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INTRODUCTION 

ABSTRACT 

The Se l t j a rna rnes  geothermal f i e l d ,  on t h e  out -  
s k i r t s  o f  Reykjavik, t he  c a p i t a l  c i t y  o f  Ice land,  
has been e x p l o i t e d  d u r i n g  the  l a s t  f i f t e e n  years 
f o r  hea t ing  o f  t he  sma l l  town Se l t j a rna rnes .  
Chemical mon i to r i ng  o f  t he  geothermal water has 
been e f f e c t i v e  du r ing  t h i s  time. For the  f i r s t  
t e n  years slow bu t  d i s t i n c t  changes i n  t h e  water 
chemist ry  were reg i s te red .  Dur ing the  l a s t  f i v e  
years the  changes have accelerated. The most 
prominent change i s  an increase i n  s a l i n i t y .  
Ser ious c o r r o s i o n  problems have a r i s e n  i n  the  
hea t ing  system, and they have increased a long w i t h  
t he  s a l i n i t y  o f  t he  water. The main reason f o r  
t he  increase i n  s a l i n i t y  o f  t h e  geothermal water 
i s  b e l i e v e d  t o  be i n f l o w  o f  cold. seawater a t  
shal low l e v e l s .  Cool ing o f  t he  geothermal water 
i s  a n t i c i p a t e d .  

The Se l t j a rna rnes  geothermal f i e l d  i s  l o c a t e d  
within the  town Se l t j a rna rnes ,  which i s  one o f  t he  
suburbs of t he  c a p i t a l  c i t y  o f  Ice land,  Reyk jav ik .  
There a re  seve ra l  geothermal f i e l d s  within and 
j u s t  ou ts ide  o f  t he  c i t y  o f  Reyk jav ik  (F ig .  1). 
Subsurface rocks  o f  t he  area are Quaternary b a s a l t  
l avas  and h y a l o c l a s t i t e s  o f  an age about 1.8-2.8 
M.y. (Tbmasson e t .a l ,  1977). Those f i e l d s  a re  
t y p i c a l  low-temperature geothermal f i e l d s  w i t h  
subsurface temperatures below 150°C a t  1 km 
depth. The heat  source o f  those f i e l d s  i s  the  
r e g i o n a l  geothermal g rad ien t  and no l o c a l  heat 
source i s  i n v o l v e d  as i n  t h e  high-temperature geo- 
thermal f i e l d s .  The water i s  o f  meteor ic  o r i g i n  
and has been t r a c e d  by s t a b l e  i so tope  r a t i o s  t o  
p r e c i p i t a t i o n  i n  th,e h igh lands seve ra l  tens o f  
k i l omete rs  t o  the  no r theas t  (see Arnason 1976). 
Impermeable b a r r i e r s  separate the  d i f f e r e n t  geo- 
thermal f i e l d s  i n  Reykjav ik  (Thorste insson and 
El iasson,  1970). . .  

F igu re  1. Low-temperature geothermal f i e l d s  i n  Reykjavik, and thermal  g r a d i e n t  map o f  
t he  Reykjav ik  area based on sha l l ow  d r i l l h o l e s  (Tbmasson e t .  a1  1 9 7 7 ) .  The 
l o c a t i o n  o f  geothermal w e l l s  i n  the  Se l t j a rna rnes  f i e l d  i s  shown on the  map. 
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The mun ic ipa l  h e a t i n g  system o f  t h e  town was 
founded i n  1972, soon a f t e r  t he  d r i l l i n g  o f  t h e  
f i r s t  two deep d r i l l h o l e s  (Sn-3 and Sn-4). I t  
supp l i es  the  town w i t h  h o t  water f o r  space heat.ing 
and domestic use. A t  present  f ou r  p roduc t i on  
w e l l s  a r e  i n  use (Table 1) and two shal low ones 
a r e  used as obse rva t i on  we l l s .  Product ion cas inq 
i s  only.100-170 m i n  a l l  b u t  Sn-6 where i t  extends 
t o  420 m depth. 

Table 1 D r i l l h o l e s  i n  the  Se l t j a rna rnes  
geothermal f i e l d  

--___I__---_-______--_________ 

D r i l l h o l e s  Year Depth Max Watzr temp. 
d r i l l e d  i n  m y i e l d  C 

u s  
__-__-_-_-----___I-------- 

Sn-1 1967 1282 
Sn-2 1965 855 
Sn-3 1970 1715 15 101-103 
Sn-4 1972 2025 35 111-116 
Sn-5 1981 2207 30 90-100 
Sn-6 1985 2701 30 115-117 

