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G2OTHERMAL FIELD DEVELOPMENTS I N  ICELAND 

INTRODUCTION 

G. Phlmason, V. S t e f i n s s o n ,  S. Th&hallsson,  and T. Thors te insson  

Orkustofnun 
Grens6svegur 9, 108 Reykjavik,  I c e l a n d  

Commercial e x p l o i t a t i o n  of  geothermal resources  
i n  I c e l a n d  d a t e s  back t o  t h e  1920’s. The f i r s t  
d i s t r i c t  h e a t i n g  system, i n  t h e  c a p i t a l  Reykja- 
v i k ,  began o p e r a t i o n  on a smal l  s c a l e  i n  1930 
with  t h e  h e a t i n g  of  a few b u i l d i n g s  i n c l u d i n g  
a school  house and a p u b l i c  swimming h a l l .  
The w a t e r ,  15 k g / s ,  93’C, was taken from sha l -  
low w e l l s  i n  what i s  now known a s  t h e  Laugarnes 
f i e l d ,  which was a t  t h a t  t i m e  o u t s i d e  t h e  town. 
I n  t h e  1940’s t h e  Reykjavik h e a t i n g  system w a s  
expanded cons iderably  u t i l i z i n g  water i s s u i n g  
from w e l l s  less than  600 m deep i n  t h e  Reykir 
geothermal f i e l d  about  17 km away from t h e  
town. Rapid development fol lowed,  e s p e c i a l l y  
a f t e r  t h e  impetus given by t h e  i n c r e a s e  i n  o i l  
p r i c e s  dur ing  t h e  1970’s. The main emphasis 
w a s  on space h e a t i n g ,  b u t  o t h e r  uses  began t o  
emerge a t  t h e  same t i m e .  I n  1976 t h e  d i a t o m i t e  
p l a n t  a t  M$vatn began o p e r a t i o n  us ing  steam 
from t h e  N i m a f j a l l  f i e l d  f o r  dry ing .  I n  1969 
a s m a l l  non-condensing t u r b i n e  w a s  se t  up i n  
t h e  same p l a c e  f o r  genera t ion  of e l e c t r i c i t y .  
And about  1974 work s t a r t e d  on t h e  K r a f l a  p a r e r  
p l a n t  which was t o  c o n s i s t  of two 30 lrlw units, 
of which only  one has  been o p e r a t i n g  y e t .  A t  
t h e  S v a r t s e n g i  f i e l d  which i s  used mainly f o r  
d i s t r i c t  h e a t i n g ,  t h r e e  small e l e c t r i c  gener- 
a t i n g  u n i t s  of  8 MW t o t a l  c a p a c i t y  have been 
i n s t a l l e d .  For more d e t a i l s  on the u t i l i z a t i o n  
of  geothermal energy t h e  r e a d e r  i s  r e f e r r e d  t o  
Gudmundsson (1982, 1983). 

Today geothermal  energy p l a y s  a r e l a t i v e l y  
l a r g e  r o l e  i n  t h e  energy economy of Ice land .  
About 80% of t h e  space h e a t i n g  requirements  are 
m e t  wi th  geothermal  energy a t  an average c o s t  
t o  t h e  consumer which i s  about  18% of t h e  c o s t  
of o i l  h e a t i n g .  The remaining needs are m e t  
wi th  h y d r o e l e c t r i c i t y  (13%) and o i l  ( 7 % ) .  
Space h e a t i n g  accounts  f o r  about  40% of the 
t o t a l  energy consumption i n  Ice land .  I n  terms 
of energy c o n t e n t  geothermal provides  about  40% 
of  t h e  t o t a l  energy s o l d  t o  u s e r s .  I n  t e r m s  of 
o i l  e q u i v a l e n t s  t h e  f r a c t i o n  i s  27%. Fig.  1 
shows how geothermal energy h a s  s t e a d i l y  grown 
i n  importance r e l a t i v e  t o  o t h e r  pr imary energy 
sources  i n  t h e  p a s t  decades. A t  t h e  p r e s e n t  
t i m e  t h e  annual  sav ing  i n  imported o i l  due t o  
t h e  use of geothermal energy amounts t o  US$ 560 
p e r  c a p i t a .  
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Fig.  1. The role of geothermal  energy i n  
t h e  energy economy of I c e l a n d ,  expressed  i n  
m i l l i o n  t o n s  of  o i l  e q u i v a l e n t s  p e r  year .  

The e x p l o r a t i o n  and r e s e a r c h  c a r r i e d  o u t  i n  
conjunct ion  wi th  t h e  e x p l o i t a t i o n  of t h e  v a r i -  
ous geothermal f i e l d s  h a s  v a s t l y  deepened our  
understanding of t h e  hydrothermal  systems i n  
Ice land .  They have proved t o  be more d i v e r s e  
wi th  r e s p e c t  t o  p h y s i c a l  s t a t e ,  chemical com- 
p o s i t i o n ,  , h y d r o l o g i c a l  p r o p e r t i e s ,  and geologi-  
cal  c o n t r o l  than  p r e v i o u s l y  thought .  ’ The pur-  
pose of  t h e  p r e s e n t  paper  i s  t o  review t h e  
p r e s e n t  s t a t e  of knowledge regard ing  t h e  Ice- 
l a n d i c  geothermal  systems,  with emphasis on 
t h e  product ion  and r e s e r v o i r  e n g i n e e r i n g  as- 
pects. 
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ASSESSMENT OF THE GEOTHERMAL RESOURCES 

The geothermal f i e l d s  i n  I c e l a n d  have long 
been c l a s s i f i e d  i n t o  high-temperature  and low- 
- temperature  f i e l d s  on t h e  b a s i s  of t h e  con- 
c e p t  of base temperature  (Bodvarsson, 1961). 
This  d i v i s i o n  remains a u s e f u l  one. The high-  
- temperature  f i e l d s  a r e  a l l  w i t h i n  t h e  a c t i v e  
neovolcanic  zones while  t h e  low-temperature 
a c t i v i t y  occurs  i n  f l a n k  areas where t h e  
c r u s t a l  rocks a r e  o l d e r  and t h e  temperature  
w i t h i n  t h e  c r u s t  lower than  i n  t h e  neovol- 
c a n i c  zone. 

OTHERYAL ASSESSMENT 
H-TEMPERATURE AREIS 

Fig.  2 .  A t o t a l  s tored-hea t  geothermal  as- 
sessment of t h e  high-temperature  f i e l d s .  

A r e v i s e d  assessment  of t h e  geothermal poten- 
t i a l  of  t h e  high-temperature  f i e l d s  has  re -  
c e n t l y  been made by t h e  Geothermal Div is ion  of 
Orkustofnun (Pblmason, 1981). It  i s  based on 
s t o r e d  h e a t  c a l c u l a t i o n s  and an assumed geo- 
thermal  recovery f a c t o r  of 20%. The a r e a  of 
t h e  f i e l d s  i s  e s t i m a t e d  on t h e  b a s i s  of sur -  
face  m a n i f e s t a t i o n s  and geophys ica l  s u r f a c e  
surveys  where they  a r e  a v a i l a b l e .  The reser- 
v o i r  t h i c k n e s s  from which product ion  can be 
obta ined  i s  assumed t o  be 3 km. The s t o r e d  
h e a t  i n  t h e  v a r i o u s  high-temperature  f i e l d s  i s  
shown i n  Fig.  2 .  The t o t a l  a v a i l a b l e  h e a t  
from t h e s e  f i e l d s ,  t a k i n g  i n t o  account  recov- 
e ry-  and a c c e s s i b i l i t y  f a c t o r s ,  i s  e s t i m a t e d  
t o  be 1020 J o u l e ,  o r ,  when conver ted  t o  e l e c -  
t r i c i t y ,  175,000 MWyrs. On t h e  b a s i s  of geo- 
l o g i c a l  c o n s i d e r a t i o n s  i t  seems p o s s i b l e  t h a t  
an a d d i t i o n a l  p o t e n t i a l  of 2-3 times t h e  above 
va lues  may l i e  hidden wi thout  d i r e c t  s u r f a c e  
express ion  w i t h i n  t h e  neovolcanic  zone. 

The assessment  makes no p r e d i c t i o n s  of t h e  
rate a t  which t h e  energy can be withdrawn. 
Experience a l o n e  can add t h i s  dimension t o  t h e  
assessment .  A cons iderable  body of product ion  
d a t a  i s  gradual ly  accumulat ing,  b o t h  from 
high-temperature  and low-temperature f i e l d s .  
Some of  t h i s  i s  reviewed i n  t h e  fol lowing.  

THE REYKJAV~K FIELDS 

The Reykjavik Municipal D i s t r i c t  Heat ing Ser-  
v i c e  u t i l i z e s  geothermal water  from low-tem- 
p e r a t u r e  f i e l d s  l o c a t e d  w i t h i n  o r  r e l a t i v e l y  
near  t o  t h e  c i t y .  These f i e l d s  are (Fig .  3) 
Reykir ,  which s u p p l i e s  about  3/4 of t h e  water 
used,  E l l i d a l r  and Laugarnes,  which a r e  lo- 
c a t e d  w i t h i n  t h e  c i t y .  I n  a d d i t i o n ,  t h e  S e l -  
t j a r n a r n e s  f i e l d  which s u p p l i e s  t h e  a d j a c e n t  
community of S e l t j a r n a r n e s  wi th  h o t  water i s  
l o c a t e d  w i t h i n  t h a t  community. 

