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ABSTRACT 

The func t i ona l  r e l a t i o n  between product ion 
mass f l ow  and the r e s u l t i n g  pressure- dec l i ne  
furnishes important data on var ious r e s e r v o i r  
proper t ies.  I n '  conjunct ion with p a r t i c u l a r  
i n t e r p r e t a t i o n a l  models these r e l a t i o n s  prov ide 
est imates of  rese rvo i r  parameters. Since such 
r e s u l t s  are cont ingent upon the models selected, 
we re fe r  t o  the est imates as apparent values o f  
t h e  parameters. Using ava i l ab le  product ion data 
from liquid-dominated geothermal systems i n  
I ce land  we have obtained some estimates o f  t he  
r e s e r v o i r  parameters o f  the I c e l a n d i c .  f lood- 
basal ts .  Based on simple f ree  l i q u i d  sur face 
i n t e r p r e t a t i o n a l  models, the i n f e r r e d  apparent 
permeabi l i ty  o f  the f lood-basal ts of  nor th-  
c e n t r a l  Ice land is l ess  than m2. The 
values f o r  the south-west o f  Ice land are an order 
o f  magnitude higher.  

The p r i n c i p a l  phys ica l  parameters o f  f r a c t u r e  
dominated reservo i rs ,  i n  p a r t i c u l a r ,  the permea- 
b i l i t y  and the poros i ty ,  are i n v a r i a b l y  poo r l y  
def ined. Surface exp lo ra t i on  provides p r a c t i -  
c a l l y  no in format ion on '  these parameters and 
observat ions on. core samples p rov ide  l i m i t e d  
i ~ f o r m a t i o n  on the permeabi l i ty .  . Moreover, 
standard we l l - t es ts  tend t o  y i e l d  biased e s t i -  
mates t h a t  depend on the o v e r a l l  t e s t  proce- 
dures. The r e s u l t s  can on ly  represent weighted 
averages of  t h e  parameters over some vaguely 
def ined format ion volumes. I n  other  words, the 
r e s u l t i n g  estimates w i l l  have t o  be regarded as 
apparent values cont ingent upon the p a r t i c u l a r  
t e s t  procedure appl ied.  

As a consequence, product ion from f r a c t u r e  
dominated rese rvo i r s  very f requen t l y  has t o  be 
i n i t i a t e d  wi thout  much r e l i a b l e  in format ion on 
subsurface condi t ions.  I n  fac t ,  the most u s e f u l  
in format ion i s  gradual ly  revealed i n  the form o f  
pressure dec l i ne  h i s t o r i e s  as product ion i s  con- 
t i nued  over longer per iods o f  t ime. Upon proper 
i n t e r p r e t a t i o n  o f  the observat ional  data and 
model s imulat ion,  the past can then be appl ied t o  
est imate important parameters and t o  p r e d i c t  
f u tu re  rese rvo i r  responses. 

Grensssvegur 9, 108 Reykjavik, Ice land 
'egon State U n i v e r s i t y ,  Corva l l i s ,  

- Depending on condi t ions,  var ious methods are 
ava i l ab le  t o  ex t rac t  in format ion on r e s e r v o i r  
p roper t i es  from pressure dec l ine data. We have 

ra the r  s5mple a n a l y t i c a l  methods 
for  the case o f  unconfined l i q u i d  dominated re- 
servo i rs .  These methods are appl icable t o  cases 
where t h e  pressure dec l i ne  data are l i m i t e d  t o  
or,e or a very few observat ional  boreholes and 
a d d i t i o n a l  data on subsurface condi t ions are 
scarce. I n  such cases more d e t a i l e d  modeling 
would h a r d l y  be appropr iate.  They can, mcreover, 
be used t o  ob ta in  the f i r s t  large-scale averages 
before more d e t a i l e d  modeling i s  attempted. The 
p r i n c i p a l  purpose o f  the present paper i s  t o  

. d iscuss t h e  a p p l i c a t i o n  o f  these procedures t o  a 
few f i e l d  examples o f  f r a c t u r e  dominated geo- 
thermal r e s e r v o i r s  i n  Iceland. 

