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Geophysical - Geothermal

INTRODUCTION

Natura l  s team and hot  * i i ter  are avai lable for
pcrwer generat ion and heat ing purposes in  many
regions of  the wor ld (McNi t t  196-5) .  The recent
increase in convent ional  fuel  pr ices has resul ted in  an
increase in the in terest  to  natura l  sources of  energy
such as geothermal  energl , .  and many countr ies are
now involved in large scale explorat ion work in  th is
f ie ld where a great  number of  geothermal  prospects
are being e ia luated.  This evaluat ion of  ne,* '  pros-
pects has an impact on the science of geophy'sical
exploration.

Although some geothermal reservoirs can be
located merelv by dri l l ing close to thermal manifesta-
tions such as geysers and fumiroles, many geothermal
systems may exist without any surface manifestation.
The objectives of any geothermal exploration ventu-
re are to locate areas underlain by hot rock and to
estimate their l 'olume, temperature, and permeabil i-
ty at depth.

Geophysical work has proved eficient in providing
answers to these problems. although it should not be
regarded in tota l  iso lat ion f rom other  subjects such as
geological .  hrdro logical  and geochemical  inrest isa-
t ions.

'  Ins t i tu te  fo r  Geo logr  and \ l inc ra l  E \p l l r r l r ion
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ln the investigation of geothermal reservoirs, geophysica!
techniques offer co..siderable advantages over conyentionel
drilling techniques although for mosl people the methods still
retain r *black box" image.

The following paper provides a general discussion of these
geophysicl tecbniques lhat proved to be of value to geother-
mal investigation prospecls.

In  the fo l lowing a br ief  rev ieu '  of  the technique of
geophrs ical  expl . l ra t ion of  gerr therrnal  p iospccts is
g iven.  and i ts  re lat ive mer i ts  are been d iscussed.

EXPLORATION STRATEGY DURING
GEOTHERMAL PROSPECTING

No s ingle method of  sur ,o 'ev.  be i t  geophvsical ,
geochemical  or  seoloqical  can be expected to y ie ld a
unique and unambiguous resul t .  and the overal l
p ic ture of  a geothermal  f ie ld and reservoi r  is  bui l t  up
by '  a cont inuous process of  cooperat ive data synthesis
and cross-checks.

For the init ial planning of a geothermal explora-
tion before the execution of any true geophysical
work. and for the preliminary selection of localized
fields for detailed study, it is extremely useful to have
a catalogue of basic preliminary data from all the
suspected fields. These data are those that can be
collected fairly quickly. at low cost. and without the
necessin for setting up an elaborate field establis-
hment  for  each promiss ing area.

For the efficient performance of this stage of the
work i t  is  very desi rable to have avai lable good
topographic maps and a set of recent aerial photo-
graphs.  for  suney p lanning and posi t ion contro l .
Normal and infra-red colour photographs can also be
usefu l  for  out l in ing possib le hot  areas in  the of f ice
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TABLE 1

DATA WHICH HA)'E TA BE COLLECTED

PRIOR TO AN}' CEOTHERMAL SURVE}'

anv features of  importance,  s ince a geotherrnal  f ie ld

of  min imal  economic s ize is  unl ike ly  to cover  less

than 2 or  3 km (Bodvarson 1956).

b. Deep surface thcrmametry

The measurement  of  te lxperature.  in  t : ,eep bt l reho-

les is  the only re i iab le nrethod of  pr t i i id ing in forma-

t ion on the base tereperature of  a g i ren geothermal

prospect.

c. Thermal gradient drilling

Measurements of  thermal  gradient  in  boreholes is :

the most effective tool for delineating major anoma-

l ies.  Holes for  thermal  gradient  measurement  must

be dr i l led deep enough to penetrate any sur face

formations Iiable to be disturbed by ground water

movement and other pertubing effects and they

should extend far enough into the undisturbed zone

below to g ive re l iab le gradients.

