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ABSTRACT 

F i v e  deep w e l l s  have been d r i l l e d  on t h e  
‘Island of Vilos, Greece, i d e n t i f y i n g  a high- 
tempera ture ,  high-enthalpy geothermal 
r e s e r v o i r .  The thermodynamic p r o p e r t i e s  of 
t h e  f l u i d ,  and t h e  es t imated  p o r o s i t y  and 
presumed t h i c k n e s s  of  t h e  formation sugges t  
a f l u i d  and h e a t  s t o r a g e  c a p a c i t y  that could 
suppor t  a 60 MWe power p l a n t  f o r  85 y e a r s  or 
a 120 MWe f o r  half t h a t  time. 

r e p r e s e n t s  a W-E cross-sec t ion  of  t h e  i s l a n d  
a t  t h e  l a t i t u d e  of t h e  Zephyria plane.  The 
model shows an i n f i l t r a t i o n  zone i n  t h e  west 
( a s s o c i a t e d  wi th  s e v e r a l  l a v a  domes), a 
p a r t i a l  deep d ischarge  towards t h e  east ,  t h e  
development of a series of  convec t ive  
c i r c u i t s  w i t h i n  t h e  r e s e r v o i r  (metamorphic 
complex), some upward leakages  through t h e  
main f a u l t  systems,  a cover  made up of 
widespread hydrothermal a l t e r a t i o n s  of  a 
polygenic  format ion ,  and some l o c a l  
i n t r u s i o n s  connected wi th  t h e  few domes 
outcropping i n  t h e  south-eas te rn  s e c t o r  of  

The existing five can t/h t h e  i s l a n d .  The l a t t e r  i n t r u s i o n s ,  however, 
of steam a t  10 b a r  a b s  p r e s s u r e ,  capable  of r e p r e s e n t  a l o c a l  hydrogeologica l  
g e n e r a t i n g  a maximum e l e c t r i c  power o u t p u t  
of  s l i g h t l y  less than  20 MWe. 

d i s t u r b a n c e  t o  t h e  deep system. 

Because of t h e  reasonably  f l a t  s u r f a c e  
T h i s  paper  d e s c r i b e s  t h e  geology, t h e  t e r r a i n  and t h e  proximi ty  t o  popula t ion  
d r i l l i n g  and t h e  w e l l  t e s t i n g  r e s u l t s  c e n t e r s ,  t h e  E a s t e r n  p a r t  of t h e  I s l a n d ,  and 
p e r t a i n i n g  t o  t h e  f i v e  wells, and d i s c u s s e s  e s p e c i a l l y  t h e  Zephyria-Agri l ies  and t h e  
t h e  r e s e r v o i r  p o t e n t i a l  f o r  a 60 MWe Adamas r e g i o n s  were s i t e d  f o r  t h e  
geothermal power p l a n t .  contemplated geothermal development. 

INTQODUCTION 

Milos  I s l a n d ,  a member of t h e  Cyclades Group 
i n  t h e  Aegean Sea ,  is p a r t  o f  t h e  a c t i v e  
Aegean Volcanic  Arc of which t h e  i s l a n d s  of 
S a n t o r i n i  and Nlsyros a r e  a l s o  members. The 
I s l a n d  of Milos and Nisyros have been been 
t h e  sites of  major d r i l l i n g  a c t i v i t y .  F i g u r e  
1 based on t h e  work by McKenzie’ shows t h e  
l o c a t i o n  01 Milos I s l a n d  w i t h i n  t h e  v o l c a n i c  
a r c  i n  t h e  Aegean Sea. 

Two e x p l o r a t o r y  wells, MA-1 and MZ-1, 
d r i l l e d  i n  1975-76 proved product ive.  The 
former was d r i l l e d  i n  t h e  Adamas area, while  
t h e  l a t t e r  was d r i l l e d  i n  t h e  Zephyria 
a r e a .  Three o t h e r  wells d r i l l e d  dur ing  
1980-82 (M-I, M-2 and M-3) a l l  proved 
product ive .  F igure  2 p o s i t i o n s  t h e  wells on 
t h e  map of  t h e  i s l a n d .  

