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ABSTRACT

Five deep wel}s have been dri2led
on the Island of Mi%os, Greece,
identifying a high-temperature, high-
enthalpy geothermaX¥ reservoir. The
thermodynamic properties of the fiuid,
and the porosity and thickness of the
formation sJuggest a f¥uid and heat
storage capacity that cou®d support a
60 M¥e power pZaunt for 85 years ¢r a
120 M¥e Tor half that time.

The existin five wekds can
deliver 180 t/h ofg steam at 10 bar ab's
pressure, capad¥e of .generating a
maximum ehectric power output of
s¥ignhtdy %ess than 20 X¥e.

This paper describes the geotogy,
the dri¥%ing and the wek® testing
resu?ts pertaining to the five wekts,
and discusses the reserveéeir potentia9
for a 60 ¥We geothermal power plant.

INTRODUCTION

MiYos IsY¥and, a member of the
Cyc¥ades Group in the Aegean Sea, is
part of the active Aegean Vo%canic AIrC
of which the is2ands of Santoerini and
Nigyros are a¥so¢ =msmbers, Economides
et a%.' have described the geothermal
fieXd on lisyros in an associated paper
in this vetume. Fig. 1 from that paper
shows the location of MHios Iskand
within the volcanic arc.

Two expiératory wells, MA-1 and
KZ=1, dridted in 1975=-76 proved
productive. The former was dri¥lted in
the Adamas area, whife the %atter was
drikled in the Zephyria area. Three

other we%¥s dri%2ed during 1980-82 (M-
i, M-2 and M- 3) alk proved
productive. Figure 1 positions the
vek3s ON the map of the isand,

GEOLOGY

The Is%and of Mitos may be
represented by the generalized modg&
shown on Figurs 2 offered by Vrouei©.
The schematic represents a Y-E Cross-
section of the island at the Patitude
of the Zephyria prane. The mode2 shows
an infi%tration =zone in the west
(associated with ssvera® Pava domes), a
partia¥ deep discharge towards the
sast, the deveXopment of a series of
convective circuits within the
reservoir (metamorphic comptex), some
upward #eakages through the main fault
systems, a cover made up of widespread
nydrotherma% a¥terstione of a polygenic
formation, apd sSome 2oca¥ intrusions
connected ‘with the few domes
outcropping in the south--eastern sector
of the is%and. The ratter intrusions,
however, represent a ¥ocal
hydrogeo¥ogica2 disturbance to the deep
gystenm,

Because 0f the reasonably f%at
surface terrain and the proximity to
population centers, the Eastern part of
the Is%and, and sspeciatiy the
Zephyria-Agriies and the Adamas
regions were sited for the contempiated
gedtneraad deveXopment,

DRILLING AID SUBSURFACE LITHOLOGY

Tab¥s 1 presents a summary of the
wek2 diameters and depths for the three
zewer wekks (M-1, M-2, and ¥-3).
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Figure 2.
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Figure 1. Location of Wells M1, M2, M3, MA-1, and MZ-1 on Milos
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Sketch of Geothermal Model of the Island of Milos (From Reference 2).
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TABLE 1

DRILLING STATISTICS FOR WELLS M-1, ¥-2, and M-3

M-1 M-2 M-3
Depth 1.180 m 1381 1017 m
¥ekY Diameter
24" 0-99.5 m 0-169 m 0-186 =
17 /2" 99.5-399 = 169-600 n 186-637
12 /4" 399-903 m 600-1381 m 637-1017 m
8 1/2" 903-1180 m

The sequence of terrains crossed
by each weXl is summarizad beXow.

H-1: A  shaTTow interva} Of
a¥tuvia (0-20 m) is"made of stratified
flood deposits. From '20-60 m there 1is
the chaotic formation made of msiaungs

comprised of schists, micaschists,
quartz, imestones and extremedy
altered materials. Beneath this

terrain there is a thick metamorphic
tayer (60 m to T.D) consisting of
schist primariy o¢f the green schist
facies. Epidote is a prominent mineraX
in this coaplex.