. developed.. some 

FREE L I q U ~ D  SURFACE MODELS 

Pressure dec l ine i n  geothermal rese rvo i r s  
invo lves t r a n s i e n t  processes tha t  r e s u l t  from 
capac i t i ve  ef fects  i n  the systems. There are 
mainly two types o f  such e f fec ts ,  t h a t  i s ,  
l i qu id / fo rma t ion  compress ib i l i t y  and the m o b i l i t y  
o f  f ree l i q u i d  surfaces and other s i m i l a r  i n t e r -  
faces. S ignals  r e s u l t i n g  from compTessibi l i ty  
e f fects  have a very sho r t  r e l a x a t i o n  t ime 
(6odvarsson, 1984) when measured on the t ime 
scale o f .  long-term product ion.  Since we are 
mainly i n t e r e s t e d  i n  the i n t e r p r e t a t i o n  o f  pres- 
sure dec l i ne  data t h a t  have been obtained over 
per iods o f  years we w i l l  d isregard the compressi- 
b i l i t y  e f f e c t s .  On the other  hand, t h e  f i e l d  
examples t o  be se t  f o r t h  below invo lve  l i q u i d  
dominated rese rvo i r s  t h a t  have a f ree l i q u i d  sur-  
face such t h a t  spec i f i c  i n t e r p r e t a t i o n a l  models 
have t o  be developed t o  account f o r  t h i s  type of  
capacitance. 

Phenomena r e s u l t i n g  from the movement o f  
i n t e r f a c e s  such as a f ree l i q u i d  surface are o f  a 
non- l inear nature and lead  t o  mathematical d i f f i -  
c u l  t i e s .  Bodvarsson (1977, 1984) has, however, 
demonstrated t h a t  cases w i t h  a smal l  f r ee  l i q u i d  
surface amplitude can be l i n e a r i z e d  and the  
q u a n t i t a t i v e  treatment i s  then much s i m p l i f i e d .  
Since very many p r a c t i c a l  cases i nvo l ve  such con- 
d i t i o n s ,  p e r t i n e n t  r e s u l t s  o f  the l i n e a r i z e d  
theory w i l l  be presented i n  the fo l lowing.  
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We f i r s t  consider the t e s t i n g  o f  a h a l f  space 
t h a t  i s  composed o f  a l i q u i d  saturated permeable 
heterogeneous and an iso t rop i c  formation. We 
assume t h a t  there i s  a f ree l i q u i d  surface a t  
some depth below the slrrface o f  the permeable 
formation. The f i e l d  setup i s  such t h a t  u n t i l  
t ime t = 0 the  l i q u i d  i s  i n  e q u i l i b r i u m  wi th  a 
h o r i z o n t a l  f ree  surface. A t  t ime t = 0 the 
i n j e c t i o n  of a constant mass flow o f  l i q u i d  q i s  
being i n i t i a t e d  a t  the i n j e c t i o n  p o r t  Q. The 
r e s u l t i n g  f low pressure f i e l d  causes a gradual 
r i s e  o f  the f ree  l i q u i d  sur face i n  a reg ion above 
Q. Observing the f low pressure p(P,t)  a t  a f i e l d  
p o i n t  P and t ime t, we can de f i ne  the  u n i t  step 
response o f  the system 

The simplest  i n t e r p r e t a t i o n a l  models t h a t  are 
pe r t i nen t  t o  t h i s  s i t u a t i o n  are homogeneous and . 
i s o t r o p i c  models; Assuming 'a 'half-space o f  t h i s  
type and us ing .a. l i n e a r i z e d  surface boundary con- 
d i t i o n ,  Bodvarsson (1977) has der ived the f o l l o -  
wing resu l t s .  

