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GEOLOGY AND GEOTHERMICS OF THE ISLAND OF MILOS ( G R E E C E )  

by 
M .  Fyt ikas"  and C. Marine l l i**  

! 

'lilr' I 

I 

-- A b s t r a c t  - The  psotherrnnl research  a t  Milos is reviewed 
and Lhe geology of t h e  i s l a n d  i s  discussed i n  the  frame- 
work of  t h e  geodynamics of  Eas te rn  Mediterranean. 
T h e  va r ious  formations outcropping a t  Milos are  descr ibed:  
c r y s t a l l i n e  basement, Neogene t r ansg res s ive  conglomerate 
and l imes tones ,  Quaternary volcanic  and volcano-sedimentary 
s e r i e s .  The very recent  d i s j u n c t i v e  t e c t o n i c s  a f f e c t i n g  
Milos and t h e  neighbouring i s l a n d s  i s  discussed toge the r  
w i  tti the volcano-tectonics .  The thermal. man i fe s t a t ions  
and the wide and important a l t e r a t i o n s  and mine ra l i za t ions  
re.Lated to the near  su r face  cir*culaLion of hydrothermal 
f l u i d s  are also descr ibed.  
The geophysical methods u t i l i z e d  i n  t h e  geothermal exp lo ra t ion  
t o  Locate explora tory  and product ion we l l s  a re  b r i e f l y  
i l l u s t r a t e d .  They inc lude  55 thermometric w e l l s  and an 
e l e c t r i c  r e s i s t i v i t y  survey. Preliminary. data from the  
two Milos w e l l s ,  both product ive ,  w i t h  bottom--hole 
temperature h ighe r  than  300°C are repor ted .  

IN THODUC T I O N  

Tn th'e f a l l  of  1970 one of t h e  au tho r s  spent  

two weeks i n  Greece i n  t h e  capac i ty  of consu l t ing  exper t  

t o  t h e  Organizat ion f o r  Economic Co-operation and 

Development ( O E C D ) .  The a i m  of  t h i s  miss icn  w a s  t o  
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establish whether there were any ar,eas presenting favorable ii 
conditions for finding goethermal energy which could be 

economically exploited. 

In the report presenting the results of this 
preliminary reconnais'sance (Marinelli, 1971) the author 

concluded that numerous areas of Greece evidence favorable 

conditions for detailed exploration for geothermal energy. 

The island of Milos was considered to be by far the most 

important of these areas. On this island in fact it was 
obvious, even on the basis of a'rapid reconnaissance 

study, that several of the geological conditions basic 
to the formation of geothermal fields were present, 

The conditions found were the following: 

1) The presence of a rigid crystalline basement, fractured 

by very recent disjunctive tectonics. Thks would tend 

to facilitate the convective circulation of fluids 

and hence the rising of isotherms. 

2) The presence in this metamorphic complex of marble ' 

lenses and calc-schists and, in certain areas, also 

of an overlying transgressive series composed of 

conglomerates, limestone and gypsum lenses. These 

formations might possibly represent the objective 

of the drillings, i.e. .a highly permeable reservoir. 

3) A cover consisting of volcanic or volcano-sedimentary 

products, deeply transformed into bentonite and kaolin 

by hydrothermal phenomena. This alteration guarantees 

a high impermeability in the series. 

4)  The presence of numerous the-a1 manifestations, 

, 
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inc luding  seve ra l  small fumaroles w i t h  temperatures 

up t o  1 0 2 O C .  

However, t h e  geologica l  f e a t u r e  which l e d  the 

au tho r  t o  the  convic t ion  t h a t  Milos w a s  t h e  most promising 

geothermal reg ion  i n  Greece w a s  t he  l a r g e  number of 

:;pet b;icu I a r  c r a t e r s  caused by ph rea t i c  explosions.  (1) 

These p h r e a t i c  craters  have very l i m i t e d  diameter.  

( l e s s  than 20 m )  and a re  very f requent  i n  those a r e a s  

where t h e  impervious cover is t h i n ;  i n  the  areas where 

t h e  cover  i s  t h i c k e r  they are l e s s  numerous b u t  much 

larger (rip Lo 600 m i n  diameI;er-) .  The p e r f e c t  condi t ion  

of the  r i m s  of these c r a t e r s  i n d i c a t e s  t h a t  they are 

v e r y  vecent.  

Illhe o t h e r  au tho r  w a s  charged by t h e  Greek 

I n s t i h i b e  o f  Geology and Subsurface Research ( p r e s e n t l y  

Hie I r i s l ,  i. bite f o r  (;eo I ogy arid Miri.i.rig Research) w i  L t i  

a1 1 f i e l d  and labora tory  research aimed a t  the  

geor;hermaI exp lo ra t ion  of  Milos. 'This work l ed  t o  

a doc to ra l  t hes i s  (Fy t ikas ,  1976a) and t o  a 

~~ - ~ ~ 

(1) The b e r m  "ph rea t i c  explosion1' w a s  f i r s t  introduced 
aL the beginning of  the century by E .  Suess i n  h i s  
famous work "URS Arit l i tz  d e r  Erde" .  I t  r e f e r s  t o  
those eruptiori:; i n  wliicli no muleria  I. derived from 
riew magma i s  c j e c  ted arid ,whicIi may b e  a t t r i b u t e d  t o  
t h e  steam conversion of water of super f ic ia l .  and not  
inagrnatic o r i g i n .  'Hie berm has s i n c e  been used by t h e  
major i ty  of vo lcano log i s t s  (Van Hernmelen, R i t  tmann, 
Cotton, MacDonaLd, e t c . )  and a l so  by , I .  Goguel (1975) 
tmd. i I; wori1.d t h u s  appear- unnecessar*y to  in t roduce  a 
riew L C r m ,  "kiydrotherrriuJ explosion" (Muffler e t  a l .  , 
19'/1) w l i l c l i ,  bcsj .des beirig .i.nexac t €or  a steam 
explosion, tends f u r  Ltier' Lo cornp Licnte the a l r e a d y  
c-omy) I v x  p,eo I i (;a I t,(> r m i  no1 ogy . 

, 
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d e t a i l e d  (1:25.000) geologica l  .map (Fy t ikas ,  1976bj b These 

two documents have been l a r g e l y  u t i l i z e d  i n  t h e  present  

paper* 

The f i e l d  and labora tory  work w a s  begun i n  the  

summer of 1971 and completed a t  t h e  end of 1972. During 

t h i s  t i m e  t he ' fo l lowing  data were c o l l e c t e d :  

a )  Topographic map ( s c a l e  1:20.000) of t h e  e n t i r e  i s land:  

b )  Deta i led  geological  map of. t h e  c e n t r a l  and e a s t e r n  

. 

. 
z regions (approximately 100 Km of the t o t a l  a r e a  of 

150 Km ) .  The geological  map'of  t h e  western p a r t  of 2 
b 

t he  i s l a n d  w a s  f i n i shed  af te rwards .  

c )  Sampling of a l l  t h e  outcropping formations and of t h e  

deeply-seated rocks brought t o  the surface by volcanic  

e rupt ions  and p h r e a t i c  explosions.  

d )  Petrographic  s t u d i e s ;  paleontologic  and K / A r  da t ings .  

e )  48 thermometric d r i l l i n g s ,  p l u s  temperature measurements 

i n  15 we l l s  previously d r i l l e d  f o r  water o r  mineral  

explora t ion .  These we l l s  vary i n  depth from 20 t o  80 m ,  

w i t h  an average depth of 54 m .  The first of these  s l i m .  

h o l e s ,  a t  a depth of 72 m ,  gave a mixture of steam 

ahd ho t  water w i t h  a temperature of 1 3 8 ° C .  

f) I n  the  sp r ing  of 1973 a g e o e l e t r i c a l  survey w a s  c a r r i e d  

out  by the  "Compagnie G6n6ral de Ghophysique". 83 

e l e c t r i c a l  soundings were performed, 14 w i t h  an AB ' 

l i n e  of 2,000 m and 69 w i t h  an AI3 of 3,000 m .  

The exploratory work b r i e f l y  descr ibed above 

was e f f e c t e d  over a per iod  of two years, '  b u t  i n  f a c t  

required only one yea r  of a c t u a l  f i e l d  and labora tory  

bs 
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work f o r  the geological  a s p e c t s , . a n d  a f e w  months f o r  t he  

topographic mapping and geoe lec t r i c  survey. The opera t ing  bi 
c o s t  of t h i s  p a r t  of the exploratory programme w a s  

U . S . $  84.000. T h i s  f i g u r e  may evoke a s c e p t i c a l  smile 

i n  the  geothermal explora t ion  community, bu t  i n  fac t  

i t  is  exact .and well-documented. 

I n  May 1973 f o u r  s i t e s  were se l ec t ed  f o r  deep 

No a c t i v e  or (1) exploratory d r i l l i n g  and produetion. 

f o s s i l  thermal mani fes ta t ions  are present  i n  any of them. 

Since the  data a v a i l a b l e  were considered s u f f i c i e n t  f o r  

these l o c a t i o n s ,  no f u r t h e r  exploratory work w a s  performed. 

L a t e r ,  some hydrogeochemical data (Dominco and Papas tamaki ,  

1975) confirmed the  presence of favorable  condi t ions  f o r  

geothermal energy on Milos. 

The organiza t ion  and technica l  d i r e c t i o n  of 

the  d r i l l i n g  w a s  committed by the  Greek Publ ic  Power 

Corporation t o  t he  French Company "Eurafrep" . The d r i l l i n g  

~~ 

(1) Among t h e  pa r t ec ipan t s  a t  the  meeting f o r  the  s e l e c t i o n  
of the Milos d r i l l  s i t e s ,  the  au thors  wish p a r t i c u l a r l y  
t o  thank M r .  G .  Aportol ides ,  Di rec tor  of t he  I n s t i t u t e  
of Geology and Subsurface Research; M r .  P . E .  Gounaris, 
Direc to r  of the Geothermal Service o f  the  Public Power 
Corporation; M r .  J .  Demians dIArchimbaud, Chief Geolo- 
g i s t  "Eurafrep"; and M r .  A Duprat, Chief of the  Sub- 
sur face  Dept., "Compagnie G6n6ral de G6ophysique". 
Their  suggest ions were extremely usefu l  i n  the  choice 
of t h e  best poss ib l e  l o c a t i o n s  f o r  the  exploratory 
d r i l l  s i t e s ,  and the  r e s u l t s  of the f irst  geothermal 
wel ls  demonstrated the  accuracy of t h e i r  i nd ica t ions .  



- 6 -  

w a s  en t rus t ed  t o  the  jo in t -venture  between t h e  Greek 

"Hydrotechnic and t h e  French "Foraminesll. 

More than two yea r s  l a t e r  ( p r e c i s e l y  i n  Ju ly  

1975) t h e  f irst  d r i l l i n g ,  "Zephyria l", w a s  begun; i t  

w a s  terminated a t  1101 m .  Downhole measurements a sce r t a ined  

a pressure  of 1375 P S I  (over  96 a t m )  and a temperature 

of 309OC. Production began on 15 October 1975, bu t  t he  

wel l  w a s  c losed a f t e r  a few hours;  a y e a r  l a t e r  i t  i s  

s t i l l  c losed .  Therefore we have no r e l i a b l e  production 

data a v a i l a b l e .  Our only c e r t a i n t y  i s  that  the  wel l  i s  

product ive and probably has  a medium discharge.  I n  1976 

t h e  second dril l ing,"Adamas l", w a s  begun about 5 Km NW 

of t he  "Zephyria 1" bore .  " A d a m a s  1" w a s  terminated a t  

1163 m and put into production on 17  May 1976. Again a 

promising well w a s  c losed wi th in  a f e w  hours ' and  hence 

we have no production d a t a ;  f i v e  months l a t e r  i t  i s  

s t i l l  c losed .  Up t o  t h e  present  time ( l a t e  September 

1976)  no dec i s ion  t o  execute f u r t h e r  geothermal d r i l l i n g s  

on Mi los  has  been made by the  Greek a u t h o r i t i e s  concerned. 

Considering the  remarkable success  of t he  f irst  two w e l l s ,  

t he  au thors  s ince re ly  hope t h a t  d r i l l i n g  w i l l  soon be 

continued i n  order  t o  a s c e r t a i n  t h e  geothermal p o t e n t i a l  

o f  Milos. 

GENERAL D E S C R I P T I O N  

The i s l a n d  of Milos i s  loca ted  i n  t h e  south- 

west region o f  t he  Cyclades a t  36O44' l a t i t u d e  nor th  and 

24O25' longi tude e a s t ;  i t  i s  more than 150 Km SSE of P i raeus .  

Milos i s  the  l a r g e s t  of a small c l u s t e r  o f  minor i s l a n d s  
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whose a r e a s  a r e  the following: 
2 Milos - 151 Km 
2 Kimolos - 35 Km 

Polyegos - 17 Kn 

Antimilos - 8 Km 

LJ 

2 

2 

There a r e  a l s o  some c l i f f s  i n  t h e  southern zone which 

w i l l  be  descr ibed below. 

The t o t a l  populat ion of Milos and Kimolos is  

somewhat under 6.000; t he  o t h e r  i s l a n d s  are p r a c t i c a l l y  

uninhabi ted.  

I n  t h e  c e n t r a l  and e a s t e r n  reg ions ,  where a l t e r e d  

volcanic  products  and volcano-sedimentary products  predominate, 

t he  morphology of Milos i s  t h a t  of  f a i r l y  smooth r e l i e f .  I n  

t h e  western p a r t ,  an area with many volcanic  domes, t he re  

a r e  important e l e v a t i o n s ,  t h e  h ighes t  of which (Mountain 

o f  t h e  Prophet E l i j a h )  rises t o  752 m .  The i s l a n d  i s  very 

i r r e g u l a r  i n  shape and the  c o a s t l i n e  i s  q u i t e  jagged, 

t y p i c a l  of a r ap id ly  submerging zone. 

