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ABSTRACT

A high resolution, wide-band ( 128-0 .04H2) magnetotel luric
survey comprising 22 soundings, eras conducted to investigate the
deep structure of t ,he highly prospective Theiokhoma area, in
Sousaki geothermal f ield. High dat,a quali ty, in combination with
the extensive range of  invest igated depths (50m-2Okm),  a l low
deta i led del ineat ion of  shal low st ructures as wel l  as deep seated
features related t,o the geothermal f luid transporLation system
and apparently weII correlated with contemporary regional
tectonics. Emphasis is given in the f indings pert, inent to the
deep structure (D>lkn), which comprises a cornplex,
three-dimensional geoelectr ic domain of intersecting conductive
zones (  fau l ts=f lu id  c i rcu lat ion condui ts  )  and res is t ive domains
which may include igneous intrusions. No evidence of a deep
geothermal reservoir hras found. The prirnary deep normal fault
zones a l ign wi th  the tectonic  d i rect ion N-50"-W, consis tent ly
with the regional tectonics of the area as known frorn previous
invest igat ions.
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INTR.ODUCTION

The area of Sousaki is located at the western end of the
Hellenic Volcanic Arc (Figure 1) and comprises one of the most
interesting geothernal prospects in Greece (fourth in terms of
s ign i f icance accord ing to  Mar ine1l i ,  (  1971.) .  As such,  i t
attracted considerable attention and has been subject to
systematic and intensive exploration.

12

34 20 28
Fig.1.  The area of  Sousaki  is  located at  the centre of  the shaded

circle in the western end of the Hellenic Volcanic arc.

The geological environment of Sousaki can be seen in Figure
2 r rep roduced  and  s imp l i f i ed  f romMet tos  e t  a l  (1982) .  The  su r face
geology comprises a Mesozo:'c "basement" consist ing of l imestones
and ophiol i tes, which is overlain by sediments of the Pliocene
( terrest r ia l  lacust r ine or  brack ish water  deposi ts  )  and
Ple is tocene (mar ls ,  sands,  cont inenta l  conglomerates etc) .
Igneous extrusives and pyroclastic deposits of dacit ic
composi t ion can be observed at  p laces,  represent ing lava out f lows
and explosive magmatic processes contemporaneous with the
fo rma t ion  o f  t he  P l i ocene  bas ins  (2 .2 -8  ma ,  Fy t i kas  e t  a l . ,  L976 i
Fy t i kas  e t  a I . ,  1987 ) .

Sousaki is located between Korinthiakos and Saronikos gulfs
which comprise a very complex region of active tectonism. Its
tectonic environment is characterized by two major normal faults
systems str iking E-W and NW-SE, which are responsible for the
format ion and evolut ion of  Kor i th iakos gul f  (e .g.  Jackson et  a I . ,
L982 ;  K ing  e t  a l , 1985 ;  McKenz ie  and  Jackson ,  1986 ) .  The  E -W
system appeared before the deposi t ion of  the Pl io-Ple is tocene
sediments and was reactivated in the Holocene affecting younger
sedi:nents. I t  appears that the Pliocene extrusive magmatisrn is
re la ted to  t ,hese major  fau l t ing features (Kavour id is  and Fyt ikas,
1988) .  The NW-SE system of  fau l ts  is  re la t ive ly  younger ,
affecting the PIio- Pleistocene formations and being cont, inuously
active unti l  the present era; i t  appears to comprise the most
important active t,ectonic feature of the Korinthiakos Gulf area
(e .9 .  McKenz ie  and  Jackson ,  1986 ) .

The area of Sousaki has experienced intense and extensive

z4
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hydrothermal act,ivity which, according to Kavouridis and Fytikas
(1988)  may have been re lated to  the Pl iocene daci t ic  magmas.  At
present, hydrothermal activity is confined in the location
Theiokhoma (at  the middle nor th s ide of  the rectangle in  F igure
2l  ,  wi th  appearance of  low temperature fumaroles (mofet tes )  and
thermal waters with temperatures of 73oC measured inside

Holocene
formations

Mesozoic
limestones

Pleiocene- Pleistocene
sediments

Ophio l i tes
(serpentines)

Dacitic lavas
(z.z-g.7v,a)

, i::il llt:
F ig .2 .  Geo log i ca l  map  o f  t he  reg ion  o f  Sousak i  geo the rma l  f i e l d .