M-2: The a®Xuvia terrain is again
a sharfew terrain (0-15 m) composed of
stratified f%ood desposits. A thin
Eager (15-25 @) of grey tuff and other
new volcanics IS present. From 25-145
m, there is the <chaotic formation
consisting of a meXangs o¢f wvarious
ithotypes. Metamorphic fragments
(quartz, mica-schists, chkXoré-schists)
are foYlowed by volcanic fragments,
some sedimentary b¥ocks and
hydrotherma® materizsk. Below 149 = (to
T.D.) a thick metamorphic formation
similar to the one under ¥-% is found.

M- No af%iuvia deposlts were
found in the case of M-3. Instead, a
chaotic melange consisting of
metamorphic and veé¢¥canic fragments 1is
evident (0-20 m).

A volcanic formation (20-125 m) is
characterized by intense hydrdthermak
alteration rendering much of the
originatl structure of the rock
unrecognizable.

This 1tlayer is under¥ain by a
sedimentary formation (125-173 z)
formed by the Neogenic marine
ingression. The formation contains
carbonaceous quartz arenitea,
sandstones, arenaceous carbonate rocks,
limestones and dolomites and some
shales.

FPinafky, the thick metamérphic
layer observed in M-1 and W-2 is found
beXow 173 m (to T.D.).

The terrain sequences found in the
three wet¥s is summarized In schematic
form in Figure 3. A geo%ogic history
of the structures may then be
reconstructed.

A pu¥#-apart fauZt probab®y caused
the v®ock Of rock benenth we2® M-3 to
subside; fol¥owed by the marine
ingression which %ed t0 the deposition
of the Neogenic férmatisn (125-173
z). Gensvaly, the sediments are well
sorted. Sometime Tater in the geoitogic
history, the magma from a nré¢Xten rock
body under the metamorphic rock c¢émp¥ex
intruded upward pushing the whole b2ock
upward depositing it above the neogenic
formation by wuplifting the overZying
melange deposita. Another pdssibility
is that magma formed a vo¥canic cone
around the vent above the neogenic
sediments. Then melange and a%fuvia®
formations were deposited later above
the cone.

The #ocation of the M3 on the top
¢f the hi*x forming the uplifted horst
that borders the Zephyria plain
suggests the presence Of tw0 faults
(see cross-section) around M-3. This
hypothesis 1is further strsugthsusd by
the presence 0f neogenic sediments in
M-3 and their abeence in M-1 and M-2.

Considering the =miwnerafegy and
#ithotoegy of the rocks pierced by the
welk®s, It can be suggested that the
metamorphic trexd is from M2 to M3 to
M-1.

Presence of calcite minera® above
900 = and its absence at lower depths.
can be directly reXated to the pattern
of underground water movement.
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Figure 3. Terrain Sequences penetrated by wells M-1, M-2, and M-3. N-S Cross section.

FLOW AND TRANSIEN? PRESSURE WELL-
TESTING

The three nev welkas have been
ffovtested and Tab%e 2 contains the
pertinent fowrate and enthalpy data.

A Yarge number of injection teets
have beet done ox af%¥ three weXts.
Co?d seawater was itjected and the
etsuitg buildup of pressure ras a%*iowed
to rax® off. Nine such teste vere done
for weXl M-1. The injection time for
each war approximate¥y 3Q minutes,
Nive similar tests were done for H-2
and three more were done for H-3.

The tests were performed at
various well intervale for the
evafuetion of the reeervoir
transmissivity. Log-*og graphs of
these teats were utiktized as diagnostic
too%s, features of ¥og-i10g graphe are
used extensively by reservoir engineers
to identify reservoir characteristics
(such as the presence of fractures) or

weXTbore conditions. Figure 4 is a
Xog-%og graph of three injection fakr-
off tests from ¥-1, whi%*e Fig. 5 is a
siei®ar graph ¢f three injection fak-
off teets from X-3.