T h e  c l i m a t e , o f  Milos i s  temperate,  of Mediter- 

ranean type ;  t h e  mean annual temperature i s  s l i g h t l y  

under 1 8 O C .  The average annual r a i n f a l l  i s  400 mm, three-  

q u a r t e r s  of which i s  concentrated i n - t h e  win ter  months. 

The average humidity i s  r a t h e r  high,somewhere around 70%. 

GEOLOGY . 

The most recent  monograph on t h e  geology of 

Milos is t h a t . o f  H. Sonder (1924) who, being a volcanologis t ,  

d id  not  t r e a t  i n  de ' ta i l  t h e  non-volcanic formations.  

According t o  t h i s  au thor  t h e  following formations a r e  
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found on Milos: 

1) a Palaeozoic metamorphic series; 

2) a transgressive conglomerate followed by a Cretaceous- 

Eocene limestone series; 

3 )  a volcanic and volcano-sedimentary cover whose age is 

comprised between the Upper Plio'cene and the Holocene; 

4) scarce recent alluvial. products. 

R. Sonder included in his paper a rather imprecise small- 

scale geological map. 

The age of the crystalline basement consisting 

of weakly-metamorphic schists was thought to be pre-Alpine 

since the overlying transgressive limestones showed no 
traces of metamorphism. The limestones were tentatively 

dated as Cretaceous-Eocene (D'Erasmo, 1924)  on the basis 

of poorly preserved macrofossil molds. 

In regard to the volcanic suites, Sonder 

distinguished five phases of activity. In the first 

two, dated as Lower Pleistocene, silica-rich products 

(rhyolites and dacites with a few andesites) were emitted; 

the age was determined on the basis of Calabrian fossils 

found in the tuffitic layers (D'Erasmo, 1924). It was 

supposed that the third phase was also relatively old, 

but; characterized by the emission of more basic rocks, 

up to basalts. The fourth 'phase, more recent, according 

to Sonder produced andesites and andesitic breccias, 

while the fifth and last phase produced only rhyolites 

and rhyolitic tuffs. 

The aforernenticned author was not much concerned 

with pyroclastic products, and he considered as a terrace 

LJ 
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b, a cur ious  formation extremely r i c h  i n  s c h i s t  fragments;  

t h i s  formation i s  o f t e n  found i n t e r c a l a t e d  i n  volcano- 

sedimentary products .  

All t h e  au thors  who have s tud ied  Milos more 

r ecen t ly  have accpted t h e  geological  scheme proposed by 

R .  Sonder (1924).  Only N .  L i a t s i k a s  (19551, who descr ibed 

the  mineral  d e p o s i t s  of Milos,  suggested some v a r i a t i o n s  

t o  t h e  succession of vo lcanic  a c t i v i t y  e s t a b l i s h e d  by 

Sonder. G.  Vereadis , (1958) ,  who descr ibed some d e p o s i t s , ,  

W .  Wetzenstein (19691, who s tudied  t h e  genes is  of  t he  

numerous ben ton i t e  d e p o s i t s ,  C .  Burr i  and G .  Soptrajanova 

(19671, who d e a l t  with l ava  petrochemistry,  did not  d i scuss  

t h e  geologica l  d a t a .  Even i n  the  "Catalog o f  Active Vol- 

canoes of  Greece" G.  Georgalas ( 1 9 6 2 )  r e p o r t s  a d e s c r i p t i o n  

of t h e  thermal mani fes ta t ions  without modifying Sonderl 

i d e a s ;  he a l s o  republ i shes  the  l a t t e r ' s  s imp l i f i ed  

geologica l  map. 

U t i l i z i n g  the  new topographical  map ( s c a l e  

1:20.000) done f o r  geothermal exp lo ra t ion  by t h e  I . G . S . R . ,  

one of  t he  au tho r s  made a d e t a i l e d  geologica l  map of  

Milos (Fy t ikas ,  1976b). The r e s u l t s  of t h i s  f i e l d  work 

toge the r  with the  labora tory  work, a r e  descr ibed i n  a 

d e t a i l e d  paper of M .  Fy t ikas  (19'76a). 

Milos and t h e  minor i s l a n d s  a r e  a p a r t  of t he  

o u t e r  vo lcanic  a r c  of t he  Aegean volcanic  b e l t ,  which 

has  a double-arc s t r u c t u r e  (Fy t ikas  e t  a l . ,  1975).  This 

ouber  volcanic  b e l t  comprises t h e  Kromyonia zone i n  

western A t t i c a ,  t h e  i s l a n d  of  Aegina (Pe,  1973) ,  t he  

promontory of Methana i n  e a s t e r n  Peloponnesos (Pe,  19741, 
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t h e  i s l a n d s  o f  Milos and S a n t o r i n i  (Thera) i n  t h e  Cyclades 

and the  i s l a n d  of Nisyros i n  t h e  Dodecanese. 

A l l  t he  volcanic  a c t i v i t y  which h a s  so far been 

dated i s  Quaternary ( D i  Paola ,  1974; Fyt ikas  e t  a l . ,  1975);  

two volcanic  zones, Methana and S a n t o r i n i ,  a r e  s t i l l  

a c t i v e  (Georgalos, 1 9 6 2 ) .  The h i s t o r i c  a c t i v i t y  of Nisyros 

i s  l imi t ed  t o  powerful p h r e a t i c  explosions ( K e l l e r ,  1971; 

D i  Paola ,  1975).  I n  the  o t h e r  volcanic  areas, inc luding  

Milos,  t h e r e  has been no t r u e  volcanic  a c t i v i t y ,  b u t  only 

some thermal mani fes ta t ions .  

The Aegean volcanic  a r c  i s  loca ted  about 150 

Km north o f  and i s  p a r a l l e l  t o  t h e  so-cal led Hel len ic  

sedimentary a r c .  T h i s  l a t t e r  i s  l o c a t e d  on the  ex tens inn  

of the  Hel lenides  and inc ludes  the  i s l a n d s  of t h e  Ionian 

Sea,  the  Peloponnesos, K i t h i r a ,  K r i t i ,  Karpathos, Rhodes, 

up t o  the  southern Anatolian c o a s t .  To the  south of t h i s  

a r c ,  a t  approximately 2 2 0  Km from the  volcanic  a r c ,  t h e r e  

i s  a r a t h e r  shallow trough (maximum depth 2270 m ) ,  c a l l e d  

the  Hel len ic  t r ench ,  which sepa ra t e s  t he  a r c  from the  

Mediterranean r idge  (Ryan e t  a l ; ,  1 9 7 1 ) .  T h i s  t rench  i s  

assumed t o  be the  present  boundary between t h e  converging 

African p l a t e  and Aegean microplate  (McKenzie, 1972; 

Ninkovich and Hays, 1 9 7 2 ) .  

The study of  t he  seismic data of t he  Aegean 

region c l e a r l y  i n d i c a t e s  the  s i m i l a r i t y  between the  

Aegean a r c  and the  circum-Pacific arc- t rench systems. 

I t  i s  the re fo re  almost c e r t a i n  t h a t  under the  Aegean a r c  

t h e r e  i s  subducted l i t o s p h e r e ,  f o r  a maximum length  of  

approximately 280 Km (Comninakis and Papazachos, 1972; 
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Papazachos, 1973). 

The reflection and refraction seismic data (Fi- 

netti and Morelli, 1974) indicate that the crust beneath 

all of the eastern Mediterranean is of continental type, 

This means that the subduction of oceanic lithosphere 

at the Aegean arc may be considered almost complete, as 

a continental collision-between the African plate and 

the Aegean microplate is taking place. The fact that 

there are still earthquakes along the subduction plane 

plus the spectacular compressive tectonics recently 

pointed out by seismic research (Finetti, 1976) however 

suggest that crustal shortening is still taking place. 

This explains the limited volcanic activity 

of the Aegean arc, as well as the characteristic tectonics 

of Milos, i.e., a large number of faults with systems of 

varying orientation; none of these systems, however, is 

particularly important. 

The island of Milos is made up of three main 

geological complexes: a crystalline basement levelled 

by erosion, a rather thin neogenic transgressive sedimentary 

series, and a Quaternary volcanic and volcano-sedimen- 

tary suite which covers the island almost entirely. With 

the exception of some cliffs located to the south of Mi- 

los, the other islands of the group are constituted 

exclusively of volcanic rocks. Small outcrops of volcano- 

sedimentary products are present only on Kimolos. 
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The metamorphic basement:. - outcrops only i n  very l imi t ed  

a r e a s  on Milos. Many fragments, occas iona l ly  up t o  seve ra l  

t ons ,  have been brought t o  the  su r face  by p h r e a t i c  

explosions,  and t o  a l e s s e r  e x t e n t ,  a l s o  by 'vo lcan ic  

e rupt ions .  

The almost ub iqui tous  presence of these  

x e n o l i t h s  a l lows u s  t o  determine the  homogeneity 

of t he  basement underneath t h e , e n t i r e  i s l and .  A t  t he  

outcrops t h e  metamorphic s e r i e s  appears s t rong ly  

deformed, with narrow microfoldings;  however it is  

impossible t o  recons t ruc t  a dominant d i r e c t i o n  f o r  

t h i s  f o l i a t i o n .  The contac t  w i t h  t he  overlying s e r i e s ,  

where i t  i s  v i s i b l e ,  occurs  on a p e r f e c t l y  f l a t ,  eroded 

sur face .  

The c r y s t a l l i n e  basement is  made up of weakly 

metamorphosed rocks w i t h  g reenschis t  f a c i e s ,  or more 

r a r e l y  b l u e s c h i s t  f a c i e s .  The predominant rocks a r e  

s c h i s t s  composed of qua r t z ,  muscovite and c h l o r i t e ,  

w i t h  gradual t r a n s i t i o n  t o  q u a r t z i t e s ,  c a l c i s c h i s t s  

or t o  o r i g i n a l l y  arenaceous rocks r i c h  i n ' f e l d s p a r  

d e b r i s  only p a r t i a l l y  transformed i n t o  a l b i t e .  Taken 

as a whole t h i s  s e r i e s ,  o r i g i n a l l y  made up of a frequent  

a l t e rnances  of c l a y s ,  marnes, s i l ts ,  c h e r t s  and gray- 

wackes, c e r t a i n l y  r ep resen t s  a metamorphosed f l y s c h  

sequence. 

T h i s  s e r i e s  of sedimentary o r i g i n  conta ins  

f requent  l a y e r s  which were o r i g i n a l l y  b a s i c  vo lcan i t e s  

and volcano-sedimentary products .  They have now been 

transformed i n t o  p r a s i n i t e  (malnly ep idote-a lb i te -  



! 

- 13 - 
c h l o r i t e - c a l c i t e ) .  c h l o r i t e - s c h i s t  (mainly c h l o r i t e ,  qua r t z ,  

a c t i n o l i t e ,  a l b i t e )  o r  amphibole-schist ( a c t i n o l i t e ,  

c h l o r i t e ,  a l b i t e ,  q u a r t z ) .  The presence of s c h i s t s  composed 

almost exc lus ive ly  of c h l o r i t e ,  quar tz  and a l i t t l e  hemati te  

pass ing  t o  ch lor i te -bear ing  q u a r t z i t e s  suggests  a s s o c i a t i o n s  

of b a s a l t i c  h y a l o c l a s t i t e s  w i t h  red c h e r t s ,  similar t o  

tha t  t y p i c a l  of t he  ophi’ol i t ic  a s soc ia t ions .  

bi 

More r a r e l y  t h i s  volcanic  and volcano-sedimentary 

s e r i e s  is  metamorphosed i n  b l u e s c h i s t  f a c i e s .  Blocks o f  

these  rocks e j e c t e d  from a volcano a r e  mentioned by 

Vilminot and Robert (1974) .  The most f requent  a r e  

glacophane-schist ,  assemblages of a l b i t e ,  glaucophane, 

ep idote  and qua r t z .  Lawsonite and j a d e i t e  a r e  commonly 

found i n  these  s c h i s t s ,  bu t  t he  most c h a r a c t e r i s t i c  

(and o f t e n  abundant) mineral  i s  g e d r i t e ,  a usua l ly  

rare orthorombic amphibole. 

There a r e  no s e r p e n t i n i t e s  a s soc ia t ed  w i t h  

t h i s  s e r i e s  of metamorphosed basalts on Milos. However, 

on t h e  nearby i s l a n d  of 10s we d i d  f i n d  s e r p e n t i n i t e  

lenses intercalated in a metamorphic compiex very 

s i m i l a r  t o  that of Milos. Abundant and o f t e n  l a r g e  

marble l e n s e s  a r e  found i n t e r c a l a t e d  i n  the metamorphic 

s e r i e s  on almost a l l  t h e  Cyclades i s l a n d s  near  Milos. . 

We c i t e  Naxos, where t h e r e  a r e  b l u e s c h i s t s  as wel l  

(Jansen and Schui l ing ,  1971), Paros,  Antiparos,  Phole- 

gandros, Sikonos, 10s and San to r in i .  On Milos t h e r e  

a r e  no outcrops of t h i s  marble, bu t  t h e i r  presence 

i n  t h e  metamorphic s e r i e s  i s  ind ica t ed  by t h e  occurrence 

of a few x e n o l i t h s  brought t o  t h e  sur face  by explosive 

LJ 
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volcanic eruptions. CB 

With respect to the age of this metamorphic 

suite, the fact that we are dealing with a flysch 

intercalated with ophiolitic rocks leads us to suggest 

an Alpine age, probably Cretaceous, by analogy with 

similar flyschoid series of western Anatolia and 

continental Greece. Onl'y one relatively significant 

datum is available. A sample of metamorphic graywacke 

contains chromite granules. This sandstone must therefore 

have been formed when the more-or-less serpentinized 

peridotites of the ophiolitic suite had already been 

displaced and emerged. On continental Greece this 

occurred in the Middle Cretaceous (Guernet and Parrot, 

1972). 