Fig.  3. A l o c a t i o n  map of t h e  Reykjavik 
low-temperature f i e l d s .  A l s o  shown a r e  
maximum pumping rates from each f i e l d .  

I n  t h e  Laugarnes f i e l d ,  where e x p l o i t a t i o n  was 
i n i t i a t e d  i n  1930, deep d r i l l i n g  (> lo00  m) 
began i n  1958, and soon a f t e r  t h e  f i r s t  w e l l s  
were connected t o  t h e  d i s t r i c t  h e a t i n g  system 
i n  Reykjavik. 
from t h i s  system h a s  been r e p o r t e d  by Thor- 
s t e i n s s o n  and E l i a s s o n  (1970) .  The main res- 
e r v o i r  t o  a depth of 1250 m h a s  a temperature  
of about  135.12, b u t  t h e  deepes t  w e l l  a t  t h a t  
t i m e ,  about  2200 m ,  encountered a deeper  pro- 
ducing hor izon  wi th  a temperature  of about  
145'C near  i t s  bottom. The water  from t h i s  
f i e l d  i s  low i n  t o t a l  d i s s o l v e d  s o l i d s ,  about  
350 ppm, of which 35 ppm i s  c h l o r i d e .  Tw, 
deeper  d r i l l h o l e s ,  t o  2857 and 3085 m ,  were 
sunk i n  t h e  product ion  a r e a  i n  1979 i n  o r d e r  
t o  explore  p o s s i b l e  deeper  a q u i f e r s .  Pro- 
d u c t i o n  w a s  ob ta ined  a l l  the way t o  t h e  bottom, 
where t h e  temperature  was 155'C. I n  t h e  deep- 
es t  w e l l  t h e  s a l i n i t y  of t h e  water proved 
h i g h e r  than  i n  o t h e r  w e l l s  i n  t h e  Laugarnes 
f i e l d ,  wi th  about  200 ppm of c h l o r i d e  (Gunn- 
laugsson,  p e r s .  comm. . 
The permeabi l i ty - th ickness  product  i n  t h e  
Laugarnes f i e l d  w a s  e s t i m a t e d  by Thors te insson  
and E l i a s s o n  (1970) on t h e  b a s i s  of i n t e r -  
fe rence  t e s t s  of 10-20 hours '  d u r a t i o n  t o  be 
about  110 darcy-m. Assuming a t h i c k n e s s  of 
1000 m f o r  t h e  producing r e s e r v o i r ,  this g i v e s  
a p e r m e a b i l i t y  of 110 m i l l i d a r c y s .  A per -  

The e a r l y  product ion  exper ience  
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m e a b i l i t y  of a few darcys was obta ined  by 
Bodvarsson (1978) on t h e  b a s i s  of water  l e v e l  
recovery d a t a  from one w e l l .  These va lues  a r e  
r a t h e r  high and may be a f f e c t e d  by s p e c i f i c  
a q u i f e r  s t r u c t u r e s  near  t h e  w e l l s .  On t h e  
b a s i s  of annual  t o t a l  p roduct ion  v a r i a t i o n s  
and accompanying water  l e v e l  changes, Pklmason 
(1967) e s t i m a t e d  wi th  a crude s t e a d y - s t a t e  

model a p e r m e a b i l i t y  of 35 m i l l i d a r c y s  f o r  t h e  
formations surrounding t h e  product ion  a r e a .  
Bodvarsson (1378) ,  us ing  t h e  same d a t a  and a 
more s o p h i s t i c a t e d  model ob ta ined  a value of  
10 m i l l i d a r c y s  f o r  t h e  g l o b a l  p e r m e a b i l i t y  of 
t h e  Laugarnes f i e l d .  These e s t i m a t e s  show 
wide d i s c r e p a n c i e s  which need t o  be expla ined .  

A n  oppor tuni ty  f o r  a p r e s s u r e  bui ldup  t e s t  of 
t h e  Laugarnes f i e l d  as a whole p r e s e n t e d  it- 
s e l f  i n  1982, when pumping w a s  t emporar i ly  
d iscont inued  from a l l  t h e  w e l l s  i n  t h e  a r e a  
f o r  4 months. The water  l e v e l  w a s  monitored 
i n  s e v e r a l  w e l l s .  The short- t ime bui ldup  
showed a p r o p o r t i o n a l i t y  t o  t h e  square  r o o t  of 
time ( F i g .  4 ) ,  i n d i c a t i n g  f r a c t u r e  p e r m e a b i l i t y  

F ig .  4 .  P r e s s u r e  bui ldup  i n  t h e  Laugarnes 
f i e l d ,  showing a l i n e a r  change wi th  t h e  square 
r o o t  of t i m e  over  a c e r t a i n  time i n t e r v a l .  

(Gr ingar ten  e t  a l . ,  1972a and b ) .  The longer -  
- t i m e  p r e s s u r e  bui ldup  (F ig .  5) i n d i c a t e s  a 
g l o b a l  permeabi l i ty - th ickness  product  of  about  
15 darcy-m. With a product ion  zone t h i c k n e s s  
of  about  1000 m t h i s  g i v e s  15 m i l l i d a r c y s  as a 
g l o b a l  p e r m e a b i l i t y  f o r  t h e  Laugarnes f i e l d .  

The Reykir f i e l d  w a s  t h e  p r i n c i p a l  source  of 
thermal  water  f o r  t h e  Reykjavik D i s t r i c t  
Heat ing Serv ice  from 1944 u n t i l  1959, when t h e  
redevelopment of t h e  Laugarnes f i e l d  began. 
In 1955 t h e  product ion  of 350 kg/s  a t  an aver-  
age temperature  of 86'C was by f r e e  f lew it .m 
69 shal low w e l l s .  I t  was r e a l i z e d  t h a t  t h e  
product ion  could be i n c r e a s e d  by deeper  d r i l l -  
i n g  and by pumping from t h e  w e l l s .  A redevel -  
opment program was s t a r t e d  i n  1970, and by 
e a r l y  1975 29 new w e l l s  of 800-2040 m depth 
(average 1616 m )  had been d r i l l e d .  W e l l  com- 

p l e t i o n s  a r e  of t h e  open h o l e  type. P r i o r  t o  
l a t e  1973 product ion  c a s i n g  diameters were 

9 5 / 8 "  up t o  200 m depth ,  and h o l e  s i z e  was 
8 1/2". Later w e l l s  have 13 3 / 8 "  cas ings  
(200 m) and 12 1 / 4 "  h o l e  s i z e  t o  1400-1600 m. 

Typica l  pumping r a t e s  from t h e  o l d e r  w e l l s  are 
30-40 kg/s  b u t  90-100 kg/s  from t h e  l a t e r  
w e l l s .  The h i g h e r  product ion  rates a r e  a t t r i -  
b u t a b l e  t o  l a r g e r  pumps and t o  improved pro- 
d u 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  l a r g e r  d i m -  
e t e r  w e l l s .  

The product ion  h i s t o r y  from 1971 t o  1975 has  
been r e p o r t e d  by Thors te insson  (1976) .  In 
1974 t h e  annual d i scharge  by pumping had 
reached 18.2 g i g a l i t e r s ,  whi le  t h e  f r e e  f l o w  
from t h e  o l d e r  w e l l s  had ceased completely due 
t o  p r e s s u r e  drawdown i n  t h e  r e s e r v o i r .  The 
average temperature  of t h e  pumped water  was 
83.5'C. 
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Fig .  5. P r e s s u r e  bui ldup  i n  t h e  Laugarnes 
f i e l d ,  used f o r  e s t i m a t i n g  t h e  g l o b a l  per -  
m e a b i l i t y  of t h e  f i e l d .  

On t h e  b a s i s  of i n t e r f e r e n c e  tests Thors te ins-  
son (1976) e s t i m a t e d  t h e  t r a n s m i s s i v i t y  i n  t h e  
Reykir product ion  a r e a  t o  be i n  t h e  range 
(0.48 - 2.7) x 10-2 m 2 / s .  With a 1000 m 
t h i c k n e s s  of t h e  producing r e s e r v o i r  t h i s  cor- 
responds t o  a p e r m e a b i l i t y  range of  150 - 860 
m i l l i d a r c y s .  S ince  1975 10 a d d i t i o n a l  w e l l s  
have been d r i l l e d  i n  t h e  Reykir f i e l d ,  ex- 
panding t h e  product ion  area cons iderably  t o  
t h e  east ,  i n  t h e  d i r e c t i o n  towards t h e  neovol- 
canic zone. The product ion  h i s t o r y  f o r  1976- 
-1982 and water  l e v e l s  from two observa t ion  
w e l l s  i s  shown i n  F ig .  6. The p r e s s u r e  v a r i -  
a t i o n s  due t o  t h e  seasonal  v a r i a t i o n s  i n  pump- 
i n g  rate are propagated over  c o n s i d e r a b l e  d i s -  
t a n c e s  as evidenced by t h e  204 m deep S t a r -  
d a l u r  o b s e r v a t i o n  w e l l  about  7 km t o  t h e  
n o r t h e a s t  (F ig .  3 ) ,  where 65% of t h e  p r e s s u r e  
ampli tude i n  t h e  product ion  a r e a  is observed.  
The g l o b a l  p e r m e a b i l i t y  e s t i m a t e d  from t h e  
long-term p r e s s u r e  d e c l i n e  i s  about  70 m i l l i -  
darcys ,  s i g n i f i c a n t l y  lower than  t h a t  ob ta ined  
from t h e  i n t e r f e r e n c e  tests. This  probably 
r e f l e c t s  similar c o n d i t i o n s  as i n  t h e  Laugar- 
nes f i e l d ,  a l though t h e  p e r m e a b i l i t i e s  i n  gen- 
e ra l  a r e  h i g h e r  i n  t h e  Reykir f i e l d .  
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Fig.  6 .  The product ion  h i s t o r y  and p r e s s u r e  
d e c l i n e  of t h e  Reykir low-temperature f i e l d .  