Rep roduced  and  s imp l i f i ed  f r om Me t tos  e t  a l .  ( 1982 ) .  The
rectangle out l ines the MT survey area.

bo reho les  (Kavour id i s  and  Fy t i kas ,  19BB) .  As  a l so  po in ted  ou t  by
Geotermica I ta l iana (  1984 ) ,  the absence of  in tense contemporary
thermal  phenomena and the re la t ive ly  o ld  age and deep crusta l
or ig in  of  the daci t ic  magrnat ic  processes prec lude the ex is tence
o f  an  i gneous  hea t  sou rce  a t  sha l l ow  c rus ta l  dep ths ;  t he  hea t
source rather  appears to  be located qui te  deep in  the crust .
Deta i led geochemical  analys is  (Papastamatak i  and Leonis ,  1982i
Kavour id is  and Fyt ikas,  1988) ,  ind icates that  Lhe thermal  waters
may or ig inate in  a deep reservoi r ,  poss ib ly  wi th in  the MesozoLc
I imes tones ,  w i th  i n i t i a l  t empera tu re  o f  130 -1 .50 'C .  Acco rd ing  to
Kavour id is  and Fyt ikas (  L9BB )  ,  they ascend towards the sur face
along the open condui ts  prepared by act ive fau l ts ,  unt i l  t ,hey
encounter  permeable format ions and spread la tera l ly  rn ix ing wi th
cold sea water  and near  sur face sweet  water  aqui fers .  The gasses
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exhaled at Theiokhoma appear to have the same deep or igin but
fol low di f ferent paths and are al lowed to escape only in that
I in i ted  area .

Geophys ica l  inves t iga t ions  in  Sousak i  inc luded DC
res is t i v i t y ,  aeromagnet ic  and grav i ty  surveys  (Rocca,  1985 and
re ferences  there in ) .  The aeromagnet ic  and grav i ty  surveys  cou ld
not detect any kind of deep features related to a geothermal
reservo i r ,  never the less ,  they  conf i rm the  ex is tence o f  la rge
sca le  fau l ts  and s t ruc tu res  s t r i k ing  NW-SE,  SW-NE and E-W.  The
extens ive  DC res is t i v i t y  (Sch lumberger )  survey  was per fo rmed w i th
cur ren t  e lec t rode spac ing  A8=6000m and a  la rge  number  o f
soundings distr ibuted between Sousaki and Loutraki  near Corinth,
covering an area of approximately 130km2. As i t  turned out,  the
ef fec t i ve  penet ra t ion  d id  no t  exceed 1500m in  most  cases .  The
resu l ts  conta in  s t rong ev idence o f  NW-SE and NE-  SW t rend ing
fau l ts  and geoe lec t r i c  s t ruc tu res .  No ev idence o f  a  geothermal
reservo i r  was  found whatsoever .  Near  Sousak i  however ,  there  cou ld
be observed a  concent ra t ion  o f  abnormal ly  Iow res is t i v i t ies  a t
v e r y  s h a l l o w  c r u s t a l  d e p t h s  ( < 5 0 0 m ) .  T h i s  o b s e r v a t i o n  w a s  a l s o
made by  Thanassou las  (  1982 )  ,  who exp lo red  the  v ic in i ty  o f  Sousak i
and The iokhoma wi th  add i t iona l  Sch lumberger  sound ings ;  h is
r e p o r t e d  r e s u l t s  a r e  c o n f i n e d  t o  t h e  f i r s t  5 0 0 - 6 0 0 m  a n d  c o n f i r m
the ex is tence o f  abnormal ly  low res is t i v i t ies  (  2 -5Qm) .  Kavour id is
and Fy t ikas  (  1988 )  assess  tha t  th is  no t  a  geothermal  reservo i r ,
bu t  never the less  may be  re la ted  to  the  c i rcu la t ion  o f  ho t  f lu ids .

Frorn  the  above becomes apparent  tha t  severa l  impor tan t  deep
s t r u c t u r a l  c h a r a c t e r i s t i c s  o f  t h e  g e o t h e r m a l  s y s t e m  o f  S o u s a k i
a re  poor ly  unders tood or  unknown.  In  the  most  p rospec t ive  area
o f  t h e  f i e l d  ( T h e i o k h o m a ) ,  t h e  s t r u c t u r e  d e e p e r  t h a n  5 0 0 m  i s
prac t ica l l y  unexp lored ,  inc lud ing  the  charac ter is t i cs  o f  the
pr inc ipa l  f lu id  c i rcu la t ion  condu i ts .  Moreover ,  a  deep ho t  water
reservo i r  may be  assumed f rom geochemica l  ana lys is ,  bu t  i t s
ex is tence and loca t ion  has  no t  as  ye t  been conf i rmed.