Place a coordinate system w i t h  t he  (x,y)  plane 
i n  the equ i l i b r i um l i q u i d  sur face and the  z-axis 
v e r t i c a l l y  down. The i n j e c t i o n  p o r t  i s  placed a t  
Q = (O,O,d), t h a t  i s ,  on the z-axis a t  a depth d 
below the equ i l i b r i um surface. The geometry o f  
the s i t u a t i o n  i s  displayed i n  f i g u r e  1. Le t  
c=k/v be the l i q u i d  conduc t i v i t y  o f  the h a l f -  
space w i t h  k the permeabi l i ty  o f  the formation 
and v the kinematic v i s c o s i t y  o f  t he  f l u i d .  
Furthermore, l e t  f$ be the p o r o s i t y  o f  the h a l f -  
space, g be the acce le ra t i on  o f  g r a v i t y  and 
de f i ne  a c h a r a c t e r i s t i c  v e l o c i t y  w = cg/$ = 
kg/4v. A t  the condi t ions described, the u n i t  
s tep response u(P,Q,t) o f  the l i q u i d  pressure i s  

where i s  t he  distance between the two por ts ,  
rp . isrB e d is tance from P t o  the  r e f l e c t i o n  
fmgge o f  Q over the plane z=O and M,=(O,O, - (d+bt)  ) 
1s a moving image and hence 

( 3 )  rpM = [x2 + y2 + ( Z  + d + ~ t ) ~ ]  'I2 

The moving image accounts for  t h e  evo lu t i on  o f  
the f ree l i q u i d  surface. 

Turning back t o  the heterogeneous and aniso- 
t r o p i c  half-space, we assume now t h a t  u(P,Q, t )  
has been measured for a pa i r  o f  po r t s .  . Equat ion 
(2) can then be appl ied t o  o b t a i n  estimates of  
the conduc t i v i t y  c and c h a r a c t e r i s t i c  v e l o c i t y  
w. These est imates are r e f e r r e d  t o  as apparent 
values cont ingent  upon the i n t e r p r e t a t i o n  on the 
bas is  o f  a homogeneous and i s o t r o p i c .  half-space 
free l i q u i d  sur face model. 

The development above r e f l e c t s  the s implest  
poss ib le  s i t u a t i o n  t h a t  would apply  f o r  a reser-  
v o i r  w i t h  a f r e e  l i q u i d  surface i n  the absence of  
any a d d i t i o n a l  in format ion.  of  geolog ica l  or  
phys ica l  nature on the  permeable formation under 
considerat ion.  Where the only observat ional  data 
i s  a pressure dec l ine funct ion,  the obvious 
choice o f  model i s  a homogeneous and i s o t r o p i c  
half-space. 

Many f i e l d  s i t u a t i o n s  are s t r o n g l y  an i so t rop i c  
such t h a t  t he  f l ow  i s  p r a c t i c a l l y  u n i d i r e c t i o -  
nal .  To o b t a i n  the per t inent  m o d i f i c a t i o n  o f  t h e  
above equations, we assume now t h a t  the flow i s  
p a r a l l e l  t o  the x-axis and t h a t  Q represents a 
l ine-source o f  u n i t  density mass flow placed 
p a r a l l e l  t o  the  y-axis a t  a depth d. As shown in, 
F igure 2 ,  t h i s  i s  now a two-dimensional s i t u a t i o n  
where the u n i t  s tep response i s  independent o f  
the y coordinate.  The expression for t h i s  func- 
t i o n  fo l lows from equation (2) by an i n t e g r a t i o n  
w i t h  respect t o  y over the e n t i r e  y-axis, resu l -  
t i n g  i n  

ground 
su.rface T ! ? T . * : * - . * : . : : * 7 ~  . . . . :'I . . . : . : , : . . . :.- ...'.'.....'.. ;:;..:..;:;.::.:.:; . . .  . . . . . . . . . . . . . . .  . . . .  . .  

. .  . . . .  . . . . . . .  . . .  

equilibrium 

surface 
z=o liquid 

\ p = (x,y,z) non-equilibrium 
liquid surface 

Q=(o,o,d) 

F igu re  1. The unconfined h a l f  space model. 
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equilibrium 
liquid surface 

L .  