In regard to the age of the marble lenses, 

they may be of any age, since we are dealing with 

exotic blocks enclosed during the movement of the 

flysch nappes. Their age varies from the Carboniferous 

to the Jurassic, It is extremely likely that the ophiolitic 

suite enclosed in the flysch are those well-known of 

Upper Jurassic-Lower Cretaceous age. Older ophiolitic 

suites are not known with any certainty in the Medi- 

terranean basin, even if several old geological papers , 

dealing with Greece and western Anatolia mention ophiolites I 

connected with Hercynian orogenesis. 

1 

I 

I I 
I 
I 
I 
I available. A K/Ar determination carried out on the 
1 

~ 

Some radiometric dates of metamorphism are 
I 

1 
I glaucophane of the blueschist facies gave 6 4 . 2  m.y. 

while the muscovite of the greenschist facies gave 33.2 m.y. 
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(Fy t ikas  e t  a l . ,  1976) .  

B luesch i s t s  belonging t o  autochtonous o r  

d i s l o c a t e d  metamorphic formations have been found, 

as  well as  i n  t h e  western Cyclades, a l s o  i n  Crete  

(Schubert  and S e i d e l ,  1972) and f u r t h e r  nor th  i n  the  

i s l a n d  of Syros (Dixon, 1 9 7 2 )  and i n  Euboea (Guernet,  

1972).  T h i s  approximately north-south alignment of 

high-pressure metamorphic rocks suggests  a pa leosuture  

p a r a l l e l  i n  d i r e c t i o n  t o  the .He l l en ides ,  and hence not  

corresponding t o  t h e  p re sen t  geologica l  s i t u a t i o n  

(Auboin, 1 9 7 3 ) .  

N o  d e t a i l e d  s tudy has  been made e i t h e r  of the 

d i s t r i b u t i o n  of  b l u e s c h i s t s  .in t h e  much more abundant 

m a s s  of g r e e n s c h i s t s ,  o r  of  t he  r e l a t i o n s h i p  between 

these  two metamorphic f a c i e s .  Therefore we are  unable 

t o  determine whether t he  inf requent  b l u e s c h i s t s  a r e  

fragments o f  rocks a f fec ted  by "subducticn metamorphism" 

incorpora ted  i n t o  the  more s u p e r f i c i a l  c r y s t a l l i n e  

s u i t e s ,  o r  whether they are  resj.dual p a r t s  no t  transformed 
A i  I . ?  .- 

~ . ,-l 

i n t o  g r e e n s c h i s t s  because of t h e  gradual r i s i n g  of 

isotherms i n  t h e  course of t h e  evolu t ion  of the  p l a t e  

boundary. T h i s  type of s tudy was, i n  f a c t ,  not  considered 

necessary t o  t h e  geothermal a i m  of our  research. 

I n  any c a s e ,  t he  age of  t h e  b l u e s c h i s t s  (65 m.y-1 

i n d i c a t e s  the  beginning of t h e  _- compressive phenomenon, 

and t h a t  of t h e  g reensch i s t s  ( 3 3 . 2  m.y.) i n d i c a t e s  i t s  

end. This  per iod  of time i s  gene ra l ly  accepted f o r  Alpine 

metamorphism, and t h e r e f o r e  i t  i s  t o  t h i s  o rogenes is ,  

and not  t o  t h e  Hercynian one, t h a t  one must a t t r i b u t e  

x 
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t he  southwest Cyclades basement. The Alpine age of t he  

c r y s t a l l i n e  basement obviously renders  unacceptable 

the  Cretaceous-Eocene age o f  t h e  non-metamorphic 

t r ansg res s ive  s e r i e s  overlying t h e  basement, as had 

been t e n t a t i v e l y  suggested by G.  DIErasmo (1924) .  

The Neogene - Transgressive Series - I n  t h e  southern and 

southwestern reg ions  o f  Milos t h e r e  a r e  outcrops of t h e  

Neogene t r ansg res s ive  s e r i e s  over ly ing  the  metamorphic 

basement. I n  the  southeas te rn  outcrops ,  more recent  

volcano-sedimentary products  l i e  d i r e c t l y  over  the  

metamorphic complex. The marine t r ansg res s ive  s e r i e s  

e i t h e r  w a s  not  formed a t  a l l  i n  t h i s  a r e a  because i t  

remained emersed, or w a s  formed b u t  l a t e r  completely 

eroded. N o  d e f i n i t i v e  evidence has  been found t o  

e s t a b l i s h  e i t h e r  hypothes is ;  however, t h e  au tho r s  

b e l i e v e  t h a t  t h e  f irst  i s  more l i k e l y ,  i . e .  t h a t  t he  

marine Neogenic t r ansg res s ion  d i d  no t  a f f e c t  t h e  h ighes t  

pa r t s  of t he  i s l a n d .  

The presence of t h i s  sedimentary s e r i e s  below 

t h e  volcanic  cover i s  c e r t a i n  i n  the  c e n t r a l  p a r t  of t he  

i s l a n d ,  both because t h e r e  i s  a s m a l l  outcrop and because 

many blocks of Neogenic f o s s i l i f e r o u s  l imestone have 

been e j e c t e d  by huge p h r e a t i c  explosions t o  t h e  nor th  

of the  v i l l a g e  of Zephyria. T h i s  s u i t e  was .a l so  found 

a t  more than 700 m depth i n  t h e  "Adamas  1" wel l ,  b u t  

i s  lacking  . i n  t h e  "Zephyria l f t ,  where t h e  volcano- 

sedimentary s u i t e s  l i e  d i r e c t l y  over t he  c r y s t a l l i n e  

bas emen t . 

bi 
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W 
The Neogeniq t r ansg res s ive  s e r i e s  i s  composed 

of  a conglomeratic p a r t  whose c o l o r  ranges from grey t o  

r e d d i s h  and whose t o t a l  maximum th ickness  i s  about 30 m .  

The s u i t e  i s  made up o f  i r r e g u l a r  a l t e r n a t i o n s  of 

conglomeratic l a y e r s  w i t h  pebbles  having a,maximum diameter 

of  2 0  cm (average 3-8 c m )  and o f  l a y e r s  o f  sandstone 

w i t h  small pebbles .  The.majori ty  of t he  p e b b l e s  are  

q u a r t z i t e s  from the  underlying c r y s t a l l i n e  basement; 

s c h i s t s  are  l e s s  f requent .  The cement of  t he  conglomerates 

i s  arenaceous and reddish ,  o f t e n  impregnated with gypsum? 

l n s t e a d  the  sandstone l a y e r s  are grey ,  r a r e l y  c a l c a r i f e r o u s ,  

sometimes r i c h  i n  gypsum both i n  small l enses  and i n  ve ins .  

Some s m a l l  conglomeratic l a y e r s  are  found i n t e r c a l a t e d  

i n  t h e  over ly ing  l imestone formation. 

The l imestone p a r t  of the  t r ansg res s ive  s e r i e s ,  

which has a maximum th ickness  of  150 m ,  is  extremely 

va r i ed  i n  composition. Most preva len t  are grey l imestones 

i n  l a y e r s  of 1 t o  2 m ,  f u l l  of mollusk molds, mainly of  

b iva lves .  Occasionally the  f o s s i l s  are  i n  such abundance 

as  t o  c o n s t i t u t e  t y p i c a l  lumachels. These l a t t e r  have 

t h e  appearance o f  t r a v e r t i n e  due t o  t h e  d i s so lv ing  of 

b iva lve  s h e l l s  without subsequently being f i l l e d  w i t h  

calcium carbonate  dur ing  the  d i agene t i c  phenomena. Layers 

r i c h  w i t h  c o r a l  and ca lcareous  a lgae  a r e  less f requent .  

Towards the  base of t h e  formation marly and 

arenaceous yellow l imestones a r e  p reva len t ,  i n  t h i n  

l a y e r s  of 20-80 c m .  They a l s o  abound w i t h  m ic ro foss i l  

molds, u sua l ly  poorly preserved.  There a r e  many gypsum 

l e n s e s  and ve ins ,  e s p e c i a l l y  i n  the  lower p a r t  o f  
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the formation. LiJ 

As stated above, this suite had been tentatively 

dated as Cretaceous-Eocene (D'Erasmo, 1924) on the basis 

of lamellibranch molds. However, a preliminary study of 
the microfossils (E. Patacca, pers. comm.), and particularly 

the presence of Elphidium crispum (Linnb) indicates an 

age no older than Miocene. Another researcher (E. Mirkou, 

pers. comm.) has found some Sphaeroidinellopsis s p . ,  

microfossils which are typica'l of the Lower Pliocene. 

This series of Neogene age does not contain 

any volcanic elements; furthermore it was already emersed 

and eroded when covered by the first volcanic products. 

I This is an indication of the very young age of all the 
i 
I volcanic activity of Milos. 
I 

Volcanic Activity and Volcanic Products - Volcanic and 
volcano-sedimentary products cover the island of Milos 

almost entirely. Where visible, their thickness is 

often in excess of 400 m; in the "Zephyria lllwell 250 m 

were found and in "Adamas 1" more than 700 m. 

Volcanic activity began on Milos between the 

Late-Pliocene and Early Quaternary. This age is certainly 

anterior to 1.5 m.y. determined by the K/Ar method 

(Fytikas et al., 1976) on an obsidian from Mt. Bombarda, 

a lava dome more recent than many tuff and tuffite 

outcrops on the island. Many indications, however, lead 

us to believe that it is no older than 3 m.y. We mention 

for example that the numerous macrofossils found in the 

oldest tuffites (DIErasmo, 1924; G. Tavani, pers. comm.) 

all belong to 1i.ving species. We also recall that, as 
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hd previously stated, volcanic activity began after the 

emersion of the Neogenic suite, and, further; a recent 

age is in agreement with some general considerations 

on the age of all the volcanism of the Aegean arc and 

on subduction rate (Fytikas et al., 1976). 

The reconstruction of the volcanic phenomena 

on Milos is extremely difficult and often impossible, 

The main reasons for this difficulty are intense 

disjunctive tectonics, which frequently caused 

tilting of many blocks, and deep hydrothermal 

transformations of a considerable part of the volcanic 

products, in particular the pyroclastics. Moreover it 

is still not known whether these products are all 

derived from volcanic activity on Milos itself. At 

least some of the pyroclastic deposits, in fact, could 

also derive from the nearby volcanic islands 

(Kimolos, Poliegos and Antimilos) o r  from the Anones 

cliffs (8 miles SSW of Milos).which we recognized 

as a volcanic center. Furthermore, the 'very abundant 

fine products could also derive from the-island of 
Santorini or from even more distant volcanoes. A . 

study of the provenance of such material was not 

considered essential f o r  geothermal purposes, and 

in any case would be extremely difficult. 

Volcanism began on Milos with important 

subaerial explosive activity, the products of which 

conditioned the paleomorphology of the island. These 

products consist of  various types of pyroclastics, 
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deposi ted both i n  a subae r i a l  environment and i n  shallow 

sea. Among these products  w e  f i n d  n i c e  pumice f lows,  w i t h  

huge pumices (over 1 m i n  diameter)  and abundant pumice 

f a l l s  w i t h  a th ickness  o f t e n  i n  excess  of 15 m .  The 

f i n e  products (ash and volcanic  sand) are more abundant, 

e spec ia l ly  t u f f i t e s  r i c h  i n  macrofoss i l s  (mainly lamel- 

l i b ranchs  and echinoids) ,  which occas iona l ly  a l t e r n a t e  

w i t h  l e s s  abundant subae r i a l  t u f f s .  The l a r g e  quan t i ty  

of very f i n e  ash i n  the marine depos i t s  has o f t e n  

produced c h a r a c t e r i s t i c  and sometimes spec tacu la r  

slumpings caused by f l u i d i f i c a t i o n  under load.  These 

slumpings, however, a r e  always of l i m i t e d  dimensions 

which do not  d i s t u r b  the general  r e g u l a r i t y  o f  t he  

volcano-sedimentary depos i t s .  

Above t h i s  s u i t e  t he re  i s  a s i l l a r - t y p e  

ign imbr i t ic  episode,  l imi ted  t o  the  SSW a r e a  of t he  

i s l a n d .  The pa leosols  a r e  numerous, i n d i c a t i n g  frequent  

breaks i n  volcanic  a c t i v i t y .  

Numerous b u t  r a r e l y  l a r g e  lava  domes and l e s s  

f requent  lava  flows follow t h i s  explosive a c t i v i t y  i n  

the  c e n t r a l  and e s p e c i a l l y  the  western par t s  of the  

i s l a n d .  Each one of the  e f fus ive  episodes appears 

t o  represent  the  end of a cycle  of a c t i v i t y  which 

began w i t h  the  e j e c t i o n  of p y r o c l a s t i c  products.  Only 

r a r e l y  (eg.  the  lava  dome and the  lava flows of  Kastro,  

near  the  v i l l a g e  of Plaka) does the e f f u s i v e  a c t i v i t y  

appear not  t o  have been preceeded by products  of explosive 

o r i g i n .  Associated with the  lava  domes w e  o f t e n  f i n d  
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b r e c c i a s  and t y p i c a l  nuke, a rdente  depos i t s .  Mudflows 

( l a h a r s )  are a l s o  common, but  i n  general  not  of g rea t  

ex ten t .  For a d e t a i l e d  desc r ip t ion  of t he  products of 

the explosive and e f fus ive  a c t i v i t y  i n  var ious  par t s  

of the i s l a n d  w e  re fe r  the reader t o  the  paper by M .  

Fy t ikas  (1976a) and t o  the  geological  map (Fy t ikas ,  

197613). 

Towards the  end of t h i s  s t age  of a c t i v i t y  a 

p e c u l i a r  product w a s  formed; i t  forms a l a y e r  extending 

throughout the i s l a n d  and w a s  found i n  both the  deep 

d r i l l i n g s  as w e l l  as i n  severa l  thermometric d r i l l i n g s .  

Since i t  is so  widespread, t h i s  l a y e r ,  which we have 

c a l l e d  "green lahar", has permitted u s  t o  make stra- 

t i g r a p h i c  c o r r e l a t i o n s  which would otherwise have been 

impossible.  