I n  t h i s  p a p e r  w e  p r e s e n t  t h e  f i r s t  r e s u l t s  o f  a
Magneto te l lu r i c  (MT)  survey  conducted  in  o rder  to  reso lve  some
of  the  above prob lems,  by  exp lo i t ing  the  deep penet ra t ion
capab i l i t y  o f  the  MT method and i t s  capab i l i t y  to  d isc r im ina te
t h e  s p a t i a l  c h a r a c t e r i s t i c s  o f  t h e  g e o e l e c t r i c  s t r u c t u r e .
S p e c i f i c a l l y , ' g i v e n  t h e  d e e p  o r i g i n  o f  t h e r m a l  f l u i d s ,  t h e
purpose o f  the  survey  was to  exp lo re  the  in te rmed ia te /deep
st ruc ture  and de termine the  conf igura t ion  and depth  ex ten t  o f  the
most  impor tan t  f lu id  t ranspor ta t ion  condu i ts  in  the  v ic in i ty  o f
The iokhoma,  wh ich  compr ises  the  most  p rospec t ive  area  o f  Sousak i
geothermal  f ie ld .

The ta rge t  a rea  is  ind ica ted  by  the  rec tang le  in  F igure  2 .
The f ie ldwork  was conducted  in  coopera t ion  w i th  the  Depar tment
o f  Geo logy  and Geophys ics  o f  the  Un ivers i ty  o f  Ed inburgh (Mr .
G.J .K .  Dawes )  ,  us ing  the  Shor t  Per iod  Automat ic  Magneto te l lu r i c
s y s t e m  ( S . P . A . M .  m o d e l  M k I I b ) ,  d e s i g n e d  a n d  c o n s t r u c t e d  i n
E d i n b u r g h  b y  M r .  G . J . K .  D a w e s .  T h e  s u r v e y  c o m p r i s e d  a  t o t a l  o f
2 2  s o u n d j - n g s  i n  t h e  n o m i n a l  f r e q u e n c y  b a n d w i d t h  1 2 8 - 0 . 0 4 H 2 .  T h e
s o u n d i n g  l o c a t i o n s  a r e  i l l u s t r a t e d  i n  F i g u r e  3 .
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DATA AI{AI.YSIS

The Magnetoterluric (MT) method is based on the phenomenon
of  natura l  (pass ive)  e lect romagnet ic  induct ion,  in  which
hor izonta l ,  p lane polar ized (sub)ver t ica l ly  propagat ing source
magnetic f ields generated by magnetospheric or ionospheric
processes,  enter  the Ear th and induce e lect r ic  ( te l1ur ic)
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Fig.3.  MT sounding locat ions in  the survey area (enc losed in  the
rec tang le  o f  F i g .2 ) .

currents  in  a conduct ing Ear th,  f ree of  sources or  s inks of
erectromagnetic energy. The total horizontal magnetic and
electr ic f ields are obtained in the form of mutually orthogonal
components in  an or thonormal  (car tes ian)  exper imenta l  f rame of
reference. rn the frequeney domain, they are l inearly related as
E( ro )=Z (u ) I I ( r ^ t ) ,  whe re  Z (w )  i s  a  ca r t es i an  t enso r  o f  r ank  2 ,
representing the electr ical impedance of the subsurface and
conveying information about the geoelectr ic structure in the
vicinity of the recording station (detai ls about the MT
methodologies can be found in  Roki ty .n" i .y ,  Lggzl .

The estimat, ion of the experimental impedance tensor Z did
not present part icular problems and could be performed with
standard rocedures,  a l though the area of  Sousaki  is  industr ia l ly
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developed. In three cases on1y, when t.he soundings had to be
performed in the immediate vicinity of high voltage polrer
t ransmiss ion 1 ines,  specia l ized est imat ion techniques had to be
implemented in order to suppress the effects of intense
anthropogenic  noise;  the robust  methodologies of  Tzanis  and
Beamish  (1989)  and  Tzan is  (1988)  were  app l i ed  w i th  success .

The quantitat ive interpretation of ! !T data requires an
adequate understanding of the geoelectr ic dimensionali ty of the
structure, so as to implement techniques compat, ible with the
induct ion processes par t icu lar  to  the d imensional i ty  o f  the
geoelectr ic structure under consideration. The necessary
information is conveyed in Z. For small penetration depths
( f>LHz ,  D<600 -800n ) ,  Kao  and  Or r ' s  ( 1982 )  ana l ys i s  i nd i ca ted  a
dominant one-dimensional ( lD) geoelectr ic structural component
wi th  typ ica l  contr ibut ion in  excess of  80*  in  the s t ructure of
the experimental inpedance tensors; for high penetrat, ion depths
(  f  < lHz ,  D>600 -  800 rn )  , t ,he same analysis indicates
mult idimensional structures with typical contribution L0- 20t and
up to 30*  at  p laces,  whi le  the lD component  drops to
approx imate ly  70t .