Figure  2. The unconfined v e r t i c a l  s lab  

u ( P , Q , t )  = 
( 4 )  

( 1 1 2 ~ ~ )  [log(rpp) +log(rpQ*) -210g(rpM)] 

where Q' and M a re  now l i n e  images and distances 
are  the perpendiculars from P t o  the l i n e  sources 
such that ,  for  example, 

( 5 )  rPM = [x2 + ( ~ + d + w t ) ~ ]  

The above r e s u l t s  apply equa l ly  w e l l  t o  the 
whole an iso t rop ic  half-space as t o  a v e r t i c a l  
s l a b  o f  constant w i d t h  b t h a t  i s  p a r a l l e l  t o  the  
( x , z )  plane. I n  the case o f  a t o t a l  l ine-source 
mass f low q i n t o  the s l a b  of wid th  b, the factor  
i n  the f r o n t  o f  the  brackets  i n  equation (4) has 
t o  be adjusted t o  (q/ZTcb). 

APPLICATION O f  THE FREE SURFACE MODELS 

Consider now the case o f  a heterogeneous and 
an iso t rop ic  l i qu id  dominated r e s e r v o i r  with a 
f r e e  l i q u i d  surface where we have a source f low 
h i s t o r y  q(Q,t) f o r  the  source p o i n t  Q and have 
observed the pressure response p(P,Q,t) a t  a 
f i e l d  p o i n t  P. The i n t e r e s t  centers  on ob ta in ing  
apparent values o f  the p o r o s i t y  @ and the permea- 
b i l i t y  k from the p a i r  o f  functions. I n  the case 
o f  var iab le  product ion . ra te  q ( t )  a t  the source 
p o i n t  Q, we f i r s t  have t o  der ive  the  u n i t  s tep 
response for  the p a i r  o f  por ts .  We assume causal 
condi t ions,  t h a t  i s ,  e q u i l i b r i u m  for  the t ime 
t50. The fo l low ing  i n t e g r a l  equation for  the  
causal response f u n c t i o n  G( P, Q, t ) has t o  be 
solved 

non-equilibrium 
liquid surface 

model w i t h  2-0 f low. 

The un i t  s tep  response i s  then 

( 7 )  u(P,Q,t) = j%(P,Q,T)d-r 

An a t t r a c t i v e  method for  so lv ing  equat ion (61 ,  
based on l i n e a r  programing techniques, has been 
g iven by Coats e t  a l .  (1964). 

Suppose t h a t  geology ind ica tes  t h a t  the  reser- 
v o i r  i s  o f  such e x t e n t  and depth t h a t  i t  can be 
represented by the e n t i r e  half-space. Th'e appa- 
r e n t  values o f  the c h a r a c t e r i s t i c  v e l o c i t y  w and 
the  c o n d u c t i v i t y  c a re  then obtained by an i t e r a - ,  
t i v e  non-l inear least-squares numerical matching 
(Menke, 1984) o f  expression (2)  t o  the observed 
u n i t  s tep function. I n  more d e t a i l  w i s  deter- 
mined by the curva ture  o f  the response and the 
ampli tude o f  the response determines c. 

A few remarks are c a l l e d  for .  F i r s t ,  because 
compress ib i l i t y  has been neglected, equations (2)  
and (4) are  n o t  app l i cab le  dur ing a shor t  i n t e r -  
v a l  o f  t ime f o l l o w i n g  t h e  onset a t  t = 0. I t  i s ,  
however, a simple mat te r  t o  show t h a t  t h i s  i n t e r -  
v a l  i s  very shor t  and does i n  very many p r a c t i c a l  
cases no t  i n t e r f e r  w i t h  t h e  above matching pro- 
cess. Second, i t  i s  impor tant  t h a t  the  formation 
p o r o s i t y  en ters  our equations only  through a sur- 
face boundary c o n d i t i o n  (Bodvarsson, 1984). The 
va lue of the  apparent p o r o s i t y  determined by the 
above procedure would thus only  be re levant  t o  
t h e  sur face reg ion  where the f ree  l i q u i d  surface 
i s  pos i t ioned.  
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ESTIMATES OF APPARENT RESERVOIR PARAMETERS 