The water from t h e  Reykir  f i e l d  i s  r e l a t i v e l y  
l o w  i n  d i s s o l v e d  s o l i d s ,  about  200 ppm, of  
which 10-15 ppm i s  c h l o r i d e .  
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The El l idaAr  f i e l d  i s  r e l a t i v e l y  small, and 
w a s  d i scovered  i n  1967 when t h e  f i r s t  w e l l  was 
d r i l l e d  t h e r e .  Although t h e  f i e l d  i s  only  
2-3  k m  away from the Laugarnes f i e l d ,  its 
water  i s  d i s t i n c t l y  d i f f e r e n t ,  more d i l u t e  and 
of a lower temperature .  I t  resembles  more t h e  
Reykir water  w i t h  regard  t o  tempera ture ,  
chemical  and i s o t o p i c  composition. The peak 
pumping r a t e  from t h i s  a r e a  h a s  been around 
180 kg/s .  Thors te insson  (1976) h a s  e s t i m a t e d  
t h e  t r a n s m i s s i v i t y  w i t h i n  t h e  product ion  a r e a  
t o  be 3 . 5 ~ 1 0 - 3  m 2 / s  on t h e  b a s i s  of shor t - te rm 
i n t e r f e r e n c e  tests. This  i n d i c a t e s  a per-  
m e a b i l i t y  s i m i l a r  t o  t h a t  found f o r  t h e  Laugar- 
nes  f i e l d  from s i m i l a r  tests. 

T r a n s m i s s i v i t y  
m 2 / s  

7 .4  

Some cool ing ,  up t o  lO'C, h a s  been observed i n  
w e l l s  i n  the E l l i d a l r  f i e l d .  I t  i s  b e l i e v e d  
t o  be caused by i n f i l t r a t i o n  of c o l d e r  water 
from t h e  surroundings o r  by downflow of  c o l d e r  
groundwater i n  non-producing w e l l s .  This  
phenomenon i s  p r e s e n t l y  under s tudy .  

Permeabi l i ty  
m i  l l i d a r c y  

14 

The S e l t j a r n a r n e s  f i e l d  which i s  l o c a t e d  3-4 
km w e s t  of the Laugarnes f i e l d  h a s  f i v e  w e l l s ,  
860-2000 m deep, of which t h r e e  are producing.  
The peak pumping rate i s  60 kg/s  and t h e  res- 
e r v o i r  temperature  i s  80-125'C. I n t e r f e r e n c e  
tests i n d i c a t e  a p e r m e a b i l i t y  about  one h a l f  
t h a t  of t h e  Laugarnes f i e l d .  The water i s  
d i s t i n c t l y  more minera l ized  t h a n  t h e  Laugarnes 
water, wi th  about  1600 ppm t o t a l  d i s s o l v e d  
s o l i d s  of  which 670 ppm i s  c h l o r i d e .  Because 
of t h e  h igh  s a l i n i t y  and c o r r o s i v e  n a t u r e  of 
t h i s  water h e a t  exchangers  have t o  be used. 

Fig. 7. Changes i n  c h l o r i d e  c o n t e n t  of  water  
from w e l l s  i n  t h e  S e l t j a r n a r n e s  low-tempera- 
t u r e  f i e l d .  

I n  r e c e n t  y e a r s  t h e  s a l i n i t y  of  t h e  water 
pumped from t h e  S e l t j a r n a r n e s  f i e l d  has  i n -  
c reased  cons iderably  (F ig .  7 ) ,  while  t h e  t e m -  
p e r a t u r e  has  remained c o n s t a n t .  A p o s s i b l e  
e x p l a n a t i o n  of  t h i s  i s  t h a t  mixing wi th  a few 
p e r c e n t  of sea-water  i s  t a k i n g  p l a c e .  

Besides  t h e  f o u r  main low-temperature f i e l d s  
d e s c r i b e d  above t h e r e  are i n d i c a t i o n s  from ex- 
p l o r a t i o n  work t h a t  o t h e r  f i e l d s  may e x i s t  i n  
t h e  Reykjavik area. One of them i s  t h e  A l f t a -  

TABLE 1. TRANSMISSIVITIES AND PERMEABTLITIES I N  THE REYKJAVfK LOW-TEMPERATURE GEOTHERMAL FIELDS 

F i e l d  

Laugarnes 

E lli da6r  

Reyki r 

S e l t j a r n a r n e s  

S h o r t  t i m e  i n t e r f e r e n c e  tests 
( 1  - 4 days)  

T r a n s m i s s i v i t y  
m2 / s  

6.0 

3.5 

4 . 8 ~ 1 0 - ~ - 2 . 7 ~ 1 0 - ~  

2.5 

Permeabi l i ty  
m i  l l i d a r c y  

110 

100 

150 - 860 

50 
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nes  f i e l d  shown i n  Fig.  3 .  L i t t l e  i s  known, 
however, about  t h e  product ion  c h a r a c t e r i s t i c s  
o u t s i d e  t h e  f i e l d s  p r e s e n t l y  be ing  e x p l o i t e d .  

Table  1 summarizes t h e  t r a n s m i s s i v i t i e s  and 
p e r m e a b i l i t i e s  t h a t  have been deduced f o r  t h e  
Reykjavik f i e l d s .  

THE SVARTSENGI HIGEi-TEMPERATURE FIELD 

The e x i s t e n c e  of t h e  S v a r t s e n g i  f i e l d  w a s  
proved i n  1971 by t h e  f i r s t  w e l l  d r i l l e d  i n  
t h a t  a r e a  t o  a depth of 240 m. The f i e l d  i s  
l o c a t e d  w i t h i n  t h e  a x i a l  zone, of t h e  Mid- 
A t l a n t i c  Ridge on t h e  Reykjanes peninsula .  
The f i e l d  i s  e x p l o i t e d  by t h e  Sudurnes Regional 
Heat ing s e r v i c e  which w a s  e s t a b l i s h e d  i n  1975 
t o  provide  d i s t r i c t  h e a t i n g  t o  s e v e r a l  communi- 
t i e s  on t h e  Reykjanes p e n i n s u l a  (Th6rha l l sson ,  
1979) .  E l e c t r i c i t y  i s  a l s o  genera ted  by 3 
s m a l l  t u r b i n e  units of 8 MW t o t a l  c a p a c i t y .  

Eleven h o l e s  have been d r i l l e d  i n  an a r e a  of  
about  1.5 km t o  depths  of  240-1998 m. The 
hydrothermal  system i n  i t s  n a t u r a l  s ta te  i s  
l iquid-dominated wi th  a r e s e r v o i r  temperature  
of 240’C. The geothermal f l u i d  i s  a b r i n e  with 

2 

s t r a t i f i c a t i o n  boundar ies ,  whereas below t h a t  
depth ,  i .e .  w i t h i n  t h e  r e s e r v o i r  p r o p e r ,  t h e  
a q u i f e r s  a r e  a s s o c i a t e d  wi th  i n t r u s i v e s  and 
n e a r  v e r t i c a l  f r a c t u r e s ,  b u t  t h e r e  t h e  primary 
pores  have l a r g e l y  been f i l l e d  wi th  secondary 
minera ls .  

0 ; ’  1 , , , , , , , , , --- 
0 ,000 2000 

DAIS a s a l i n i t y  of  273 t h a t  of seawater(12500 ppm C l ) .  

Product ion d a t a ,  i n c l u d i n g  f l u i d  d ischarge  
r a t e ,  p r e s s u r e  drawdown, downhole p r e s s u r e ,  
d i s s o l v e d  s o l i d s  and g a s ,  and downhole tem- 
p e r a t u r e ,  have been c o l l e c t e d  r e g u l a r l y  s i n c e  
t h e  beginning of t h e  o p e r a t i o n s .  Annual f l u i d  
product ion  has  been i n c r e a s e d  s t e a d i l y  reach- 
i n g  about  8.7 m i l l i o n  t o n s  i n  1981 and 1982 
(F ig .  8 ) .  The used f l u i d  has  been d isposed  of 
by s u r f a c e  drainage i n  t h e  sur rounding  l a v a  
f i e l d ,  causing s u b s t a n t i a l  s i l i c a  d e p o s i t i o n  
i n  t h e  d i s p o s a l  pond. R e i n j e c t i o n  experiments  
have been s t a r t e d  (Gudmundsson 198321) and w i l l  
be cont inued.  