GEOLOGY 

The I s l a n d  of  Milos may be r e p r e s e n t e d  by 
t h e  g e n e r a l i z e d  mod 1 shown on F i g u r e  3 
o f f e r e d  by V r o u z 2 .  The schematic  

D R I L L I N G  AND SUBSURFACE LITHOLOGY 

Table  1 p r e s e n t s  a summary of t h e  well 
d iameters  and d e p t h s  f o r  t h e  t h r e e  newer 
wells (Y-1, E-2, and -3). 
The sequence of t e r r a i n s  c rossed  by each 
well is summarized below. - X-1: A sha l low i n t e r v a l  of  a l l u v i a  (0-20 m) 
is  made of s t r a t i f i e d  f l o o d  d e p o s i t s .  From 
20-60 m t h e r e  is t h e  c h a o t i c  formation made 
of  melange comprised of s c h i s t s ,  
m i c a s c h i s t s ,  quartz, l imes tones  and 
extremely a l t e r e d  materials. Beneath t h i s  
t e r r a i n  t h e r e  is a t h i c k  metamorphic l a y e r  
(SO m t o  T.D.) c o n s i s t i n g  of s c h i s t  
p r i m a r i l y  of t h e  green  s c h i s t  facies. 
Epidote  is a prominent minera l  i n  t h i s  
complex. 

M-2: The a l l u v i a  t e r r a i n  is a g a i n  a shal low 
t e r r a i n  (0-15 m) composed of s t r a t i f i e d  
f l o o d  d e s p o s i t s .  A t h i n  l a y e r  (15-25 m) of 
grey  t u f f  and o t h e r  new v o l c a n i c s  is 
p r e s e n t .  From 25-145 m ,  t h e r e  is t h e  
c h a o t i c  formation c o n s i s t i n g  of a melange of 
v a r i o u s  l i t h o t y p e s .  Metamorphic f ragments  
( q u a r t z ,  mica-schis ts ,  c h l o r o - s c h i s t s )  are 

- 
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Depth 

Well Diameter 

24” 
17 1/2” 
12 1/4” 
9 112” 

TASLE 1 

DRILLING STATISTICS FOR WELLS !GI, M-2, and 1’1-3 

M- 1 M-2 M-3 
1180 m 1381 1017 m - 

fol lowed by v o l c a n i c  f ragments ,  some 
sedimentary b locks  and hydrothermal 
m a t e r i a l .  Below 149 m ( t o  T.D.) a t h i c k  
metamorphic format ion  similar t o  t h e  one 
under 74-1 i s  found. 

- 14-3: No a l l u v i a  d e p o s i t s  were found i n  t h e  
case  of M-3. I n s t e a d ,  a c h a o t i c  melange 
c o n s i s t i n g  of metamorphic and v o l c a n i c  
f ragments  i s  e v i d e n t  (0-20 m ) .  

A v o l c a n i c  formation (20-125 m) 1s 
c h a r a c t e r i z e d  by i n t e n s e  hydrothermal 
a l t e r a t i o n  render ing  much of  t h e  o r i g i n a l  
s t r u c t u r e  of t h e  rock unrecognizable .  

T h i s  l a y e r  i s  u n d e r l a i n  by a sedimentary 
formation (125-173 m) formed by t h e  Neogenic 
marine i n g r e s s i o n .  The formation c o n t a i n s  
carbonaceous q u a r t z  a r e n i t e s ,  sands tones ,  
arenaceous carbonate  rocks ,  l imes tones  and 
dolomites  and some s h a l e s .  

F i n a l l y ,  t h e  t h i c k  metamorphic l a y e r  
observed i n  Y-I and M-2 i s  found below 173 m 
( t o  T.D.). 

The t e r r a i n  sequences found i n  t h e  t h r e e  
wells i s  summarized i n  schematic  form i n  
F igure  4. A geologic  h i s t o r y  of t h e  
s t r u c t u r e s  may then  be r e c o n s t r u c t e d .  