The procedure o u t l i n e d  above w i l l  now be 
app l ied  t o  the es t imat ing  o f  apparent r e s e r v o i r  
parameters f o r  th ree  low-temperature and one 
high-temperature l i q u i d  dpminated geothermal 
systems i n  Iceland. P r a c t i c a l l y  a l l  geothermal 
systems i n  Ice land are  embedded i n  f l o o d  basa l ts  
w i t h  a fracture-dominated permeabi l i ty .  I n  t h i s  
type of formation, h o r i z o n t a l  f l u i d  conduct iv i t y  
i s  provided by openings along l a v a  bed in te r faces  
and through in te rbed l a y e r s  o f  s c o r i a  and tu f fs .  
V e r t i c a l  c o n d u c t i v i t y  i s  main ly  prov ided by 
b a s a l t i c  d ikes and f a u l t s  t h a t  a re  very numerous 
i n  the formation. There arq swarms o f  p a r a l l e l  
d ikes and f a u l t s  t h a t  r e s u l t  i n  a pronounced f low 
anisotropy. A b r i e f  overview o f  the phys ica l  
cond i t ions  i n  the f l o o d  basa l ts  has been g iven by 
Bodvarsson (1983). 

The geothermal f i e l d s  are l i s t e d  i n  Table I 
and t h e i r  l o c a t i o n s  are g iven i n  F igure  3. The 
f i e l d s  have been i n  commercial product ion f o r  a 
considerable t ime such t h a t  long-term data i s  
a v a i l a b l e  on the performance o f  the  reservo i rs  
(Palmason e t  al. ,  1983). Table I provides i n f o r -  
mation on each o f  t h e  i n d i v i d u a l  areas. The pro- 
duc t ion  data and the unit  s tep  response functions 
der ived on the bas is  o f  equation (6)  are presen- 
ted  by Axelsson (1985). I n  a l l  o f  the four cases 
long term pressure dec l ine  data i s  o n l y  a v a i l a b l e  
from one w e l l  and in fo rmat ion  on subsurface con- 
d i t i o n s  r a t h e r  l i m i t e d .  Examples o f  product ion 
data from two o f  the  f i e l d s ,  Svartsengi and 
Laugarnes, are d isp layed i n  F igures 4 and 5 
whereas the  un i t  s tep  response funct ions are d i s -  
played i n  F igures 6,7,8 and 9. 

TABLE I L i s t  o f  geothermal f i e l d s  

F igure  3.  Locat ion o f  geothermal f i e l d s  l i s t e d  i n  
Table I. 

I n  app ly ing  the procedures o u t l i n e d  above t o  
the  data from the four f i e l d s ,  t h e  f o l l o w i n g  
p r i n c i p a l  s i m p l i f y i n g  assumptions are  made. 
Because o f  the  d i s t r i b u t i o n  o f  the. product ion 
wel ls ,  we conclude i n  the case of t h e  homo- 
geneous/isotropic half-space model t h a t  the  pro- 
duc t ion  reg ion  wi th in the r e s e r v o i r  i s  s u f f i -  
c i e n t l y  smal l  t h a t  the f low can be assumed t o  be 
der ived from a point-sink. Although t h e r e  are  no 
problems i n  considering d i s t r i b u t e d  s inks,  a 
numerical t e s t  ind ica tes  t h a t  t h i s  assumption i s  
j u s t i f i e d .  I n  the case o f  t h e  dike-swarm mcdel 
we make t h e  analog assumption t h a t  the product ion 
i s  o t t a i n e d  from a l ine-s ink.  

being analyzed 

Geothermal . Locat ion & , I n  Production Product ion Reservoir 
F i e l d  C l a s s i f i c a t i o n  Since Depth Temperature 

800-1800 m 240' C Svartsengi SW Ice land 1977 
HT/liquid-domina t e d  

Laugarnes SW Ice land 1960 700-1000 m '125'C 
L T - f i e l d  

Laugaland N Cent ra l  I ce land 1978 1000-1500 m 95'c 
L T- f i e l d  

Y t r i - T j a r n i r  N Cent ra l  I ce land 1980 1000-1500 m 80'C 
L T - f i e l d  

LT = low-temperature 

HT = high-temperature 
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( 2 )  t o  ( 5 ) ,  for  both t h e  hslf-space (3-0) and 
dike-swarm (2-0) models. The r e s u l t s  a r e  d i s -  
played i n  F i g u r e s  6,7,8 and 9. The optimum f i t  
phys ica l  parameters  a r e  l i s t e d  i n  Tables 11 and 
111. These a r e  our p r i n c i p a l  r e s u l t s .  

