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ABSTRACT 

The energy R&D Programmes of the Commission of the 
European Communities deal in particular with the 
development of thermonuclear fusion and the 
so-called 'Inon-nuclear energies" including solar 
energy, biomass, wind power and geothermal energy. 
In surveying for geothermal reservoirs It appeared 
that the standard geophysical exploration 
techniques used in the hydrocarbon industry 
required modifications of both technique and 
interpretation If they were to achieve their full 
potential. Collaborative proJects have therefore 
been established under which geophysical teams 
drawn from various Member States work together on 
selected sites. The summarized results of a Joint 
geophysical experiment carried out by eight teams 
on the island of MIlos, Greece, are reported here. 
Shallow fractured regions forming the reservoir 
are filled with hot water and vapour, perhaps 
heated by cooling magma chambers. These fractured 
and saturated formations were the actual target of 
the geophysical exploration because they were 
supposed to be characterized by their very 
specific physlcai properties. Emphasis was placed 
on seismological, magnetoteiiurlc and 
self-potentlai experiments. An interpretation of 
the results from these experiments shows that 
correlation into a coherent models is possible. 

I.  introduction 

Research and development of energy 
technologies Is one of the fields in which the 
Commission of the European Communities is 
encouraging its 12 western European Member States 
to work together and to complement ongoing 
national actlvitles. Research started on coal 
utilization about 30 years ago and continued In 
the fields of nuclear fission and fusion. As a 
consequence of the first oil crisis the Commission 
initiated in 1975 the Non-nuclear Energy R&D 
Programme wlth the aim of developing alternative 
forms of energy In Its Member States. Geothermal 
energy Is part of thls programme. 

One of the maJor obJectives of the 
Commission's geothermal research Is to Improve and 
to test geophyslcal explorations methods, since it 
is known that thelr application In prospecting for 

hot water and steam resources requires 
modification from that used in hydrocarbon 
exploration. This modification includes the 
adaptation and recaiibrat ion of both instruments 
and lnterpretatlon techniques. As a flrst step, 
the Commlsslon established a group proJect whereby 
different geophysical teams could test their 
techniques. The high enthalpy geothermal field of 
Travaie in Tuscany (Italy) was selected as the 
first test site, and the results of thls project 
were reported in 1985 In a Special issue of 
G e o t h e m i c s .  Twelve scientific teams from the 
United Kingdom, France, Italy and the Federal 
Republic of Germany participated in this proJect 
and the experiments demonstrated once more the 
fact that it is impossible to characterize a 
geothermal reservoir by one slngle method. Only 
by combining several methods can promising results 
be obtained. The choice of methods depends on the 
characterlstlcs of the geothermal field to be 

feeding system of the geothermal reservoir 
consists of deep-reaching hydrothermal convection 
cells, emphasis was put on geoelectrlc and 
electromagnetic techniques. Problems were caused 
by the complicated geological setting of the 
reservoir, the high level of cultural noise and 
the different field iogistlcs and interpretation 
methods of the different scientific groups. The 
results obtained did lead to an updated picture of 
the Travaie field but were Insufficient to 
establish a definitive model of the reservoir. 
However, it was an important flrst exerclse from 
which the groups involved learned how essentlai It 
is to agree on a uniform data processing and 
Interpretation concept and to have compatible 
instrumentation. 

, Investigated. in the case of Travaie, where the 

The Commission therefore decided to 
continue the geophysical experiments In another 
high enthalpy geothermal field. After considering 
the iogistlc possibilities and the geological 
condltlons, the island of Milos in Greece was 
selected as a second geophysical test site. 

This paper gives on overview on the 
results of the various proJects. The details of 
the indlvlduai proJects are presented in 
G e o t h e m i c s ,  Vo1.18, No.4, 1989. 
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Figure 1. Geological section of the 5 deep boreholes, the corresponding 
temperature curves and the top of the productive zones 

Figure 2. Correlatlon of SP and thormal gradlent measurcmcnts (Thanassoulas, 1989) 
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I i .  Geology, geodynamics and geothermal 
situation of Milos 

The island of Milos covers an area of 
150 kmx and Is located In the south-southwestern 
part of the Aegean Sea. 