Chemical m o n i t o r i n g  of t h e  geothermal water has 
been c a r r i e d  o u t  s ince  about 1970, and s ince  1981 
i t  has been i n t e n s i f i e d  due t o  much accelerated 
changes i n  the  water chemistry. The town o f  
S e l t j a r n a r n e s  i s  l oca ted  on a peninsula,  almost 
surrounded by the  sea. The h o t  water from the  
f i r s t  p roduc t i on  w e l l s  had a c h l o r i d e  concentra- 
t i o n  o f  about 550 mg/l, which i s  c l o s e  t o  t h e  
maximum p e r m i s s i b l e  f o r  d r i n k i n g  water. The s a l i -  
n i t y  was expected t o  increase with t ime, bu t  t h e  
l o c a l  a u t h o r i t i e s  nonetheless decided t o  p i p e  t h e  
raw water d i r e c t l y  t o  users. 

I n  t h i s  geothermal f i e l d  the  w e l l s  appear t o  be 
fed  by t h r e e  d i f f e r e n t  r e s e r v o i r s .  I n  t h e  upper- 
most one, extending down t o  n e a r l y  600 m i n  the  
southern p a r t  o f  t h e  f i e l d  and t o  300 or 400 m i n  
t h e  nor th ,  t he  water i s  60-70°C. I n  t h e  no r the rn  
p a r t  o f  t h e  f i e l d ,  an 80-100'C r e s e r v o i r  e x i s t s  a t  
400-1500 m depth, b u t  i n  the  southern p a r t  i t  i s  
n o t  pronounced. The a q u i f e r s  found a t  these 
depths i n  the  n o r t h  y i e l d  l e s s  than those i n  t h e  
lower  p a r t  o f  t h e  f i e l d .  The deepest r e s e r v o i r  
y i e l d s  130'C water and extends from about 1500 
t o  a t  l e a s t  2700 rn. No temperature chanqe has 
been observed a t  t h e  lower l e v e l s  of the  f i e l d  
d u r i n g  the  last. 1 5  years. F i g u r e  2 d i sp lays  a 
temperature l o g  o f  d r i l l h o l e  Sn-4 i n  1384. A log 
from 1773 does n o t  d i f f e r  s i q n i f i c a n t l y .  The 
bottom temperature o f  Sn-3, d r i l l e d  i n  1970, was 
e x a c t l y  t he  same as t he  bottom temperature o f  Sn-4 
i n  1973 and 1984. No ' d i s t i n c t i v e  changes have 
occurred i n  t h e  temperature o f  t ho  p roduc t i on  
water. The r e g i o n a l  drawdown o f  t h e  f i e l d  has 
been a l i t t l e  more than 30 m d u r i n g  t h e  p e r i o d  o f  
e x p l o i t a t i o n .  

Figure 2 

Temperature ( 'c )  
o 20 40 60 eo 100 120 19 

F i g u r e  2. Temperature log from Sn-4, t h e  main 
p roduc t i on  we l l ,  i n  1984. 

CHEMICAL COMPOSITION OF THE GEOTHERMAL WATER 

I n  the  f i r s t  shal low d r i l l h o l e s '  t he  c h l o r i d e  
concen t ra t i on  i n  the  70-80°C h o t  geothermal water 
was 400-500 mg/kg, i nc reas ing  w i t h  depth t o  about 
700 mg/kg a t  t he  deepest l e v e l s  (1280 m) .  I n  the  
p roduc t i on  w e l l s  t he  c h l o r i d e  Concentrat ion was 
500-550 mg/kg a t  t he  beginninq (see Table 2). The 
pH was about 8.4 a t  20°C. The qeothermal water 
had a low b u t  de tec tab le  cor icent rat ion o f  hydrogen 
s u l f i d e .  I t  i s  c lose  t o  e q u i l i b r i u m  w i t h  respect 
t o  chalcedony and sa tu ra ted  with respec t  t o  c a l -  
c i t e .  The s u l f a t e  t o  c h l o r i d e  (SO*/Cl) and c a l -  
cium t o  c h l o r i d e  (Ca/Cl) r a t i o s  a r e  considerably  
h ighe r  than i n  seawater whereas the  sodium t o  
c h l o r i d e  (Na/C1) and potassium t o  c h l o r i d e  (K/C1)  
r a t i o s  are lower than for seawater. This is i n  
agreement w i t h  water-rock r e a c t i o n s  o f  s a l i n e  
water and b a s a l t  a t  moderate temperatures (see 
M o t t l  and Seyf r ied,  1980, and Kr i s tmannsdh t t i r ,  
1984). The i n i t i a l  s a l i n i t y  was considered 
(TBmasson e t  a l .  ) t o  be due t o  l e a c h i n g  o f  s a l t  
from sediments and h y a l o c l a s t i t e s  i n  thc resurvuir. 
rocks.  The s t a b l e  i so tope  rat . ios 6l80 and 6D, are 
about -1[1.4 o/oo and -74.5 o/oo,  r e s p e c t i v e l y ,  and 
i n d i c a t e  an o r i g i n  i n  the  i n l a n d  mountains 
90-100 km t o  the  no r theas t  o f  t he  S e l t j a r n a r n e s  
geothermal f i e l d .  