2 
W 

a 

800 

400 

so 

100 

is0 zoo 

0 
2500 

200 
900 1000 1900 moo 

1 I M E (DAYS1 

2 
Ef 
0 

0 

U 

f i g u r e  4. Production from t h e  Svartsengi  f i e l d  
and the  r e s u l t i n g  pressure  d e c l i n e  i n  
wells SG-4 and SG-5 s i n c e  l a t e  1976. 

- 
200 0, i i  8 

-i201,.,,..,,.,,........,..,......,.,..,,...!0 
- 

0 40 80 it0 180 
T I M E IMONTHSI 

Figure  5 .  Production from t h e  Laugarnes f i e l d  and 
t h e  r e s u l t i n g  pressure  changes i n  well 
RV-7 s i n c e  June 1966. 

The observa t iona l  pressure  dec l ine  d a t a  a r e  
obtained from non-producing boreholes t h a t  a r e  
loca ted  within t h e  main product icn zones i n  t h e  
individua.1 geothermal f i e l d s .  + I t  is c l e a r  t h a t  
these boreholes  a r e  s u f f i c i e n t l y  well connected 
t o  t h e  main a q u i f e r  systems t h a t  t h e i r  water  
level d i s p l a y s  t h e  l i q u i d  pressure  a t  some level 
wi th in  t h e  systems. An inspec t ion  o f  equat ion 
( 2 )  i n d i c a t e s  t h a t  t h e  amplitude, and hence t h e  
conduct iv i ty  c ,  is not  too  s e n s i t i v e  t o  t h e  depth  
o f  t h e  f i e l d  poin t  P. The curva ture ,  and hence 
t h e  c h a r a c t e r i s t i c  ve loc i ty  w ,  is more s e n s i t i v e  
t o  t h e  l o c a t i o n  o f  P. Ue therefore  make the  
assumption t h a t  the  boreholes  r e f l e c t  t h e  t r u e  
ground-water level above t h e  production zone. As 
a consequence, we p lace  t h e  f i e l d  poin t  P i n  
equat ions  ( 2 )  and (4) a t  t h e  s u r f a c e  P = (r,O). 

Based on t h e s e  assumptions, t h e  processing of  
t h e  d a t a  on t h e  b a s i s  o f  t h e  procedures descr ibed  
above is now s t r a i g h t  forward. D e t a i l s  of t h e  
methodology a r e  given by Axelsson (1985). The 
u n i t  s t e p  response func t ions  a r e  matched wi th  t h e  
t h e o r e t i c a l  response func t ions  based on equat ions  

The q u a l i t y  o f  t h e  apparent  parameter esti- 
mates is d i f f i c u l t  t o  a s s e s s  accura te ly  s i n c e  t h e  
matching process  is non-linear. Rough bounds on 
t h e  apparent  parameter es t imates  have therefore  
been found v i s u a l l y  and t h e  r e s u l t s  i n d i c a t e  t h a t  
t h e  apparent  conduct iv i ty  c is est imated within 
10-15% whereas t h e  apparent  c h a r a c t e r i s t i c  veh-  
c i t y  w is es t imated  wi th in  20-30%. 

tn w .  

m UNLT STEP R E S P O N S E  4 4 0 . A  

- 2-0 MODEL 1 --- 3-0 MODEL w 

Figure  6 ,  Unit  s t e p  response o f  t h e  Svar t sengi  
f i e l d  based on t h e  d a t a  i n  Figure 4 
a long  w i t h  t h e  bes t  f i t t i n g  t h e o r e t i c a l  
responses  for t h e  2-0 and 3-0 f r e e  sur -  
f a c e  i n t e r p r e t a t i o n a l  models. 