A p u l l - a p a r t  f a u l t  probably caused t h e  block 
of rock benea th  w e l l  M-3 t o  subs ide ,  
fol lowed by t h e  marine i n g r e s s i o n  which l e d  
t o  t h e  d e p o s i t i o n  of t h e  Neogenic formation 
(125-173 m). Genera l ly ,  t h e  sediments  are 
w e l l  s o r t e d .  Sometime la te r  i n  t h e  geologic  
h i s t o r y ,  t h e  magma from a molten rock body 
under t h e  metamorphic rock complex i n t r u d e d  
upward pushing t h e  whole block upward, 
d e p o s i t i n g  it above t h e  neogenic  formation 
by u p l i f t i n g  t h e  o v e r l y i n g  melange 
d e p o s i t s .  Another p o s s i b i l i t y  is t h a t  magma 
formed a v o l c a n i c  cone around t h e  vent  above 
t h e  neogenic  sediments .  Then melange and 
a l l u v i a l  format ions  were d e p o s i t e d  l a te r  
above t h e  cone. 

0-99.5 m 0-169 m 0-185 m 
99.5-399 m 169-600 m 186-637 
399-903 m 600-1381 m 637-1017 m 
903-1180 m 

The l o c a t i o n  of t h e  M-3 on t h e  t o p  of t h e  
h i l l  forming t h e  u p l i f t e d  h o r s t  t h a t  b o r d e r s  
t h e  Zephyria p l a i n  sugges ts  t h e  presence of 
two f a u l t s  ( s e e  c r o s s - s e c t i o n )  around M-3. 
T h i s  hypothes is  i s  f u r t h e r  s t rengthened  by 
t h e  presence of neogenic sediments  i n  M-3 
and t h e i r  absence i n  ?I-1 and M-2. 

Consider ing t h e  mineralogy and l i t h o l o g y  of 
t he  rocks  pierced by the wells, it can be 
suggested t h a t  t h e  metamorphic t r e n d  is from 
M-2 t o  M-3 t o  M-I. 

Presence of c a l c i t e  minera l  above 900 m and 
i t s  absence a t  lower depths  can be d i r e c t l y  
r e l a t e d  t o  t h e  p a t t e r n  of underground water 
movement. 

F L O W  AND TRANSIENT PRESSURE WELL-TSSTIVG 

The three new wells have been f l o w t e s t e d  and 
Table  2 c o n t a i n s  t h e  p e r t i n e n t  f l o w r a t e  and 
e n t h a l p y  d a t a .  

A l a r g e  number of i n j e c t i o n  tests have been 
done on a l l  t h r e e  wells. Cold seawater  was 
i n j e c t e d  and t h e  ensuing  bui ldup  of p r e s s u r e  
was al lowed t o  f a l l  o f f .  Nine such tests 
were done f o r  w e l l  +I. The i n j e c t i o n  time 
f o r  each was approximately 33 minutes.  Nine 
similar tests were done f o r  M-2 and t h r e e  
more were done f o r  M-3. 

The tests were performed a t  v a r i o u s  w e l l  
i n t e r v a l s  f o r  t h e  e v a l u a t i o n  of t h e  
r e s e r v o i r  t r a n s m i s s i v i t y .  Log-log graphs of 
t h e s e  tests were u t i l i z e d  as d i a g n o s t i c  
t o o l s .  F i g u r e  5 is a log-log graph of three 
i n j e c t i o n  f a l l - o f f  tests from M-1, while  
Fig.  6 is a similar graph of three i n j e c t i o n  
f a l l - o f f  tests from M-3. 

I n  g e n e r a l ,  most of t h e  d a t a  demonstrate  t h e  
presence  of  f r a c t u r e s ,  as i d e n t i f i e d  by t h e  
ha l f - s lope  behavior  on t h e  log-log graph 
e v i d e n t  a t  e a r l y  time. The d a t a  t r e n d  then  
f l a t t e n s  o u t ,  a f r e q u e n t  i n d i c a t o r  of double 
p o r o s i t y  systems. A “rule of thumb” known 
as  t h e  “double Ap mle” i d e n t i f i e s  t h e  
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TABLE 2 

WELL FLOW DATA 

T o t a l  Produ t i o n  Rate 
a t  12 kg/cm' (175 P s i )  
wellhead p r e s s u r e  

Enthalpy 

Q u a l i t y  a t  10  kg/cm2 (150 p s i )  

Steam Flow Rate 

Condensing Power P l a n t  Maximum 
E l e c t r i c i t y  Capaci ty  (20,000 PPH/MWe) 

Product ion  I n t e r v a  1 

T o t a l  Disso lved  S o l i d s  

Bottom-Hole Temperature 

Bottom-Xole P r e s s u r e  

M-2 - M-1 - 
119 t / h  47 t / h  

1460 W/kg 

0.35 

41.7 t / h  

4.5 MWe 

900-T .D. 