At  the outset ,  the geoelect r ic  s t ructure exhib i ts  cer ta in
mul t id imensional  character is t ics  which render  i ts  formal
int,erpretation diff icult,  inasmuch as 3D inversion methods do not,
ex j .s t  and 3D model l ing of  complex s t ructures is  cumbersome and
time consuming. Note however, that given MT responses with
rnul t i -d imensional  character is t ics ,  i t  is  s t i l l  considered
acceptable to  implement  l -D in terpretat ion a lgor i thrns,  prov ided
that certain l imitations and constraints arising from theory and
forward models  are acknowledged.  For  instance,  in  a thorough and
as yet  unsurpassed study,  Berd ichefsky and Dmit r iev,  (  1976! '  I
suggest that lD inversion of invariant impedance functions may
yie ld representat ive images of  the gross geoelect r ic  s t ructura l
features in  the v ic in i ty  o f  the measur ing s tat ion.  In  the present
studyr w€ implement lD analyt ic inversions of the invariant
impedance Z=0.5(2. . -2 . .1 ,  which compr ises the hal f -  t race of  the
impedance tensor  ' ind 'has the phys ica l  meaning of  a  spatJ-a l ly
smoothed variat ion of resist ivity with depth. The inversion rrras
ca r r i ed  ou t  w i th  the  a lgo r i t hn  o f  Cons tab le  e t  a l . ,  ( 1987) ,  wh ich
yields multJ-ple layered models and is constructed to obey the
principle of least complexity and maximum parsimony (Occam, s
razor) ;  th is  a lgor i thm guarantees that  the real  geoelect r ic
structure must be at least as r ich in structure as the model
found by the invers ion,  but  never  less complex.  A l though i t  nay
be acknowledged that  the resul ts  wi l l  not  be punctual ly  accurate,
t ,he h igh 1D geoelect r ic  s t ructura l  component  ind icated by Kao a
Orr 's  d imensional i ty  analys is  ensures that  they wi t l  y ie ld  a
lJross albeit representative image of the subsurface distr ibution
of  res is t iv i ty .

The resistivity structure
The results are shown in Figures 4 and 5. The adopted nethod

of  presentat ion compr ises s tacks of  or thographic  pro ject ions of
hor izonta l  res is t iv i ty  sect ions at  se lected depths-belbw mean sea
level ,  a l l  v iewed f rom the SE corner  of  the survey area.

F igure 4 i l lus t rates the res is t iv i ty  d is t r ibut ion of  the
f i rs t  1000m and appears to  conf i r rn  the f ind ings of  Thanassoulas
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(1982) .  The uni formly and h igh ly  conduct , ive shal low st ructure of
the f irst 500m indicates the abundant presence of electrolytes
and/or  c lay minera ls .  Kavour id is  and Fyt ikas (1988)  in terpreted
th i s  zone  o f  sha l l ow  conduc to rs  as  a  resu l t  o f  (poss ib l y  ho t )
la tera l  f lu id  c i rcu lat ion and not  as s ignature of  a  shal low
reservoir. The electr ical structure begins to change sharply for
depths >500m, wi th  appearance of  a  res is tor  which expands
Iatera l ly  wi th  increasing depth.  The top of  th is  res is tor  was
def in i te ly  detected by Thanasoulas (  1982 ) ,  who at t r ibuted i t  to
the ' I imestone basement '  o f  the area.  The eastern par t  o f  the
survey area remains relat, ively conductive at the depth of lkn.

0.35km

O.5Okm

0.?5km

0.0
t :  . t : )11:: : ))  ))

l 0
l . l

'1.!j:l).1

P.? 0.0 EO 186 00P 00P10.1

Fig.4.  Resis t iv i ty  d is t r j -but ion for  the dept .h  in terva l  0km-1kn,
(Occam invers ion resul ts  )  .

In  the v ic in i ty  o f  Theiokhoma the s t ructure is  h igh ly  conduct ive
at  shal low depths,  but  as the res is tor  expands nor thwards,  i t  is
squeezed to a l i rn i ted space at  the nor thernmost  par t  o f  the
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survey areai i ts resist ivity r ises from less than one, to more
than 3OAn at the depth of lkm, signall ihg the dininishing
presence of  f lu ids wi th  increasing depth in  the v ic in i ty  o f  that
locat ion.

Figure 5 i l lustrates the resist ivity distr ibution for the
depth interval 1-12kn, which is characterized by very sharp
Iatera l  contrasts .  The res is tor  o f  F igure 4 can here be t raced
to depths exceeding 12km. It  comprises a uniform single body down
to the depth of 4-5km and begins to spl i t  up at approximately
8km, probably  as a resul t  o f  fau l t ing.  I ts  maximum res is t iv i ty
accord ing to  Occam's invers ion is  near ly  L0kQm and is  most  l ike ly
overestimated. A value of 2-3kQm established frorn the MT data by
other  means,  appears to  be c loser  to  rea l i ty .  At  any rate,  the
body appears to be very compact and impermeable. I ts nature is

3.51crn

6km

0km

9e00

Fig.5. Resist ivity structure for the depth interval 3kxn-12km'  (Occa rn  i nve rs ion  resu l t s ) .