- 2-0 MODEL 

**-I 3-0 MODEL 
0.1 

0.0 

T I M E (MONTHS) 

f i g u r e  7. Uni t  s t e p  response o f  t h e  Laugarnes 
f i e l d  based on the  d a t a  i n  Figure 5 
a long  with t h e  bes t  f i t t i n g  t h e o r e t i c a l  
responses  for t h e  2-0 and 3-0 f r e e  sur -  
f a c e  i n t e r p r e t a t i o n a l  models. 
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U N I T  STEP 

- 2-0  MODEL 

......- 3-0  MODEL 1 
U N I T  STEP 

- 2-0  MODEL 

......- 3-0  MODEL 1 
RESPONSE 

r - r r - r - r  
7 

Figure 8. U n i t  step response o f  t he  Laugaland 
f i e l d  along with the best  f i t t i n g  theo- 
r e t i c a l  responses f o r  the 2-0 and 3-D 
f ree  surface i n t e r p r e t a t i o n a l  models. 

Figure 9. U n i t  s tep response o f  the Y t r i - T j a r n i r  
f i e l d  along with the best  f i t t i n g  theo- 
r e t i c a l  responses for  the 2-0 and 3-D 
f ree  surface i n t e r p r e t a t i o n a l  models. 

DISCUSSION 

The apparent permeabi l i ty  values se t  f o r t h  
above furn ish sorre informat ion on t h e  hydro log i -  
c a l  p roper t i es  o f  the I ce land ic  flood-basalts. 
A t  t h i s  juncture,  i t  i s  appropr iate t o  under l ine 
t h a t  the r e s u l t s  have t o  be viewed from the van- 
tage po in t  o f  the ra the r  s t rong assumptions made 
d i r e c t l y  or  i m p l i c i t l y  i n  the two i n t e r p r e t a t i o n  
models applied. 

I n  discussing geothermal r e s e r v o i r  proper t ies,  
a c l e a r  d i s t i n c t i o n  has t o  be made between l i q u i d  
rese rvo i r s  and rese rvo i r s  of thermal energy. I n  
the  i n d i v i d u a l  areas, the extent  o f  each type o f  
r e s e r v o i r  depends on l o c a l  geo log i ca l  and physi-  
c a l  condi t ions.  In  the present context ,  where 
hyd ro log i ca l  proper t ies are i n  the  focus o f  i n t e -  
r e s t ,  i t  i s  the l i q u i d  rese rvo i r  t h a t  i s  o f  
p r i n c i p a l  concern. 

.. . . C lear ly ,  .. the homogeneous/isotropic ha1 f-space 
model i s  a gross ove rs imp l i f i ca t i on  t h a t  can only  
prov ide ra the r  vaguely defined apparent or ave- 
rage values o f  the format ion pe rmeab i l i t y  i n  the  
p a r t i c u l a r  l oca t i ons  o f  the i n d i v i d u a l  geothermal 
f i e l d s .  Since observations on t h e  general  
r e s u l t s  o f  d r i l l i n g  f o r  thermal f l u i d s  i n  Ice land 
i n d i c a t e  t h a t  the thermal ly a c t i v e  rese rvo i r s  
have a higher permeabi l i ty  than the  non-act ive 
country rock, the apparent pe rmeab i l i t i es  l i s t e d  
i n  Table I 1  a re  most l i k e l y  h igher  than corres- 
ponding values f o r  the non-active f lood-basal ts.  

From the geologica l  p o i n t  o f  view, the d ike-  
swarm w i th  a predominantly p a r a l l e l  permeabi l i ty  
i s  a more r e a l i s t i c  model o f  the f l ow  s t r u c t u r e  
i n  the geothermal f i e l d s  o f  Iceland. The obser- 
v a t i o n a l  data a t  our d isposal  y i e l d  on l y  permea- 
b i l i t y  widths, t ha t  is permeabi l i ty  by swarm- 
w id th  products. Since i t  i s  f r equen t l y  d i f f i -  
c u l t  t o  est imate the widths o f  t h e  swarms from 
sur face observations, the i n f e r r e d  permeabi l i ty  
widths are no t  r e a d i l y  converted i n t o  more l o c a l  
average permeabi l i t ies .  The p a r a l l e l  permeabi l i -  
t y  widths w i l l  have t o  be regarded as the r e l e -  
vant resu l t .  