In genera®, moat of the data
demonstrate the presence of fractures,
as identified by the hadf-glops
behavior on the %og-%Xog graph evident
at earty time. The data trend then
flattens out, a frequent indicator of
doub¥e porosity systems, A "ru¥e of
thumb' known as the "doud%e Ap ruls”
identifies the commencement ¢f the
straight Bine behavior in a sszi-
Y¥ogaritheic graph of the dats.
According to the rulte, data folfowing
tws times the 4Ap from the deviation
from the hatf s%ops wil% fa%f¥ on a
semi-¥6g straight ¥ine. Unfortunately,
post OF the testa were not rut for e
sufficientky Rong time for the
appearance of the semi-Pog straight
®ine as 1is evident from Figs. 4 and
5, Further, the ehort duratien of the
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Figure 4." Injection Fall-off Pressure Transients Tests for M-1
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Figure 5. Injection Fall-off Pressure Transients Tests for M-3
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TABLE 2
WELL FLOW DATA

M-1 H-2 -3
Totald Prbdugtion Rate 119 t/h 7 t/n 126 t/h
at 12 xg/em® (175 psi)
weM**head pressure
Enthalpy 1460 kJ/kg 2200 kJ/kg 1600 kJ/kg
Quakity at 10 kg/cm? (150 psi) 0.35 0.71 0.42
Steam FZow kate 41.7 t/h 33.4 t/h 52,9 t/h
Corndensing Power Ptant Maximum 4.6 MWe 3.7 MVWe 5.8 MWe
Electricity Capacity (20,000 PPH/MWe)
Production Interval 900-T.D. 940-T.D. 900-T.D,
Total Dissofved So%ids 120,000 PPH 140,000 PPM 130,000 PPB
Bottom-Hole Temperature 323%¢ 282°¢ - 300%¢+

Bottom~Ho%e

Pressure

~ 120 kg/cnz

~ 120 kg/cn2

~ 120 kg/cm?

60
TEST NUMBER m
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Figure 6. Semi-Logarithmic Analysis of Pressure Transients Data for Uell M-1



tests limits the vatue of the data f4r
interpretation of the déubhe pérosity
behavior.

The caiculatzd storage capacity of
weX® M- is 43 a’ (8 1/2" by 1180 n),
A ha%f hour injection at 100 »?/k (as

it was done for most tests) woukd
bars¥y untoad the original weXkbore
contents into the formation.

Semi-Pog graphs of the data are
presented in Fig. 6. Injection tests
#4 and #9 were selected for asna%ysis
since they were done over rough¥y the
same comp¥etion intervak, The
sxtrapofation of the time function
(t+at)/at to unity (intinpite fa%&-off
time, 4t ) wouXd result in the izitia¥
reservoir pressure). Hence, since the
tests were done for the same depth, the
extrapo¥Xation of these straight lines
must converge at appréximate¥y the same
va¥*ue of pressure. The s¥opes for the
two straight lines were thus oRtalned
and were caYculated as 9 kxgr/ca/eyele

(for test #4) and 3.6 Xgr/ea?/cyeis
(for test #9).
The pertinent equation for

cafculating the permeability 1is:

where k in edarcys, g in x’/nr, TR -1
cp and h iIn =,

obtained
ed and

The permeadi¥ity vakuss
from these twé tests were 11.5
14 md , respectively.

The wellbore drainage factor or
skin effect may be ca2cutated using the
well known equation.

P =P
A Ly s R T + 3011
£ c, T
buc, T
(2)
where in  md, B ta cp, e¢¢ 1in
(kgr/on!)‘1 and ry in me

¥

Using Eq. 2, the sakimn effect fbr
both tests was c¢ea¥culeted as = .
The negative valus for the skin further

. -7

supports the wmetien that the %e!!
psnektrates a fracture.
Injsction test #2, déne at a

shalower intervul was also analyszed
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providing a permeability vaiue of 3.7
rd and a skin factor ¢f -6
The Injection tests performed

during the dri%8ing operation provided
a number of wusefu¥ resu¥te about the
formation and the velks, The
diagnostic %eg=-%og pXots gave evidence
4¢ the presence 3¢ natural fractures, a

videspread feature of gebthermal
reservoirs etsevhere, The f¥attening
out »f tho data trends gave indication