Al though i t  may somet imes be possib le to est imate

the thickness of the disturbed layer from geological

or  other  ev idence.  i t  is  very desi rable to check

whether  a hole is  deep enough by measur ing lempe-

ratures at multiple points spaced about 2.5 m aPart

over  the bot tom 20 m of  the hole.  I f  the measured

temperatures fa l l  on st ra ight  l ine when p lot ted

against  depth.  the deduced gradient  is  probably

re l iab le,  otherwise the hole must  be deepened or  the

area avoided.
I t  is  a lso desi rable to be able to combine these

gradients u i th  re l iab le est imates of  thermal  c i rnduct i -

v i ty ,  to  prov ide data on the energy f lux and to

constrain models of the heat sources responsible for

the anomal ies.

SE ISMIC  METHODS

Both active and passive techniques have found

appl icat ion pr imar i ly  in  the explorat ion and asses-

sment phases of geothermal projects.

Although active seismic methods (reflection and

refraction) have been highly developed and uti l ized

in hydrocarbon exploration, they have not been

widely used in geothermal  explorat ion (Bal l  e t  a l . ,

1979). These methods are potentially capable of

delineating hydrothermal zones from velocity ano-

malies (refraction) or from structural assessment
(reflection) and maping the depths of high temPera-

ture source regrons.
Passive methods including microearthquakes and

ground noise are less expensive than active methods

and are used in early reconnaissance and exploration
phases to define possible dri l l ing targets. These

methods, because of their importance wil l be discus-

sed in a greater  deta i l  in  the fo l lowing sect ion.

a. Seismic activity in geothermal fields

The fact that rnicroearthquake seismicity of a

AEOLOGI{AL AEOCHE
l'llCAL

H'I DRO. CL!MATIC
LOGICAL

Lr-nztron map

of Lnoi n

tbemal

fearures

Temperatures
and mass
dkcharge

6eochemrcal  Locat ionof

map of ionic aquifers

ratios of
Uf Zr lnaSe

dissolved
Dailern

constttuents

in thermal
features

Sampling of
nvers and

lakes for

determining

total discharge
rale

Mean

temperatuie &

annual  range

Geological

reprrts of the

area

before proceeding to the field. Table 1. summarizes

all the basic data that is worth to be collected prior to

anr  geothermal  survey.
Assi iming that  a rev iew of  the pre l iminary data has

led to the conclus ion that  a potent ia l ly  usefu l

georhermel  f ie ld has apparent ly  been ident i f ied,  the

next r:bject of exploration is to define its location,

area and depth. Here is where geophysical prospec-

ting techniques play a very significant role.

THERMAL METHODS

Since temperature constitutes the most important

phrsical characteristic of a geothermal prospect, the

thermal methods such as temperature probing in

boreholes, thermal gradient maesurements and heat

flo* mapping at the surface are consequently of

pnmary importance.

a. Shallow surface thermometry

The choise of this method wil l depend on the type

of the surface covere predominant in the area. If i t is

mainly of loose pumice soil or sediments, this

method, using a hand held auger and a thermistor

thermometer is both rapid and inexpensive.
The main disadvantage of the method are the

varius pertubing effects such as diurnal and annual

solar heating variations, soil thermal diffusivity varia-

tions, variations in level of groundwater etc., which

impinge on temperature measurements. In the inte-

rest of eliminating these effects several methodolo-
gies have been developed in an effort to obtain the
geothermal signal itself (Le$chack and Lewis 1983).

Subject to the topography, it is generally conve-
nient to carry out measurements with station spacings
of -i0 to 100 m at a depth of up to 2 m. The largere
spacing should sti l l  be close enough to avoid missing
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rmal area is often different from that of the
nding region is wel l  establ ished (Ward et.  al . ,

; Evison et al., 1982), and its potential as a
prospecting tool was quickly pointed out (Lange and
Westphall i969; Ward 1972; Rotstein 1975:. Foulger
1982).