The Islands of Milos, Santorlnl and 
Nisyros and the area of Methana are situated on 
the active voicanlc arc of the southern Aegean Sea 
and all these areas are known for having high 
enthalpy geothermal resources. it was In the 
Milos area that the most significant volcanic 
activity took place. it started durlng Middle to 
Upper Ptlocene as a consequence of the northward 
subduction of the Afrlcan plate beneath the Aegean 
plate (Fytikas et al.; 1984). The volcanism Is 
malniy of phreatic type and controls the shape and 
the morphology of the island. Caic-alkaline 
volcanic products cover the maJor part of the 
Island and overlie Neogene sediments and the 
metamorphic basement. 

The island was affected by very intense 
distinctive tectonic actlvlty during Pilocene and 
Quaternary times and faults, mainly In NW-SE 
direction, are stili active at present. 

Surface hydrothermal activity occurs in a 
variety of active thermal manifestations such as 
fumaroles, hot springs, hot grounds and submarine 
gas escapes. They are mainly located In the 
central and eastern part of the island and 
temperatures of the fumaroles up to 100°C were 
measured . 

The hydrothermal aiteratlon of the 
volcanlc rocks produced a good cover by self- 
sealing above the rather shallow circulating hot 
geothermal fluids. The results of thermal 
gradient measurements were reported by Fytlkas 
(1977) and suggested that thermal anomalies of the 
island are concentrated In the central eastern 
part, close to Adamas and in the graben of 
Zephyrla. Following thermal gradient, geoeiectric 
and gravlmetrlc measurements, 5 boreholes with 
depths between 1000 and 1400 m have been drilled 
in these areas. Figure 1 represents the 
geoioglcai sectlon, the temperature distrlbutlon 
and the top of the productlve zone of each 
borehole. it can be seen that in the graben of 
Zephyria (boreholes MZ-1, M-1, M-2 and M-3) the 
production starts within the metamorphic complex 
and Is due to fracturatlon of the rocks. Only In 
the borehole close to Adamas (MA-1) the production 
zone starts some metres above the Neogenic iime- 
stones, in a voicanlc formation made by iava- 
breccias, and continues In the limestones and the 
metamorphic rocks. The temperatures at the 
reservolrs are between 250 and 320 O C .  The 
boreholes produce a total of 350 t/h steam/water 
mixture but due to silica scaling problems only a 
pilot plant of 2 Mwe has been installed so far. 

STAROSTE 
1 1 1 .  The Milos geophysical project 

Based on the measured high temperatures of 
up to 32OOC at reservoir level, earlier gravity 
and geoeiectric soundings and volcanoioglcal 
investlgatlons, It was suggested that shallow 
magma chambers could be responsible for the heat 
reservolr (Fytlkas et ai., 1986). It was 
therefore decided that, In addltlon to active and 
passive magnetoteliurics and self-potential 
experiments, selsmoiogicai techniques should also 
be applied to lnvestlgate the geothermal anomaly. 
One obJectlve of the proJect was to test whether 
these investigations supported or contradicted the 
hypothesis of shallow magma chambers. 