The green lahar forms a l a y e r  l imi t ed  from 

both above and below by f l a t  su r faces .  I t  l i e s  over 

volcanic  products  of var ious  types and a l s o  d i r e c t l y  

over  t he  t o t a l l y  f l a t t e n e d  c r y s t a l l i n e  basement (Cape 

S p a t h i  area i n  t h e  southern region of the  i s l a n d ) .  

The green lahar i s  covered'only by f a i r l y  recent  

volcanic  products  and a l l u v i a l  depos i t s  of the 

Zephyria p l a i n .  

The l a y e r  i s  genera l ly  only a f e w  meters thAck,  

but  i t  can be  as much as 60 m .  The green lahar i s  made 

up of a chaot ic  mixture ,  without any t r a c e  of c lassagion ,  

of  fragments of  varying dimensions. Almost a l l  of t h e m  

a r e  angular  and show no t r a c e  of rounding phenomena; 

only r a r e l y  are they p e r f e c t l y  round. The average s i z e  

w 
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of  t he  fragments is  approximately 10 cm, b u t  they are 

occas iona l ly  much l a r g e r  (up t o  70 cm). The smal le r  

fragments become mixed with t h e  clayey-sandy mixture 

of the  non-abundant cement. 

Among the  fragments,  t h e  g reensch i s t s  of t h e  

c r y s t a l l i n e  basement predominate; b locks  of l ava  and 

Neogenic l imestones a r e  l e s s  f requent .  The rounded 

pebbles mentioned above a re . a lmos t  a l l  q u a r t z i t e  

and probably were a p a r t  of t he  N.eogenic t r ansg res s ive  

conglomerate. The components of t h e  cement a r e ,  i n  p a r t ,  

smal le r  s c h i s t  fragments and, t o  a l e s s e r  e x t e n t ,  

volcanic  ash. I t  i s  t h e  s c h i s t s  of the  cement which 

give the  l a y e r  i t s  c h a r a c t e r i s t i c  green c o l o r .  

The o r i g i n  of t h i s  p e c u l i a r  l a y e r  i n t e r c a l a t e d  

i n  volcanic  formations has  been recons t ruc ted  as fol lows.  

During the  volcanic  a c t i v i t y  of t he  f irst  pe r iod ,  what 

i s  p resen t ly  the  i s l a n d  of Milos extended f u r t h e r  south 

w i t h  an e l eva t ion  formed by a c r y s t a l l i n e  basement, 

covered by i t s  su r face  d i s g r e g a t i c n  products  and, here  

and t h e r e ,  by conglomerates and t r a n s g r e s s i v e  Neogenic 

l imestones.  A residuum of th'is metamorphic e l eva t ion  

i s  represented by two small i s l a n d s ,  Prasonis  and Ktenia,  

now loca ted  t o  t h e  south of Milos and both formed of 

c r y s t a l l i n e  s c h i s t s .  A v i o l e n t ,  explosive volcanic  

e rupt ion  c rea ted  a t h i c k  depos i t  of ash on t h i s  meta- 

morphic r e l i e f ,  perhaps accentuated by an abrupt  

t e c t o n i c  up r i s ing .  Rains a f t e r  t he  e rup t ion  caused 

a mudflow ( l a h a r )  i n  which a l l  t he  d e b r i s  ( c o n s i s t i n g  
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mainly of s c h i s t )  w a s  c a r r i e d  down t h e  s lope  and d i s t r i b u t e d  

a t  the  bottom over a wide area. T h i s  rather uncommon depos i t  

would thus  seem a l s o  t o  be an i n d i c a t i o n  of an important 

t e c t o n i c  phase of a very recent  epoch, a f a c t  which i s  

s i g n i f i c a n t  f o r  the convective c i r c u l a t i o n  of f l u i d s  

heated i n  depth.  

A f t e r  t he  formation of t he  green lahar the  las t  

volcanic  episodes of Milos occurred. These l ed  t o  the  

formation of the b i g  Fyriplaka c r a t e r  w i t h  i t s  huge lava  

flows i n  t h e  cent ra l - southern  p a r t  of t he  i s l a n d ,  and 

of t he  Trachylas volcanic  c e n t e r .  t o  the  northwest o f  

t h e  v i l l a g e  of Plaka.  

The age of Fyriplaka,  determined by a K / A r  

da t ing  of t he  b i o t i t e  of a r h y o l i t i c  l ava ,  i s  0.48 m.y. 

These two g i g a n t i c  e rup t ions  conclude the  volcanic  a c t i v i t y  

on Milos. Both a r e  formed of p e r l i t i c  products  w i t h  

r h y o l i t i c  composition bu t  whereas the  Trachylas c r a t e r  

i s  only minimally preserved; having been destroyed by 

seve ra l  l a r g e  lava  f lows,  t he  Fyriplaka c r a t e r ,  placed 

d i r e c t l y  on the  c r y s t a l l i n e  basement, i s  very well  

preserved.  I ts  i n t e r n a l  diameter i s  1.700 m while the  

he igh t  of i t s  r i m  i s  only 220 m over t he  base.  I t  i s  

open towards the  nor th  where a l a r g e  flow i s sued ,  

followed by 'a g i g a n t i c  l a h a r  which p a r t i a l l y  f i l l e d  

the  v a s t  Gulf of Milos. The c r a t e r  i s  made up o f  t h i n  

l a y e r s  composed of p e r l i t i c  l ava  blocks of varying 

dimensions (3-15 crn), a s soc ia t ed  w i t h  a much f i n e r  

mass of s m a l l  p e r l i t i c  fragments. Both the  shape of 
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the crater and the appearance of the erupted material 

show a striking analogy with the hyaloclastitic deposits 

produced by the submarine basaltic volcanism (Tazieff, 

1972). 

We have no proof that Fyriplaka was formed by 

a submarine eruption; on the contrary, all the evidence 

points to a subaerial eruption. Probably this type of 

perlitic fragment similar to hyaloclastite derives from 

the intersection between rhyolitic magma and large 

quantities of water in areas near the surface phreato- 

magmatic eruption. We therefore consider the Fyriplaka 
eruption as further proof  of  high permeability due to 

fracturing of the crystalline basement of Milos. 

From a magmatological point of view, the products 
of the volcanic activity of Milos fit perfectly into the 

spectrum of calc-alkaline magmas typical of island arcs. 

In fact, all the rocks which have been analyzed (Burri 

and Soptrajanova, 1967) belong to a low-potassium 

andesitic suite; their composition ranges from low- 

silica andesite (Si0 2 =55 .8%)  to plagioclase-rich 

rhyolite (Si02=75.1%). No special evolution through 

time has been noted f o r  the magmas of Milos. 

pyroclastic products are certainly very silicic (from 

rhyodacite to rhyolite, as Sonder, 1924, had already 

observed); but they are followed immediately by materials 

both rich and poor in silica and the final products are 

The initial 

the most silicic of the entire volcanic activity. 

volcanic products are strongly porphyritic- This fact 

indicates an important heat dissipation during the magma 

uprising to the surface. 

A l l  the 
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Even though there .are no strontium isotope 

determinations, all the chemical and petrographical 

data lead to the conclusion that the rocks of Milos 

belong to a differentiation trend of the same andesitic 

magma of deep origin. 

No abnormal feature, such as the presence of 

peculiar xenocrysts or xenoliths of deep origin, was 

observed at Milos indicating significant interaction 

between the magma and the continental crust, gs has 

been proposed for Santorini, on the basis of strontium 

isotope ratios (Puchelt and Hoefs, 1971) or, for example, 
for K O S ,  on the basis of the occurrence of melted crustal 
matter (Keller, 1969). 

Such phenomena, important for geothermal 

exploration because they denote an important heat anomaly 

near the surface, are present on the islands ne'ar Milos. 
On Antimilos, for which there is only brief geological 

and petrographical description (Marinos, 1960), the 

authors found numerous lava flows rich in enormous 

quartz crystals (2 cm), associated with volcanic products 
of the classic andesitic suite. These rocks have a compg 

sition ranging from two pyroxenes low-silica andesite 

to pyroxene-biotite rhyodacite; they are lacking in 
K-feldspar and rich in micrdxenoliths. Petrographical 

observations strongly suggest that these large quartz 

megacrysts are xenocrysts. In fact, they do not seem 
to be in equilibrium with the liquid; in the more basic 

rocks they are surrounded by a clinopyroxene reaction 

e '  
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rim, while ifi the more s.ilicic rocks they are strongly 

corroded. Moreover, a very young flow which reaches the 

sea on the eastern side of Antimilos is constituted by 

two'types of rocks, a low-silica andesisp, black and 
without quartz xenocrysts and a more silicic dacite, 
light 'in col.or and rich in quartz, These two types of 

Pocks are associated in the s k e  flow as the streaks 

of 'Ischlierent1 in anatectic granites, 

On the island o f  Kimolos, separated from 

Milos only by a few Km of shallow sea, the history 
of volcanic activity is characterized by a very violent 

explosive episoae. This explosion brought to the surface 
abundant granite blocks, occasionally weighing.severa1 

tons. They are very fresh rocks, rich in K-feldspar 

and with few mafic minerals (biotite and sometimes 

amphibole). The high-temperature optical character 

of the K-feldspar, the lack of pleochroic halo around 

zircons included in the biotite, the thick zoning of 

the plagioclase and a K/Ar dating attempt- all suggest 

that these ejecta are part of a superficial intrusive 

massif. This stock seems to be connected to the talc- 
alkaline magma of the island arc, and hence very young. 

* 

The authors consider these two examples of An- 

timilos and Kimolos as clear indications of the presence 

of a vast and significant superficial thermal anomaly 

in the whole group of islands of which Milos is the 

most important. 
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Alluvial Deposits - These deposits are scarce and not 
very widespread on Milos. The most important accumulations 

are to be found on the Zephyria plain, in other more 

limited flat areas of the island and on the floor of 
valleys, With' the Bxception of the Zephyria plain, 

where'the deep drilling crossed some tens of meters 

of a1 , ihese depdsits are not very thick. This 
eht age.of the volcanism, to the 

the island, tb the scarcity of precipitation 
ility Of the more superficial volcanic 

also recall that the island is in a 

ion and probably the greater part 
rical alluvial deposits are by now below 

its are mainly hade Up of products 

Fine materials, often converted into 

d sandy materials predominate over 
coarser products, permitting limited agriculture here 

and there. Since these deposits have ho s-ignificance 

for geothermal exploration, they were not studied in 
detail 

Tensional Tectonics - It i 
magmas in ;the volcanic belt of island arcs must be 
connected with disjunctive tectonics, which seems 

to contrast with the compressive regime related to 

converging lithospheric plates which provokes crustal 

reduction. Actually, at about 200 Km from the trench, 

where the volcanic belt is formed, large normal faults 

clear that ?he rising of 
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with curved surfaces'cause a sink of blocks towards 

the-trench. The rotation of these blocks is favour 

hydrostatic phenomena and may allow enormous quantiti 

of magma to be introduced into the deeper parts of the' 

crust; these decrease progressively towards the surface 

because of, the narrowing of the faults (Marinelli, 1975) L 

These masses may rest for a relatively long time with 

erupting within @Itherma1 traps", represented by the 

wedge-shaped fissure of the tilted blocks. These conditidfr 

favour crystal fractionation because of heat dissipation, 

and hence the rising of silica-rich and lighter residual 

liquids. The volcanic activity is connected to fractures 
transverse to the direction of the arc. In fact, it is 

reasonable to assume that along these fractures, present 

in all island arcs, there are no important vertical 

movements of contiguous.blocks due to the l&k of 

significant difference in weight. 
- 

The model roughly set forth here also explains. 

the causes of the great possibilities of differentiation 

of calc-alkaline magmas and which may be observed also 

on the island of Milos. The stagnation of large masses 

of magma at a shallow depth, beyond causing local conta- 

minations with the continental crust o r  even phenomena 

of contact anatexis, provides an acceptable explanation 

for the' frequent, strong, localized heat flow anomalies 

of island arcs and cordilleras, and hence for the numerous 

geothermal fields which (1ike.Milos) are located in the 

belts of active crustal reduction on the earth. 

L 

1 
i 

1 

I 
I 

I 
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On t h e  i s l a n d  gf  Milos one of t h e  most important 

f a u l t  systems is  p r e c i s e l y  that  WNW-ENE which i n  the  

north-western p a r t  of the i s l a n d  tends  t o  change t o  E-W 

and'which i s  parallel  t o  t h e  d i r e c t i o n  of t he  Aegean 

volcanic  a r c .  T h i s  system, c l e a r l y  observable only i n  

the  few outcrops of t he  Neogenic l imestone s e r i e s ,  

c o n t r o l s  the breaking of t h e  basement i n t o  b locks  w i t h  

formations of h o r s t s  and grabens of l imi t ed  e x t e n t .  

T h i s  t e c t o n i c  t r end  can a l s o  be observed i n  the volcanic  

cover,where however more recent  f a u l t  systems, w i t h  

d i f f e r e n t  d i r e c t i o n s ,  a r e  more ev ident .  Among these ,  t he  

predominating one runs NNW-SSE p r a c t i c a l l y  orthogonal 

t o  t h e  f irst ;  i t s  f r a c t u r e s  probably fed the  magmatic 

a c t i v i t y .  

T h e  system p a r a l l e l  t o  t he  Aegean a r c  seems 

t o  have caused a t e c t o n i c  high of t he  basement a l l  

a long the  southern par t  of t he  i s l a n d .  Along t h i s  zone, 

i n  f a c t ,  the c r y s t a l l i n e  basement outcrops ;  a l s o  t h e  

two islets of P rason i s i  and Ktenia (which-emerge t o  

the south of Milos) a r e  formed of basamerlt rocks,  
/ 

The deepening of t he  basement towards the  
, 

nor th  w a s  confirmed by the  g e o e l e c t r i c a l  survey c a r r i e d  

out  i n  t he  cen t r a l - eas t e rn  p a r t  of Milos by the  "Corn- 

pagnie GhnBrale de Ghophysique". The two product ive 

d r i l l i n g s  a l s o  i n d i c a t e  the same phenomenon: "Zephyria l", 

loca ted  more t o  the  south ,  reached the basement at-240 m 

below sea l e v e l ,  while a t  "Adamas l t9 ,  more t o  the  no r th ,  

the  basement w a s  reached a t  almost -650 m below sea  
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l e v e l .  