61 149 005 ?00 1096 {g?0
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not knovrn, however the very narrow shape, great depth extent and
very high resist ivity point against interpreting i t ,  as a
l imestone b lockt  i f  i t  was,  i t  should be more conduct ive due to
high secondary permeabil i ty from extensive fracturing and
karsti f ication, which are known to affect, the carbonatic rocks
of the area. These characterist ics together with the acknowledged
existence of numerous dacit ic extrusives nearby, appear to favour
its interpretation as of magmatic origin.

The structure underneath the fumaroles of Theiokhoma
exhib i ts  h igh res is t iv i ty  (>70OQm) for  2km<D<8km, which ind icates
a practical ly complete absence of f luids and implies that the
fumarolic activity at Theiokhoma should be attr ibuted to
( in tersect ion of )  fau l ts ,  which t ranspor t  f lu ids and gases f rom
elsewhere and a1low them to escape at Theiokhoma only.

Wi th in  the same depth in terva l  (2km<D<8km),  conduct ive zones
can a lso be detected,  wi th  very low res is t iv i ty ,  ( less than 10f tn
at  p laces) ,  which a l ternate wi th  res is t ive format , ions;  th is
ind icates the abundant  presence of  e lect ro ly tes at  depth.
However ,  the d is t r ibut ion of  these zones is  such,  that  the
exis tence of  an extensive reservoi r  underneath the survey area
can be ru led out .  Scrut iny reveals  that ,  the h igh ly  conduct ing
fo rma t ions  (p<204m)  wh ich  possess  the  h ighes t  l i qu id  f rac t i on ,
have l i rn i ted Ia tera l  extent .  This  in  turn suggests that  they
probably  represent  the e lect r ica l  s ignatures of  open f lu id
c i rcu lat ion condui ts  (=faul ts) .  Wi th the 3D graphica l
presentat ion adopted here,  i t  is  not  easy to  d is t inguish the
exact  locat ion,  s t r ike and width of  these conduct ive fau l t  zonesi
the i r  con f i gu ra t i on  w i l l  be  i nves t i ga ted  sho r t l y ,  i n  de ta i l .

One impor tant  observat ion is  that  a t  great  depths,  (D>10km),
the res is i iv i ty  decreases considerably  re l i t ive to  the
res is t iv i ty  in  the depth in terva l  1-8kn.  The change is  more
apparent  a t  the nor thern and western f lanks of  the survey area;
underneat ,h the fumaroles of  Theiokhoma the res is t iv i ty  drops to
below 2204m. The phenomenon can be t raced at  even greater  depths,
unfolding over the whole survey area. Owing to the very nature
of  e lect romagnet ic  induct ion processes,  th is  depth of  occurrence
ascertains that i t  not a local effect, but extends underneath the
broader  area of  Sousaki .

The res is t iv i ty  o f  these deep quasi -conduct ing format ions
remains h igh enoughr  so as to  prec lude the ex is tence of  a  very
deep reservoi r .  In  genera l ,  rocks at  great  depths cannot  have
high poros i ty .  An est imate for  the ef fect ive poros i ty  can be
af forded howeverr  oD the basis  of  Archie 's  law,  p=p-ag- ,  wi th  p
being the bulk  res is t iv i ty  o f  the format ion,  p .  the ies is t iv i ty ,
o f  the pore f lu ids and q the ef fect ive poros i ty .  Based on the
geochemical  analys isr  w€ presume temperatures >150oC at  depths
greater  than a few kn and we can safe ly  assume pore f lu ids wi th
salinity at least equal to that of sea wat,er, the temperature
dependence  o f  wh i ch - i s  p .= (3+ToC/ fOy - t  ( Lee  e t  a I ,  f 9 f Jy .  w i t h
res is t iv i t ies ranging in  

- the 
in terva l  50-30OQm, the format ion

factor  P=g/p, .  assumes values in  excess of  L000,  which is
i nd i ca t i ve  o f ' c r ys ta l l i ne  rocks  (e .g .  Ke I l e r  and  Rapo I Ia ,  1974) .
Thus,  d t  D>10km we can safe ly  assume the ex is tence of
brine-saturated crystal l ine rocks with low, either intergranular
or  jo in t  poros i ty ;  under  these condi t ions a reasonable choice of
the  cons tan ts  i s  a= l  and  m=2  (a1so  see  B race  and  Orange ,  L968) .
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Then ,  f o r  T=150-300 'C  and  p=50-3000m we  ob ta in  g=1 -3* .  I f  t he
resist ivity had been overestimated by as much as 100t, the
effective porosity would not exceed 6*. Furthermore, i f  we assume
a petrology comprising low porosity sedimentary rocks, the
results do not change by any signif icant proport ion. It  becomes
clear that such rock propert ies do not faci l i tate the formation
of f luid reservoirs. Thus, i t  appears possible that the decrease
in resist ivity is an effect of a l inited l iquid fraction combined
with high temperatures at depth. Note however, that even with
such low porosity there exists a large net volume of hot f luids
which f ind, eventually, their way upwards through the open active
faults and generate the l inited thermal phenomena at the surface.