accep- 
t a b l e  as d r i n k i n q  water, arid c o r r o s i o n  problems 
were feared because o f  the h i g h  s a l i n i t y .  There 
was a l s o  concern t h a t  s c a l i n g  problems miqtit 
appear w i t h  t he  r i s e  i n  pH on deaerat ion.  Table 2 

Ih 1972 the  qeothcrmal water was b a r e l y  

39'3 



K r i s t m a n n s d 6 t t i r  

SELTJARNARNES 

Table 2 Chemical composi t ion of  se lec ted  geothermal water samples from Se l t j a rna rnes  
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shows the  composi t ion o f  water from Sn-6, t h e  most 
recen t  p roduc t i on  w e l l ,  b u t  t h i s  w e l l  has probably  
n o t  reached chemical e q u i l i b r i u m  yet, as the  s a l i -  
n i t y  i s  s t i l l  d e c l i n i n g  w i t h  t ime, and t h e  water 
temperature i s  i nc reas ing .  
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CHANGES I N  WATER CHEMISTRY BY PRODUCTION 
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A t  t he  outset ,  t h e  geothermal water was b a r e l y  
f i t  for d i r e c t  hea t ing  and domestic use. As the 
Se l t j a rna rnes  f i e l d  is l i t e r a l l y  surrounded by 
seawater, t he  p o s s i b i l i t y  o f  c o l d  seawater i n t r u -  
ding i n t o  the  f i e l d ,  because of  d e c l i n i n g  water 
pressure d u r i n g  e x p l o i t a t i o n ,  was an t i c ipa ted .  
The use o f  heat-exchangers was t h e r e f o r e  recom- 
mended and the  water chemist ry  has been monitored 
r e g u l a r l y  d u r i n g  the  p e r i o d  o f  e x p l o i t a t i o n .  

OI 
Y 
\ OI 4000 - 
u) U r( 

3000 
u) 

F igu re  3 d i s p l a y s  the  change w i t h  t ime  o f  t he  
concen t ra t i on  of t o t a l  d i sso l ved  s o l i d s  i n  the 
geothermal water, and f i g u r e  4 the  change i n  the  
c h l o r i d e  concentrat ion.  Both e x h i b i t  t he  same 

' t r e n d  of a slow increase i n  concen t ra t i on  u n t i l  
about 1980, a f t e r  which t ime  the  concen t ra t i on  

Figure 3 
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F igu re  3. T o t a l  d i sso l ved  s o l i d s  vs. t ime  i n  geo- 
thermal water from the  Se l t j a rna rnes  f i e l d .  
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F i g u r e  5. Changes i n  t h e  Ca/C1 r a t i o  vs. t ime  i n  
geothermal water from Se l t j a rna rnes .  
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F igu re  5 shows the  Ca/C1 r a t i o  vs. t ime and 
f i g u r e  6 t he  Na/CI r a t i o .  The increase o f  t he  
Ca/Cl r a t i o  arid t h e  decrease o f  t h e  Na/Cl r a t i o  
with t ime are i n  aqrcement w i t h  t he  chanqes i n  
c h l o r i d e  and t o t a l  concentrat ion,  Ca increases and 
Na decreases when s a l i n e  water r e a c t s  w i t h  b a s a l t  
a t  moderate temperatures. Those c a t i o n  exchange 
processes may happen i n  a few days time. No pro- 
gress i ve  changes i n  the  Na/K r a t i o  ( f i g u r e  7 )  a re  
observed, at. least. n o t  u n t i l  1984. The s i 1  i c a  
concen t ra t i on  ( f i g u r e  8)  shows r a t h e r  i r r e g u l a r  
chariyes d u r i n g  the  same time. Over the  l a s t  t h r e e  
years the re  appears t o  have been a s l i q h t  decrease 
i n  t h e  s i l i c a  concen t ra t i on  i n  Sn-4 and a t r e n d  
towards lower chalcedony temperatures (see 
Fourn ie r ,  1981). The e q u i l i b r a t i o n  w i t h  respect  
t o  chalcedony may take weeks, o r  even months, and 
i s  thus much slower than  the  c a t i o n  exchange pro-  
cesses. 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 :  

r SELTJARNARNES -I 

The water has now become t o t a l l y  u n f i t  f o r  con- 
sumption, and c o r r o s i o n  i n  the  h c a t i n q  system has 
increased i n  s tep  w i t h  t he  r i s e  i n  s a l i n i t y .  

