapour/gas dominated

Is shown In Figure 71-21. Due to the limited lateral extent

of horizontally stratified Isyers, the average values of

true resistivities as obtained In a few thin geoelectrlc unite

were combined for presentation in this section. As indicated

earlier, the Intermediate layer, representing a resistivity

of the order of 10 to 30 ohm.m Is Interpreted as a layer where

steam condenses into hot water* A higher resistivity layer

(77 to 190 jhm.a) of unknown thickness lies immediately below

thle layer and Is Interpreted to be a vapour/gas dominated

layer*

6.5 Chemistry of thermal Waters And Geothermal System

Water samples oolleoted from hot springs, drill

holes and local streams were analysed and the reservoir teape-

rsture calculated using rslatlono given at Page 11-36 to 11-39.
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The reeults are given In Table 71-3* An analyses of the hot

springs and borehole waters Indicate that the total dissolved

solids are of similar chemical character and concentration.

Indicating that the hot spring waters are not diluted at shal

low depths in the valley* The probability interpretation and

comparative studies show that the Puga thermal waters are

soaevhat similar to those of non-geyser Ra-Cl-HC0« type, which

sre slso associated with some aagaatie components* Such waters

sre believed to be dominated by a relatively high F, Ci, Si02,

B, COg and Li, ae well as, low Ca and Hg content* This

character is more or less satisfied by Puga thermal waters

which also have large (11-12 mgAlt) Cesium*

The reservoir temperatures aa obtained by various

geothermometers vary greatly. The temperatures as revealed by

Tgjrt are lower than those given by Tj^^ and Tj*a_Ca_£.

Siliceous sinter deposits are observed at the surface at Puga.

Occurrence of sllloagel In subsurface formations was detected

In drill holee, pointing to onroute preolpotion of silica from

deep thermal waters. Silica preoipatlon appears to have taken

place largely due to conductive cooling* ?gig , probably,

would reflect the temperature of the shallow reservoir ae

delineated by geothermal, geoelectrlcal surveys and exploratory

drilling* The mean T5iQ as obtained from borehole geochemlcal

data Is 175*0 (Table 71-3). ^^^ and tj|a.Ca«K appear to
reflect the temperature of the mala deep reservoir*
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<M Chemical Analysis of Thermal Waters From Puga Goo thermal Piold

Description PUGA BOREHOLES '30-65 a Deep) PUGA HOT SPRINGS

PUS

11

PDS

12

GW-2 GW-5 GW-7 GW-8 Gtf-10 GW-11 S-1 S-2 S-3 PS-23

1 2 3 4 5 6 7 8 9 10 13

Nature
Smell

pH value at 25°C
Sp.conductivity

C&T

Sul.

! 7.7
in

C&T C&T

Sul. Sul.
7.8 7.6

C&T C&T

Sul. Sul.

7.9 7.8

C&T Clear
Sul. Sul.

7.85 7.8

Clear

Sul.

7.4

Clear

Sul.

7.5

Clear C&T

Sul.

7.2 7.5

C&T

. Sul.

7.5

micromho/cm
Total dissolve

2214 2285 2142 2142 2620 2142 2213 — 2213 70 1350 2900

silica in ppm
Calcium

200

4

180 180

- 44
185 182
20 16

180 210
4 12

230
22

200

12

- 112 235
36
12

830
81

Magnesium
Sodium

Potassium

5
780

78

12 10

625 512
76 82

2 2

945 520
70 59

2 5
678 525
70 81

3

515
70

5
755
73

23
19

7
400
56Copper 0.01 0.01 0.02 - 0.002 0,002 0.002 0.01

Zinc

Cobalt

Nickel

0.03 0.02 0.03
0.03 0.04 -

0.03 0.03 0.02

0.012
-

0.05 0.02

0.032

Stroncium — _ _ _

"*

Lithium 6.5 6.3 6.3 5.9 6.3 5.7 5.9 5.5 6.2 3.1 6.5
0.01

2592
15

332
768
140
224

Silver

TDS at 180°C
. Fluoride

Chloride

Bicarbonate
Total hardness

0.03

1895
18

398

825
30

0.03 0.03
1750 1818

14 14
327 364
835 824
50 150

O.04 0.05
1750 1834
12 14

332 364
768 780
60 50

0.04 -

1645 1750
14 16

355 322
710 824
20 50

0.01

12

332

768
60

0.01

1890

14
336
768
50

159

60

4

O.04

945
7

173
355
30
72

Sulphate 216 198 210 246 243 240 122 135 —

<) ' ( i
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TABLE (Contd.)

1 2 3 4 5 6 7 8 9 10 11 12 13

Weight Ratios

K/Na
Id/Na
F/Cl
HC03/C1

i

0.01

0.01

0.045
2.07

0.12

0.01

0.042
2.55

0.16
0.01

0^04

2.27

0.07 0.11
0.006 0.007
0.036 0.04
2.31 2,14

0.11

0.01

0.04
2.0

0.15
0.01

0.05
2.48

0.13
0.01

0.03

2.31

0.1

0.01

0.04
2.29

0.8 0.14
0.01

0.04
2.05

0.1

0.01

0.04

2.31

SO> /CI

(Ca+Mg)/(Na+K)
0.54 0.60 0.59 0.74 0.73 0.73 0.39 0.39 0.47 - 0.41 0.69

0.01 0.017 0.09 0.021 0.031 0.008 0.027 O.042 0.02 - 0.015 0.05

Na/Ca 195 - 11.7 47.2 32.5 169.5 43.7 23.4 63 - - 23.0

C:i/Mg 0.8 - 4.4 10 8 2 2.4 7.3 2.4 - - 3

Cl/SO

Na/K

1.9 1.6 1.7 1.3 1.5 1.5 2.7 2.4 2.1 - 2.4 1.4

10 8.2 6.4 13.5 8.6 9.7 6.48 7.94 1.03 1.21 7.14 1.24

TTsio2
TNa/K

180

190

173

208

173

240

175

160

174

200

173

190

183

209

189

230

180

180 —

144

233

191

181

TNa-CarK 217 - 181.5i 177 196 212 185 199 150 - - 135

Note: C&T = Clear and Transparent; PUS = Puga nala up stream
Sul.= Sulphurous PDS » Puga nala down stream

PS-23 = Borehole was drilled during 1970 and encountered steam water mixture under
pressure. During 1973 when the water sample has been collected, the flow
was similar to that of a hot spring.

The concentrations are in ppm.

♦
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6.6 Enthalpy and Reservoir Temperature

Zt has been estimated earlier (section 6*3*7* page

71-25) that the local natural heat transmitted from the sur

face of the Puga valley is around 5500 Real/see. The mass

flow Is 20 (cg/seo. Assuming that ths thermal fluid dischar

ging through hot springs etc*, comes ultimately from a single

source and that there hae been no major dilution of the hot

fluid by the local ground water on the way, the mean enthalpy

can be calculated as follows:

Enthalpy of Puga watere relative to 0*C

Total heat loss

flow rata

5,500 fecal/see
9 *mmmm»~*mmm*mMmmmmmmm\m\ui i tmtmmmmmimmmwmm

20 kg/see

• 275 osl/gm.