Tectonics normal t o  the arc are ins t ead  

responsible  f o r  t he  e leva ted  p o s i t i o n  of the basement 

i n  the c e n t r a l  p a r t  of t h e  i s l a n d ;  t h i s  i s  exac t ly  

the  opposi te  of what i t  would seem t o  be on s u p e r f i c i a l  

observat ion.  The c e n t r a l  p a r t  i s  i n  f a c t  morphologically 

depressed and, i n  the northern part, a t  the c e n t e r  of 

Milos the  b e a u t i f u l ,  l a r g e  Gulf of A d a m a s  opens up. 

T h i s  orthogonal system is  very young, and o f t e n ' t h e r e  

a r e  very recent  f r a c t u r e s  which are imposed on o l d e r  

ones, p a r t i c u l a r l y  i n  the  c e n t r a l  and e a s t e r n  p a r t s  

of the  i s l a n d .  

A l e s s  impor t an t  ENE-WSW system o f  f r a c t u r e s  

w a s  a l s o  revealed by the  g e o e l e c t r i c a l  survey. The 

NW-SE d i r e c t i o n  i s  s t i l l  l e s s  d i f f u s e ,  and w a s  not  

revealed by the g e o e l e c t r i c a l  survey. I t  i s ' p o s s i b l e  

that  t h i s  system is  connected t o  the re juvenat ion  of 

o ld  f a u l t s  of the c r y s t a l l i n e  basement which a r e  

common t o  the  e n t i r e  Pelagonfan zone of which Milos 

i s  a p a r t .  

- 

1 These fou r  f a u l t  systems determine a breaking- 
I 

up of the  basement and overlying s e r i e s  i n t o  f a u l t -  

blocks which can be very small. Some of them ( e , g .  

that  made of c rys ta l l ineBrocks  outcropping ENE of  the 

v i l l a g e  of Zephyria) are so  s t rong ly  v e r t i c a l l y  d i s -  

loca ted  as t o  suggest poss ib l e  l o c a l  weight adjustm 

on underlying l i g h t e r  viscous.masses.  A similar phe 

~ 

menon has been descr ibed i n  the geothermal regi.on o f  

69 

P 
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kd Larderello in Italy (Marinelli, 1969). 

This particular disjunctive tectonic style caused 

the formation of the Zephyria plain, the only large de 

pression on the island which resembles a graben, with' 

an ..almo.s.t .: meridian direction. A true small graben is 

that of the Isthmus of Probatos. No trace of recent 
folding phenomena was observed 'on Milos. 

The oldest disjunctive tectonics of Milos'almost 

certainly took place in the'lower Pleistocene; 'it 

corresponds to the nWalachian phase", known in almost 
all the Aegean islands. These tectonics must have geter 

mined continuous and independent uprising and sinking 

of individual blocks. Only such movements can explain, 

in fact, the alternation and horizontal discontinuity 
of the volcano-sedimentary products deposited in the 

sea and of the subaerial products.. The most recent 

tectonics, i.e. those successive to the emplacement 

of the green lahar, must have instead led only to a 

progressive lowering of the whole island with the 

sinking below sea 'level of the southernmost areas. 

* 

T h i s  lowering/of the island has continued into 

historic times, as clearly demonstrated by the 

discovery in many places, especially within the Gulf 

of Adamas, of ancient buildings down to 5 m below sea 

level. 

Moreover, direct proof that the island of Mi- 

los is located in a.region of active tectonics is given 

by itg earthquake activity. Twenty odd important (even 

if not disastrous) earthquakes have' been described from 
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1738 t o  the  p re sen t ;  bu t  c e r t a i n l y  no t r a c e  has  remained 

of many o t h e r s ,  given the  dear th  and f i t f u l  cha rac t e r  

of l o c a l  chronic les .  I n  1918 an  earthquake with magni- 

tude comprised between 2.8 and 4.8 (Drakopoulos and 

De l ibas i s ,  1975) razed many houses and opened new 

fumaroles. I n  1971 the re  has  been a seismic c r i s i s  

l a s t i n g  f i v e  days with a n  average of 13 shocks p e r  

hour with a very s u p e r f i c i a l  hypocenter (about 5 K m ) ,  

a 'Ibtt value of  1 . 2  and M2=2-3 (Drakopoulos and De l ibas i s ,  

1975). The most recent  important seismic episode occurred 

i n  1975, apparent ly  of t he  same type as t h a t  of 1971 

( N .  De l ibas i s ,  pe r s .  comm.). 

Volcanism mainly connected t o  i s o l a t e d  e rup t ive  

episodes,  of both c e n t r a l  and f i s s u r a l  type ,  and the  con- 

sequent lack  of complex l a r g e  volcanic  c e n t e r s  a r e  

probably t h e  cause of the l ack  of important'  volcano-tectonic 

events  on Milos. N o  t r a c e  e i t h e r  of ca lde ras  or of sec tor -  

grabens w a s  observed on t h e  i s l a n d  by the  au thors .  The 

l a rge  Gulf of A d a m a s ,  considered a ca lde ra  by some 

/ 

wri t e r s ,  i s  a c t u a l l y  only the  r e s u l t  of t he  lowering 

of faul t -blocks.  The gen t l e  s lope of t he  coas t  and o f  

t he  i soba ths ,  the  t o t a l  l ack  of f a u l t s  with curved 

r i m s  and the  very i r r e g u l a r  shape of t he  gul f  exclude 

1 

t h a t  i t  may be r e l a t e d  t o  a ca lde ra  co l l apse .  

The dense network of f i s s u r e s  and f a u l t s  i n  

the  c r y s t a l l i n e  basement caused by recent  and s t i l l  

a c t i v e  d i s j u n c t i v e  t e c t o n i c s  i s  an  eFtremely important 

c lue  f o r  the  ex is tence  of a geothermal f i e l d .  These ver- 

t i c a l  f i s s u r e s ,  i n  f a c t ,  permi.t convective c i r c u l a t i o n  
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of fluids heated at depth, creating a sharp rising of 

the isotherms. Furthermore, continuous tectonic activity 

prevents oself-sealingft phenomena (Facca and Tonani, 1964, 

1967) from interrupting this circulation. Tectonic 

phenomena in .fact may either reactivate circulation in 

sealed fissures and open new fissures. 

ACTIVE THEHMAL MANIFESTATIONS 
Active thermal manifestations are numerous 

on the island of Milos, but they are all small. They. 
may be divided into fumaroles,.hot springs, and hot 

grounds. 

Many of these manifestations were already known, 

while others were located by the authors through accurate 

and detailed research. The main subaerial manifestations 

are shown in the geological sketch included-in the 

appendi? and on the geological map’of the island 

(Fytikas, 1976b) 

all small in size pnd discharge. They are’ found especially 

in the central-southern part of the island, where the 

There are many .fumarole fields, but they are 

volcano-sedimentaqy cover is thin or lacking. In fact, 
the most important come out of rhyolitic domes (Vunalia, 
Kalamos, Agrilies) or out of fractures in the crystalline 

basement, covered by a few meters of pyroclastic 

products (Aghia Kyriaki, Pyromenes, Palaeochori). In 

all these places the temperature of the fumaroles ranges 

from 98OC to 102OC. Other weak emissions in areas where 

the volcano-sedimentary cover is thicker are found at 
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i 

Kastanas (86OC) along a f r a c t u r e  on t h e  r i m  of a 

p h r e a t i c  explosion c r a t e r ,  and a t  Chazou Thiaf in  ( 2 0 0 ° C ) ,  

NE of Adamas .  Besides steam, t h e  fumaroles alsQ emit 

CO and H2S which ox id izes ,  depos i t ing  a c i c u l a r  

s u l f u r .  
2 

The thermal sp r ings  a r e  r e l a t i v e l y  numerous, 

bu t  w i t h  s m a l l  flow. Almost a l l  of them come out  on 

t h e  c o a s t ,  s l i g h t l y  above or below the  l e v e l  of the 

sea .  Their  temperatures vary from 3 O o C  t o  75OC bu t  the 

measurements a r e  o f t e n  inexac t  because of t h e  bad 

i s o l a t i o n  from seawater.  Many we l l s  dug on the  i s l a n d  

con ta in  dr inking  water a t  a temperature h ighe r  than 

t h e  average annual temperature of t h e  i s l a n d .  ’ 

N o  hydrogeochemical survey w a s  c a r r i e d  out  

on Milos. Even though t h i s  type of research i s  almost 

always extremely s i g n i f i c a n t  f o r  geothermal explora t ion  

the  au thors  f e l t  i t  w a s  no t  necessary for t h e  prel iminary 

explora t ion  of Mi los .  O l d  ana lyses  and some recent  data 

i n d i c a t e  t h a t  a l l  t h e  thermal waters  of Milos a r e  s a l t y ,  

w i t h  a sal t  content  always l e s s  than tha t  of seawater.  

/ 

Hot grounds a r e  a l s o  f requent  on the  i s l a n d  

of Milos and, un l ike  t h e  fumaroles and ho t  s p r i n g s ,  

were almost unknown. They are t o  be found i n s i d e  the 

l a r g e  Fyriplaka c r a t e r ,  i n  t h e  southern p a r t  of the 

i s l a n d ,  on t h e  Zephyria p l a i n ,  along the  e a s t e r n  coas t  

and near  Adamas .  Many dry mining tunne l s  have h o t  w a l l s  

as wel l .  The maximum temperature measured i n  these  ho t  

grounds (p l ac ing  the  thermometer a t  a depth of 30-40 cm) 
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is 100°C. 

Other thermal manifestations are submarine gas 

very widespread around the island. No systematic 

study was made on them, but it is known that they are 

very frequent in the Gulf of Adamas and near the southern 

Coast, especially near the Kalamos rhyolitic dome. It 

has often been ascertained that this gas is hot (or 
perhaps associated with submarine hot springs), but 

the authors did not believe' it necessary to complete 

detailed studies on this type of manifestation, 
Systematic and accurate search for manifestations, 

temperature measurements and the study of geological causes 

which brings them to the surface were considered important 
for a preliminary evaluation of the geothermal potential 

of various parts of the island. But different considerations, 
especially regarding the thickness and / imp6rmeability 

of the cover, determined the choice of the drilling 
sites. So both "Zephyria 1l1 and "Adamas 1" were drilled. 

in zones completely lacking active or fossil thermal 

manifestations. 

THERMAL MANIFESTATIONS , 

On the island of Milos in recent times a very 

important and widespread hydrothermal activity has 

developed. This activity has led to the formation of 

numerous mineral deposits, both by the transformation 

of already existing products and by the deposition and 

concentration of new phases.' 
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Hydrothermal action is extremely widespread on 

the island; its most noticeable effect is the. transforma- 

tion of all volcanic products, but especially the 

pyroclastic series, into clay minerals. The.nature of ' 

phyllosilicate which is formed is clearly controlled 

by the chemical environment, and not by the composition 1 

of the magmatic products. 

While the intensity of the transformation varies 

in function of the type of volcanic product (scaree in 

lava domes, maximum in vitrous ashes), the stable phase 
of phyllosilicate is a direct function of the pH of the 

hydrothermal solutions. 

In deeper envi.ronments the alkaline nature of 

the solutions is responsible for the I1bentonitizationt1 

of the volcanic rocks, i.e. the transformation first of 

glass and groundmass and then of phenocryst; / 

almost pure montmorillonite (Franzini et al., 1963). 

In a recent paper W. Wetzenstein (1971) maintains that 

this transformation into bentonite took place under 

the sea, and that therefore the phenomenon is con- 

nected with an episode of general subsidence of the island. 

Aside from the fact that the stratigraphic studies 

carried out by one of the authors (Fytikas, 1976a) tend 

into 

to exclude the presence of submersion episodes affecting 
the whole island, there is absolutely no need to go under 
sea water to obtain bentonite deposits by hydrothermal 

action on volcanic products belonging to the calc-alkaline 

suite. In this regard, it is sufficient to recall the 
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occurrence, in the n6rthern part of the island, of 

numerous tuffitic layers rich in macrofossils which are 

transformed into ka'olin and not into montmorillonite. 

Moreover, in all the numerous zones of mineral exploitation 

it is possible to observe a sharp passage between the 

lower bentonitic zone; light-green in color, and the upper 

kaolinnic zone, white with red veins (Voreadis, 1958). 
This passage is clearly linked to a hydrostatic level, . 

which coincides with the mixture of hydrothermal solutions 

with oxygen-rich ground water. The oxidation of H2S to 

H2S04 sharply lowers the pH of' the solution stabilizing 

the kaolin instead of the montmorillonite. The veins 

and the impregnations of. poorly-hydrated (and therefore 

red) iron hydroxides suggest that the transformation 

process did not occur under the sea. 

P- 

4 

* Besides kaolin, the oxidation of fl S determined 
2 

the formation of abundant alunite and occasionally also 

small impregnations of sulfur. Sometimes the oxidation . 

of H S led to such low pH levels as to remove as sulfates 
all the metals of $he volcanites. The residue, consisting 
.of white silica similar tb geyserite, is exploited 

especially in the western part of the island. The 
numerous small deposits of barite, resulting from the 

concentration of the small quantities of barium in the 

volcanites, probably also owe their origin to the sharp 

increase in activity of the sulfuric ions which reduced 

the solubility of barium sulfate. Together with barite 

small quantities have been found of galena, anglesite 

2 
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and o t h e r  minerals  ( L i a t s i k a s ,  1955).  A r a t h e r  p e c u l i a r  

depos i t  i s  loca ted  i n  the  extreme NW of t he  i s l a n d .  It 

i s  a rhythmical hydrothermal depos i t  of b a r i t e  and 

manganese minerals  (mainly h o l l a n d i t e ,  a Ba-bearing 

MnO ) i n  a p y r o c l a s t i c  s e r i e s  sedimented i n  t h e  sea .  2 
. It is  d i f f i c u l t  t o  determine a t  w h a t  temperature 

these  e q u i l i b r i a  of hydrothermal phases were f o h e d .  