Although certain aspects of the seismicity of some
seismically active geothermal areas can be related to
the regional (Bjornsson and Einarsson, 1974), it has
been pointed out by many invest igators (Bolt  et  al . ,
i968; Majer and N{cEvilly, 1979) that in several
geothermal areas the direction of failure may be
controlled by regional stress, whilst the rate of failure
is controlled by Iocal stress levels.

Variations in the pressure and temperature condi-
tions in the crust can cause variations in seismicity.
Laboratory experiments have shown that fault mo-
tion may occure as a series of discrete, rapid slips
(stick-slip mechanism) most readily at high pressures
and low temperatures. This is supported by many
f ield invest igat ions (Majer and McEvi l ly 1979) which
have shown that earthquake activity increases to-
wards the edges of the geothermal reservoils where
relatively high pore pressure gradients occure.

Frcm al l  these, i t  may be concluded that in many
cases the lircation of a geothermal area coincides *ith
an area where regional stress is being released at a
different rate to the surrounding areas.

b. Seismic parameters of geothermal fields

Many imrestigators (Marks et al., 7978; Majer and
McEvilly 1979; Walter and Weaver 1980) have
pointed out that the b-constant of the Guttenberg -

Richter frequency magnitude relation tends to have
relat ively high values then geothermal areas are
considered. This is due to the fact that usually
geothermal fields are in a low stress state and small
magnitude shocks dominate. This impl ies (Foulger
1982) that the microearthquake activity probably
results from crack closing and sliding rather than the
propagation of new fractures.

Another characteristic of geothermal areas is that
they usually' display low Poisson's ratio values
(Combs and Rotstein 7975; Majer and McEvilly
1979). Laboratory experiments show (Somerton
1978; Dobereiner 1982 personal communication) that
dry rocks display a lower Poisson's ratio than the
saturated ones. From this it can be suggested that the
low Poisson values of geothermal fields, probably
reflect the presence of steam vapor.

Variation in the degree of water saturation. tempe-
rature. pressure and compositional heterogeneitv
may be in many situations indicated by variations in
the quality' factor-Q (Kjartansson and Nur 1981),
*'hich can be obtained from the analvsis of microear-
thquake data.
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The presence of geothermal reservoirs is associa-
ted also, with high levels of noise at the surface. This
is due to the fact that the htdrothermal processes
such as phase change which occur within reservoirs
radiate seismic energy.

c. Sersmjc survey strategy
In order to be able to examin,:  in detai l  the seismic

fcatures of a probable geothermal area, a seismo-
graph net*'ork has to be installed in such a way, to
allow local earthquakes to be accurately located. A
few weeks operation of the network is usually enough
to f ind out the fol lowing:

a) Spatial and vertical distribution of epicenters
and relation with known tectonic features.

b) Magnitude frequency relationship and estima-
tion of b-values.

c) Calculation of Q-values and Poisson's ratios.
In addit ion to the above, ambient ground noise

measurements is worth to be carr ied out.  Basical ly
the method is very simple since it consists of
measuring the power spectrum of the vertical bac-
kground noise in the survey area. New portable
equipment permit  direct on-si te spectral  analysis of
the registered signals (Tselentis and Thanassoulas
i98s).

ELECTRICAL AND
ELECTROMAGN ETIC METHODS

Electr ical  and electromagnetic methods of geophy-
sical prospecting have found many applications in
geothermal erplorat ion and are being used rout inely
by the industry today. They consist a large variety of
di f ferent techniques and the most important of  these
are l isted in Table 2.