Short- t ime i n t e r f e r e n c e  tests have been made 
between w e l l s  spaced about  200 m a p a r t .  They 
have given r a the r  high va lues  of permeabili ty,  
about  1 darcy.  The drawdown h i s t o r y  of t h e  
f i e l d  (F igs .  8 and 9)  s u g g e s t s  t h a t  the high  
p e r m e a b i l i t y  zone may be bounded by r a t h e r  
impermeable w a l l s  i n  one o r  more d i r e c t i o n s ,  
and model s t u d i e s  have been made wi th  t h i s  
assumption (Kjaran e t  a l . ,  1979). By analogy 
wi th  t h e  Laugarnes f i e l d  d e s c r i b e d  e a r l i e r  one 
might a l s o  s u s p e c t  t h a t  t h e  shor t - t ime i n t e r -  
fe rence  tests a r e  p r i m a r i l y  a f f e c t e d  by f r a c -  
t u r e s  i n  t h e  v i c i n i t y  of t h e  w e l l s  and t h a t  
t h e  longer-t ime drawdown behavior  i s  con- 
t r o l l e d  by lower g l o b a l  p e r m e a b i l i t y  v a l u e s  i n  
t h e  rocks surrounding t h e  product ion  a r e a .  

The g e o l o g i c a l  s t r a t a  i n  t h e  Svar t sengi  w e l l s  
c o n s i s t  of a l t e r n a t i n g  s u i t e s  of b a s a l t  l a v a s  
and h y a l o c l a s t i t e s  (Franzson,  1983). Below 
about  800 m depth 20-40% of t h e  success ion  are 
b a s a l t i c  i n t r u s i v e s .  A comparison between 
a q u i f e r  occur rences  and g e o l o g i c a l  s t r u c t u r e s  
r e v e a l s  t h a t  a q u i f e r s  i n  t h e  upper 600 m are 
l a r g e l y  due t o  pr imary p e r m e a b i l i t y  a long 

Fig.  8. Product ion  h i s t o r y  and p r e s s u r e  
d e c l i n e  of t h e  S v a r t s e n g i  high-temperature  
f i e l d .  
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Fig.  9. Downhole p r e s s u r e  measurements i n  t h e  
S v a r t s e n g i  w e l l s .  

The geothermal  f l u i d  composition has  been 
monitored i n  a l l  the w e l l s .  There a r e  i r r e g u -  
ar  v a r i a t i o n s  wi th  t i m e  b u t  no long-term 
t r e n d s  are v i s i b l e .  The gas  c o n t e n t  is more 
v a r i a b l e .  I n  most w e l l s  it i s  about  0 .2% by 
weight  of  t h e  steam b u t  i n  t h e  shal low w e l l s  
it reaches  about  2 % .  Calcite s c a l i n g  t a k e s  
p l a c e  i n s i d e  t h e  product ion  c a s i n g  where 
f l a s h i n g  occurs  (Arnbrsson, 1978) ,  and t h e  
d e p o s i t s  are c leaned  r e g u l a r l y  by d r i l l i n g .  

The product ion  c h a r a c t e r i s t i c s  of t h e  S v a r t s -  
engi  w e l l s  a r e  t y p i c a l  of h igh-permeabi l i ty  
l iquid-dominated r e s e r v o i r s .  The maximum 
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wellhead p r e s s u r e  i s  about  20 b a r ,  and t h e  
maximum flow depends p r i m a r i l y  on t h e  w e l l  
diameter .  The o l d e r  w e l l s  4,s and 6 had a 
9 5/8" product ion c a s i n g  and a t y p i c a l  mass 
flow of 60 kg/s  ( a t  10-15 b a r  , WHP), whi le  t h e  
l a t e r  w e l l s  have a 13 3/8" c a s i n g  and a t y p i c a l  
m a s s  flow of  120 kg/s .  Del ivery  curves  f o r  w e l l s  
4 and 10, showing t h e  b e n e f i t s  of t h e  l a r g e r  
c a s i n g  program, a r e  shown i n  Fig.  10. 

m zzz,- 
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by Gudmundsson e t  a l .  (1981) .  The f i e l d  i s  a t  
p r e s e n t  e x p l o i t e d  by a sea-chemicals product ion  
company, which o p e r a t e s  a smal l - sca le  p l a n t  f o r  
t h e  product ion  of s a l t ,  as w e l l  a s  f o r  genera t -  
i n g  e l e c t r i c i t y  f o r  i t s  own use. A f ish-meal 
p l a n t  i s  under c o n s t r u c t i o n  i n  t h e  a r e a .  I t  
w i l l  purchase geothermal  steam from t h e  sea-  
chemicals  company f o r  p r o c e s s  h e a t i n g .  

S e v e r a l  w e l l s  were d r i l l e d  i n  t h e  Reykjanes 
f i e l d  i n  1968 and 1969, t o  a maximum depth  of 
1754 m. I n  1983 an a d d i t i o n a l  w e l l  ( N o .  9 )  w a s  
d r i l l e d  t o  a depth of 1445 m. I t  was of  t h e  
same des ign  (13  3/8" product ion  c a s i n g )  a s  t h e  
r e c e n t  S v a r t s e n g i  w e l l s .  The d e l i v e r y  curves  
of w e l l s  8 and 9 a r e  shown i n  F ig .  10, demon- 
s t r a t i n g  c l e a r l y  t h e  i n c r e a s e d  o u t p u t  f o r  t h e  
l a r g e r  d iameter  w e  11. 

The Reykjanes f i e l d  i s  l iquid-dominated a s  t h e  
o t h e r  nearby f i e l d s  on t h e  Reyk j a n e s  peninsula .  
The geothermal f l u i d  i s  a b r i n e ,  cons idered  t o  
o r i g i n a t e  a s  mostly seawater ,  a l though o t h e r  
p o s s i b i l i t i e s  have been sugges ted  (e.  g. Gud- 
mundsson e t  a l . ,  1981) .  The t o t a l  d i s s o l v e d  
s o l i d s  c o n t e n t  i s  s i m i l a r  t o  t h a t  of seawater .  
I n d i v i d u a l  components d i f f e r  from seawater ,  i n  
p a r t i c u l a r  magnesium, s u l f a t e ,  potassium and 
calcium, w h i c h  a r e  determined by i o n i c  exchange 
e q u i l i b r i a  between rock and water .  The s i l i c a  
c o n t e n t  i s  determined by t h e  tempera ture ,  which 
i n  t h e  Reykjanes r e s e r v o i r  i s  270-29O'C. 

WELL HEAD PRESSURE [ b a r ]  

Fig.  10. Del ivery  curves of  w e l l s  i n  t h e  
S v a r t s e n g i  (SG-4, SG-10) , Eldvorp (EG-2) and 
Reykjanes (RnG-8, RnG-9) f i e l d s .  

The Eldvorp a r e a ,  about  6 km southwest  of t h e  
S v a r t s e n g i  product ion  a r e a ,  i s  probably a p a r t  
of t h e  S v a r t s e n g i  f i e l d ,  as i n d i c a t e d  by e l e c -  
t r i c a l  r e s i s t i v i t y  measurements (Georgsson, 
1981) .  The f i r s t  w e l l  w a s  d r i l l e d  i n  1983 to 
a depth of 1265 m. I t  is  of t h e  same des ign  
a s  t h e  newer S v a r t s e n g i  w e l l s  wi th  13 3/8" 
product ion  cas ing .  F i r s t  tests i n d i c a t e  t h a t  
t h e  w e l l  w i l l  be  a good producer ,  similar t o  
t h e  Svar t sengi  w e l l s .  

The d e v e l o p m n t  of t h e  K r a f l a  f i e l d  i n  t h e  
n o r t h e r n  p a r t  of t h e  neovolcanic  zone w a s  
s t a r t e d  i n  1974, wi th  a view t o  g e n e r a t i n g  
60 MW of e l e c t r i c i t y .  A d e t a i l e d  d e s c r i p t i o n  
of  t h e  f i e l d  d e v e l o p m n t  up t o  1979 i s  given by 
Stef6nsson (1981) .  F u r t h e r  d e t a i l s  a r e  g iven  
by Armannsson e t  a1 (19811, S te f6nsson  and 
S t e i n g r i m s o n  (1980) ,  G.S. Bodvarsson e t  a1 
(1981, 1982, 1983a, 198333, 1983c) ,  Pruess  e t  a1 
(1983) ,  K r i s t m a n n s d b t t i r  (1981) .  

A t  t h e  end of 1983 23 w e l l s  have been d r i l l e d  
i n  t h e  K r a f l a  f i e l d .  They are l o c a t e d  i n  t h r e e  
d r i l l i n g  a r e a s ,  which a r e  h e r e  termed L e i r -  
b o t n a r ,  Southern S lopes  and Hvith611. T h e i r  
l o c a t i o n  i s  shown i n  Fig.  11. 