F i g u r e  6 
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F i g u r e  6.  Changes i n  t h e  Na/C1 r a t i o  vs. t ime i n  
geothermal water from Se l t j a rna rnes .  
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F i g u r e  7. Changes i n  the Na/K r a t i o  vs. t ime i n  
geothermal water from S e l t  jarnarnes. 
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F igu re  8. 
geothermal water from Se l t j a rna rnes .  

The concen t ra t i on  o f  s i l i c a  by t ime  i n  

Deep water from t h e  two shal low observat ion 
w e l l s  Sn-1 and Sn-2 was resampled i n  1984 a f t e r  a 
t ime lapse o f  e ighteen years ( f i q u r c  8). No 
changes i n  s a l i n i t y  were seen i n  Sn-1, which is 
f a r  from the p roduc t i on .a rea .  A major increase i n  
s a l i n i t y  had occurred i n  Sn-2, which i s  wi th in the 
p roduc t i on  area, and a sharp g rad ien t  from upper 
t o  lower l e v e l s  is seen. 

Figure 9 

0 Well Sn-l 1984 

+ We11 Sn-l 1966 

0 Well 91-2 1994 

A Well Sn-2 1966 

F i g u r e  9 .  Ch lo r ide  concen t ra t i on  vs. depth i n  
deepwater samples from Sn-1 and Sn-2, taken i n  
1366 and 1984. 
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Samples have been c o l l e c t e d  from d i f f e r e n t  
depths i n  the  main p r o d u c t i o n  w e l l  Sn-4. To pre- 
vent spout ing o f  h o t  water from the  we l l ,  i t  had 
t o  be quenched by c o l d  water and th is prevented 
sampling from the  upper aqu i fe rs .  The c h l o r i d e  
concen t ra t i on  was about 900 mg/kg i n  a l l  t he  lower 
a q u i f e r s  ( a t  700 m, 1830 m, and 1940 m). A sample 

* o f  pumped water from the  we l l ,  taken a few days 
e a r l i e r  conta ined 1100 mg/kg, and a f r e e  discharge 
from the  w e l l  a few hours l a t e r  had the same con- 
cen t ra t i on .  The upper a q u i f e r s  a t  200 m and 360 m 
must thus be a l o t  more s a l i n e  than the  deeper 
ones, b u t  no d i r e c t  measurement o f  t he  s a l i n i t y  of 
t h e i r  water e x i s t s .  Sampling o f  deep water from 
the  o the r  w e l l s  i n  the  f i e l d  has u n f o r t u n a t e l y  n o t  
been c a r r i e d  out .  

CONCLUSION 

Seawater has been i n t r u d i n g  i n t o  the  Sel- 
t jarnarnes geothermal f i e l d  d u r i n g  f i f t e e n  years 
of  e x p l o i t a t i o n .  The Ca/C1 and Ns/C1 r a t i o s  o f  
the water i n d i c a t e  t h a t  i t  has reacted wi th 
b a s a l t s  a t  a moderate temperature on e n t e r i n g  the 
system. E q u i l i b r i u m  w i t h  chalcedony appears no t  
t o  have been reached i n  a l l  cases, however. The 
minor changes i n  the  Na/K r a t i o  and i r r e g u l a r  
changes i n  the  s i l i c a  concen t ra t i on  suggest no 
major change i n  r e s e r v o i r  temperature du r ing  the  
p e r i o d  1972-1984. There i s  an i n d i c a t i o n  o f  a 
s l i g h t  d e c l i n e  i n  r e s e r v o i r  temperature s ince  
1984, and imminent c o o l i n g  o f  p roduc t i on  water is 
feared. The e f f e c t s  o f  seawater i n f i l t r a t i o n  do 
n o t  extend f a r  ou ts ide  t h e  p roduc t i on  area s ince  
geothermal water from w e l l  Sn-1 has no t  changed 
s ince  1966. Resul ts  from downhole samples from 
Sn-2 show t h a t  t he  i n f l o w  o f - seawate r  i s  from the 
sur face or very shal low depths. Before p roduc t i on  
s ta r ted ,  t h e  deeper a q u i f e r s  were considerably  
more s a l i n e  than the  shal low ones. The i n f i l t r a -  
t i o n  o f  seawater extends i n t o  the  e n t i r e  geo- 
thermal f i e l d ,  bu t  t h e  most severe e f f e c t s  are 
found i n  t h e  upper a q u i f e r s .  

Deep p roduc t i on  cas ing  and b l o c k i n g  o f  the 
shal low w e l l s  may thus delay or even s top  the  
i n t r u s i o n  o f  seawater i n t o  the  geothermal f i e l d .  
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