4f two porosity systems a¥so evident in

other geotnereak formatidns, Apalysis
6f three ¢f these teste provided
estimates for the férpation

permeabdi®ity and the open ho%e wekldvors
condition, The negative va¥ue of the
ekin effect provided additional
evidence &f the penetration of natural
fractures by the welie,

Shdrt-tine injeotidn testa,
utiticing akien tO the formation fluids
(ssawater) at much ¥ewer +%em erature
voud c¢reate other phenomena (such as
theras? fracturing) that wou%d mask or
gkter certain formation
characteristics. At the present time,
dravdown/dui¥dup and interference welX

tests are <c¢sntemp¥ated in order to
evakuate foreatioa characteristics as
welkl as the principa¥ axes of
permeability, The latter are extrensky
important @n any future re-injection
schemes  which must be p¥anned in

sonjunetidn with the devekopment &f the
power pRant.

RESERYE ESTINATIOR

Assuming a maximum of 25 yp? areat
extent with a 1000 = thick reservoir
(much of it wi®¥ be accesesid®e through
vertical fractures touching the well,
not thrergh ;ri!!ing) a dudk votume of
25 x 10 R’ ray be ca2cu%ated, Using
a porosity value of 5%, the pore vohumg
ng: ther bo cakoulated as 1.25 x 10
m” . The #%iquid specific voRume at
reservair cgndﬁfions (p=120 kg/em?) is

153 z 10° /kg. Hence, the peass
present is 1.25 x 109/1.53 x 107 or
s.18 z 10'! ¥z, Since 20,000 ¥b/nr or

9100 kg/hr have been traditiona¥%¥y used
per 1 MWe, the tote* fkow need for a 59
MWe, assuming 50% quatity is 1.09 x 10

xg/nr. Hence, the expected longevity
of the résrvoéir IS caicudated as 85
yearse {
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DEYELOPMENT PLANS

At the time of writing this paper,
the Pubfic Power Corpdration is in the
first phase of the deveX¥opment of the
geothermal! reservoirs of Ki%es, and is
in the process of contracting the
design and insta%®ation of a saa®%.1.5-
2 ¥¥e condensing power plant by aid
1985, This pilot faci¥ity wi®® provide
a means for testing protdtype
separators, pipeTines, turbines,
condensers and re-injection schemes for

prodY¥ems associated with sca¥ing and
corrosion. In addition, extended fluid
production and re-injection wil®
provide mors definitive data on the
reservoir and on the sustained
de¥iveradifity and injectivity

characteristics 6f the wels,

The second phase wi%t} inckude the
dri¥¥ing of five new gsotherma¥ yefds,
testing and measurements, the study of
a p2ausidle gebthermal mode® and the
determination of the totak power
capacity (expected t¢ be about 60
M¥e) resulting in the design,
procurement and instaXlatiém ¢f a 60
H¥e power plant by %ate 1909. The
insta®¥ation ¢f the first network of
submarine cabdlXss for the transmissidn
of the generated power wi%¥ a%s¢ take
pace during this phase.

The third phase wi®Y inc%ude the
dri¥¥ing of approximatedy 20 new
gsothermad wel¥s, .  appropriate testing
and measurements aiming towards the
ordcuremsnt and inste2Ratién of a
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tate
the

second 60 M¥e power opfant by

1992. This phase wif% incHuds
jnsta¥8atidn 8¢ a second network of
submarine cead®es fdr the transmission
6F the additiona® 60 XWse,

Since the power output ies expected
to greatlly dutpace the demand fbr MiZss
ér that of the is¥ands in its immediate
proximity, the "insta¥¥ation of the
submarine cables for pbwer transmissién
t4 the Greekx mein¥and is considered of

utmsst impdrtance and is contemplated
at the present time by the PPC.
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