Soatial analwsis of the imoedance tensor

Let  (x ,y ,z l  denote the car tes ian exper imenta l  coord inate
system and le t  (xryrz l  denote a coord inate system int r ins ic  to
the geoelectr ic structure. Although the experimental Z is
determined in (xry, zl ,  i- t  incorporates al l  the information of the
geoelect r ic  s t ructure in  (x ,yrz l  in tact ,  s ince any car tes ian
coordinate system can be mapped onto another by isometric
transformations. This information can be recovered from Z by
inverse isometric transformations (namely rotations about t,he
axes of  (x ,y ,z l  .  In  th is  paper  vre implement  the 3D rotat ion
analys is  method of  Tzanis  (  1988 ,  L992l '  ,  which ut i l izes the
syrnmetries of the 3D pure rotation group SU( 2 ) ,  of 2x2 unitary
matrices and provides a theoretical framework for the treatment
of l '1T data obtained over nult i-dimensional geoelectr ic
s t ructures.  The 3D rotat , ion,  resul ts  in  the decomposi t ion
Z=E(Oo,QF)MH*(OHroH) which t ransforms the exper imenta l  system into
two cirtbsian (intr insic) coordinate systems carrying the output
electr ic and the input magnetic f ields and are espectively
de f i ned  by  the  ro ta t i on  ang les  oF 'oF  and  oH 'QHi  E (oF 'oF )  and
H(OHTOH) are SU(2)  operators invo- Iv ing rotat ibns about ,  the
ver t i ia l  and one of  the hor izonta l  axes;  + denotes the t ransposed
complex conjugate.  iD represents an az imuthal  d i rect ion and O an
incl j-nation, also adrnitt ing an equivalent representation as the
el l ip t ic i ty  o f  components in  the hor izonta l  p lane (=tanO).  M is
an antidiagonal matrix containing the characterist ic (extremal)
impedances Fr  and p,  (Hr>I r r ) .  The e lect r ic  and rnagnet ic  components
in  the in t r ins ic  s ls tens-  are re la ted as E(OF,Qr)=F,H(@Ar.Dt l l1 t /21 ,
and E (@o,Qr+n/  2 )= l r rH(OHTOH) and for rn the two chbracte i is t , ic"s tates
(3D mod-es-of  propigat ior i )  o f  the EM f ie ld  wi th in  the Ear th.  The
term spat ia l  analys is  is  used to  def ine the process of  ro tat ion
and mapping of the results. The configuration of the principal
components of the observed impedance tensors can, then, be used
to f ind the corresponding configuration of the geoelectr ic
structure( s ) producing them and to delineate geoelectr ic
structural blocks and lateral conductivity interfaces.

I t  can easi ly  be ver i f ied that  in  the case of  lD and 2D
geoelectr ic structures Qr=Q,, and Or=O,.=0. In 3D structures
however, one may observe or-*o,.1 For instaiice, the accumulation of
surface charges on the ial ' Is of conductors, f low around or
channell ing ef f  ects etc. ,  may def lect the electr ic f ields arrray
from the true local str ike of the geoelectr ic structure. This
phenomenon, albeit of small magnitude, has been observed in the
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reported survey affecting the soundings over the most conductive
par ts  of  the s t ructure;  the resul ts  wi I I  not  be analyzed here for
Iack of  space.  The magnet ic  f ie ld  cannot  be def lected by s tat ic
or quasi-static charges and may well be used for the spatial
analys is  of  MT data in  p lace of  the e lect , r ic  f ie ld .  The technique
presented here uti l ize! the admittance tensor A=Z'L = H(O,rr0*l l f
E*(OFroF) and specif ical ly, the maximum admittance anil  t tre
magn-etic f ield component of the maximum st,ate of A, defined as
H (  oH ,  oH)  = (  1 , ,  )  

- 'E  (oF ,QF+ 'n /  2 l  .
The m-aximum aElmittances from all  sites are presented in

Figure 5,  in  the form of  averages over  the (sk in)  depth in terva l
lkn-8km. As can be seen immediate ly ,  the e l l ip t ic i t ies (@ angles)
are very small,  confirming that the three-dirnensionali ty of the
st ructure is  weak;  the area rather  appears to  respond in  the 2-D
mode.