120,000 PPM 

323% 

- 120 kg/cm2 

commencement of t h e  s t r a i g h t  l i n e  behavior  
i n  a semi- logari thmic graph of t h e  d a t a .  
According t o  t h e  r u l e ,  d a t a  fo l lowing  two 
times t h e  LIP from t h e  d e v i a t i o n  from t h e  
half s l o p e  w i l l  f a l l  on a semi-log s t r a i g h t  
l i n e .  Unfor tuna te ly ,  most of t h e  tests were 
n o t  run f o r  a s u f f i c i e n t l y  long time f o r  any 
s u s t a i n e d  o r  even c e r t a i n  appearance of t h e  
semi-log s t r a i g h t  l i n e  as is e v i d e n t  from 
Figs .  5 and 6. F u r t h e r ,  t h e  s h o r t  d u r a t i o n  
of  t h e  tests limits t h e  va lue  of t h e  d a t a  
f o r  i n t e r p r e t a t i o n  of  t h e  double p o r o s i t y  
behavior .  (These tests, run by t h e  
c o n t r a c t o r ,  were n o t  designed by t h e  a u t h o r s  
of  t h i s  r e p o r t . )  

The c a l c u l a t e d  s t o r a g e  c a p a c i t y  of well F-I 
is 43 m3 (8 1/21'  b 1180 m). A h a l f  hour 
i n j e c t i o n  a t  100 J / h  ( a s  it was done f o r  
most t e s t s )  would b a r e l y  unload t h e  o r i g i n a l  
wel lbore  c o n t e n t s  i n t o  the  formation.  

Semi-log graphs  of t h e  d a t a  are presented  i n  
Fig. 7. I n j e c t i o n  tests 44 and #9 were 
s e l e c t e d  f o r  a n a l y s i s  s i n c e  they  were done 
over  roughly t h e  same completion i n t e r v a l .  
The e x t r a p o l a t i o n  of t h e  time f u n c t i o n  

( t+At) /At  t o  u n i t y  ( i n f i n i t e  f a l l - o f f  
t i m e ,  A t  ) would r e s u l t  i n  t h e  i n i t i a l  
r e s e r v o i r  p r e s s u r e ) .  Hence, s i n c e  t h e  tests 
were done f o r  t h e  same depth,  t h e  
e x t r a p o l a t i o n  of  t h e s e  s t r a i g h t  l i n e s  must 
converge a t  approximately t h e  same value  of 
p r e s s u r e .  The s l o p e s  f o r  t h e  two s t r a i g h t  
l i n e s  w e r e  t h u s  obta ined  and were c a l c u l a t e d  
as 9 kgr/cm*/cycle ( f o r  t es t  #4) and 3.6 
kgr/crn2/cycle ( f o r  t es t  e). 
The p e r t i n e n t  equat ion  f o r  c a l c u l a t i n g  t h e  
p e r m e a b i l i t y  is: 

2200 W/kg 

0.71 

33.4 t / h  

3.7 MWe 

9 4 0 - ~ . ~ .  

140,000 PPM 

282OC 

- 120 kg/cm2 

M-3 
126 t / h  
- 

1600 W/kg 

0.42 

52.9 t / h  
5.8 MWe 

900-T .D. 
130,000 PPM 

300°C+ 

- 123 kg/cm2 

where k i n  md, q i n  n?/hr, 
i n  m. 

The permeabi l i ty  v a l u e s  obta ined  from t h e s e  
two tests were 11.5 md and 14 md, 
r e s p e c t i v e l y .  

The wel lbore dra inage  f a c t o r  or s k i n  e f f e c t  
may be c a l c u l a t e d  us ing  t h e  equat ion:  

p i n  cp  and h 

k l o g  -2+ 

@wtrw 

S =I .151(_, '1 hr-'i - 

where k i n  md, 
and rw i n  m. 