Probably a t  t h e  beginning i t  w a s  somewhere around 100W. 

As t he  hydrothermal t ransformations reduced. by " s e l f -  

seal ing ' '  the  high permeabi l i ty  of t he  volcanic  and vol- * 

cano-sedimentary products ,  t he  cover akted more and more 

as i s o l a t i o n  between the  deep c i r c u l a t i n g  f l u i d s  and 

t h e  more s u p e r f i c i a l  ones. Thus a slow and progress ive  

r i s i n g  of t he  isotherms took p lace .  O f  t h i s  we have 

convincing and spec tacu la r  proof:  p h r e a t i c  explos ions . .  

PHREATIC EXPLOSIONS 
* 

T h i s  term r e f e r s  t o  a l l  those explosions caused 

by t h e  pressure  of f l u i d s  of s u p e r f i c i a l  o r i g i n  i n  which 

t h e r e  i s  no in t e rven t ion  of magmatic gases .  These explosion, 

c r a t e r s  vary i n  s i z e  (up t o  2 x 1 .5  Km f o r  t h e  explosion 

of 1933 i n  t h e  Pematang Bata Valley i n  southern,Sumatra,  

Indonesia;  Neumann van Padang, 1951) and e j e c t  only o ld  

ma te r i a l  (of volcanic  or o t h e r  o r i g i n )  without ever  

expe l l ing  f r e s h  magmatic m a t e r i a l .  I n  the  aforementioned 

erupt ion  of Pematang Bata bes ides  the  g i g a n t i c  2 x 1 .5  

Km c r a t e r ,  another  w a s  formed of 1 x 0.75 Km and a 

hundred odd smal le r  ones i n  an a r e a  of 5 x l . 5  Km. The 

volume of t he  e j ec t ed  ma te r i a l  (mud.and s tones )  w a s  0 .21 Km 3 
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i . e .  much more than  that .  of an e f f u s i v e  volcanic  e rup t ion  

such as that of Kilauea i n  1959 (0.15 Km ).  These data 3 

are set f o r t h  i n  o rde r  t o  make c l e a r  that p h r e a t i c  

explos ions ,  no t  caused by contac t  between magma and 

ground waters  (and hence c a l l e d  "hydrothermal explosions". 

by Muffler e t  a l . ,  1 9 7 1 ) ,  can be very powerful and 

produced by f l u i d s  under high pressure  and hence a t  

a very high temperature.  

A p h r e a t i c  explosion t a k e s  p lace  when t h e '  

l i t h o s t a t i c  load of an impervious cover becomes lower 

than the b o i l i n g  pressure  of the ho t  water of a r e s e r v o i r .  

The lowering of t h e  temperature of t h e  f l u i d  during t h e  

explosion due t o  a d i a b a t i c  expansion is i n  p a r t  r e s to red  

by t h e  h e a t  of the s o l i d  products  which a r e  mixed w i t h  

the steam (Goguel, 19'75). An extremely s i m p l i f i e d  

example of t h i s  phenomenon is  the following. Below an 

impervious cover 400 m t h i c k  ( 2 . 5  x 40 = 100 Kg/cm 

of l i t h o s t a t i c  p r e s s u r e ) . a  r e s e r v o i r  of pure water 

can reach a temperature of only 3 0 9 . 5 O C  ( b o i l i n g  

pressure :  100 Kg/cm ) .  If t h e  temperature i s  h igher ,  

water flashes t o  steam and the cover explodes,  forming 

, 

2 

' 2  

a conic  c r a t e r  whose r i m  i s  made up of e j e c t e d  debr i s .  

A t  t he  bottom of the  c r a t e r  t h e  pressure  becomes 

p r a c t i c a l l y  n i l ,  and the' deeper parts of the a q u i f e r  

can explode, forming an i r r e g u l a r  c y l i n d r i c a l  deepening 

of the bottom of the  conic  c r a t e r .  

These successive explosions o f t e n  assume the 

in t e rmi t t ency  and a spec t  of geyser e rup t ions  discharging 
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mud and rocks.  A f t e r  t h e  .first explosion the geyser- 

type explosive a c t i v i t y  does not  modify t h e  diameter 

of t h e  c r a t e r  bu t  i nc reases  the  rim-deposits and may 

last f o r  a rather long time. I n  t h e  above mentioned 

p h r e a t i c  a c t i v i t y  i n  southern Sumatra (Pematang B a t a )  

the explosions lasted f o r  27 days.  I n  t h e  Aegean i s l a n d  

of Nisyros,  a cyc le  of p h r e a t i c  e rup t ions  began i n  

October 1871 and ended i n  October 1873 without any 

s i g n i f i c a n t  i n t e r r u p t i o n s  i n  t h e  course of t hese  t w b  years 

(Gorceix, 1874). 

T h i s  s imp l i f i ed  model does not  take i n t o  

account s eve ra l  important f a c t o r s ,  such as t h e  cohesion 

of  t he  cover ,  t h e  s a l i n i t y  of t he  water and t h e  quan t i ty  

of water near  t he  top of t h e  r e s e r v o i r  ( t h i s  depends 

on the  permeabi l i ty  of the a q u i f e r  and c o n t r o l s  the 

p o s s i b i l i t i e s  of explos ion) .  Moreover, i t  does not  

take  i n t o  account t he  f a c t  t ha t  a t o t a l  formational  

impermeability i s  unacceptable i n  region which, l i k e  

geothermal f i e l d s ,  a r e  a l l  t e c t o n i c a l l y  a c t i v e .  The 

deep c i r c u l a t i o n  f l u i d s  a r e  the re fo re  sub jec t  t o  a 

hydros t a t i c  pressure  which i s  much lower than t h e  

weight of t he  overlying s u i t e s  of rocks.  The steam 

phase may thus  be present  i n  the  r e s e r v o i r  before  a 

p h r e a t i c  explosion t a k e s ' p l a c e .  

The au thors  be l i eve  tha t  t he re  a r e  two ways of 

a r r i v i n g , a t  the bottom of the  impervious cover ,  a t  t h e  

f l u i d  temperature necessary t o  cause a .ph rea t i c  explosion,  

The first i s  r e l a t e d  t o  the  t ransformation previously 
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descr ibed f o r  the volcanic  and volcano-sedimentary 

formation of t h e  cover of Milos. We a r e  dea.ling w i t h  

. progress ive  phenomena of s e l f - s e a l i n g  which renders  

the cover impervious, i s o l a t i n g  the convective c i r c u l a t i o n  

system and thus  c r e a t i n g  a gradual u p r i s i n g  of the 

isotherms. I n  such condi t ions  p h r e a t i c  explosions w i l l  

t ake  p l ace  only i n  a s p e c i f i c  per iod of t h e  geologica l  

evolu t ion  of t h e  hydrothermal system, Later the system 

becomes s t a t i o n a r y ,  a t  least f o r  a geologica l ly  br ief  time 

(of t h e  o r d e r  of t e n s  of thousands of y e a r s )  i n  which 

no s i g n i f i c a n t  v a r i a t i o n s  w i l l  occur i n  the h e a t  flow 

of the area. 

The second model i s  ins t ead  l inked  t o  an 

a l r eady  e x i s t i n g  impervious cover and t o  a c t i v e  t e c t o n i c s .  

A seismic crisis may suddenly open up an important 

system of f r a c t u r e s  i n  a r e s e r v o i r  w i t h  s ca r se  v e r t i c a l  

permeabi l i ty .  A r a p i d  r i s i n g  of very ho t  f l u i d s  from 

deeper zones w i l l  then take p lace .  If these  f l u i d s  

a r r i v e  on t h e  top of t h e  a q u i f e r  a t  a temperature such 

tha t  the b o i l i n g  'p ressure  i s  h igher  than the  l i t h o s t a t i c  

p re s su re ,  then a p h r e a t i c  explosion w i l l  occur. 

The au thors  b e l i e v e  that  t h i s  second model 

i s  much more common than t h e  first. For  example, t he  

prev ious ly  c i t e d  p h r e a t i c  explosions a t  Pematang Bata 

on Sumatra and on Nisyros i n  t h e  Aegean were both 

preceeded by v i o l e n t  earthquakes.  

been proposed by J .  Goguel (1953, 1975) .  ?he water 

.A t h i r d  model f o r . p h r e a t i c  explosions has 
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t a b l e  of t h e  a q u i f e r  can.be lowered e i t h e r  because of 

an overly- intense e x p l o i t a t i o h  of a geothermal f i e l d  

(as i s  happening a t  Lardere l lo ,  I t a l y )  o r  f o r  n a t u r a l  

causes  ( f o r  example the r i v e r  e ros ion  which.lowers t h e  

water t a b l e  i n  a p l a i n ) .  The t o t a l  weight of t h e  cover 

then diminishes and may cause an explosion. N o  p h r e a t i c  

explosion o f  t h i s  type i s  known and the  au tho r s  f e e l  

that it is  h ighly  improbable. 

A comparative s tudy of  many p h r e a t i c  explosions 

descr ibed i n  t h e  l i t e r a t u r e  has l e d  the  w r i t e r s  t o  

b e l i e v e  tha t  one can roughly c o r r e l a t e  I t h e  diameter 

of t he  c r a t e r  (no t  t h e  diameter a t  the  top o f  t he  r i m )  

of a p h r e a t i c  explosion w i t h  t h e  depth a t  which the 

explosion took p lace .  Once t h e  depth i s  known, it is  

easy t o  c a l c u l a t e  t he  f l u i d  temperature necessary t o  

ob ta in  the  explosion pressure .  

T h i s  u t i l i z a t i o n  of p h r e a t i c  explosions as 

thermal i n d i c a t o r s  i n  geothermal exp lo ra t ion  must be 

employed w i t h  g r e a t  c a r e  and r e q u i r e s  very accura te  

knowledge o f  l o c a l  and reg iona l  geology. 

I n  t h e  case of t he  f i rs t  type of explosion 

descr ibed ( s e l f - s e a l i n g  p h r e a t i c  explosion)  the  form 

of the  c r a t e r  u sua l ly  approximates t h a t  of a reversed 

e q u i l a t e r a l  cone ( i . e . ,  having an angle of 60' a t  the  

v e r t e x ) .  The depth o f  t he  explosion should the re fo re  
. -  

d ,  t ha t  i s  i n f e r i o r  t o  the  diameter 2 
be equal t o  

by a l i t t l e  more than 10 percent .  

For t h e  second type (earthquake p h r e a t i c  

c 
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i 

I 

exp los ion ) ,  t he  depth depends- to  a l a r g e  ex ten t  on the  

network of f r a c t u r e s .  If t h e r e  a r e  many of them, and 

if the impervious cover i s  formed of weakly-cohesive 

rocks,  the explosion takes the  shape of t he '  t runk of 

a cone. The c r a t e r  t he re fo re  i s  f l a t  on the  bottom and 

the  depth- of t h e  explosion may be l e s s  than half the  

diameter  of the c r a t e r . ' I f ,  on the  o t h e r  hand, t h e r e  

is  only one f r a c t u r e  and the impervious cover is  made 

up of strongly-cohesive rocks,  t he  c r a t e r  w i l l  tend 

t o  have the shape of  a p i p e ,  and w i l l  have a diameter 

much smaller than t h e  depth of t he  explosion. 

While i n  the first model t h e  est imated temperature 

should c,orrespond t o  that found a t  t h e  top of t h e  

r e s e r v o i r ,  i n  t h e  second model a l l  we know is  tha t  

f l u i d s  of t ha t  temperature a r e  loca ted  i n  depth.  

There a r e  no means t o  eva lua te  from what depth these  

f l u i d s  have r i s e n .  However, if we accept  t he  c l a s s i c a l  

model of convective c i r c u l a t i o n  (Goguel, 1953, 19751, 

the g r a d i e n t s  i n  t h e  r e s e r v o i r s  must no t  be very high.  

Consequently the temperature a t  t h e  top of t he  permeable 

formation w i l l  be lower, b u t  not,much, than that  

c a l c u l a t e d  by studying the  c r a t e r s  of p h r e a t i c  explosions.  

Since t h e i r  age i s  usua l ly  unknown, one might 

wonder whether these  c r a t e r s  represent  thermal condi t ions  

which e x i s t e d  i n  the  past ,  b u t  which no longer  e x i s t  i n  

t h e  p re sen t .  The au thors  th ink  that t h i s  is  h ighly  

improbable. The products  of p h r e a t i c  explosions (mainly 
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mud w i t h  varying q u a n t i t i e s  of l a r g e r  m a t e r i a l )  a r e  no t  

cemented and must have a very sho r t  l i f e ,  so b ' r ief  as 

t o  be s h o r t e r  than the time necessary f o r  s i g n i f i c a n t  

v a r i a t i o n s  i n  the heat flow anomalies of t h e  a r e a  and 

i n  the gradien t  anomaly of t h e  s i t e .  I n  o t h e r  words, the 

evidence of p h r e a t i c  explosions should disappear  before  

the  thermal anomaly i s  a t t enua ted .  

Regions which have been d e s e r t  f o r  long per iods  

of time and where e ros ive  a c t i o n  i s  hence very l i m i t e d ,  

perhaps must be excluded from these  cons idera t ions .  We 

mention i n  t h i s  regard t h e  Danakil Depression i n  Eth iopia  

where the re  i s  a p e r f e c t l y  preserved p h r e a t i c  explosion 

c r a t e r  whose r i m  i s  formed of blocks of  salt  (Marinel- 

li, 1971) .  

On Milos p h r e a t i c  explosions a r e  numerous. The 

most c h a r a c t e r i s t i c  group i s  tha t  found t o  the  e a s t  of 

t he  Zephyria p l a i n  and made up of s eve ra l  t e n s  of s m a l l  

c r a t e r s  having a maximum diameter of 20 - 25 m.  