Without entering into detai lsr w€ note that the maximum
admittance function indicates t ie downhiTT direction of Tocaj
geoeTectr ic  gradient ,  i .e .  po ints  towards the most  conduct ive
local  s t ructure.  Moreover ,  the magni tude of  the maximum'
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Fig.6.  Spat ia l  analys is  of  the MT data based on the maximum state
of t,he admittance tensor and the maximum admittance. The
Iightly shaded areas represEnt the conductive domains. The
heavily shaded areas represent the resist ive domains.
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admittance is proport ional to the conductivity of the geoelectr ic
s t ructure in  the v ic in i ty  o f  the record ing s tat ion.  Thus,  smal l
admittances indicate a resist ive domain and large admittances a
conduct ive one.  There ex is ts  a wel l  def ined Ia tera l  succession
of  in tersect ing conduct ive ( l ight fy  shaded)  and res is t ive
(heav i l y  shaded)  zones ,  s t r i k i ng  a t  N -50 ' -W and  N-50e-60o-E
respect ive ly ;  these are the pr inc ipa l  d i rect ions of  the
geoelectr ic structure, responsible fox i ts weak three-
dimensionali ty.

The pr i rnary (most  s ign i f icant)  conductors s t r ike at  N-50o-w
and can be directly ident. i f ied from the apparent perpendicularity
of maximum admittances located over the resist ive and conductive
par ts  of  the survey area.  They are a lso independent ly  ident i f ied
by the analys is  of  magnet ic  var ia t ions recorded s imul taneously
w i th  the  t " lT  da ta  (e .g .  Lag ios ,  L9921 .

the  secondary  conduc to rs  s t r i ke  a t  N -50o-60o-E .  I n  rea l i t y ,
on ly  one such zone can be d i rect ly  ident i f ied;  i t  is  def ined by
the large magnitude of maximum admittances in the south and
south-east  ext remes of  the survey area and the i r  perPendicu lar i ty
to  the pr imary conductors.  This  zone is  a lso def in i te ly  and
independent ly  conf i rmed by the analys is  of  magnet ic  var ia t ions,
(e .g .  Lag ios ,  L992 l ' .

The two conduct ive zones represent  the pr inc ipa l  f lu id
convect ion paths of  the Sousaki  geothermal  system, at  least  as
ident i f ied wi th in  the survey area.  In  the geologica l  and
geotectonic  set t ing of  Sousaki ,  the convect ion paths are
generated by act ive normal  fau l t ing which a l lows f lu ids to
c i rcu late between the sur face and the heat  source-

CONCLUSIONS

The reported MT survey of the highly prospective Theiokhoma
area achieved deep penetrat ion and prov ided new ins ight  in to the
nature of  the geothermal  f ie ld  and system of  Sousaki .  I t  was
shown  tha t  t he  sys tem compr i ses  a  sha l l ow  (D<500-700m)  and  a  deep
par t .

The shal low st ructure is  character ized by abnormal ly  low
res is t iv i t ies which can be in terpreted as resul t  o f  abundant
wa te r  (b r i ne ) ,  and /o r  c lay  m ine ra l s .  ve ry  sha l l ow  (100 -200n)  ho t
water  (73oC) aqui fers  have been ident i f ied f rom explorat ion
d r i l l i ng  (e .g .  Kavour id i s  and  Fy t i kas ,  1988) -  The  c lay  m ine ra l s
may have formed from the alteration of the ophiol i tes which are
known to under l ie  the sur face of  a  large par t  o f  the survey area,
wi th  th icknesses as much as 400m. The ex is tence of  c lay rn inera ls
renders d i f f icu l t ,  i f  not  impossib le ,  the est imat ion of  the
I iqu id f ract ion in  the shal low conduct ive format ions.  At  any
rate,  the l iqu id f ract ion must  be rather  large as is  a lso
at tested by the explorat ion dr i l l ing data.  The warm water  f rom
the may easily be used for intermediate and low enthalpy
appl icat ions of  geothermal  energy.