Equat ions  1 and 2 were developed f o r  t h e  
above u n i t s  from t h e  w e l l  equa t ions ,  widely 
used i n  petroleum r e s e r v o i r  engineer ing .  

Using Eq. 2 ,  t h e  s k i n  effect f o r  bo th  tests 
was c a l c u l a t e d  as S = -7. The n e g a t i v e  
v a l u e  f o r  t h e  s k i n  f u r t h e r  s u p p o r t s  t h e  
n o t i o n  t h a t  t h e  w e l l  has  p e n e t r a t e d  a 
n a t u r a l  f r a c t u r e .  

p i n  cp, ct i n  ( k g r / c g ) - l  

I n j e c t i o n  t es t  #2, done a t  a sha l lower  
i n t e r v a l  was a l s o  analyzed provid ing  a 
p e r m e a b i l i t y  va lue  of  3.7 md and a s k i n  
f a c t o r  of -6. 

The i n j e c t i o n  tests performed dur ing  t h e  
d r i l l i n g  o p e r a t i o n  provided a number of  
u s e f u l  r e s u l t s  about  t h e  formation and t h e  
wells. The d i a g n o s t i c  log-log p l o t s  gave 
evidence of t h e  presence of n a t u r a l  
f r a c t u r e s ,  a widespread f e a t u r e  of 
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,peotheraal  r e s e r v o i r s  e lsewhere.  The 
f l a t t e n i n q  o u t  of t h e  d a t a  t r e n d s  gave 
i n d i c a t i o n  of two p o r o s i t y  syster is  a 1 ~ 3  
e v i d e n t  i n  o t h e r  geothermal formatiorls. 
Analysis  of three of t h e s e  tests provided 
estimates f o r  t h e  format ion  p e r m e a b i l i t y  and 
t h e  open hole  wel lhore  c o n d i t i o n .  The 
n e g a t i v e  va lue  of t h e  s k i n  e f f e c t  provided 
a d d i t i o n a l  evidence of t h e  p e n e t r a t i o n  of 
n a t u r a l  f r a c t u r e s  by t h e  wells. 

Short-time i n j e c t i o n  tests, u t i l i z i n g  a l i e n  
t o  t h e  formation f l u i d s  ( seawater )  a t  much 
lower tempera ture  would create o t h e r  
phenomena (such as thermal  f r a c t u r i n g )  t h a t  
would mask or a l t e r  c e r t a i n  formation 
c h a r a c t e r i s t i c s .  A t  t h e  p r e s e n t  time, 
drawdown/buildup and i n t e r f e r e n c e  well tests 
are contemplated i n  o r d e r  t o  e v a l u a t e  
format ion  c h a r a c t e r i s t i c s  as  w e l l  as t h e  
p r i n c i p a l  axes of permeabi l i ty .  The l a t t e r  
a r e  extremely impor tan t  i n  any f u t u r e  re- 
i n j e c t i o n  schemes which must be planned i n  
conjunct ion  wi th  t h e  development of t h e  
power p l a n t .  

RESERVE ESTIMATION 

Assuming a maximum of 25 k$ areal e x t e n t  
wi th  a 1000 m t h i c k  r e s e r v o i r  (much of it 
w i l l  be a c c e s s i b l e  through v e r t i c a l  
f r a c t u r e s  touching  t h e  well, n o t  through 
d r i l l i n g )  a bulk volume of 2.5 x I O ”  rd may 
be c a l c u l a t e d .  3 s i n g  a p o r o s i t y  va lue  of  
S?, t h e  pore volume may then  be c a l c u l a t e d  
as  1.25 x I O 9  m3. The l i q u i d  s p e c i f i c  
volum? a t  r e s e r v o i r  c o n d i t i o n s  ( ~ 1 2 0  
kg/cm ) is 1.53’ x m34kg. Hence, t h e  
mass p r e s  It is  1.25 x IO /I .53 x 10-3 or 
9.18 x I O ”  kg. S i n c e  20,000 l b / h r  o r  9100 
kg/hr  have been t r a d i t i o n a l l y  used per  1 
MWe, t h e  t o t a l  f low need f o r  a 0 MWe, 
assuming 50% q u a l i t y  is 1.09 x IO‘ kg/hr. 
Sence,  t h e  expected longevi ty  of t h e  
r e s r v o i r  is c a l c u l a t e d  as 35 years .  