It Is difficult to estimate the total mass flow

accurately but 275 cal/gm would appear to be the upper limit

for the enthalpy of Puga deep thermal waters. Theoretical

eetlmstes of maximum temperature of the source for this value

of enthalpy turns out to be 265*0. under boillng-polnt-depth

conditions, this temperature should occur at a dspth of about

500 m* However the reservoir temperature ae eetimatsd from

geoohemloal thermometers as given above vary from 183 to 240*0*
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Majority of the shallow and medium depth boreholes which have

been drilled In the valley tapped steam water mixture and

bottom hole temperatures upto 130*0 were rooorded* Talcing

into consideration the reduction In temperature due to flash

ing Into srcem of a part of thermal water, a tempereture of

around 165*0 hae been obtained for the unflashed thermal wator,

whioh Is the boiling point of water oorresponding to a depth

of about 65 m*

6*7 Estimation Of Power Potential

PDwer potential of the Pugs geothermal field has

been calculated using the estimated natural heat loss on ths

surface* The assumption made Is that all the heat lost

through various processes In the valley Is concentrated at

one place to form hot fluids* Estimate made on such a basis

yield the continuous power potential.

Power potential of the shallow reservoir, delineated

on the basis of various geolnvestlgatlons, haa also been

estimated*

6*7*1 Continuous electrical power potential

Assuming that an energy equivalent to the estimated

natural heat out put Is tapped through drill holes and diver

ted for electricity generation, and taking 0.10 to be the

efficiency of conversion to electrical energy (Hathenson and

Huffier, 1975) 2.5 HW electric power can be generated snd
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maintained from geoheat In the Puga valley* However experience

In well developed geothermal fields has shown that In actual

practice the wlthdrawl of energy is three to ten times more

than the total natural energy flow from a hydrothermal area*

In such a oase the additional heat, which Is extracted most be

drawn from storage In some part of the system. This can of

course be done* but for a specified time, depending on the

characteristics of the system*

Banwell (1961) has given curves for estimating power

produced from hot waters at various temperatures using an

Ideal heat engine* The engine Is assumed to discharge heat

Into a sin: (oondensor) at a temperature of 30*0 and to use

the heat available from the water down to a teaperature of

50*0* Using his curves and the estimated maximum reservoir

temperature of 265*0, end assuming that all the natural heat

flow Is diverted to s drill hole at this temperature from the

appropriate depth, the power potential will be about 275 kilo

watt per kg* per sec* Multiplying this by the mass flow of

20 kg/sec gives a gross potential of 5*5 MW and, assuming sn

overall conversion effiolenoy of 60 per oont, a value of 3.3 MW

is obtained for the electric >ower potent!el.

6.7*2 Power potential of the shallow reservoir

It has been mentioned above that on the basis of

various geodata a 70 m thick shallow hot reservoir about 3 sq.km

in area was delineated* this reservoir le likely to be of a
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mixed type (hot water partially vapour/gas dominated), but

may be considered to be of the hot water type for power

estimates*

Apart from its aiae, other parameters neoeesary to

estimate the stored heat energy in a reservoir, are its

porosity and enthalpy of its hot fluids*

It haa been shown above (sections 6,5 and 6*6) that

the temperature of the shallow reservoir Is most Mkely to be

around 165*0. Except In some narrow traps, the sub-surface

temperatures In the reeervolr are likely to be below the boil

ing point of water at that depth. Boiling of water at 65 a

depth would occur at 165*0* Ksvlskoglu (1975) haa given a

aathod for determining reservoir temperature or porosity based

on surflolsl geophysical measurements* According to him the

reservoir porosity d>* is given byt

where

(T ♦ 21,54) /°r

<p • poroelty of reeervolr

fx » resistivity of the surface hot water
teaperature t*C

T • reservoir teaperature *C

pr m resistivity of reservoir in ohm,a

Ths resistivity of hot spring waters upto 80*0 was
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measured In the laboratory* The porocity of the reservoir

was calculated from the above relation using a value of

10 ohm*m for the reservoir resistivity! as obtained through

resistivity surveys* Porosity ot 21$ was thus obtained for

the shallow reservoir* However, for calculating the energy

content, the value of porosity in oacc of water saturated

rooks is of secondary importance* The energy content of rook

snd water are not very different for the same volume*

The heat stored In a hot water reservoir *Q* la

given byi

Q 0 ^ «<| v1 A8 ♦ ^2*2*2^*

where ,, c,., v.. and 2, c2, v2 are respectively the density,

specific heat and volume of the hot water and of rook, ^% Is

the relative temperature of hot fluid In oomparlsion with a

sink. This depends upon the use to whioh the heat energy la

put*

Taking 2*5 ga/oo and 0,2 oal/ga as the average den

sity snd heat capacity of rooks respectively, and assuming

these quantities constant throughout the depth, the total

stored energy In a shallow reservoir of 3 sq.ka srea, for

esch metre of Its thickness, above 10*0 (considered teapera

ture of sine for Pugs valley) comes out to be 27*0 x 10 *oal*

or 36.5 MW.

71-51



*

294

Hsthenson end Muffler (1975) assume a net recovery

of 25$ of the stored thermal energy from a heat reservoir of

50$ porosity, la the oooe of the first reservoir of Puga

valley it le assumed that 20$ of the stored heat energy can

be recovered at a conversion efficiency of 0*1, Therefore,

an overall recovery factor (i.e., fraction of stored energy

recoverable as electrical energy) of 0*02 can be reasonably

The electrical power potential of the shallow

reservoir for each metre of Its thickness is thus equal to

36 x 0*02 « 0*72 MW, For a thickness of 70 a it would be

equal to 50,40 MW year or equal to 2*5 MW for 20 years.

This figure is of ths same order as thst obtained

for the continuous power potential, which has been estimated

on the basis of the heat energy naturally flowing out froa

the reservoir* Therefore by withdrawal of such an amount of

energy from the first reservoir one will only be tapping

that energy which is replenished* A minimum of 2 to 3 MW of

electric power can thus be safsiy generated for a vary long

period, without any serious effect, even If thermal fluids

from the first reservoir of the Puga Geothermal field are

tapped,

6,7*3 Total power potential

Considering a continuous generation of electrio

power of 5 MW, the above estimates show that full explolta-
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tion, of tho shallow reservoir, would yield 3 MW froa

the natural heat flow and about 2*5 MW froa its storage*

Since a life of the order of 20 years la generally consi

dered economically viable for a power station, these reeults

show that the Puga hydrothermal area la adequate to meet a

minimum of about t> MW electricity requirement for a period

of 20 years* However, the actual life of the hydrothermal

field at this rste or even at higher rates of exploitation

should be much greater* This can be estimated more accura

tely once the main deep reservoir is delineated*

Tor oomparlaion, the natural heat out put and the

estimated power potential of the Puga hydrothermal field are

tabulated In Table 71-4, slongwlth slmllsr available

estimates for other geothermal fields of the world*

6*7*4 Prospective use of Puga valley geothermal resources

The aforesaid estimates Indicate that there la a

good potential for developing geothermal resources of the

valley for their soltlpurpose applications including power

generation* Cold climatic conditions prevail during aost

part of the year in the l»adakh region and fossil fuels are

scarce. Other potential usee of the natural hot water are

for creating favourable climatic oondltlone for agricultural

growth in hot houses, poultry farming etc. Experimental

green house cultivation has already been attempted there.