Al though a deep hot  water  reservoi r  wi th in  the l imestones
was anticipated fron the geochemical data, i t  was definitely not
found underneath the surveyed area and may even not exist in i ts
v ic in i ty .  L ikewise,  $re could not  observe any character is t ic
t races  o f  con tempora ry  deep" igneous  p rocesses  (e .9 .  a  magma
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charqber), the existence of which is anyhow doubtful for a variety
o f  reasons  (e .9 .  Geo te rm ica  l t a1 iana ,  L984r .  I ns tead  we  found
strong evidence for the existence of wet hot rock at great depths
(D>10km) ,  as  we I I  as  c lea r  t races  o f  open  (ac t i ve )  f au l t s  wh ich
faci l i tate the direct comrnunication of the deep hot rock with the
sur face.  The fau l ts  are c lear ly  d iscern ib le  f rom thei r  very
conductive signatures, which can be attr ibuted to the abundant
presence of  sa l ine f lu ids (geothermal  f lu ids )  .  Thus,  the
geothermal system of Sousaki rather appears to function by
convective transfer of excess heat from great depth to the
surface, via the highly permeable paths prepared by active
extensional  fau l t ing.  The heat  source i tse l f  could not  be s tudied
because of  the l imi ted area covered wi th  MT soundings.  I t  may be
a res idual  o f  past  (P l iocene ? )  magmat ic  processesi  th is
in terpretat ion has,  in  one way or  another ,  been favoured by many
previous workers. Addit. ional MT measurements in the broader area
of  Sousaki  rnay prov ide some more def in i te  answers in  the fu ture.

From the above d iscuss ion,  i t  appears that  the best  way to
explo i t  the geothermal  potent ia l  o f  Sousaki ,  is  to  tap the
geothermal  f lu ids d i rect ly  f rom the fau l ts  at  some suf f ic ient
depth such,  that  they do not  r ise very c lose to  the sur face and
lose rnuch of  the i r  or ig ina l  h igh temperature.

The resul - ts  of  the MT survey a lso prov ide usefu l  in format ion
about  the contemporary tectonic  reg ime and deformat ion processes
af fect ing the broader  area of  Sousaki .  The basis  for  such an
asser t ion der ives f rom the very nature of  macroscopic  EM
induct ion processes.  A d is t inct ive character is t ic  o f  deep MT
sounding is  i ts  capabi l i ty  to  penetrate and explore deep in to the
Ear th ' s  c rus t  f ro rn  po in t  obse rva t i ons  on  the  su r face .  I n  t h i s
survey we achieved penetrat ion in  excess of  15kn for  most
soundings.  I t  is  apparent  (and can be demonstrated in  a var ie ty
of  ways )  ,  that  features d iscern ib le  at  such great  depths below
the point  o f  measurement ,  must  have one hor izonta l  d imension of ,
a t  least  a  few t imes the depth of  detect ion;  such features
necessar i ly  be long to  s t ructures wi th  reg ional  extent .  In  a
tectonica l ly  contro l led geothermal  system such as is  Sousaki ,  the
conduct ive zones are generated by act ive normal  fau l t ing which
al lows f lu ids to  ascent  f rom great  depths.  The pr imary tectonic
d i rect ion def ined by the MT data is  N-50o-W; the secondary is
N-50o-60o-8 .  No  t races  o f  impor tan t ,  E -W fau l t s  were  found  w i th in
the survey area.

The ex is tence of  tectonic  l inearnents para l le l  to  N-50o-W and
N-50"-60o-E has been independent ly  ident i f ied by other
geophysica l  methods possessing the capabi l i ty  to  reg is ter  s ignals
f rom very deep st ructures (grav i ty  and aeromagnet ic  t  e .g.  Rocca,
L985) .  In  fact ,  the NW-SE and NE-SW trending l ineaments revealed
from analys is  of  grav i ty  data,  (and in terpreted by Rocca as
' fau l ts '  )  ,  are a lmost  ident ica l  wi th  the d i rect ions der ived f rom
the MT data.

Tectonic l ineaments. with similar directions are confirmed
over the broader area of southern Korinthiakos gulf from
morphotectonic  and se ismotectonic  observat ions (e.9.  Jackson et
a l r  L982i  K ing et  Er I . ,  1985 )  .  Moreover ,  the fau l ts  which
react ivated wi th  co-seismic d is locat ions dur ing the Kor in thos
ear thquakes of  24-25 February 1981,  exhib i t  genera l  s t r ikes of
N-50o-W and  N-60o-70o-E .  The  MT resu l t s  i nd i ca te  tha t  t hese

-_ -_ . . .
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contemporary act ive tectonic direct ions and thej-r  causat ive
s t ress  f ie ld  pers is t  in  Sousak i ,  approx imate ly  20km to  the  SE o f
the  1981 ear thquake zone.

The tectonic direct ions detected at Sousaki are not
ident ical  with those observed in the faul ts of Korinthos
ear thquakes .  The smal l  d i f fe rences  o f  10o-150 can be  a t t r ibu ted ,
e i ther  to  loca I  s t ruc tu ra l  e f fec ts  reg is te red  in  the  MT data ,  o r ,
to  minor  d i f fe ren t ia t ion  in  the  s t ress  f ie ld ;  the  ans \^ rer  cannot
be given unt i l  addit ional MT measurements are performed in the
broader area of southern Korinthiakos and northern Saronikos
g u l f s .
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