THE REYKJANES HIGH-TEMPERATURE FIELD I n  t h e  beginning of t h e  development (1975) i n  
L e i r b o t n a r  it seemed t h a t  t h e  r e s e r v o i r  was 

The Reykjanes f i e l d  i s  l o c a t e d  on t h e  south-  b o i l i n g ,  g i v i n g  a s a t u r a t i o n  p r e s s u r e  and t e m -  
-western t i p  of t h e  Reykjanes p e n i n s u l a ,  about  p e r a t u r e  wi th  depth.  I n  1976 it was found t h a t  
8 km southwest  of t h e  Eldvorp a rea .  E a r l y  ex- t h e  r e s e r v o i r  was d i v i d e d  i n t o  an upper zone 
p l o r a t i o n  of t h e  f i e l d  h a s  been d e s c r i b e d  by (down t o  1000 m depth)  of  s i n g l e  phase 210'C 
Bjornsson e t  a l .  (1972) .  Addi t iona l  work on water  and a lower zone (benea th  1100 m depth)  
t h e  w e l l  d i scharge  c h a r a c t e r i s t i c s  w a s  r e p o r t e d  which i s  b o i l i n g  and wi th  a temperature  i n  t h e  
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range 300-35O'C. Late i n  1975 magmatic ac- 
t i v i t y  s t a r t e d  about  2 km from t h e  d r i l l i n g  
a r e a  r e s u l t i n g  i n  s u b s t a n t i a l  i n f l u e n c e  on t h e  
geothermal  r e s e r v o i r .  The e f f e c t  of t h e  mag- 
mat ic  gases  on t h e  r e s e r v o i r  f l u i d  r e s u l t e d  i n  
severe  d e p o s i t s  i n  w e l l s  (Armannsson e t  a l . ,  

KRAFLA 
PRODUCTION AREAS 

n " I T " 0 L L 

Fig .  11. A l o c a t i o n  map of t h e  K r a f l a  pro- 
duc t ion  a r e a s ,  showing a l s o  t h e  d i s t r i b u t i o n  of 
w e l l s .  Leirhnj*ur,  on t h e  e r u p t i v e  f i s s u r e  
s w a r m ,  i s  i n  t h e  upper l e f t  hand corner .  

1981). F u r t h e r  d r i l l i n g  w a s  c a r r i e d  o u t  e a s t  
of L e i r b o t n a r ,  i n  t h e  second product ion  a r e a ,  
t h e  Southern Slopes of M t .  Kraf la .  The chemi- 
c a l  p r o p e r t i e s  t u r n e d  o u t  t o  be f a v o r a b l e ,  b u t  
t h i s  second product ion  a r e a  was found t o  be t o o  
s m a l l  f o r  t h e  60 MW power p l a n t .  

A t h i r d  product ion  a r e a  a t  H v i t h b l l  w a s  t e s t e d  
i n  1982 and 1983. I n  t h i s  case ,  t h e  chemical 
c h a r a c t e r i s t i c s  t u r n e d  o u t  t o  be favorable  
a l s o ,  b u t  t h e  r e s e r v o i r  system i s  a p p a r e n t l y  
t o o  small .  The p r e s e n t l y  a v a i l a b l e  steam from 
t h e  t h r e e  a r e a s  s u f f i c e s  f o r  35 MW, of which 
25 M!N i s  connected. 

The exper ience  i n  K r a f l a  h a s  shown t h a t  t h i s  
i s  one of t h e  most complex geothermal systems 
descr ibed  i n  t h e  l i t e r a t u r e .  Not on ly  are t h e  
c o n d i t i o n s  complex b u t  t h e  product ion  charac-  
t e r i s t i c s  vary  cons iderably  w i t h i n  t h e  geother-  
mal system. F ig .  12 shows t h e  t e n p e r a t u r e  
d i s t r i b u t i o n  wi th in  t h e  t h r e e  product ion  a r e a s  
so f a r  t e s t e d  i n  the K r a f l a  f i e l d .  The u s u a l  
c l a s s i f i c a t i o n  of r e s e r v o i r s  i n t o  vapor-domi- 
n a t e d ,  l iquid-dominated and two-phase b o i l i n g  
r e s e r v o i r s  does n o t  seem t o  apply f o r  t h e  geo- 
thermal  system as a whole, a s  i n  t h e  K r a f l a  

f i e l d  w e  might have a l l  t h r e e  c a s e s  p r e s e n t  i n  
one geothermal system. 
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Fig.  12. Average temperature  d i s t r i b u t i o n  i n  
t h e  t h r e e  product ion  a r e a s  i n  t h e  K r a f l a  f i e l d .  

Most of t h e  w e l l s  i n  t h e  K r a f l a  f i e l d  produce 
from a b o i l i n g  r e s e r v o i r  w i t h  a temperature  of 
300-35O'C. The d e l i v e r y  curves of t h e s e  w e l l s  
c o n t r a s t  s h a r p l y  wi th  s i m i l a r  curves  f o r  s i n g l e -  
-phase r e s e r v o i r s ,  e .g .Svar t sengi .  The flow i s  
almost  c o n s t a n t  r e g a r d l e s s  of t h e  wel lhead 
p r e s s u r e  (F ig .  13). The e n t h a l p y  on t h e  o t h e r  
hand i s  h i g h ,  u s u a l l y  i n  t h e  range 2000-2700 
kJ/kg. A p e c u l i a r  behavior  i s  found f o r  w e l l  
KJ-11 ( F i g .  13), which i s  open to two types of  
r e s e r v o i r s ,  an upper l iquid-dominated zone and 
a lower b o i l i n g  zone. For cer ta in  c o n d i t i o n s  
of p r e s s u r e  a t  t h e  wel lhead t h e  upper zone 
c o n t r o l s  t h e  flow g i v i n g  a d e l i v e r y  curve which 
changes cons iderably  wi th  wel lhead p r e s s u r e .  
For o t h e r  p r e s s u r e  c o n d i t i o n s  t h e  lower feed  
zone i s  a c t i v a t e d  g i v i n g  a flow t h a t  i s  almost  
c o n s t a n t  wi th  vary ing  wellhead p r e s s u r e .  

Tne w e l l s  tapping  t h e  two-phase r e s e r v o i r  i n  
K r a f l a  -do n o t  reach  stable condi t ions  of  flow 
and e n t h a l p y  u n t i l  a f t e r  weeks o r  months of 
product ion .  An example i s  given by w e l l  KJ-14 
i n  K r a f l a  ( F i g .  14). The reason f o r  t h i s  be- 
h a v i o r  i s  t h a t  i n  two-phase r e s e r v o i r s  a very 
l a r g e  l o c a l  drawdown i s  c r e a t e d  around t h e  
w e l l ,  which propagates  very slowly i n  t h e  r e s -  
e r v o i r  due t o  t h e  h igh  c o m p r e s s i b i l i t y  of t h e  
system. When s t a b l e  c o n d i t i o n s  a r e  reached i n  
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i n  t h e  r e s e r v o i r  t h e  flow r a t e  and the 
e n t h a l p y  remain r e l a t i v e l y  c o n s t a n t .  

i 
I 

D E L I V E R Y  C U R V E S  OF U E L L S  
I N  R E Y K J A N E S .  S V A R T S E N G I .  
NAMAFJALL, AND K R A F L A  
GEOTHERMAL F I E L D S  

io- I O  

K J - I 4  

K G - I 2  

m G";T;z"," 

I O  20 
WELL HEAL) P R E S S U R E  Cborl  

Fig .  13. Del ivery  curves  of  w e l l s  i n  the 
K r a f l a  (KW-2), KJ-6, KJ-11, KG-12, KJ-14) and 
N6mafjal l  (BJ-11) f i e l d s .  For comparison two 
w e l l s  from the S v a r t s e n g i  and Reykjanes f i e l d s  
a r e  shown. 

R e i n j e c t i o n  i n t o  t h e  K r a f l a  r e s e r v o i r  has  n o t  
been c a r r i e d  o u t  y e t .  Fig.  15 shows t h e  e f f e c t  
of an u n i n t e n t i o n a l  i n t e r f e r e n c e  t es t ,  when 
dur ing  c l e a n i n g  o p e r a t i o n s  c o l d  water  w a s  i n -  
j e c t e d  i n t o  a w e l l  f o r  about  3 days. Two days 
a f t e r  t h e  s ta r t  of t h e  i n j e c t i o n  t h e  flow 
c h a r a c t e r i s t i c s  of t h e  nearby w e l l  KJ-13 
changed as shown i n  Fig.  15. The f lowing en- 
t h a l p y  decreased  and the water phase i n  t h e  
d ischarge  i n c r e a s e d ,  while  t h e  steam phase 
remained more o r  less c o n s t a n t .  