Forty one varieties of plants, Including vegetables and frulte
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cv TABLE 71-4

Comparlslon of Natural Heat Loss, Power Genarated etc, for Some Geothermal Fields of

The World.

Geothermal Field

Larderello (Italy)

The Geysers, USA

Matuskawa, Japan

Otake, Japan

Walrakel, :rew Zealand

Broadlsnd, Hew Zealand

Cerao Prleto, Mexico

Puga, India

Hessrvolr Approx* Exploi-
— ores. tedTeap. Fluid ^ aree^

245 Steaa 150 70

245 Steaa - 6

230 Steaa 2.1 0.4

200* Water 5 0.15

270 Water 16 2

260 Water 10 1

300 Water 40 2

200* Water 15 3

Througli natural discharge only

71-54

Power generated hJJt**1
""JU Appr. SxpL loss

area area kcsl/sec

380*6 2*24 4.81

502 - 13.70 400*

22 9.5 50.00

13 2.4 80.00 1550

192.6 12.04 96.00 100,000

66 6.6 66.00

75 771.88 37.5

- - - 5500

(Ref: present thesis)
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e.g., atraw-berry, as well as flowers were planted and satis

factory results were obtained (Behsl st al. 1976). Green

house cultivation Is necessary in Ladakh for the production of

food stuff which are at present transported from the plains

and are even air lifted during winter aonthe when the roads

are snow bound* Substantial benefits can bs provided the

whole year--round through supply of vegetables and tropical

fruits by aaclng a planned and coordinated effort to harnees

this geothermal resources. Space heating for comfortable liv

ing, defence requirements, recovery of certain dissolved oon-

stltutents etc., can also be accomplished profitably. Other

potential use to uhlch the natural steam aid hot waters can

be put and have been used at Puga, Is for refining of borax

snd sulphur at the site. Commercial production of sulphur

snd borax Is being attempted there,

6*8 Manikaran Hot Spring Area

6*8*1 Looatlon of surface manifestations

Manikaran (Lat.32*02«Hf Long* 77*25*S) is a small

village situated in northwestern Himalayas in the Kulu dis

trict of lllmaohal Pradesh st an elevation of 1,700 ra on the

right bank of the Parbatl river, which le a tributary of the

river Beas* Hot springs occur at five different places within

s distance of about 30 km in the Parbatl valley vis., around

ths Kasol-Msnlkaraa area, at Pulga, and schlrganga villages

located about 10-15 km upstream, and at Jan located downstreaa

of Kasol (Figure VI-22)* The elevation of the valley floor

ohanges from about 3500 (a*m*s*l) In the eastern snd to about

71-55



FIG. 71-22 Location Map of Parbatl 7alley
Hot Spring Areas

298



299

1100 m at its western and where Parbatl river joins the

river Boas* The majority of the hot springs, with teapera

ture varying from 41 to 97*0, are located on the right bank

of the river. The hottest springs emerge at Manikaran,

In the Manikaran ares, the occurrence of hot springs,

and thermal alterations of quartzite along joints and fractures

are common features of the area. The hot springs are confined

to several clusters, spreading along a distance of about 1,3 ka

beaide the Parbatl river (Figure 71-23), The hottest duster

Is situated near the Harlhar Temple which, being a pilgrimage

shrine as well, attracts many tourists* Ths most spectacular

spring In this cluster issues like a geyser near the bank of

the Parbatl with steam esosplng for 25 to 30 seconds at Inter

vale of two mlnutee. As soon as the pressure of the steaa

decreoses, the water discharge from the spouts Increases* The

maximum height to whioh the water rises from the spouts is

about 50 om* Also, at another location near the teaple, the

spring water shoots to about a metre at an angle of about 45**

There are two more locations on the Manikaran terraoeewhere

water spouts snd steaa escape under pressure* Many other

comparatively lower-temperature springs emerging from the

river terrace deposit, which ovorlles quartzite, are alao loca

ted In the Manikaran area (Gupta, 1974)* The thloknees of the

terrace deposits as estimated from electrical soundings is

about 25 a (Gupta et al* 1973). As the quartzite Is blanketed

by the river deposits, moot of the springs on the terrace

eaerge through theee deposits* Hot springs issuing from the
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joint planes In the quartzltes are seen at other locations.

One cluster of springs with a teaperature range froa 41 to

35*0 Is also situated along the Brahmagacgs river near Its

confluence with the Parbatl river* Practically all the springs

salt C02 snd H2S. Two hot springs at Jan, twelvs st Kasol snd

three st Pulga have been noticed manifesting* However their

teaperature and discharge sre much lower than at Manikaran*

6*3*2 Geological setting

The Parbatl valley geotheraal field lies to the

southwest of the Centrsl Crystalline Axis of the Himslsya
i

where profuse Igneous activity took place during Tertiary

period (Pascoe, 1973)*

The rook types found in the Parbatl valley region

oonslste of quartzltes, gneisses, gneisslo granites, schists,

phyllitee as well as some traps and basic Intruslvee*

The main formation In the Msnlksran-Kseol region Is

s thick sequence of s massive, well jointed, white to greyish

and pinkish quartzite with minor phyliite, schists and lent!

cular bands of limestone. The latter formations are seen

occurring within the Manikaran quartzite between Jeori and

Jan* Manikaran quartzite le exposed between Manikaran and

Jarl, and has a regional dip In a north-east direction ranging

from 30* to 50*. Towarde the south of Manikaran and Jarl la

exposed a granitic body of bathollthio dimensions covering an

area of about 500 sq.km. This granite has been mspped snd
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named as Bandal granite by Sharaa (1977) who Inferred It to

be a oagmatlo Intrusion Into the quartzite and equivalent

to Panjal Traps i.e., of post-Carboniferous age* The age of

Manikaran quartzite according to Jangl et al* (1976) la

Devonian, while Bhsnot et al* (1976) report a 1220 m.y, Rb/Sr

whole roosc lsoohron age of Bandal granite.

The Manikaran quarts!ts Is hi^ly jointed snd

exhibits three planes of joints* These joints hold great

significance as for as the movements of hot waters at shallow

depths st Manikaran, and Kasol Is concerned* The Parbatl

volley has out a deep gorge for a considerable length appro

ximately normal to the strike of the Manikaran ibrmstlons

(Qusrtzltee with subordinate phyliite snd schists).

Ths next important roc. formation Is a group of

basic schists and green phyllitee, trap and bands of quartzite,

probably of volcanic origin during Pre-Cambrian* The Manlksran

quartzite is overlain by the gneisses, schists and carbonaceous

phyllitee of the 'ulu formation* The contact between Mani

karan and Kulu formations appear to be a major thrust contact

and probably forme a part of Central Himalayan Thrust, whioh

is an extensive feature related to Cenozoio folding In the

Himalayan mobile belt* Kulu formations sre thrust over the

Manikaran formations snd sre older than the quartzite (Pre-

Cambrian)* Hot springs of Pulgs and ftUrganga emerge through

theee overthrueted sheets, which in the upper reaches of

Parbatl valley overlie the Pre-Cambrian granites and gneisses

of the Central Himalaya.
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6*8.2.1 Hydrogeologieal conditions

There sre two distinct hydrogeologieal units in

the vallsy. At Manikaren-Kaeol area the first unit ooaprisee

of valley fill material and alluvial conee eto. Thickness of

this unit upto a depth of 30 m has been revealed by D.C.