Near surface evldence was provided by 
seif-potent lai (SP) and audlo-frequency MT 
measurements. SP measurements utliizing the 
gradient method were performed along profiles 
totalling 242 km, mainly on the island but also 
including some sea surface. The sampilng interval 
was 100 m. SP gradient measurements were 
integrated along the profile, tled to a common 
zero level, and filtered with a low pass fliter to 
reject high frequency noise. It has been shown 
(Thanassoulas, 1989) that negative SP-anomailes 
correlate very well with strongly fractured zones 
and areas where hydrothermal alteration Is 
evident. A comparison of the SP-map wlth the 
thermal gradient map is dlsplayed in Figure 2. 
There is a strong correlation with areas of steep 
geothermal gradlents. Equally strong correiatlon 
is observed between the contour lines of apparent 
reslstivlty RHO* at 10 Hz and those of temperature 
gradlent (Haak et al., 1989). Audlo-frequency MT- 
data from ail the particlpating teams demonstrated 
that low resistivities are concentrated around the 
estabilshed strongly anomalous geothermal areas, 
probably as a result of high temperatures combined 
wlth hlgh sallnltles of the reservoir fiulds In 
Intensely fractured and/or more or less permeable 
rock formations near surface (30-300m depth). 

lnformatlon to a depth of about lOOOm In 
the eastern part of Milos came from active- 
audlomagnetoteiiurlc (AAMT)-experiments In a 
combined Interpretation wlth the Bouguer-gravlty 
(Drews et ai., 1989). AAMT does not use the 
natural variation of the electromagnetic field but 

. an artificial source. The electromagnetic field 
Is produced by a transmitter feeding alternating 
currents of up to 20 Ampere into an electric 
dipole. The frequency ranges from 0.05 to 
2500 Hz. At the receiving station the horizontal 
components of the electric field and all three 
components of the magnetic field are recorded. A 
clear vertical separatlon of low resistlvitles 
(0.5 0hm.m) from higher values (10 0hrn.m) deflned 
the top of the "electrical basement" as 
illustrated in Figure 3. A similar interface was 
also identified by MT measurements carrled out in 
the period range of 0.01 to 10,000 s (Hutton et 
al., 1989). Depth to the eiectrlcal basement 
varies between some few metres and 300m. Thls 
upper Interface comes hlghest in the central- 
eastern part of Mllos, dipping in all other 
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= SEA SURFACE 

Flgure 3. 3-0 plo t  of the top of the e l e c t r i c a l  basement from AAMT measurements (Drews e t  a l . ,  1989) 

Flgure 4. Varlat lon of the Vp/Vs r a t l o  I n  the central  eastern part  
of the Island (Ochmann e t  a l . .  1989) 
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selsmographs with a spacing of sometlmes only a 
few hundred metres a very hlgh resolution was 
obtalned. It resulted In a detalied analysls of 
the posltlon and geometry of the geothermal 
reservolr. In Flgure 5,the seismic results, 
presented as a contoured plot of Vp/Vs ratlo, 
are compared with the results from MT-soundlngs 
(Hutton et ai., 1989) along a W-E proflle across 
the geothermal anomaly. The unshaded zone in the 
seismic plot between approxlmately 700 and 1400 m 
depth corresponds to a hlgh Vp/Vs ratlo whlch 
I s  regarded as typical for fluld-filled fractures. 
The posltlon and depth of the production wells 
MZ-1 and M-3 Is Indicated In this Figure 5 and 
shows that both wells are exactly drllled Into the 
anoma I y . 

dlrectlons. It would appear that thls boundary 
defines the lower Ilmlt of penetration of sea 
water Into the sediments; the elevated section 
perhaps marks the top of the self-sealed cap rock 
above the geothermal reservolr. 

An Interesting feature of the uppermost 3 
to 4 km wlthln the geothermal anomalous area is 
revealed from the study of microearthquake data. 
From velocity studles using traveltlme lnverslon 
technlques, a reduced Vp/V,-ratio was observed 
(Ochmann et al., 1989). Comparable results have 
been obtalned for The Geysers (MaJer and McEvlIly, 
1979). Reasons for the negative anomalles 
(Figure 4) are structural, petrologlcal, and 
physlcal heterogeneities wlthin the reservolr. 
From these lnvestlgatlons there Is also evidence 
for a minor geothermal anomaly In the central- 
northern part of the island whlch agrees well with 
the Ideas of Fytlkas (1977) derived from 
temperature gradlent studles and whlch has been 
proven by the deep borehole at Adamas. 