These c r a t e r s  a r e  extremely c l o s e  t o  one 

another  and occas iona l ly  i n t e r s e c t ;  seen from the  a i r  

they have a very c h a r a c t e r i s t i c  l una r  appearance. The 

e j e c t e d  products  a r e  made up a lmos t  exc lus ive ly  of 

rocks from the  cover s e r i e s  deeply transformed i n t o  

kao l in  and s i l i c a .  Other small-diameter c r a t e r s  a r e  

s c a t t e r e d  here  and t h e r e  throughout the  i s l a n d .  

The most important group i s  loca ted  t o  t h e  

west and nor th  of t he  Zephyria .Plain and inc ludes  

th ree  l a r g e  c r a t e r s ' h a v i n g  a diameter o f  s eve ra l  
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hundreds of meters.  The l a r g e s t  of t hese ,  Archendimlc, 

apparent ly  r e p r e s e n t s  a group of ad jacent  c r a t e r s  whose 

o r i g i n a l  bo rde r s  cannot now be recons t ruc ted  because 

the s i n g l e  r i m s  were p a r t i a l l y  destroyed i n  successive 

explosions.  

. The b e s t  preserved of t he  t h r e e  i s  Tyrogalas,  

which has a diameter o f*abou t  600 m ;  t he  rim is  over 40 m 

above what w a s  t h e  ground l e v e l  before  t h e  explosion. I n  

t h e  r i m  w e  have found not only fragments of l avas  and 

more o r  less transformed p y r o c l a s t i c s  of t h e  impervious 

cover ,  b u t  a l s o  b locks  of Neogenic l imestone 'and of t he  

c r y s t a l l i n e  basement. Given t h e  huge' dimensions of some 

of t hese  blocks (more than 10 m ) i t  is inconceivable 

that  t h e  metamorphic ma te r i a l  and that  of t he  Neogenic 

s u i t e  were p a r t  of the green lahar and not  e j e c t e d  from 

t h e i r  normal s t r a t i g r a p h i c  p o s i t i o n s .  

3 

According t o  our  rough e s t ima tes ,  t h e  explosion 

which formed t h i s  c r a t e r  ,should have occurred a t  about 

500 m depth and t h e r e f o r e  (assuming f o r  the transformed 

volcanic  cover m a t e r i a l  an average dens i ty  of 2 )  under 

a l i t h o s t a t i c  load of approximately 100 Kg/cm , According 

t o  M o l l i e r ' s  Curve t h e  b o i l i n g  po in t  of pure water a t  

100 Kg/cm2 is approximately ' 3 1 O O C .  Astonoshingly c lose  

t o  t h i s  are the downhole' temperatures measured by 

2 

e x t r a p o l a t i o n  f o r  the "Zephyria 1" (309OC) and 

l lAdamas  1" (308OC) production we l l s .  

THERMOMETRIC BOREHOLES 

On Milos 48 shallow boreholes  were d r i l l e d ,  and 
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a f u r t h e r  15 a l ready-exis t ing  bores  were u t i l i z e d  f o r  

temperature measurements. The au thors  w i s h  to '  stress 

t h e i r  preference f o r  t he  term Ilthermometric boreholes" 

as opposed t o  "gradien t  boreholes" , because ' gene ra l ly  

i n  these  we l l s  it i s  not  t he  grad ien t  which i s  measured 

bu t  r a t h e r  t h e  degree of our ignorance regarding 

s u p e r f i c i a l  c i r c u l a t i o n - o f  ho t  o r  cold water .  

To r e a l i z e  t h i s  more c l e a r l y ,  one needs only 

t o  ex t r apo la t e  two of t he  r e ' su l t s  of the boreholes  ( see  

the  t a b l e s .  i n  appendix);  no.' 58 a t  1000 m depth would 

g ive  95OC, while no. 63  a t  the  same depth would give 

an absurd 1400OC. And it  seems e n t i r e l y  u s e l e s s  t o  

use a curved ex t r apo la t ion  l i n e .  If by using t h i s  t r i c k  

we can make the  temperature of no. 63 a t  1000 m reasonable ,  

t he  temperature of rio. 58 w i l l  au tomat ica l ly  become 

absurd.  

Our shallow boreholes  had a d i f f e r e n t  goal .  The 

first w a s  loca ted  i n  a "hot  ground" near  t h e  v i l l a g e  of 

Adamas i n  hopes o f  ob ta in ing  steam production a t  a shallow 

depth. T h i s  a c t u a l l y  happened (steam and water a t  1 3 8 O C  

a t  72  m depth)  and allowed the  au thors  both t o  rece ive  

g r e a t e r  t r u s t  f rom t h e  Greek a u t h o r i t i e s  and t o  ob ta in  

use fu l  information on the  composition o f  the  underground 

f l u i d s .  Well no. 1 produced almost equal q u a n t i t i e s  of 

steam and water from a cas ing  w i t h  3 '  o f  i n t e r n a l  diameter.  

Two months a f t e r  opening, the  discharge of water a lone 

w a s  760 l i t e r s /h ,  while t he  pressure  a t  c losed wel l  w a s  

3.8 Kmjcm . The d e t a i l e d  chemical data of t h i s  we l l ,  
2 
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completed i n  d i f f e r e n t  per iods , .  a r e  repor ted  by Dominco 

and Papas tamaki  (1974). A prel iminary i s o t o p i c  a n a l y s i s  

water p a r t l y  e q u i l i b r a t e d  w i t h  t h e  oxygen o f ' s i l i c a t e  or 
carbonate  .rocks (S tab1  and Anst, 1973). 

i n d i c a t e s  that t h i s  f l u i d  c o n s i s t s  i n  o r i g i n a l l y  meteoric 

Even though t h i s  wel l  w a s  very encouraging, 

i t  a lso 'c rea ted  some concern. It had only 15 m of non- 

cemented cas ing ,  and it continued t o  e j e c t  f i n e  d e b r i s ,  

began t o  cave i n  s l i g h t l y # ' . f i s s u r e s  opened up and small 

fumaroles appeared. The p r o b a b i l i t y  of formation of a 

cavern a t  only 15 m depth w a s  high and, w i t h  a pressure 

of 3.8 Kg/cm , a p h r e a t i c  explosion a l s o  became extremely 

probable.  The wel l  w a s  l e f t  open and the  s ink ing  of t he  

t e r r a i n  w a s  compensated by many tons  of gravel  placed 

i n  t h e  depressed a r e a  around t h e  w e l l . ' S i x  months l a t e r ,  

as t h e  s inking  w a s  s t i l l  cont inuing a diagonal w e l l  w a s  

d r i l l e d  through which 4 tons  of cement were i n j e c t e d ,  

plugging the pioneer  borehole almost completely. The 

amount of cement u t i l i z e d  demonstrated tha t  t h e  

hypothes is  of an underground cavern was r e a l i s t i c  

and that  a s e r i o u s  r i s k  had unnecessar i ly  been run 

leaving  t h e  ho le  open f o r  s i x  months. 

Natura l ly  i n  al'l t he  o t h e r  boreholes  

p e r f o r a t i o n  w a s  stopped when a downhole temperature 

of 8 O o C  w a s  reached i n  order  t o  avoid poss ib l e  dangerous 

steam leakage. Casings were introduced i n t o  t h e  d r i l i i n g s  

A f t e r  two months ' the ground around the  wel l  

2 

only when necessary f o r  t h e  s t a b i l i t y  of t h e ' w a l l s .  
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The thermometric measurements were c a r r i e d  out  with a LJ 
thermis tor  every 10 m.  As may be seen on the  map ( s e e  

appehdix) t hese  boreholes  were not  l oca t ed  on a s t a t i s t i c a l  

basis ' ,  Aside from morpholbgical cons ide ra t ions ,  those 

s i t e s  were selected.which o f fe red  the  g r e a t e s t  geo log ica l .  

i n t e r e s t  ( thermal con t ro l  of t h e  cover th ickness  5 presence 

of ho t  s u p e r f i c i a l  a q u i f e r s ,  e t c . ) .  Moreove 

ho le s  were' concentrated i n  the  c e n t r a l  and e a s t e r n  p a r t b .  

of thd i s l a n d ,  which o f f e r e d  geologica l  condi t ions  more 

favorable  f o r  f ind ing  geothermal resources ,  

The petrographic  study of t he  c u t t i n g s  and 

of t h e  few cores  ( taken  when c i r c u l a t i o n  l o s s  pre- 

cluded c u t t i n g s )  made the thermometric boreholes  very 

usefu l  f o r  a s t r a t i g r a p h i c  con t ro l  of t he  volcano- 

sedimentary s e r i e s .  ' 

Given the  high temperature found i n  a lmos t  

a l l  t he  boreholes ,  both t h e  dry ones (about two t h i r d s )  

and those containing water ,  more soph i s t i ca t ed  research  

w a s  considered unnecessary f o r  geothermal explora t ion .  

I n  seve ra l  we l l s  t he  temperature measurements were 

repeated s i x  months l a t e r  w i t h  almost exac t ly  the  same 

r e s u l t s .  

The lack o f  sharp temperature v a r i a t i o n s  i n  

the  boreholes ,  i n  p a r t i c u l a r  t h e  lack  of  i r r e g u l a r i t y  

such as the  occurrence of a lower temperature a t  deeper 

l e v e l s  compared t o  upper, l e l v e l s ,  suggests  t h a t  t h e r e  i s  

almost no f l u i d  c i r c u l a t i o n  i n  the  cover s e r i e s .  Therefore . 

t h i s  s e r i e s  should be considered impervious even ' i n  those 
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areas where hydrothehnal. alteration phenomena are less 

widespread. 

Assuming in first approximation the imperviousness 

of the cover and rejecting for theoretical reasons the 

possibility that there may be significant lateral 

variations of heat flow on such a small island, it would 

seem logical to assume athat the slope of the thermometide 

curves of the boreholes i's controlled by the thickness 

of the cover. The geoelectrical survey confitmed this 

hypothesis. 

THE GEOELECTRICAL SURVEY 

The results of the mainly geological studies 

carried out as the first stage of the geothermal exploration 

of Milos gave clear. indications for the occurrence in 

the island of favorable conditions for the presence of' 

geothermal fields. However, detailed information was 

lacking on the tectonics of the basement and on the 

thickness of the impervious cover. These data were 

indispensable for 'the correct siting of the deep 
exploration wells and it was impossible to obtain them 

only from field observations in those areas where the 

cover is thickest, which are the most interesting for 

geothermal exploration. Some faults of the basement . 

were in fact undoubtedly hidden by the cover, especially 

by the green lahar and.-by the most recent products of 

volcanic activity. 
- - 

- 

A geoelectrical survey was then set UD as being, 
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i i n  the  au tho r s '  op in ion , ,  the  most e f f e c t i v e  and economical 

means of ob ta in ing  the  des i r ed  information. A considerable  

c o n t r a s t  could be expected between t h e  more r e s i s t i v e  

basement and t h e  volcanic  and volcano-sedimentary cover 

a l t e r e d  and the re fo re  conductive.  T h i s  geophysical method. 

c o u l d . a l s o  confirm the a l ready  known thermal v a r i a t i o n s  

wi th in  /the cover. 

The g e o e l e c t r i c a l  survey w a s  c a r r i e d  out  only 

on the  c e n t r a l  and western parts of t h e  i s l a n d  ( t h e  most 

promising geothermal prospec ts )  and gave very use fu l  

r e s u l t s  (Duprat and Fyt ikas ,  1976) .  We obtained i n  f a c t  

f a i r l y  p r e c i s e  i n d i c a t i o n s  f o r  t he  top of t h e  substratum, 

without however being able t o  e s t ab l i sh  i f  i t  w a s  made 

up of t he  c r y s t a l l i n e  basement or of  t he  sometimes 

overlying Neogene l imestone s e r i e s .  Good i n d i c a t i o n s  

were a l s o  obtained on t h e  l o c a t i o n  of f a u l t s  and t h i s  
.e 

has been very use fu l  f o r  determining t h e  s i t e  of t he  

deep exploratory wel l s .  

PRELIMINARY GEOTHERMAL EVALUATION 

Before s e l e c t i n g  the  b e s t  poss ib l e  s i t e s  f o r  

deep exploratory we l l s ,  i t  w a s  necessary t o  check whether 

t he  geological  and economical condi t ions  were favorable  

t o  the  cont inua t ion  of t he  geothermal research .  

. Geology and economics a r e  c l o s e l y  connected i n  

a s m a l l  i s l and  l i k e  Milos. A t  p r e s e n t ,  i n  f a c t ,  i n  s p i t e  

of numerous mines and mining p l a n t s ,  t he  required powernow 

i s  l e s s  than 5 MW, t h a t  pro jec ted  for' t he  near  f u t u r e  i s  

much l e s s  than 10 MW. Hence a c e r t a i n  doubt w a s  j u s t i f i e d  
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as to whether it was worthwhile to begin the expensive 

part of the geothermal exploration program for such a low 

energy consumption. At the same time, the small size of 
the island made questionable the possibility .of reaching 

a production which would justify the exploration expense& 

and above all the risks connected with the uncertainty 

of the underground research. 

Several conditions however led the authors to 

the conviction that as a'whole the conditions were favorabie; 

Milos has a large, well ppotected gulf which is an ex- 

cellent natural port. This would facilitate the establishment 

of an electrochemical industry (e.g. soda-chlorine pro- 

duction, alumina or aluminium factory). The much lower 

kWh price offered by a geothermal power plant compared 

with that of a convkntional or nuclear power plant 

should be sufficient to justify a similar installation. 