Reelstivlty surveys (Gupta et al. 1973). It contains water

under unoonflned conditions. This unit Is underlain by the

Manikaran quartzite (whioh is very thick, highly jointed and

fractured) and associated rock formations* The second unit

has Interconnected joints snd fissures and forms the main

potential reservoir for hot wcter and allows deep clreuletlon

of aeteorlc water* Melting of snow at upper reaches of the

valley and ths rainfall contribute to the recharge of both

the aquifers. Rivers snd streams may also add to recharge

but it Is likely that their contributions is more towarde

dilution sf deep thermal waters*

6*8*3 Hot spring and river water chemistry

Water eaaplss from five Manikaran hot springs and

the Parbatl river were oolleoted snd analysed for thslr

chemical constituents* Ths chemical analysis data and the

weight ratios of Important cations and anions sre given in

Tsbles 71-5 snd 71-6 respectively* The wstere are of a

mildly aUallne nature of pH value 7.3 to 7.6, possibly con

trolled by HCOC reaction. C02 was detected in the gsses

bubbling out of ths springs.
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TABLE y// - S"

Chemical analysis of Manikaran hot spring and Parbati
River waters, in mg/litre

Description Manikaran hot springs Parbati

(1) (3) (4) (5) River

Temp. °C 97.0 75-92 81.0 45.0 13.0
pH at 30 °C 7.3 7.4 7.35 7.6 7.2
Sp.cond. at
25°C in 878.2 871.1 892.5 606.9 47.0
micromho s/cm

TDS 555.0 609.0 510.0 390.0 33.0
Li 1.1 1.0 0.8 0.6 ND

Na 94.0 76.0 88.0 53.0 7.0
K 21.0 19.0 18.0 15.0 3.0
Ca 36.0 32.0 32.0 30.0 6.0
Mg 10.0 10.0 11.0 10.0 3.0
Fe 0.04 0.05 0.05 0.07 ND
Co 0.014 ND ED 0.018 ND

Cu 0.019 0.028 0.0095 ND ND
Sr 0.135 0.135 0.140 0.133 ND

Ni 0.0018 0.0023 0.000c) 0.0018 ND

Ag 0.01 0.01 0.01 0.01 ND

Zn 0.12 0.125 0.127 0.121 0.122
B 1.0 1.5 2.0 1.0 ND

Si02 120.0 115.0 120.0 110.0 ND

P 1.0 0.5 0.5 1.0 0.5
CI 123.0 100.0 104.0 64.0 1.0
so4 45.0 48.0 45.0 46.0 ND

HCO,
3

177.0 188.0 175.0 177.5 58.0

ND means not determined
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The analysis shows thst there Is a predominance of

Ha , Ca , HCO*, and CI Ions In ths spring waters while

Mg** la pres#nt In moderate concentrations, NeCl and NeBCO*

being the dominant groups. The concentration of dominant

cations snd anions Indiostes thst ths spring waters are of

Sa-Ca-HCO«-Cl type. The dissolved solids (TDS) are present

only In low concentrations and vary froa 390-609 mg/litre.

The presence of SO. Ions could be due to the interaction of

deep thermal water with granites and gneiesee containing

traces of sulphur (Barth, 19150).

Metallic trace elements have slso been quantitatively

determined in the spring waters by use of an atomic absorption

spectrophotometer. Minor quantltltes of the elements Co, Cu,

Sr, Ni, Ag snd tj have been detected and their quantities are

given In Table 71-5.

Chemical goothermameters (Section 2,5.5, page II-

7c), a recently published Magnesium corrected Sa-K-Ca geo ther

mometer (Fournier and Potter (1979) and a new K-Mg-Ca geother

mometer, developed by Giggenbcoh (Personal communication,

1980), havs been used for the estimation of temperature in the

geothermal rerervolr for the Manikaran area* The results are

given In Table 71-7*

6*8*4 Mixing of thermal and cold waters

The appreolsble difference between -the subsurfaos

reservoir temperatures, as inferred by geoohemloei thermometry,
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T A I I B 7I.-6

Weight ratios of the important constituents in Manikaran
hot spring waters

Description Hot Sprin g 8

1 5 4 5

K I Na 0.22 0.25 0.20 0.28

Li 2 Na 0.012 0.013 0.011 0.011

F i 01 0.O08 0.005 0.005 0.016

B l CI 0.008 C.Ct5 0.019 0.016

HCOj * 01 1.44 1.83 1.68 2.76

so4 * 01 0*36 0.48 0.43 0.72

(Ca + Mg) 1 (Ha ♦ X) 0.40 0.44 0*41 0.59

Ha s Ca -

*• 2.61 2.37 2.75 1.77

Ca i Mg 3.60 3.20 2.99 3.00

CI : SO4 2.73 2.08 2.31 1.39

TABLE 71-7

Estimated reservoir temperature of Manikaran Geothermal Pield

Spring
Ho*

Surface
Temp. THa-K- Ca Tfia-K-Ca

mg corree-
tion.

fK-0a-Mgf TS102

1 97 210 m a •*

2 75.9 201 121 113 145

3 81 204 114 102 148

4 45 215 • 143

Temperature in **C
* TK-Ca-Mg(°G)*"43.2 A♦ 46.7

%* iog10 K2/®e,o*
7alue« are in ppm (Giggenbach, unpublished,

personal communication)
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and the observed teaperaturee of tho hot springs of an area

having high dischargee can be explained by the mixing of

deep water with shallow oold water, as happen at Manikaran

wher<5 thn temperature and chloride oontent of the hot springs

show large variations. The fraction of shallow oold water

mixing with deep thermal wster has bean estimated Independent

ly from such parametors as temperatures of hot springs,

estimated reservoir teaperature, and mean annual teaperature

of the area, and has also been estimated from the oomblned use

of enthalpy, measured dissolved silica of hot springs and

surface cold waters, and the dsta on the solubility of quartz

at elevated temperatures as given by Morey, Fournier and

Howe (1962).

Considering the average annual teaperature of the

Manikaran area to be 10*0, the average teaperature of non-

boiling springs to bs 60 to 90*0, and the reservoir teapera

ture to be 195*0 (as estimated by ffa-IC-Ca geotheraoaetry),

the fraction oold water mixing with deep thermal water oomee

out to be 0.62 to 0.57. The mixing fraction can also be

calculated from the following relationships using values of

enthalpy, th solubility of quartz at various temperatures,

and the temperature and SiQ>» oontent of nonbolllng springs.

s8pring " ^ot X * *Wd (1 " X) ••CD

^Spring " *W • Sloold<1 * x> ** <2>

Where,
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B • Enthalpy of writer.

Sl» Silica content of spring water, deep hot
water and surface cold waters*

X m fraction of deep thermal water present
In the spring water.