The vertical structure of the reservolr 
was also lnvestlgated In three dlmensions through 
selsmlc tomography by Hlrn et al. (1989). By 
uslng a large number of three-component 

Flgure 5. ComparIs 
across a W-E prof1 

(a) Vp/Vs ratlo (Hlrn et 
The Ilghter the shad 
the stippled area at 
where data were not 
stars show the locat 

In the same Figure low reslstlvltles of 
approxlmately 4 0hm.m Identifled by MT-soundings 
correspond to the depth of the hlghest Vp/Vs 
ratlo from the selsmlc plot. The locatlon of the 
sectlon presented In Flgure 5 as well as those of  
Figures 7 and 8 are shown In Figure 6. It also 
gives an overview of the geology of the island and 
the posltlon of the 5 boreholes. 

W MZ-1 A AM-3 E 

/ 
50 

100-200? 

175 

on between selsmlc veloclty and reslstlvlty data 
e (locatlon see Figure 6) 

al., 1989). (b) Reslstlvlty from audlo UT measurements 
ng, the hlg ier the ratlo; (Hutton et al., 1989) 
the top denotes a zone 
nterpreted; 
ons of earthquakes 
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240 20 I 240 30 

Flgure 6. Location of sections. Section I corresponds to the W-E 
proflie of Flgure 5; the arrows Indicate the generalised vertical 
section along the NW-SE proflle of Figure 7 and sectlon I 1  corresponds 
to the WSW-ENE proflle of Figure 8. 

Figure 7 shows that evidence of the deeper 

The reslstivlties from 
geological structures is also given by comblnlng 
seismological and MT-data. 
MT-experiments and the hypocentres from the 
earthquake studies are projected onto a 
generailsed vertical section along a NW-SE profile 
across the central-eastern part of the Island. 
The Figure also shows the posltion of three 
production drillholes. All the mapped seismic 
events occurred In a zone of higher resistlvltles. 
The focal depths are between 4 to 7 km beneath the 
known reservolr and Increase towards the NW to 
values between 7 and 10 krn. 

it may be noted that, although locatlon of 
the natural seismlc events per se gave no 
lnformatlon about the geothermal reservolr, the 
analysis of the seismlc coda and the seismic 
tomography which was then posslbie provided a 
striking correlatlon with the other data. 

The resistivlty structures reveal 
different characters in the northwestern part and 
the southeastern part of the profile. The actual 
reservoir is characterized by low resistlvlties of 
about 4 0hm.m. Whlle the uppermost layers along 
the whole section have resistivities in the range 
from 0.5 to 5 ohm.m, the domlnant feature of much 
of the NW part Is an extended underlylng zone wlth 
reslstlvltles from 10 to 15 0hm.m. Thls zone Is 

volcanlsm (0.5 m.y.1 

Domes and lava  flows 
(0.5-1.5 m.y.1 

Ivvvvv'l Pyroclast I C  Products 

Conglomerates and 
Ilmestones (Neogene) 

clearly separated from areas of resistivities 
between approximately 50 0hm.m under the reservolr 
and 100-200 0hm.m elsewhere. 
resistivity zone comes closer to the surface 
beneath the geothermal reservolr. 

Thls higher 

The low resistivity at the extreme NW of 
the section suggests that another reservolr may 
exlst In this region. 

All the electrical studles suggest a 
general Increase In resistivity at greater depth. 
Thls argues against the earlier hypothesis of a 
large shallow magma chamber, though It does not 
rule out the existence of a number of very small 
chambers of molten magma. The discrimination of 
such small molten bodies would requlre more 
refined 3-D modelling than has been posslbie in 
this exerclse. 