T A B L E  2

E LECTRICAL AND ELECTROMAGNETIC

METHODS OF GEOPH''SICAL PROSPEC-IING

NATL'RAL FIELD

ELECTRICAL ELECTROMAGNETIC

Self  Potent ia l  (SP) Telluric (T)

Magnetotel lur ic (MT)

Audio frequency

Magnetotel lur ic (AMT)

CONTROLLED FIELD

Electr ical  resist iv i ty  (ER)

Induced Polar izat ion ( I )

Magnetometric resist ivi ty

(MMR)

Eleclromagnetic induction (EM)

Natura l  f ie ld methods have the pr ic ipal  advantage
that  they need no contro l led source inst rumentat ion.
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ai though there is  some uncerta inty  concerning the

nature of  the natura l  f ie lds being recorded.  These

passive methods have a lso the potent ia l  o f  rapid

reconnais:ance (T.AIdT) and both shal low and

deep-res is t i , " i t i  prof i l ing (AMT.MT).

Contr r i l led-source methods can be appl ied to

reconnaissance n idpping or  prof i l ing.  r  er t ica l  sc lun-

d ings.  pseudosect ions,  and dr ' l ineat ing rererr  o i r

bounda r i es  and  dep th .

Al th, , 'ugh the appl icat ion of  e lect r t rmagnet lc  met-

hods in  geotherrnal  erp lorat ion is  re iat i re l r  recent

xhen compared u i th e lect r ica l  methods and a l though

the inst rumentai i iu  is  very complex they '  have some

theoret ica l  advantages over  the e lect r ica l  methods.

Electromagnet ic  techniques,  because of  the fact  that

they tend to detect  conductors preferent ia l l ; -  (s ignal

s ize inr- reases $ i th decreasing res is t i r i ty) .  they are

part icu lar ly '  usefu l  in  geothermal  explorat ion '  This  is

t rue *hether  one is  searching for  a hydrothermal

s) 's tem or  the cLrnduct ing zone that  surrounds a

rapor-dominated or  hot- rock reservoi r .  On the other

hand.  they are not  adrersely  af fected by near sur face

high res is t iv i ty  zones.

a. Telluric (T) and tr{agnetotelluric (lt(Tl method
' fhe 

pr inrary requi rements of  the method is  that

me asurements of  natura l  e lec i r ic  f ie ld ( te l lur ic  met-

hod )  o r  bo th  e lec t r i c  and  magne t i c  f i e l d  (magne to te l -

lur ic  method) f luctuat ions ( the sur face in lpedance of

the ear th for  natura l  e lect romagnet ic  uaves)  must  be

recorded over  a f requency range and the apparent

res is t i l i t l  ca lculated as a funct i t - rn of  f requency '  The

theoret ica l  basis  of  the methocj  has been descr ibed by

Cagn ia rd  (19 -53 ) :  S t rang r i av  e t  a l . .  ( 1973 )  and  Kau f -

man  and  Ke l l e r  ( 1981 ) .  The  f i e l d  equ ipmen t  mus t

have adequate dr  namic range and sensi t r r  i tv  to

permi t  the recordin-e,  of  sat is factorv data even though

signal  lere ls  ma\ '  \ar \  r r ideh f ron da1'  to  day.  or

eren f rom hour to hour  at  a g i ren recel rd ing s i te .

Dur ing geothermal  invest igat ions T and MT surveys

are carr ied out  in  an at tempt to locate and ident i fy

shallow masses of rock with sufficiently high tempe-

rature to be e lect r ica l ly  conduct ive.  The pr inc ipal

information obtained *'hen using T and MT methods

dur ing geothermal  prospect ing is  the tota l  th ickness

and conductance of  the sedimentar) '  sequence and

the recognition of major faults in the survey area.
\*'hen natural f ield at high frequency must be

observed re lat ive l l  shal low invest igat ion depths are

being encountered and the appl icat ion has been

termed audio f requency magnetote l lur ics (AMT).