Solving for X Proa equations (1) snd (2)

X

E — Fm ^sorinK ^cold

^ot " Boold

T
M ^spplng " ^cold

^hot " ^cold

• • (3)

. • (4)

Enthalpy, or total heat content, and the concentra

tion of silica in water are functions of temperature, Using

these functions and equations (5) snd (4), valuee of X and

temperature were calculated earlier* However, Fournier and

Truesdel (1974) suggest a simple graphic procedure* In this

graphic procedure, using equations (3) and (4), the valuee

of X are calculated for a set of enthalpies st different

temperatures and also for a set of cliabilities of quarts

at various tsmperatures upto 300*0. The point of Intersection

of the curves representing the above mentioned variations

provides the fraction of deep thermal water present in the

spring waters and the probable reservoir temperature. The

estlmsted fraction of deep hot water present In the spring

waters obtained by this method turns out to be 0.35 • 0.46,

with an average value of 0*4 for thethree springs S2, S« and

S^ of tie Manikaran area* An overall average value of 0.60
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would be in agreemnt with that found \iy temperature consi

derations only* The spring S^ In whioh boiling ooours, has

not been considered. Also the mixing fraction of the spring

D»j has not been estimated as the spring emerges from sand and

gravels and aay ha^e picked up extra oilioo. The aquifer

temperature obtained by this method varies from 190 to 210*C

with a mean of about ?02*C,

6*8,5 Tritium measurements

A few wator samples representing hot springs and

surface water war® analysed for their tritium content* The

water samples were converted to methane gac, and tritium

activity was measured using an Oeschger gaa proportional

counter. Table VI-8 gives the result of tritium analysis,

an! ths values are reported in tritium unite. One tritium

unit (TU) Is defined ae one atom of tritium per 1018 atoms

of Hydrogen. The tritium oontente of hot springs are found

TABU 71-8

Concentration of Tritium snd Chloride in Waters

of The Manikaran Area.

Description
Tempera
ture,

CC)

CI
ag/ilt

Tritium con
centration

(TO)

Manikaran hot spring

CI later No. S-1 97 123 14

Cluster lo. S-3 75-92 100 37

Cluster No. S-4 81 104 58

Cluster ilo. S-5
Parbatl river water
Cold water froa the hill

45
13
11

64
1

56
103
173
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to vary from 14 TO* to 56 TO as against concentrations of

103 TO and 173 TO for the surface streams. The value of

173 TO corresponds to snowmelt water originating st higher

sltltudes, probably froa precipitation received 1963-64,

whioh had a peak tritium concentration. The concentration

of 103 TO ie typed of the Parbati river in general.

The concentration of tritlux in spring water la

higher than that of the pre-bomb tritium levels for 30*N (5

to 10 TO), whioh could be due to shallow circulation with a

short turnover tlsae before the meteoric water emerges as

spring water, or to the mixing of deep thermal waters with

surface waters* It has been shown above that the Manikaran

spring waters are of s mixed type, that Is deep thermal waters

emerging from Joints and fissures become mixed with oold

waters st snallow depths* The variation of the tritium con

centrations of various springe (Table 71-7) also indicates

the latter possibility* There is an inverse relationship

betweon the tritium contents and the temperatures of springs*

This indloatee a lesser degree of mixing for the springs

having higher temperatures. The chloride contents of various

spring waters also show a similar behaviour. The mixing model,

taking the general mixing fraction of shallow oold water with

deep thermal water to be 0.6, Indicates no tritium In deep

thermal waters, thus pointing out thst the deep therrasl

waters In the hot aquifer have a long residence time snd

therefore occupy a large subsurface reeervolr, or sre slow

aovlngf Long periods of time ( ^20 years) can easily be
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~* required for the meteorlo wster to percolate to depthe before

flowing out* The tritium contents of drill-hole waters

aessured in another potential geothermal field st Puga (Gupta

snd rukhlja, 1974) also show dead water (trltlum-fe*r) at

depth,

6.8.6 Natural heat dlsoharge

The total surface dlsoharge of thermal water froa

the hot springe of Parbati valley Is around 40-50 llts/sec.

However, appreciable seepags occurs in the river, and the

total discharge 1b not llkoly to be lower than 100 lit/sec.

and may be even around 150 llt/£ec. Accurate figures of dis

charge can be obtained from sn anslyels of teapereture, flow

rate and the chlorine content values of the water of Parbatl

river measured at a number of selected locations. The maxi-

aum dlacharge occurs at Manikaran where the temperature la

also maximum. Considering the discharge and temperature of

various hot springs centres of Manikaran, an average teapera-

~§ ture of about 75*0 has been estimated, and heat loos of

7500 cal/seo or even more.

6.8.7 The Mani-ctiran hydrothermal system

In the Parbatl valley* hot springs are found to

occur in a number of villages adjoining Manikaran. These are,

apart froa Manikaran Itself, Jan, Kasol, Pulga and Khlrgsnga

all within a distance of about 30 ka (Figure VI-22)* A synthe

♦
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ele of varloua gaahydrogeoiogloal snd shallow thermal studies,

geoelectrlcal and seismic surveys, geochemlcal snd Isotope

studies, micro seismic Investigations snd sxploratory drill

ing (Gupta et al, 1973t Jangl et al, 1976| Olggenbach, 1977f

Molfltt, 19771 Chaudhary, 1979l Kumar with Gupta and other,

1980), leade to the following conclusions regsrdlng ths springs
of the Manikaran eystea*

i) That the thermal waters so far tapped through

drill holes In the Parbetl valley appear to have

been diluted, maximum dilution occurring at fasol,

followed by Manikaran and ?&lrganga.

ii) That hydrogeological studies slongwlth oxygen

hydrogen Isotope measurements show that thermal

waters originate at a higher altitude than thoss

of spring sltss. This impUas that snow melt in

the higher reaches must contribute substantially

to ths charging of ths dssp aquifer, apart froa

rainfall end that the circulation la probably

quite deep facilitated by neoteotonic faulte in

the region*

ill) That although no dated or geologically Inferred

recent igneous intrusions have been found to

occur around Parbati valley, there Indeed might

be ouch bodies eaplaoed not too dssp below the

surface in the wake of orogenic activity.