As to the amount of geothermal energy available 
on Milos, the rainfall (4.00 mm/year) is sufficient to . 

resupply an important geothermal field, assuming that the 

recharge takes place where the cover is thin. Even 
assuming that of the 60,000,000 tons of rain which fall 

each year on Milos only one.sixth penetrates to the 

subsoil (i.e., one half of the generally accepted estimate) 

the rainfall would be sufficient to recharge more than 

20 wells producing 50 tons/h steam. This estimate of . 

total utilization of wat,er which penetrates to the 

subsoil is obviously' exagerated, but the partial mixing 

with sea-water would increase the amount of subterranean 
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f l u i d s  a v a i l a b l e .  I t ' s h o u l d  be kept  i n  mind, i n  f a c t ,  

t ha t  t he  d i s j u n c t i v e  t e c t o n i c s  which c o n t r o l . t h e  f l u i d  

c i r c u l a t i o n  c e r t a i n l y  extend t o  the  f l o o r  of t h e  sea  

surrounding Milos. This i s  p a r t i c u l a r l y  important t o  

the  south where the c r y s t a l l i n e  basement probably out- 

crops .on the  s e a  f l o o r .  Furthermore, t h e  su r face  a r e a  

of Kimalos (35 Km ) must be added t o  that  of Milos 2 

(151 Km'), s i nce  i t  i s  very c l o s e  and a l s o  shows 

favorable  condi t ions  f o r ' t h e  production of geothermal 

energy. 

Our assessment of t he  s i t u a t i o n  w a s  shared by 

the  Greek .au tho r i t i e s ,  and t h e  Publ ic  Power Corporation 

decided t o  e f f e c t  some deep explora tory  d r i l l i n g s  on 

Milos. 

SELECTION OF DRILLING SITES 

The r e s u l t s  of t he  explora t ion  s t age  descr ibed 

i n  t h e  preceeding s e c t i o n s  l ed  t o  the  s e l e c t i o n  of  4 

s i t e s  f o r  deep explora tory  d r i l l i n g .  Three of them were 

loca ted  i n  the  Zephyria p l a i n  and one t o  the  NE of Adamas,  

The geological  reasoning behind these  choices  i s  as 

fo l lows ,  keeping i n  mind tha t  t he  s e l e c t i o n  w a s  e f f e c t e d  

by exc lus ion ,  i . e .  the  r e j e c t i o n  of those a r e a s  which seemed 

l e s s  favorable  f o r  the  lack  of one or more o f  t h e  prere-  

q u i s i t e s  for a geothermal f i e l d .  

F i r s t  of  a l l  we considered t h e  volcanic  cover,  

It may lack i n  some p lace  o r  i t  may be p re sen t ,  bu t  no t  

impervious. For t h i s  reason we r e j e c t e d  thase  southern 

and southwestern a r e a s  of t he  i s l a n d  where the  basement 
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or the  over ly ing  Neogene l imestone s e r i e s  outcrops.  These 

areas a r e  perhaps not  e n t i r e l y  nega t ive ,  due t o  the  

s c a r s e  formational  permeabi l i ty  of t he  weakly-metamor- 

phosed s c h i s t s ,  bu t  they a r e  c e r t a i n l y  not  ampng the  best4 

We then excluded the  e n t i r e  western zone of t h e  

island.. Here s e l f  s e a l i n g  phenomena i n  t h e  coyer a r e  

compara-tively less important than i n  t h e  r e s t  of t h e  

i s l a n d ,  and moreover t h e r e  a r e  a g r e a t  many recent  

l a v a  domes. These domes a r e  'extrusions of very viscous 

magma which p i e r c e  t h e  impervious cover e n t i r e l y .  Since 

cool ing  causes  a d i f f u s e  l a v a  f r a c t u r i n g ,  the  domes 

r e p r e s e n t ' a n  important way for perco la t ion  a t  depth of 

cold s u r f a c e  waters. 

We then discarded the  a r e a s  i n  which t h e  cover 

i s  p resen t  and impervious, but  too  t h i n .  This i s  the  

case ,  f o r  example, of t he  a r e a  t o  t he  e a s t  of t he  v i l -  

l age  of Zephyria i n  which t h e  l a r g e s t  group of p h r e a t i c  

exp1os ion:cra te rs  i s  loca ted .  The s m a l l  diameter of t hese  

c r a t e r s  (10 t o  20 m )  suggests  a cover th ickness  of a few 

t e n s  of meters.  The absence of blocks of deep provenance 

( s c h i s t s  and Neogene l imestones)  among the  products  

e j e c t e d  by these p h r e a t i c  explosions sugges ts  convective 

c i r c u l a t i o n  i n  the  a q u i f e r  due t o  sca r se  f i s s u r i n g  o r  

t o  s e l f  s e a l i n g  i n  t h e  f i s s u r e d  zones. 

We f u r t h e r  r e j e c t e d  a l l  those a r e a s  w i t h  a c t i v e  

s u p e r f i c i a l  mani fes ta t ions ,  as t h i s  i s  a l s o  an evident  

i n d i c a t i o n  of a l o c a l i z e d  lack  of imperviousness. A l s o  

i n  t h e  c e n t r a l  a n d ' e a s t e r n  p a r t s  of  t h e  i s l a n d  we discarded 
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a l l  t h e  a r e a s  where iava,domes outcrop and obviously 

those a r e a s  where w e  had no information a t  a l l  (e .g . ,  

t h e  nor thern  t i p  of t h e  i s l a n d ,  completely covered by l a r g e  

l ava  flows of p e r l i t i c  r h y o l i t e ) .  

T h i s  first eva lua t ion  l e f t  u s  w i t h  a most promising 
2 

a r e a  of only about 30 Km . On t h i s  we continued t h e  pro- 

g re s s ive  reduct ion ,  u t i l i z i n g  o t h e r  data, e s p e c i a l l y  

t e c t o n i c  ones (importance and recent  age of f a u l t s  de- 

termined from photogeological study and ground check and 

r e s u l t s  of t h e  g e o e l e c t r i c a l  survey) .  We f u r t h e r  u t i l i z e d  

data on t h e  top of t h e  substratum, a l s o  obtained through 

the g e o e l e c t r i c a l  survey, and data from the thermometric 

boreholes .  We thereby reduced t h e  30 odd Km t o  about 

1 2  Km , 8 on t h e  Zephyria p l a i n  and 4 j u s t  t o  t h e  e a s t  

of Adamas .  

2 

2 

The Zephyria p l a i n  o f f e r s  a high of t he  sub- ,, 

stratum ( top  a t  250 - 300 m beneath the  ground l e v e l )  

and has a cover made exc lus ive ly  of volcano-sedimentary 

products  without any volcanic  c e n t e r s .  The cover is  

c l e a r l y  very impervious, as ind ica t ed  by the lack  of 

s u p e r f i c i a l  man i fe s t a t ions ,  very low va lues  of the 

apparent r e s i s t i v i t y  and the  thermometric data w i t h  

high downhole temperatures and r egu la r  thermoemtric 

curves.  

The Adamas zone shows the  same c h a r a c t e r i s t i c s  

as t h e  Zephyria a r e a ,  bu t  rather more a t t enua ted  by t h e  

f a c t  that the  cover th i ckness  i s  g r e a t e r  (500 - 550 m 

below sea  l e v e l ) .  Moreover, thermometric hole; no. 1 

produced water and steam w i t h  238OC ‘at only 72 m ,  
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None of t h e  geological  o r  geophysical techniques 

used had given any information on the permeabi l i ty  of t h e  

r e s e r v o i r .  The best  r e s e r v o i r  would undoubtedly be o f f e red  

by the t r a n s g r e s s i v e  Neogene s e r i e s ,  bu t  t h e r e  was no way 

of knowing whether o r  no t  t h i s  is presen t  below the  cover.. 

Beneath the  Zephyria p l a i n  we could reasonably hope t o  

f i n d  thds formation because of i t s  occurrence i n  the 

nearby a r e a  of powerful p h r e a t i c  explosions.  But there 

w a s  no information a v a i l a b l e  f o r  Adamas .  The deep 

explora tory  d r i l l i n g s  a c t u a l l y  found t h i s  s e r i e s  a t  

Adamas and no t  a t  Zephyria. 

hd 

'If the  Neogene l imestones .were not  p r e s e n t ,  

one might hope tha t  t h e  d r i l l i n g  would reach some of 

the marble l e n s  present  wi th in  the metamorphic basement, 

o r  a layer of ca l c - sch i s t  o r  q u a r t z i t e .  These metamorphic 

products ,  being competent rocks wi th in  incompetent 

s c h i s t o s e  l e v e l s  should be g r e a t l y  f r a c t u r e d  and the re fo re  

could form a f a i r l y  good r e s e r v o i r .  

(I 

Since these  l a t t e r  formations a r e  len t i form and, '  

hence have no ho r i zon ta l  c o n t i n u i t y ,  i t  w a s  however deemed 

more prudent t o  s i t e  t h e  d r i l l i n g s  nea r  important f a u l t s .  

Following these c r i t e r i a  and u t i l i z i n g  t h e  

g e o e l e c t r i c a l  data, t h r e e  s i t e s  i n  t h e  gephyria p l a i n  

were s e l e c t e d ,  of which bnly one w a s  d r i l l e d .  I n  t h e  

Adamas reg ion ,  however, beyond the  aforementioned 

c r i t e r i a  w e  a l s o  kept  t h e  d r i l l i n g  a t  some d i s t ance  from 

the inhabi ted a r e a ,  i n  o r d e r . t o  l i m i t  t o  a minimum any 

poss ib l e  damage from a d r i l l i n g  acc ident .  Ari a r e a  almost 
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100 m above sea  l e v e l  w a s  s e l e c t e d  t o  preclude t h e  r i s k  

I 

t h a t  steam production a t  shallow depth might s p o i l  t h e  

pe r fo ra t ion .  

DEEP EXPLORATORY DRILLING 

Since t h e  'Public Power Corporation agreed t o  

e f f e c t  two deep exp lo ra t ion  d r i l l i n g s ,  i t  w a s  decided t o  

do one i n  each of t h e  two promising a r e a s .  For t he  Zephyria 

p l a i n  the  most c e n t r a l  of t he  t h r e e  poss ib l e  l o c a t i o n s  

w a s  chosen. Here, i n  o rde r  t o  avoid the r i s k  of steam a t  

c 

shallow depth,  a borehole '(no:56) w a s  d r i l l e d ;  a t  80 m 

depth 93OC.were found. The ho le  i s  loca ted  about 1 Km 

NNW of t he  v i l l a g e  of Zephyria near  a N-S f a u l t .  A f t e r  

about 260 m of cover ,  t h e  d r i l l i n g  reached t h e  c r y s t a l l i n e  

basement, unfortunat>ely without f ind ing  t h e  t r ansg res s ive  

Neogene l imestone s e r i e s .  Down t o  about 800 m t he  metamorphic 

s e r i e s  w a s  found almost everywhere t o  be poorly permeable; 

a t  lower depth c i r c u l a t i o n  l o s s e s  occurred i n  ca l c - sch i s t  

and q u a r t z i t e  l a y e r s  (Fy t ikas  e t  a l . ,  1976;  Gounaris e t  

a l . ,  1976) .  T h i s  we l l ,  c a l l e d  "Zephyria 1" w a s  stopped 

a t  1101 m and w a s  put  i n t o  production on 15 October 1975. 

Af t e r  about 12 hours of discharge the  wel l  w a s  c losed .  

I t  w a s  opened aga in  f o r  a few hours some days l a t e r ,  and 

then closed up t o  the  present  time (30 September 1 9 7 6 ) .  

. The second well  w a s  d r i l l e d  i n  the  A d a m a s  a r e a .  

The s e l e c t e d  s i t e  i s  loca ted  about 5 Km from "Zephyria 1". 

I t  crossed about 720 m o f  the cover s e r i e s  before  reaching 

the  Neogene l imestones.  A t  750 m t he  c i r c u l a t i o n  l o s s  w a s  

complete, hence data a r e  not  a v a i l a b l e .  Only a t  about 
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W 1000 m depth were fragments of .  t h e  c r y s t a l l i n e  basement 

observed. The d r i l l i n g  w a s  terminated a t  1.163 m (Fyt ikas  

e t  a l . ,  1976; Gounaris e t  a l . ,  1976) .  This  wel1 ,ca l led  

"Adamas l", w a s  put  i n t o  production on 17  May 1976. Af te r  

about 1 2  hours  it w a s  c losed and up t o  now (30 September 1 

1976) h a s - n o t  been reopened. Even though specllfic data 

are n o t * a v a i l a b l e ,  i t  i& l i k e l y  that t h i s  we l l ,  having 

found a good r e s e r v o i r ,  i s  far supe r io r  t o  t h e  f irst .  

CONCLUSIONS 

The geothermal exp lo ra t ion  of t he  i s l a n d  of 

Milos c o s t :  the Greek a u t h o r i t i e s  a f e w  drachmas and 

t h e  au tho r s  of t h i s  paper a g r e a t  dea l  of work. The 

geologica l  s t u d i e s  have been explained i n  d e t a i l  a l s o  

t o  t r y  t o  show t h e i r  g r e a t  u t i l i t y  i n  geothermal 

exp lo ra t ion ,  as they provide important information 

a t  a low c o s t .  

Unfortunately t h i s  type of prel iminary study 

i s  o f t e n  neglected i n  geothermal explora tory  programs, 

perhaps because i t ' i s  be l ieved  that they take  too long 

f o r  dynamic times such as ours .  I n  Greece geothermal 

research  began c o r r e c t l y ,  even i f  not  without some 

d i f f i c u l t y ,  and the au thors  hope tha t  i t  w i l l  be 

continued both  on Milos and i n  o t h e r  areas of t h e  

country showing similar favorable  condi t ions .  
, 

A g r e a t  many people i n  Athens, Milos and P i s a  

helped u s  w i t h  t h i s  research; .  we gr ja teful ly  thank 'them 

a l l  without being a b l e  td name them ind iv idua l ly .  We 

wish however t o  express  our  S p e c i a l  ' thanks t o  P.E. Gounaris, 
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former Director  of the.  Geothermal Department of the  

Publ ic  Power Corporation; h i s  enthusiasmj h i s  Ifsavoi& 

f a i r e "  and h i s  perhaps somewhat less-than-methodical 

act ivism were determining f a c t o r s  i n  the  success of 

the  geothermal explarat ion o f  Milos. 
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