b. Electromagnetic induction methods

From these.  the tuo loop method iEM gun) is  the

most  commonlv used.  The s ls tem is  designed to

measure the t i l t  angle and e l l ip t ic i t r  o f  the polar iza-

t ion e l l ipse of  the magnet ic  f ie ld scat tered bv anr '

l6

conduct ive region t r f  the un,- ier  inres l igat ion geother-

ma l  f i e l d .  I t  composes  o f  a  l r : r nsm i t t i ng  co r l  and  tuo

tunable or thogcnal  receiver  coi ls  i rh ich enable the

ope ra to r  t o  make  the  axes  o f  t he  co i l s  cop lana r  $ i t h

the  osc i l l a t i ng  d ipo les  and  then  a l i gn  t he  co i l s  * i t h

the  ma jo r  and  m ino r  a res  o f  t he  po la r i za t i t ) n  e l l i pse .

A deta i led descr ipt ion of  ihe method can be found in

\ \ ' a rd  e t  a l . .  ( 1971 ) .

c. Se/f potential method (SP)

The methe' rd consists  of  nreasur in-q natura l  e lect r ic

potent ia ls  throughclut  the survev area.  The r is ing

termal  waters.  i f  moving through a heterogeneous

medium. (NoLrr f rehecht  1963) could be expected to

give sel f  potcnt ia ls  due to e lect rok inet ic ,  thermal .

and chemical  ef fects.  Posi t ive pote nt ia l  va lues appear

to def ine zones a long faul ts  in  which thermal  waters

are r is ing to.  or  near ,  the sur face.  The mcthod thus.

of fers promise of  prov id ing a d i rect  ind icat ion of  the

presence of  thermal  \ \ 'a ters.  a l though thg ssc- l runte-

red anomal ies are usual ly  smal l  and can be easi ly

masked or  confused wi th other  ef fects.

d. Electrical resistit'ity methods

Invest igat i t rn of  get- l thermal  areas v ia d i rect  current

res is t iv i ty  sur !e\ ' \  has been extensive and ut l r ldwide

(Cheng  1970 :  Zohdv  e t  a l . .  1973 r  T r i pp  e t  a l . '  1978 )

The appl icat ion of  e lect r ica l  methods in such surve) 's

is  based on the fact  that  the e lec l r ica l  c ,xc luct iv i ty  of

rocks increases rapid l l "  rv i th  increasing temperatures

More over ,  the conduct iv i ty  of  geothermal  areas ls

usual ly  enhanced by the h igh degree of  metamor-

phism in these areas.  and the h igh degree of

mineral izat ion of  the thermal  \ \ 'a ters of  the reservotr .

For  the case of  hot  r la teq reserro i rs .  the apparent

res is t iv i t l  pat tern takes the form of  a centra l  " lo*" '

represent ing the porous reserr  o i r  f i l led u ' i th  hot

mineral ized u eter .  surrounded b1 a region of  rapid l l

increasing res is t iv i t r  outs ide the hot  area.

In s team f ie ld reser lo i rs .  there uould probable be

a centra l  res is t i r  i tv  'h igh" ,  because the reserr  ot r

rocks are nou fi l led *' i th steam which has low

electrical conductil ' i t l ' ,  surrounded or overlain by

lower res is t i r i t r  zones conta in ing steam-heat  ground

water .
I t  must  be noted out  that .  in  pract ice th ings are

seldom so s imple and res is t i r i ty  a long wi l l  se ldom

give a complete answer. The presence of clay

formations. for erample. can behave deceptively l ike

hot water resen'olrs.

e. Electrical explttration strafcg.t

The recommended method w' i l l  general ly  be a

ser ies of  Schlumberger  t raverses o ler  the sunrev area

and as far as outside as ma!' be necessary' to find

apparent l l '  normal  res is t i r i t \  ra lues.

In addi t ion to the t raverses.  a number of  soundings
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be  rnade  a t  se lec led  p . i n t s  t c  de te rm ine  the
y' t ical  resist i r  i t r  drstr iLrut ion and pr ' rssible lale r ing
f di f ferent forrnat i t rns. Fronr the soundines i t  should

be possih le to deduce *hether  the reser ' , ,o i r  is  f i l led
p r : i nc ipa l l t  i i i i h  s team o r  u i t h  ho t  ua te r .