*
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Iv) That whilst near surface temperature studiss snd

borehole temperatures In the Manlksran-Kasol sec

tor sre consistent, they point out that thermal

waters ascend tare ugh certain confined favourable

underground channels* Manikaran, where both

discharge and teaperature are maximum, does not

appear to overlie an extensive positive subsurface

thermal anomaly* The thermal waters perhaps derive

their heat from regions further away.

v) That isotope studies do not show the oharacterletlc

oxygen shift (i.e., Oxygen enrichment In thermal

waters due to their association with high teapera

ture roois) generally associated with high teapera

ture gee thermal systems*

vl) That thermal waters of various hot springs of the

Parbati valley show chemical similarities Indicat

ing that they share a common hydrothermal system,

which originates somewhere nesr Khirgangs snd con

tinues upto Jan* It appears most lively that

rain and glacial melt from the mountaine whose

peaks ascend to over 6,000 m around the valley

penetrate to depthe of 4-5 km where they get heated

before ascending towards the lower reaches of

Parbstl valley in a cluster of five springs.

vii) That the reservoir tempersture determined from

oomaon ohemlcsl geotheraometere (Tg^Q , %a.K„ca^
show variations In respect of different samples

collected from the vslley. Processes of mixing,
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dilution of deep thermal waters with descending

cool waters, and mineral equilibration st shallow

depthe appear to be quite prominent ae also con

ductive cooling along the oath of movement* Much

reliance can not therefore, be pieced on these

estimates of the reservoir teaperature In the case

of Parbatl valley* The reservoir teaperature

eatimated after magnesium correction to %£*.£•*.

and ss determined from T^-Ma.(»a *re maCtt low8r
0 than 200*C (Tsble 71-7)* In the light of this

snd considerations discussed above the most likely

reservoir temperature of Parbatl valley hydrothermal

systems should be around 150*0*

vilDThat geological and geoelectrlcal Investigations

Indicate large thicknesses of Manikaran quartzite

end Pre-Cambrian gneisses* Overthrusted sheets of

fCulu formstlon (Phyllitee and Schists eto*) whilst

providing favourable conditions, cannot prove to

"* be viable reservoir rooks* The Parbati valley

geothermal reservoir must therefore lie at a great

depth of the order of 1*5 km, and Is controlled by

fractures In the quartzite.

Ix) That in view of the deep circulo tlon and large

discharge, although of moderate temperature,

appears to be s definite potential for using

theee thermal waters for various cultural purposes

*
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and for refrigeration and cold storage of local

fruit and other produce, to whioh possibly

electrical power generaUon may be added later

ae the development of secondary turbines becomes

a reality,

6*3,8 Conclusion

The Parbatl valley geothermal system owes Its

origin to deep percolation of snow and glacial melt as wsll

as rain watere fscllitated by teotonio fractures. The five

springe of the system sppssr to share a common hydrothermal

system, snd do not show signs of sny components derived

from high temperature rocks*

The Manikaran reservoir Is aost likely located at

a great depth of the order of 1500 m or more and its

teaperature ie 150*0. A euitable location for drilling sn

exploretory borehole ehould lie around the confluence of the

rivere Brahmaganga and Parbatl*
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CHAPTER Til

QOWWSTOtiB

7*1 Geotheraal Resources i Main esults and Inferences

Knowledge of probable repositories of resources,

their extent and configuration la the first step towards

their being exploited and developed for human good* The

next step is to aa&e sone quantitative eetlaates of their

important oharaotertstioa, i/possible, without drilling.

In the case of geotheraal resources, these happen to be

-heir locstion in space, dimension, teaperature, porosity

and enthalpy* The acquisition of all thle information ia

the dream of those engaged in a geotheraal exploration

gr •* ^^O^"* 9mama0^a' a>

The study presented in this thesis demonstrates

how it is possible, by analysio of available Information

not specifically gathered for this purpose, to make reason

able Inferences about the location and probable type of

gaothermal reeouroee Including important features of the

reeervolr* wa approach this problea systeaatically by

examining all available Information pertaining to the geo-

teotonio evolution of different units of the Indian sub

continent and iBBjaaaj occurrence and character of hot aprlngo^

in the light of other affine geological and geophysical

Information* tn particular, the dramatic orustal feataree

bounding the Indian subcontinent on the north, caused by the

still continuing, albeit alovor, collision of the Indian

plate with the Suraalan, appear to have created conductive
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envlronmente for the accumulation and concentration of geo

heat in shallow regions which constitute^ potential geother

aal resources of varloua degrees in certain parts of the

Himalayan region aa wail aa of the main land* Pour main

geotheraal provinces where geotheraal energy resources of

economic viability are likely to exist have been delineated.

These ares

1* The 'amalayan-Buraaae-Andanan-Nioobar Are*
Geotheraal Province.

2* The iTarEtada-oono-Dauki lineament Oeothenaal
Province*

5. The -Conkea Geothermal Province*

4* The Cambay Graben Geotheraal Province.

7*1.1 The Puga velley reservoir

Detailed thermal end geoelectrlcal methods supported

by geooheaical thermometry were accordingly launched to study

geotheraal recourses of the Puga valley hot eprlng area which

appeared to be the most promising* upon their synthesis,

restate of these Inveetlgatione lead to the following conclu

sions.

• That the valley baseraent le of undulating nature

having its deeper parts located towards the

south-west.

• That a thermally anomalous acne of about 3 sq.ka

area Is located in the central part of the Puga

valley,
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• That the above hot acne is characterised by the

presence of a low electrical resistivity (5 to

30 ohm*a) sub-surface formatlone of thickness

varying froa about 50 a to over 300 a*

• That a reeervolr Ilea at shallow depths beneath

the above hot zone.

• That the shallow reeervolr, most likely, appears

to be of a self sealing type and the flow of hot

fluids probably takes place through lateral narrow

channels occurring across the direction of ths

valley axis,

• That the temperature of the shallow reservoir is

likely to be about 165*0 and the porosity around

W.

• That the shallow reservoir is a secondary one and

the base teaperature of the asJLn reeervolr whioh

could not be detected even on detailed investiga

tions, ie aost 11 ;oly, over 200*0.

• That the Puga geotheraal field is of mixed type

and a email vapour/gas dominated sone, formed in

the structural highs, moot probably exists within

the shallow reservoir*

« That the Puga geothermal field is characterised

by high near surface temperatures and teaperature

gradients, and high heet flow (about 13 IOT).

7II-3



319

The results of the thermal aad geoelectrlcal

surveys snd investigations were supported by drill holes

which tapped buoyantly upflowing thermal fluids froa the

shallow reeervolr* A telluric survey later carried cut

by Eakeshkuaar st al* (1979) yielded low *J* values

(relative ellipse area) within the low resistivity zone.

The thermal data of the Pusa geotheraal field

farther revealedi

1) That the natural total heat transmitted en ths

surface through the hot sone ie around 20 billion

cal./hr, which is theoretically equivalent to

20 Megawatts (MW) of electrical energy*

11) That the probable potential of the shallow reser

voir froa its energy storage elon«T, is 2*5 HJf

for s 20 year period*

111) That the Puga hydrothermal field is adequate to

aset a minimum of about 5 MW electricity require

ment for a period of 20 years. However, the

actual life of the field st this rate or even at

higher rates of exploitation ehould be much

greeter.

7*1*2 The Manikaran reservoir

The Manikaran hot springs which emerge in the

Parbati valley, 'ula, tiraclaya through Joints and fractures
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in a thiok sequence of massive qpartsltee, were the next to

receive attention for a thorough Investigation.

Geoelectrlcal surveys carried out in the area did

not reveal any conductive zones upto the sensing depth of

probing and persistent attempts to explore the subsurface,

in the Parbati valley, aoing various geoleetrio tools, act

with little success* :!owevor, It was clear from the rery

outset that state the resistive quarts!tea of ths country

rook were very thick and the reservoir probably existed st a

great depth the moot frultfd approach before exploratory

drilling which would be expensive in cpartsites, would be

to ascertain the probable reservoir temperature by geother-

mometry.