The origin of the selsmiclty Is another 
aspect that has not been completely clarlfied. 
One group conslders its results as indicating a 
tectonlc orlgln (Ochmann et al., 19891, whlie 
another suggests a magmatic origin or sudden 
Changes In fiuld pore pressure (Hirn et a i . ,  
1989). Both groups, however, agree that the 
seismicity Is related to the stress field. in the 
shallower zones fractures appeared to be more 
lsotroplcally dlstrlbuted while at depth there is 
a domlnant fracture and impedance dlrectlon. 
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iv. Conclusions 

The resu l t s  of the geophyslcai experiments 

- In the upper 500 m a layer o f  low 
r e s l s t l v l t y  ex ls ts ;  t h i s  could be 
i d e n t l f l e d  as the top o f  the m e t a ~ r p h i c  
basement ; - i n  the SE o f  the sect ion a well-defined 
zone o f  4 0hm.m coincides w l th  the 
reservoir  proven by three productlon 
we1 i s ;  - a r e s i s t i v i t y  interface dips from SE t o  
Nw; - the earthquake a c t i v i t y  i s  concentrated in 
the hlgher r e s l s t l v l t y  zone and dlps In 
the same d i rec t i on  as the r e s i s t l v i t y  
Interface; 
no earthquake a c t i v i t y  occurs below 7 km 
beneath the reservoir  region. 

can be summarized as shown in Figure 7: 

- 

On the basis of these resu l t s  and 
Including e a r l i e r  studles a schematlc geological 
p r o f l l e  has been drawn up (Figure 8 )  crossing the 
reservoir region of Zephyria in a WSW-ENE 
dfrect lon.  I t  lndlcates the dipping r e s l s t l v l t y  
interface as d l v id ing  the metamorphic basement 
from the deeper undefined basement. The 
metamorphic basement I s  characterized by . 
mui t ld l rect lonai  heavy fau l t ing.  These f a u l t  

Dis tance  (km) 

clusters are assumed t o  provlde an e f fec t i ve  
transport system fo r  f l u i d s  descending from the 
surface towards the heat source and convectfng 
upwards towards the reservoir .  Though there i s  no 
evidence for molten magma chambers at  depth, 
Figure 8 also proposes the presence o f  cool ing 
magma chambers beneath the reservoir  as t h e -  
most probable sources of heat. That they were not 
detected by the e l e c t r i c a l  methods suggests that a 
large body o f  molten rock I s  no longer present, 
though smaller or  s o l i d i f i e d  but s t i l i - c o o l l n g  
bodies could ex i s t .  No selsmlc a c t i v i t y  was 
recorded at  these depths, which could be explained 
by the s t i l i  s u f f l c l e n t l y  hot and therefore 
duct l i e  rock mater ia l .  

i t  can be stressed that  the-geophysical 
experiments a t  Ml ios have been successful. Most 
Important for  t h i s  success was the high degree of 
co-operation whlch was established between a i l  
involved groups from the beglnning. This included 
the seiect lon o f  common measuring s i t e s  and the 
ca i l b ra t l on  o f  instruments fo r  a bet ter  comparlson 
of resul ts,  as wel l  as common data processing and 
interpretat ion.  Both selsmlc and e l e c t r l c a i  data 
were essential f o r  understanding the f a u l t  system 
whlch i s  feeding the reservoir .  The SP, MT and 
temperature gradient data have contr ibuted t o  a 
descr lpt lon of the areal extent of the reservolr ,  
whi le modelling o f  MT and selsmlc data gave 
information on the shape o f  the anomalies at  
depth. 

MZ-1 M-1 M.3 

I 

Flgure 7. G8nerallSed composite prof l le  In NW-SE direction across 
central eastern Milos (location see Figure 61, cornblnlng selsrnlc and MT 
interpretations. The dotted area indlcates the low res is t iv i ty  Zone 
colncidlng w i t h  the proven reservoir, and circles denote earthquakehypocentres 
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Flgure 8. Schematlc geological profile crossing the geothermal area 
of Zephyrla In WSW-€NE dlrection (location see Figure 6 )  
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