N u m r i c a l  s t u d i e s  of  t h e  e f f e c t  of r e i n j e c t i o n  
i n t o  t h e  K r a f l a  r e s e r v o i r  ( P r u e s s  e t  a l . ,  1983) 
have given s i m i l a r  r e s u l t s  t o  those  observed 
i n  w e l l  KJ-13. R e i n j e c t i o n  i n t o  two-phase 
r e s e r v o i r s  w i l l  no t  i n c r e a s e  t h e  steam flow 
from e x i s t i n g  w e l l s ,  b u t  w i l l  i n c r e a s e  t h e  
longevi ty  of  the r e s e r v o i r  cons iderably  a s  i s  
a l s o  t h e  case  f o r  s ing le-phase  r e s e r v o i r s .  

i s 0 0  

t 

T I M E  Cdovsl 

Fig .  14. Product ion  h i s t o r y  of w e l l  KJ-14 i n  
K r a f l a .  

F ig .  15. Product ion h i s t o r y  of  w e l l  KJ-13 i n  
K r a f l a ,  showing ' the  e f f e c t  of a co ld  water  
i n j e c t i o n  i n t o  a nearby w e l l .  
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The magmatic a c t i v i t y  which s t a r t e d  i n  1975 i n  
t h e  v i c i n i t y  of Leirhnjlikur (F ig .  11) northwest  
of t h e  d r i l l i n g  a r e a  has  i n f l u e n c e d  t h e  geo- 
thermal  r e s e r v o i r  i n  var ious  ways, and h a s  
provided an oppor tuni ty  t o  s tudy  some i n t e r -  
r e l a t i o n s h i p s  between the two k i n d s  of phenom- 
ena.  On t h e  b a s i s  of a t t e n u a t i o n  of s e i s m i c  
S-waves a magma chamber has  been i n f e r r e d  a t  a 
depth of approximately 3-7 km beneath t h e  
K r a f l a  c a l d e r a  (Einarsson ,  1978). Large 
changes i n  t h e  ground s u r f a c e  e l e v a t i o n  have 
taken p l a c e  over  a p e r i o d  of  5-6 years .  They 
have r e f l e c t e d  t h e  p r e s s u r e  v a r i a t i o n s  a s s o c i -  
a t e d  wi th  t h e  movement of magma beneath t h e  
K r a f l a  f i s s u r e  swarm where t h e  v o l c a n i c  ac- 
t i v i t y  was concent ra ted  (Bjornsson e t  a l . ,  
1979). 

i5" 1 
100 

VI 
N r , 
N 
0 0 

50 

0 i 
Fig .  16. The v a r i a t i o n  of g a s  conten t  i n  
w e l l s  i n  L e i r b o t n a r ,  due t o  t h e  nearby 
magmatic a c t i v i t y  . 
The chemical composition of t h e  r e s e r v o i r  f l u i d  
i n  K r a f l a  h a s  been s t r o n g l y  inf luenced  by t h e  
magmatic a c t i v i t y .  Fig.  16 shows t h e  C02/H2S 
ratio i n  the  discharge from w e l l s  KG-3 and 
KJ-6 i n  L e i r b o t n a r  dur ing  t h e  p e r i o d  1975-1983. 
An i n c r e a s e  by a f a c t o r  of 100 was observed i n  
t h e  beginning o f  t h e  magmatic a c t i v i t y ,  b u t  
t h e  e f f e c t  seems t o  be f a d i n g  o u t  a t  p r e s e n t .  
The c o n c e n t r a t i o n  of C 0 2  i s  now (1983) only 
about  f i v e  times h i g h e r  than  before  t h e  
magmatic ep isode .  

An i n t e r e s t i n g  phenomenon from a r e s e r v o i r  en- 
g i n e e r i n g  p o i n t  of view w a s  a p r e s s u r e  p u l s e  
which was observed i n  w e l l  KG-5 a t  t h e  begin- 
n ing  of a v o l c a n i c  e r u p t i o n  about  5 km away 
(Fig .  17) .  The w e l l  i s  mainly open t o  t h e  
s ingle-phase upper p a r t  of t h e  r e s e r v o i r ,  and 
t h e  p u l s e  seems t o  be an example of t h e  re- 
sponse of  a confined r e s e r v o i r  t o  an in-  
s tan teneous  p o i n t  l i k e  p r e s s u r e  change. The 
average t r a n s m i s s i v i t y  deduced from t h e  p u l s e  
f o r  t h e  s ingle-phase upper zone of t h e  
r e s e r v o i r ,  k h / p l .  7x10-8 m3/Pa.s (Sigurds-  
son and Tiab ,  1983) ,  i s  i n  good agreement wi th  

'""1 1.1.11. 

Fig.  17. A p r e s s u r e  p u l s e  i n  w e l l  KG-5 i n  
L e i r b o t n a r  caused by v o l c a n i c  a c t i v i t y  about  
5 km away. The v e r t i c a l  scale shows depth 
t o  t h e  water l e v e l .  

what i s  obta ined  from i n j e c t i o n  t e s t s  of 
i n d i v i d u a l  w e l l s  (S igurdsson ,  1978) . 
THE NmFJALL HIGH-TEMF'ERATURE FIELD 

The Ndmafjal l  f i e l d  s u p p l i e s  steam f o r  p r o c e s s  
h e a t i n g  i n  a d i a t o m i t e  p l a n t  and f o r  t h e  gen- 
e r a t i o n  of e l e c t r i c i t y  i n  a 3 MW noncondensing 
s t a t i o n .  Its e x p l o i t a t i o n  began i n  1967, 

N A Y A F J A L L  BJ-li 

60- 

12500  

Fig.  18. Product ion  h i s t o r y  of w e l l  BJ-11 a t  
N b a f  j a l l .  

and t o  d a t e  12 w e l l s  have been d r i l l e d .  
Changes i n  t h e  c h e n i s t r y  of t h e  d ischarged  
f l u i d  i n  1970-1976 have been r e p o r t e d  by 
Arnbrsson (1977) . 
The f i e l d  which i s  l o c a t e d  about  8 km south  of 
t h e  K r a f l a  f i e l d  was a f f e c t e d  t o  some degree 
by t h e  v o l c a n i c  a c t i v i t y  which began i n  1975. 
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Some of t h e  o l d e r  w e l l s  were damaged by move- 
ment on f a u l t s .  Two new w e l l s  were d r i l l e d  i n  
1979 and 1980 t o  depths  of 1923 and 1999 m. 
They show i n  many ways similar c h a r a c t e r i s t i c s  
a s  some of t h e  K r a f l a  w e l l s .  The r e s e r v o i r  i s  
b o i l i n g  and a s teady  s t a t e  product ion  i s  not  
reached u n t i l  a f t e r  s e v e r a l  weeks. Fig.  18 
shows t h e  product ion  h i s t o r y  of w e l l  BJ-11. 
An i n t e r e s t i n g  f e a t u r e  i s  t h e  i n c r e a s e  i n  flow 
r a t e  wi th  t i m e .  This  i s  b e l i e v e d  t o  be caused 
by thermal  c o n t r a c t i o n  a s s o c i a t e d  wi th  a cool- 
i n g  of t h e  r e s e r v o i r  rock under b o i l i n g  con- 
di ti ons . 
THE AKUREYRI LOW-TEMPERATURE FIELDS 

S e v e r a l  hydrothermal  systems i n  t h e  v a l l e y  of  
E y j a f j o r d u r  i n  nor thern  I c e l a n d  are h e r e  
termed t h e  Akureyri  f i e l d s  (F ig .  191, because 
they  a r e  u t i l i z e d  f o r  d i s t r i c t  h e a t i n g  i n  t h e  
town of Akureyri  (13,000 i n h . ) .  The f i r s t  
s u c c e s s f u l  d r i l l i n g  w a s  c a r r i e d  o u t  i n  Lauga- 
land i n  1976, and a t  t h e  p r e s e n t  t i m e  a t o t a l  
of 19 w e l l s ,  800 t o  2800 m deep, have been 

Y 

D 

The r e s e r v o i r  rocks are g e n t l y  d ipping  (5 -7 ' )  
p l a t e a u  b a s a l t s  o f  T e r t i a r y  age (8-10 Myrs). 
They are c u t  by numerous d i k e s ,  t r e n d i n g  
approximately north-south.  The a q u i f e r s  seem 
t o  be a s s o c i a t e d  wi th  some of  t h e  d i k e s  and 
wi th  i n t e r l a y e r s  between l a v a s ,  the b e s t  
a q u i f e r s  o c c u r r i n g  a t  i n t e r s e c t i o n s  between 
t h e s e  two k inds  of  permeable s t r u c t u r e s .  
Because of the n a t u r e  of t h e  a q u i f e r s ,  non- 
product ive  w e l l s  are r e l a t i v e l y  common i n  
t h e s e  f i e l d s ,  t h e  s u c c e s s  r a t i o  b e i n g  r a t h e r  
low,  about  50% of a l l  d r i l l e d  w e l l s .  

Because of the low o v e r a l l  p e r m a b i l i t y  of t h e  
r e s e r v o i r s  t h e  p r e s s u r e  drawdown i s  r e l a t i v e l y  
high.  Fig.  20 shows t h e  drawdown f o r  t h e  
Laugaland system a s  measured i n  s e v e r a l  w e l l s .  