The mala thrust of investigations was therefore

directed towarde analyzing ths eilloa and 7a-K-Ca geothermo-

aeter which yielded significantly different temperatures*

Tritium isotope studies of the oold and thermal waters along

with their ohlorlde contents slso Indicated mixing of deep

upflowing thermal waters with colder meteoric waters before

their emergence on ths sirface* A oethodology was accord

ingly developed to secertain the mixing ratios as well as

the deep aquifer temperature, from the composition of mixed

thermal waters and of oold waters of the area* This led to

the result that i) thermal waters are constituted about 40£

deep thermal water and 60> cold meteoric water, snd that

11) the reeervolr temperature is likely to be around 200*0.

711-5



321

Boreholes subsequently drilled In the area to medium dspths,

nesr suspected or inferred shear or contact sonss, tapped

thermal waters of similar teaperature snd composition as

those obtained from the surfsee discharge of hot springs,

thereby easting doubts regarding the teaperature of the

Manikaran reservoir (high around 200*0) estimated on the

basis of the mixing model (this thssls section 6*8*4)* A new

gcotheraometer developed by Glggenbash (Tebls 71-7) and

~^%a-K-Ca theraoaeter as introduced by Fournier and Potter

(1979) were therefore, slso tried to asks a new estimate of

the probable reservoir temperature which was found to vary

greatly, leading to the conclusion thatt

• ths base temperature of ths Manikaran hydrotherasl

systea is likely to be around 150*0 and not 200*0

as indicated by the mixing model and the unmodified

Ha-K-Ca geothsraoastsr, *urthermors sn sttsapt

was also aads to elucidate the mutual relationship

if any, among ths 5 hot spring zones of the

Parbati valley, asking use of other affine geodata.

This exercise lesd to the conclusion that ths

thermal watere of the Parbatl valley appear to

share a com/son hydrothermal systea and have been

diluted before being discharged on the surface,

maximum dilution occurring at Kasol, followed by

Manikaran and Khirgsaga*

• That Manikaran where the discharge and temperature
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cf thermal waters are both maximum dose not appear

to overlie an extensive positive subsurface ther

mal anomaly* The thermal waters sees te derive

their best frca regions farther away*

* That the hydrothermal systea perhaps originatea

somewhere undemesth Khirganga area aad continues

up tc Jan and ths geotheraal reservoir must be st

s great depth of the order cf 7/ 1*5 ka*

7*2 Best Flow Studies I Main Results and Conclusions

Ths Indisn Peninsular, is generally believed to bs

s stsbls lsndaass. However, perturbations caused by local,

reglensl as wsll as glcbsl preeesses continue tc disturb its

serenity* Effects of diversities in ths initisl conditions

of its coaposlte segments accentuated by the stresses pro

duced by the continuing collisions of its northern boundary,

have overprinted on its predominantly ancient surface asny

qussl-peraanent features with varying tias constants* ifcat

flow, being directly diagnostic of thermal states cf ths

Berth's crust snd Interior, a study was uadsrtsfcsn to anslyss

significant regions of the Indian subcontinent vis*, the

Dharwars, the Aravalli Mountain belt, ths Dscoan traps and

tae Tertiary basin of ths Indian land aass* Results of these

studies are briefly suaaarlssd belowt

• That the Dharwars whioh consist of greenstone belts

snd some of which are equivalent to ths greenstone
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belts of other shielde sre oharaoteriasd by low

hsat flow valuee 0*95 HFU*

• That the Aravalli aountain belt consisting of a

sequence of Pre-Cambrian asta-ssdiasnts of three

super groups, the Pre-Aravallls, Aravallls and

the Delhis, ones aa impressive feeture and now

reduced to their present siss by erosion, and

which psrhsps suffered rejuvenation in Mssosoio

times, is associated with contrasting thermal

structure| ths Delhi Super group being eharaote*

rieed by high heat flow (^1.7 HH*)f whilst the

other two super groups are associated with much

lower heat flow valuee (^0.95 HFO)*

♦ That the Deccan traps whioh presently cover an area

of about 600,000 sq,km snd constitute a series of

basic lsva flows of Paleoccne age are most likely

characterised by low hast flow values typical of

oontinentsl etabls reglensl slthough it must be

cautioned that this Is based on Just two heat flow

determinations at widely separated locations (vlds

section %$o% and a new value)*

• That the Cambay baain, which la an latrecratonle

baain, perhapa formed by discontinuous ncrasl faults

and in whioh a succession of * sediments froa Heoent

to Socene overlie an irregular eurfses of Deccan

traps, sxhibit a contrasting thermal structure of
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its eegmente* The part of the basin situated

towards the north of the Mahi river and in whioh

heat flow measurements were made at six widely

separated looationa between Cambay and Meshana,

conducta more heat (1.8 to 2*3 HFU) than ite

southern portion* The lowest heat flow in the basin

was observed in the Broach area, where the sediments

also attain a maximum thickness.

* That the association of high heat flow zone of tho

basin with a gravity ♦high* points to ths presence

of a buried igneous intrusion of Pliocene to Miocene

age in the baein, which probably extends from Cambay

towards Kaaol and latan*

Precambrian rocks, form the basement of almost all younger

formations and also contribute to moat of the unperturbed

component of surface heat flow* Global heat flow etudies of

the shields areas thus provide a useful backdrop for

understanding the thermal etructure of various crustal regions

of the earth* An analysis of the known heat flow valuee in

various shields and those measured over the Indian shield

yields the following conclusions}

* That characteristic regions of low, intermediate

and high heat flow values ars found to occur in

most shields*
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• Thst ths low heat flow value obtained in the high

grade Archaean terrains is caused by ths erosion

of radioactive elementa alongwith the top layere,

whereaa in the Greenstone belts, its existence is

related te the initial conditions of thslr forma

tion.

• That ineptte of ths widely held belief of ths

prevalence of steeper geotheraal gradients during

the Archaean and their subsequent gradual decline,

there did exist segments of the orust during early

Proteroaoio times in whioh ths temperature gra

dlente were small*

• Thst the Proteroecio regions of the shields

characterised by higher heat flow se oompared with

the Archaean and ths Protsrosole aiogeosynclinsl

belts, e.g., ths Delhi Super Group of ths indisn

Shield, have been found to mark the highest heat

flow regions in the shields*

• That the lithosphere underlying such portions of

ths shield which experienced geosynollnal develop*

meats during the Mlddls Proterozoic appears to

have been leaa da differentiated*

• That the Gondwanlo shields in general appear to

conduct higher neat flow than their Lauraslan oo anter*

parts and the reduced hsat flow and ths mantle
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ooaponent of hsat flow Is llsicly to be different

under different ehlelis snd/or their parts*

7.3 Geothermal Resources of India snd ths Therms! Field
of the Indian Peninsula

The aajor economically viable geothermal resources

of India happens to be of the hydrothermal type* Geopreasured

geothermal resources of Cambay Baain (this thssls Section 5*5*4)

if properly explored could alao turn out to bs of economically

feasible* Geothermomstrle studies show that about 76 hydro-

thermal convection systems in ths Indian subcontinent are

likely to possess high reservoir temperatures, constituting
18

a total stored heat potential of about 25 x 10 oal. 34 of

these systems are likely to possess reservoir temperatures

exoeeding 150*C and can therefore be utilized for power genera

tion with s total estimated power potential of 365 MW centuries

or 1280 MW for a 30 year period of utilisation* Ths remaining

42 systems are of intermediate teaperaturee, ranging from 80

to 150*0 and could be utilized for other cultural snd indus

trial purposes, pending the development of binary turbines

which ehould eventually render them as viable sources of

electrical power (Gupta snd Drolls, 1977f Hari 'larain and Gupta

1978)* Most of the high teaperature reservoirs (teaperature

150*0) ars found in the Himalayan region, but those in

Agnigundala (Godavari Graben), Tatapani (Burguja Dlst, M*P)

and Surajkund (Huzarlbsgh dlst* Bihar) also appear tc hold

good prospects for encountering high enthalpy suitable for

power generation*
i
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decide the four tectonie unite in which

heat flow measurements were made ( Chapters III aad
IV A ) some investigations nave also been made la
the following type areas (rig 711-1) of the
subcontinents