An  appa re r r t  ho t  $a te r  rese r i ' o i r  can  be  read i l y
mapped br  ine i ins c ' r f .  t rarerses,  us ing a current
e lect rode spacing of  -5t l f ) -200( l  m.  g i r i rg  an ef fect ive
pcretrat ion of  some 2-50- i000 m. \ \ ' i th  a s team
re:ervoi r  i t  is  pt rss i f r le  that  orer ly ing conf in ing
format ions r r , i l l  h . rve a louer  rcs is t iv i ty  than the
reserro i r  rocks.  uhich rnay therefore bc idcnt i f ied by
a res is t iv i tv  r ise in  the soundings.

A  l o t  o f  ca re  i s  needed  du r i ng  the  i n te rp re ta t i on
stage,  s ince most  of  the er is t ing in terpretat ion
procedures assume a hor izonta l ly  s t rat i f ied ear th,
and usual lv  encr , runtered geothermal  f ie lds rare ly
crh ib i t  th is  pat tern.  Considerable adrantages dur ing
such appl icat ions has a new f in i te-d i f ference intepre-
lat ion method (Dey'  1976;  De1 and IUorr ison 1976).
*  h ich is  capahle of  model l ing arb i tary res is t iv i t l '
r  i r r i a t i ons  i n  t uo  d i r r r . ns ions .

OTHER GEOPHYSICAL IV{ETHODS

The fo l lo* ' ing geophysical  techniques have a lso
Lreen used f rom t ime to t ime for  eeothermal  explora-
t i r - rn:

Grav'in'
Magne t i c
Radon-221  measu remen ts

The choise of  technique,  and the just i f icat ion for
us ing i t  a t  a l l .  must  ar ise and be def ined br ' .  the

pr .cgress of  the basic  survev.  Thus.  grar i t r  survcys
are \ome t imes usefu l  in  determin ing deta i l -< aLrout
the tect r - rn ic  s t ructure of  the under surve)  area and in
pl  r t icu lar  faul ts .  Srr 'a l l  r  ar ia i ions a lso in  thc Bo' )guer
gra l i ty  in i ip  rnay ref lect  local  densi ty  changes rs iated
to indurat ion of  the rocks by thermal  $ ' i i ter .  Magne-
t ic  nc-qat ive anomal ies can corre late somet imes u ' i th
the ht 'drothermal  conrers ion of  magnet i te  to pvr i te .
u,h i le  in  other  areas.  posi t ive magnet ic  anomal ies can
be re lated to verv )oung inst rus ive and volcanic rocks
associated u ' i th  a geothermal  system. Radon-222
mrrasurements are based on the fact  that  th is  gas
exists  in  geotherrnal  s team and may wel l  dr f fuse to
the sur face of  the ground as an indi rect  ind icator  of
favourable s i tes for  dr i l l ins.

CONCLUSIONS

lVumerous geophysical  techniques of  explorat ion
carr  furn ish data on the subsurface thermal  processes
an{J are therefore,  of  importance in geothermal
prr rspect in .

. { l though no one method has been capable of
prov id ing each t ime unequivocal  targets for  dr i l l ing,
when comhined wi th other  geoph) 's ica l  methods and
wi th geologic and geochemical  data can assis t  in
I imi t ing the dr i l l ing tar_qet .

Microearthquakes.  grav i ty '  and nr i rgnet ic  survevs
have rout inely  been used to def ine the regional
set t ing of  the sur \ ,ey area * 'h i le  e lect r ic .  e lect roma-
gnet ic  and thermal  survevs have been used to local ize
the conrect ive hydrothermal  sy 's tem. and locate the
source of  heat .
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