DEVELOPMENT PLANS 

A t  t h e  time of w r i t i n g  t h i s  paper ,  t h e  
P u b l i c  Power Corpora t ion  i s  i n  t h e  first 
phase of t h e  development -of t h e  geothermal 
r e s e r v o i r s  of  M i l o s , , a n d  is i n  t h e  p r o c e s s  
of  c o n t r a c t i n g  t h e  des ign  and i n s t a l l a t i o n  
of a small 1.5-2 MWe condensing power p l a n t  
by mid 1985. T h i s  p i l o t  f a c i l i t y  w i l l  
provide a means f o r  t e s t i n g  p r o t o t y p e  

s e p a r a t o r s ,  p i p e l i n e s ,  t u r b i n e s ,  condensers  
and r e - i n j e c t i o n  schemes f o r  problems 
a s s o c i a t e d  wi th  s c a l i n g  and cor ros ion .  I n  
a d d i t i o n ,  extended f l u i d  product ion  and re- 
i n j e c t i o n  w i l l  provide more d e f i n i t i v e  d a t a  
on t h e  r e s e r v o i r  and on t h e  s u s t a i n e d  
d e l i v e r a b i l i t y  and i n j e c t i v i t y  
c h a r a c t e r i s t i c s  of t h e  wells. 

The second phase w i l l  i n c l u d e  t h e  d r i l l i n g  
of  f i v e  new geothermal wells, t e s t i n g  and 
measurements, t h e  s t u d y  of a p l a u s i b l e  
geothermal model and t h e  d e t e r m i n a t i o n  of  
t h e  t o t a l  power c a p a c i t y  (expec ted  t o  be 
about  60 MWe) r e s u l t i n g  i n  t h e  des ign ,  
procurement and i n s t a l l a t i o n  of  a 60 MWe 
power p l a n t  by la te  1989. The i n s t a l l a t i o n  
of t h e  first network of submarine c a b l e s  f o r  
t h e  t ransmiss ion  of t h e  genera ted  power w i l l  
a l s o  t a k e  p l a c e  dur ing  t h i s  phase. 

The t h i r d  phase w i l l  i n c l u d e  t h e  d r i l l i n g  of 
approximately 23 new geothermal w e l l s ,  
a p p r o p r i a t e  t e s t i n g  and measurements aiming 
towards t h e  procurement and i n s t a l l a t i o n  of 
a second 50 MWe power p l a n t  by l a te  1992. 
T h i s  phase w i l l  inc lude  t h e  i n s t a l l a t i o n  of 
a second network of submarine c a b l e s  f o r  t h e  
t ransmiss ion  of the a d d i t i o n a l  60 MWe. 

S i n c e  t h e  power o u t p u t  is expected t o  
g r e a t l y  outpace t h e  demand for Milos o r  t h a t  
of t h e  i s l a n d s  i n  its immediate proximity,  
t h e  i n s t a l l s t i o n  of t h e  submarine c a b l e s  f o r  
power t r a n s m i s s i o n  t o  t h e  Greek mainland is 
cons idered  of utmost importance and i s  
contemplated a t  t h e  p r e s e n t  time by t h e  PPC. 
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F igure  1. 
D i s t r i b u t i o n  o f  Volcanic  Rocks of  T e r t i a r y  
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@ L I M E S T O N E  / c o l a  c ~ r c u ~ n t ~ o n  m~ A 8 E M E  N T  

- L A V A  D O Y E  U P Y R O C L A S T I C S  r) h o t  c l r c u l a l l o n  

Figure 3 .  

Sketch of geothermal model of  t h e  I s l a n d  of Milos (From Ref. 2 ) .  
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Figure 6 
Injection Fall-off Pressure Transients Tests for 11-3 
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Figure 7 

Semi-logarithmic Analysis of Pressure Transients Data f o r  Well M-1. 
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