1. Peninsular Gneisses

2* The Siagfcshua thrust sons

3* The Bijawars Urecaabrian)
4* The Cuddapah basin

5. Various Oondwaaa sadiaentary basins
6* The Assam basin

7* Some locations la the Himalayan Orogea

Heat flow values over the Indian Peninsula,

excluding areas overlying hydrothermal conventive

systems, show considerable variation froa 0.6 to

2*5 HFU* The lsst known theraal/aagaatie event dates
back tc Late Cretaceous or Lowsr Eocene* Luring a
tectoro-tnormal event, parts cf the crust and upper
mantle gets thersally perturbed; by the processes
resulting in aagmatlea, aetaaorphlsn, deformation

and uplift* The time taken for the perturbation ie
ite contribution tc surface heat flow to die out

depends upon the depth upto whioh the upper mantle
gets disturbed* According te Vitorsilo aad Pollack

(1980) such perturl&tione in Cenosolo tectonic sonss
account for approximately 30£ sf the heat flow, whereas
they are negligible la late Preoaabrian tc aid-
preeaabraia terrains*

The outpouring of the Leecaa lavas is the aost

promising Ceaozole theraal event which happened to the
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Indian Peninsula* uowever two heat flow values

determined over the deccan xrape yielded normal

values typical for stable continental platforms*

The only plausible explanation appears to be that

the Indian Shield riding a thick lithosphere, after

its detachment from the Gondwanaland traversed a

act spot that gavs rise to ^eccan Trap volcanism

with the effueive centres shifting from North to

South. The volcanic material spread over the

eurface subsequently cooled losing all its

original heat of the lava* however over and around

the feeder channels, which must still be relatively

ward, the teaperature gradient ehould be higher*

The Bijavmre of Central India aad the

Slnghbhus thrust sone are aeeociated with low to

intermediate heat flew valuee* The variation over

theee areas ae well ae in Peninsular -nessic terrains,

most part of the Cuddapah baain and the Arauallis
can be attributed mainly to, a) the differing initial

conditions obtining at the time of their formation,

such as the degree of partial differentiation, and

aeration of the heat producing elementa X, U, Th
froa the deeper levels aad their redistribution in

the lithoephere, and b) vertical movements, and

erosion stuuiea just completed before writing

theee linee have indicated that the mantle under

lying the Lharvar Craton (Chapter IV C ) as well aa
the central part of the Indian Shield eoaducts acre or

lees the same amount of heat flow* The mala

variation la the surface heat flow is caused by the

variation in heat production in a top thin layer

of the crust* The situation is not clear for the
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northeaatern margin of the Cuddapah basin where a

high heat flow value (1*8 HFU )(Chapter IV B )

hae been reported* Hao et al ( 1976 ) euggest a

heat flow province for the Proterozoic Shield of

India, with a high value for the reduoed heat flow*

It eeems possible that a very wide ecatter occurs in

the dietribution of radioactive heat generating

elements in the upper orustal layere of varloua

reglone of Peninsular India* It will give rise to

different values for the intercept and slope of the

straight line representing heat flow and heat

generation* Therefore much more exteneive heat flow

and heat generation studies are called for*

Gondwana baeina ( lamouar valley and SB Part

of the Godavari valley ) exhibit high heat flow valuee*

The causes of high heat flow in theee rift valleys

appear to be, a) enrichment of basement rooks in
radioaotive isotopes? b) water circulation in

sediments and c) transient thermal perturbation

introduced due to the probable eubsequent rejuvenation.

However, a repreeentative picture, inspite of a

large data set, is yet to emerge for these areas.

la the case of Peninsular India, it is our

opinion that the heat flow variatione are confined to

the lithosphere anc that the quantity of head flowing

upward from the aethenoephere is uniform. Consequently

lateral variatione in eubsurfaee temperatures within

the lithosphere do exist. These cause thermal

stresses which are sometime releaeed through seismic

activity along ancient zonae of weakness.
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7.4 Suggestions

The Indian land mass in many ways

repreeents a unique eegaent of the lithosphere.
Apart from the long tranelational Journey
northwards Bince the breakup of the Gondwanaland,

it has suffered significant rotation, rollision and

underthruBting, till tale aarke of which are widely,
although not always Iliuminatingly, aanifestsd. Thus
with the evolution of the Himalaya and the vast-Indo-
Ganga-Brahmputra BSdimentary basin, which was created
in its wake, vertical movementI aleo occured in
various parts of the Indian Peninsula. Ths attendent
large scale transport of matter and consequent
redistribution of the thermal energy regime in the
euborustal layere should no doubt be reflected in
the heat flow pattern over the -Hadian eubcontinent.
A systematic study of the thermal field in ae many
as possible geotectonic unite of the Country
interpreted in the light of other geo-information
is most likely to provide resulte of great
geodynamic elgnificance regarding the evolution of
not only the Indian Shield but, the continental cruet
generally. ±or example it is believed that a part
of the Aravalli Preeambrian orust shank auc was

oovered with later dep sits. How are the preoaabrian
and the later Bigments of the Aravalli oraton related
and flow valuee should ouggeet useful clues to theee.

Heat flow inveBtigations could be especially

valuable for elucidating the tectonically active region
of the Northeastern India where high stress

accumulations that manifest themselves bo eloquently
through abnormal seismic activity, is expected to be
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characterised by equally dramatic theraal regimes.

Geotheraal Exploration

Squally desirable are reconnaissance

geological and hydrogeologlcal studies of hot spring

areas supported by detailed geochemlcal investigations

of the thermal and cold waters and leotopio studies.

Analysis also needs to be made to delineate parameters

intrinsically related to reservoir temperatures of a

hydrothermal eystea, evaluated based on experimentally

* worked cut aodsls sf hot water rock interaction*
Onoe this is done, extensive geophysical surveys

should follow to pin-point the location, delineate

the shape and size cf a geothermal reservoir*

Recource should be made, if necessary to laboratory

studies of electric 1 and other physical propertlee

of the region under simulated field conditions

(water eaturation and temperature)* Such a system

approach will lead to a prop r understanding of the

field data and conceptualization of sore realistic

aodsls of a geothermal reservoir* detailed

grological mapping aided by slim drill holes should

then enable one to determine reeervolr characteristics

and its potential precisely enough for an economic

undertaking*
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