F ig .  20. Product ion h i s t o r y  and p r e s s u r e  
d e c l i n e  of t h e  Laugaland low-temperature 
f i e l d .  
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Fig .  19. A l o c a t i o n  map of the Akureyri  low- 
temperature  f i e l d s .  The dashed curve e n c l o s e s  
a low r e s i s t i v i t y  a rea .  

d r i l l e d  i n  t h e  Akureyri  f i e l d s .  The develop- 
ment i n  t h e s e  f i e l d s  t o  1981 h a s  been d e s c r i b e d  
by Bjornsson ( 1981) . 
The r e s e r v o i r  temperature  i s  most ly  i n  t h e  
range 80-100'C, and t h e  water  i s  low i n  d i s -  
so lved  s o l i d s ,  200-300 ppm, of  which 10-15 ppm 
is c h l o r i d e .  The a q u i f e r s  a r e  found i n  t h e  
depth range 300-2500 m. 

Fig.  21. A Horner diagram of p r e s s u r e  
bui ldup  a t  t h e  Botn low-temperature f i e l d .  

O r i g i n a l  p r e s s u r e  corresponded t o  +187 m water  
l e v e l  r e l a t i v e  t o  t h e  t o p  of w e l l  LN-10, while  
s i x  y e a r s  la ter  t h e  l e v e l  was down t o  about 
-180 m ,  a t o t a l  d e c l i n e  of about  370 m. The 
t o t a l  accumulated flow from t h e  f i e l d  a t  t h e  
end of 1981 was about  12 g i g a l i t e r s .  Seasonal  
v a r i a t i o n s  i n  product ion  r a t e  a r e  r e f l e c t e d  i n  
t h e  drawdcwn diagrams. 
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An example of  a Horner diagram from a p r e s s u r e  
bui ldup  t e s t  a t  t h e  Botn f i e l d  a d j a c e n t  t o  t h e  
Laugaland f i e l d  i s  shown i n  Fig.  21. The c a l -  
c u l a t e d  permeabi l i ty - th ickness  product  i s  l .  8 
darcy-m, corresponding t o  about  2 m i l l i d a r c y s ,  
which i s  s i g n i f i c a n t l y  lower than  i n  most 
o t h e r  e x p l o i t e d  f i e l d s  i n  I c e l a n d .  

Fig.  2 2  shows t h e  drawdown i n  t h e  Y t r i t j a r n i r  
f i e l d  j u s t  n o r t h  of t h e  Laugaland f i e l d ,  due 
t o  a product ion  of 46 kg/s .  The approximate 
p r o p o r t i o n a l i t y  t o  t h e  square r o o t  of time 
i n d i c a t e s  t h a t  t h e  flow i s  mainly along f r a c -  
t u r e s ,  i n  good agreement wi th  what i s  expected 
on t h e  b a s i s  of t h e  g e o l o g i c a l  s t r u c t u r e  i n  
t h e  a r e a .  

YTRITJARNIR WELL TN-1 
FROM I JULY 1980 
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Fig.  22 .  P r e s s u r e  drawdown i n  t h e  Y t r i t j a r n i r  
f i e l d ,  showing an approximately l i n e a r  
v a r i a t i o n  wi th  t h e  square r o o t  of t i m e .  The 
d e v i a t i o n s  from t h e  l i n e  a r e  due t o  changes 
i n  flow r a t e .  

THE NESJAVELLIR HIGH-TEMPERATURE FIELD 

The N e s j a v e l l i r  f i e l d  i s  l o c a t e d  i n  t h e  nor th-  
e r n  p a r t  of t h e  H e n g i l l  geothermal a r e a  (Bod- 
varsson 1951, Arnason e t  a l . ,  1969) .  I t  i s  
be ing  explored  w i t h  a view t o  a p o s s i b l e  use 
f o r  d i s t r i c t  h e a t i n g  i n  Reykjavik and f o r  
g e n e r a t i o n  of  e l e c t r i c i t y .  D r i l l i n g  s t a r t e d  
i n  t h e  s i x t i e s  and was resumed i n  1982 a f t e r  
about  10 y e a r s '  h - l t  i n  development. 

Well NG-6 which w a s  d r i l l e d  i n  1982 has i n d i -  
c a t e d  t h e  p o s s i b i l i t y  of a 300'C steam zone a t  
800-1000 m depth.  Fig.  23 shows t h e  i n t e r -  
p r e t e d  p r e s s u r e  p r o f i l e  i n  the r e s e r v o i r  a t  
t h e  l o c a t i o n  o f  t h i s  w e l l .  The r e s e r v o i r  
seems t o  be overpressured  t o  approximately 
800 m depth ,  b u t  t h e  main f e e d e r  a t  1085 m has  
an undis turbed  p r e s s u r e  of 86 b a r .  The p r e s s -  
ure  p r o f i l e  i n  t h e  r e s e r v o i r  t h u s  i n d i c a t e s  a 
steam zone of 86 b a r  p r e s s u r e  and 300'C tem- 
p e r a t u r e  i n  t h e  depth range 800-1000 m. 

So f a r ,  vapor-dominated r e s e r v o i r s  have gen- 
e r a l l y  been found t o  have steam zones of about  
240°C temperature  and 32 b a r  p r e s s u r e .  
r e s u l t s  from w e l l  NG-6 a t  N e s j a v e l l i r  seem t o  
i n d i c a t e  t h a t  steam zones o u t s i d e  t h e  magical 

The 

numbers of 240'C, 32 b a r  are p o s s i b l e  i n  
Nature .  F u r t h e r  d r i l l i n g ,  which i s  planned i n  
t h e  N e s j a v e l l i r  f i e l d ,  w i l l  probably throw 
f u r t h e r  l i g h t  on t h i s  q u e s t i o n .  

NESJAVELLIR WELL NG-6 
RESERVOIR PRESYJRE 

Fig.  23. A p r e s s u r e  p r o f i l e  i n  w e l l  NG-6 a t  
N e s j a v e l l i r ,  i n d i c a t i n g  a 300'C steam zone 
a t  800-1000 m depth.  

DISCUSSION 

The e x p l o i t a t i o n  of geothermal f i e l d s  i n  I c e -  
land f o r  a l a r g e  v a r i e t y  of u s e s ,  e s p e c i a l l y  i n  
t h e  p a c t  2-3 decades,  h a s  provided  a weal th  of 
new d a t a  on t h e  r e s e r v o i r  p r o p e r t i e s  of t h e  
hydrothermal systems,  and has  shown t h a t  they  
are m a r e  d i v e r s e  than  p r e v i o u s l y  though t .  

Reservoi r  engineer ing  s t u d i e s  were i n i t i a t e d  i n  
t h e  Laugarnes low-temperature f i e l d  i n  t h e  
middle 1960's ,  a f t e r  s e v e r a l  w e l l s  had been 
d r i l l e d  i n  t h a t  a r e a  t o  depths  of 1000-2000 m. 
When a s u f f i c i e n t  number of w e l l s  became a v a i l -  
able i n  high-temperature  f i e l d s ,  e s p e c i a l l y  i n  
t h e  S v a r t s e n g i  and K r a f l a  f i e l d s ,  r e s e r v o i r  
s t u d i e s  were a l s o  s t a r t e d  i n  t h e s e  f i e l d s .  
The main r e s u l t s  of t h i s  work are reviewed i n  
t h i s  paper .  S e v e r a l  f i e l d s  which have been 
e x p l o i t e d  on a s m a l l e r  s c a l e ,  have n o t  been 
mentioned, a l though they  are of i n t e r e s t  from 
t h e  r e s e r v o i r  e n g i n e e r i n g  p o i n t  of view. These 
i n c l u d e  t h e  S e l f o s s  low-temperature f i e l d  (Tbm- 
asson and Hal ldbrsson ,  1981) i n  southern  Ice-  
land ,  and t h e  Urr idava tn  low-temperature f i e l d  
i n  t h e  T e r t i a r y  p l a t e a u  b a s a l t s  of  e a s t e r n  Ice-  
l a n d ,  bo th  of  which are used f o r  d i s t r i c t  hea t -  
ing .  
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TABLE 2. PRODUCTION DATA FOR WELLS I N  HIGH-TEMPERATURE FIELDS 

F i e l d  Well*) Year Po Tot .  flow Enthalpy Steam ( 6  b a r )  Power**) 
No meas. ( b a r )  (kg / s )  ( k J / k g )  (kg / s )  (Mw,) 

Reykj anes  8 
8 
9 

Eldvorp 

S v a r t s e n g i  

2 

( 2 )  
3 

( 4 )  
5 
6 
7 
8 
9 

10 
I1 

Nes j a v e l  l i r  5 
(N-Hengill) 6 

H ve rage r d i  6 

8 
(S-Hengil l )  7 

Kraf la  

Ndmaf j a l l  

( 1 )  
( 3 )  
6 
6 
7 
7 
9 
9 

(10) 
11 
11 
12 
12 
13 
14 
15 
16 
17 
19 
20 
21 
22 

71 
83 
83  

83 

72 
72 
74 
79 
79 
80 
80 
80 
80 
80 

77 
83 

79 
79 
61 

74 
75 
76 
83 
76 
83  
77 
83 
76 
77 
83  
79 
83  
83 
83  
83 
83 
83 
83 
83 
83  
83 

77 
77 
77 
77 
77 
83  
83  

10 
10 
21 

18 

7.0 
7.5 

11.0 
15 
6 . 8  

18.4 
16.0 
16.0 
14.0 
16.0 

7.0 
9.1 

6.7 
3.4 
8 .0  

- 
8.5 
8.2 
2.5 

10.7 
9.0 

18.0 
10.0 
23 
10 
10.4 
7.9 

12.4 
8 .5  

11.9 
7.6 
3.8 

14.2 
12.2 
12.9 
20.3 

5 .3  

10.2 
9.0 

11.4 
29.0 
28.0 
16.2 
18.2 

80 
66.6 

180 

165 

50 
72 
85 
72 
84 
57 

160 
160 
160 
160 

3 3  
26.7 

58 
32 
97 

17.2 
68 
16.2 
6.7 

13.4 
8.1 

42.2 
22.5 
52 
44.2 

4.6 
6 . 5  
3.6 
9.2 

12.7 
3.5 
8.0 

10.7 
8.9 

10.0 
27.4 
30.9 

- 
- 

52.3 
44.4 
89.2 
25.3 
16.9 

1100 
1102 
1300 

270 

850 
990 
040 
040 
040 
040 

1040 
1040 
1000 
1040 

1130 
2005 

1000 
870 

1140 

1675 
1100 
1486 
1248 
1780 
1214 
1230 
988 

1360 
1300 
1816 

>2676 
>2676 

2393 
2642 
2676 
1515 
1340 
2626 
1941 
1652 
1103 

- 
- 

1288 
1093 
1270 
2320 
2260 

16.5 
13.8 
54.4 

47.5 

4.3 
11.1 
15.1 
12.8 
14.9 
10.1 
28.4 
28.4 
25.3 
28.4 

7.3 
17.1 

9.2 
3.1 

21.9 

8.3 
14.0 
6 . 3  
1.9 
7.1 
2.1 

11.3 
3.4 

17.2 
13.4 

2.5 
6.4 
3.5 
7.6 

12.0 
3.4 
3.2 
3.4 
8.3 
6 .1  

12.9 
6 . 4  

7.0 
3.8 

15.5 
9.0 

25.7 
20.0 
12.9 

7.5 
6 . 3  

24.7 

21.6 

2.0 
5.0 
6.9 
5 .8  
6 . 8  
4.6 

12.9 
12.9 
11.5 
12.9 

3.3 
7.8 

4.2 
1.4 

10.0 

3.8 
6 .4  
2.9 
0.9 
3.2 
1.0 
5.1 
1.5 
7.8 
6 .1  
1.1 
2.9 
1.6 
3.5 
5.5 
1.5 
1.5 
1.5 
3.8 
2.8 
5.9 
2.9 

3.2 
1.7 
7.0 
4.1 

11.7 
9.1 
5.9 

*)Wells  i n  p a r e n t h e s i s  a r e  damaged. 
**)Calcula ted  e l e c t r i c  power based on 1 MWe = 2.2 k g / s  steam a t  6 b a r .  
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The temperatures  encountered i n  t h e  geothermal 
r e s e r v o i r s  range from less than  1OO'C i n  t h e  
low-temperature f i e l d s  t o  over  300 'C  i n  some 
of t h e  high-temperature  f i e l d s .  The geother-  
mal f l u i d s  a r e  u s u a l l y  low i n  d i s s o l v e d  s o l i d s  
and gases .  An except ion  i s  t h e  f i e l d s  on t h e  
o u t e r  p a r t  of t h e  Reykjanes peninsula ,  where 
seawater  c i r c u l a t e s  i n  t h e  neovolcanic  zone 
which connects  with t h e  submarine axial zone 
of  t h e  Mid-Atlantic Ridge. 

~n i n t e r e s t i n g  r e c e n t  r e s u l t  of t h e  work i n  
t h e  low-temperature f i e l d s ,  e s p e c i a l l y  Laugar- 
nes and Akureyri ,  i s  t h a t  t h e  p r e s s u r e  bui ldup  
(drawdown) behavior  suppor ts  s t r o n g l y  t h e  as- 
sumption t h a t  t h e  flow i s  mainly a s s o c i a t e d  
wi th  f r a c t u r e  p e r m e a b i l i t y .  This r e s u l t  i s  
n o t  unexpected on g e o l o g i c a l  grounds as sur -  
face  outf low from hydrothermal  systems i s  
o f t e n  observed t o  be along d i k e s ,  f a u l t s  o r  
boundaries  between lava  flows. There a r e  some 
i n d i c a t i o n s  t h a t  s i m i l a r  c o n d i t i o n s  may e x i s t  
i n  t h e  high-temperature  f i e l d s  a s  w e l l .  

P e r m e a b i l i t i e s  have been e s t i m a t e d  f o r  t h e  
v a r i o u s  r e s e r v o i r s  e x p l o i t e d  t o  d a t e .  These 
show wide v a r i a t i o n s  between f i e l d s ,  and a l s o  
w i t h i n  f i e l d s  depending on t h e  method used. 
Grea t  c a r e  i s  needed i n  i n t e r p r e t i n g  d a t a  from 
f r a c t u r e d  r e s e r v o i r s .  Short- t ime i n t e r f e r e n c e  
tests u s u a l l y  g ive  much h i g h e r  p e r m e a b i l i t i e s  
than  longer-t ime tests,  which probably re -  
f l e c t s  t h e  n a t u r e  of t h e  flow along most ly  
l i n e a r  f r a c t u r e s .  

O v e r a l l  g l o b a l  p e r m e a b i l i t i e s  f o r  t h e  var ious  
f i e l d s  have been e s t i m a t e d  us ing  a t h i c k n e s s  
of 1000 m f o r  t h e  product ion  r e s e r v o i r ,  a s  
most of t h e  product ion  w e l l s  a r e  1000-2000 m 
deep. The h i g h e s t  p e r m e a b i l i t y ,  some 100 
m i l l i d a r c y s ,  i s  found i n  t h e  Reykir l o w - t e m -  
p e r a t u r e  f i e l d  and i n  t h e  S v a r t s e n g i  high-tem- 
p e r a t u r e  f i e l d .  The lowest  v a l u e s ,  some 2 
m i l l i d a r c y s ,  are found i n  t h e  Akureyri  f i e l d s .  
I n  K r a f l a ,  p e r m e a b i l i t i e s  of  some 1-10 m i l l i -  
-darcys a r e  i n d i c a t e d .  I n t e r m e d i a t e  va lues  a r e  
found e .¶ .  i n  t h e  Laugarnes f i e l d ,  about  15 
m i l l i d a r c y s .  

The p h y s i c a l  s ta te  of t h e  high-temperature  
hydrothermal  systems v a r i e s  from one f i e l d  t o  
a n o t h e r ,  and a l s o  w i t h i n  one and the same 
f i e l d .  The f i e l d s  on t h e  Reykjanes p e n i n s u l a  
( S v a r t s e n g i ,  Eldvorp, Reykjanes) are l i q u i d -  
-dominated i n  t h e i r  n a t u r a l  s ta te ,  b u t  t h e  
exper ience  from K r a f l a ,  N h a f j a l l  and Nesja- 
v e l l i r  shows t h a t  two-phase b o i l i n g  systems 
may be j u s t  as common. The d i f f e r e n c e  i n  w e l l  
p roduct ion  c h a r a c t e r i s t i c s  from t h e  two k inds  
of r e s e r v o i r s  i s  c l e a r l y  demonstrated i n  F igs .  
10 and 13. I n  t h e  s ingle-phase systems t h e  
w e l l  t o t a l  flow is  u s u a l l y  l a r g e  and p r i m a r i l y  
c o n t r o l l e d  by t h e  d iameter  of  t h e  w e l l ,  whi le  
i n  t h e  two-phase systems t h e  t o t a l  flow is  
s m a l l e r  and i s  governed by c o n d i t i o n s  w i t h i n  
t h e  r e s e r v o i r  o u t s i d e  t h e  w e l l ,  and l a r g e l y  
unaf fec ted  by t h e  wel lhead p r e s s u r e .  
p roduct ion  d a t a  from i n d i v i d u a l  w e l l s  i n  t h e  

Some 

var ious  high-temperature  f i e l d s  have been com- 
p i l e d  and are given i n  Table 2. 

Another d i f f e r e n c e  between t h e  s i n g l e -  and t h e  
two-phase r e s e r v o i r s  concerns t h e  changes i n  
flow wi th  t i m e .  I n  s ingle-phase r e s e r v o i r s  
t h e  decrease  i n  flow wi th  time i s  p r i m a r i l y  
governed by t h e  o v e r a l l  drawdown i n  t h e  reser- 
v o i r ,  and t h e  f lowing e n t h a l p y  remains con- 
s t a n t .  I n  two-phase r e s e r v o i r s  bo th  mass flow 
and e n t h a l p y  change i n i t i a l l y  wi th  t i m e  ( F i g s .  
14,  15 and 18) ,  whi le  t h e  long-term d e c l i n e  
depends more on l o c a l  c o n d i t i o n s  around each 
w e l l .  
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