TABLE 11 AFparent pe rmeab i l i t y  and apparent po ros i t y  based on the 3-0 
i n t e r p r e t a t i o n a l  model w i t h  a f i e l d  p o i n t  a t  P = ( r , o ) .  The 
t a b l e  i b sed on the assumption o f  a k inemat ic v i scos i t y  o f  
1 . 5 ~ 1 0 - ~  m’/s f o r  Svartsengi  and 3x101 m2/s f o r  the other  
f i e l d s .  

depth d d is tance r perme b i l i t y  k po ros i t y4  9 (m) (m) ( m  1 

Laugarnes 800 300 13 10-15 2.7 10-3 

Laugaland 1200 300 0.82 x ‘ 1 ~ - 1 5  1.1 10’~ 

Y t r i - T j a r n i r  1000 30 0.74 10-15 1.8 10-4 

Svartsengi 1000 30 0 4.5 10- l5  1.2 x l o +  
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TABLE 111 Apparent permeability width bk ,  and apparent  poros i ty  width 
b4, based on the 2-D i n t e r p r e t a t i o n a l  model with .a f i e l d  
p o i n t  a t  P=(r,o). of 
a k i  em t i c  v i scos i ty  'of 1.5x10-' m2/s f o r  Svartsengi  and 
3x10-' m'/s for  t h e  o ther  f i e l d s .  

The t a b l e  is ba ed on t h e  assumption 

d(m) r ( m )  bk (m3) b4(m) 

Laugarnes 800 300 160 x 0.5 

Laugaland 1200 300 .7.9 x 10-12 1.8 

Ytri-T j a r n i r  1000 30 6.4 x 0.2 

Svartsengi  1000 300 30 x 21 

I t  is i n t e r e s t i n g  t o  convert  t h e  observed per- 
meabi l i ty  widths  i n t o  e s t i m a t e s  of  t h e  widths of 
the  quas i -ver t ica l  f r a c t u r e s  t h a t  provide t h e  
flow channels .  Consider an extended f r a c t u r e  of  
uniform width h. In  u n i d i r e c t i o n a l  laminar 
l i q u i d  flow i n  d i r e c t i o n  x a long t h e  f r a c t u r e ,  
t h e  mass flow q per  u n i t  l ength  across  t h e  flow 
is (Lamb, 1932) 

(8)  q = -(h3/12v)dp/dx, _ *  

where dpldx is t h e  pressure  gradient  i n  t h e  
d i r e c t i o n  of t h e  flow. Hence, r e f e r r i n g  t o  t h e  
d e f i n i t i o n  of  permeabi l i ty  on t h e  b a s i s  of 
Darcy's law, we i n f e  t h a t  t h e  permeability width 
o f  t h e  f r a c t u r e  is h /12. In t h e  case  of a dike- 
swarm with n p a r a l l e l  f r a c t u r e s  of the  same 
width, the  permeabi l i ty  width is thus 

5 

(9)  bk = nh3/12. 

Applying equat ion ( 9 )  t o  t h e  four cases  under 
s tudy we o b t a i n  t h e  r e s u l t s  i n  Table IV. Consi- 
der ing observat ions on flows from f r a c t u r e s  i n t o  
boreholes i n  t h e  geothermal a r e a s  (Bodvarsson, 
1983), t h e s e  values  a r e  not unreasonable. 

We draw t h e  following genera l  conclusions from 
our r e s u l t s .  Contingent upon the  use of  t h e  
homogeneous and i s o t r o p i c  half-space i n t e r p r e t a -  
t i o n  model, we i n f e r  t h a t  t h e  global  apparent 
permeabi l i ty  of  the  non-active f lood b a s a l t s  i n  
c e n t r a l  nor th  Iceland is  less than one mi l l idarcy  
w h i l e  t h e  corresponding va lue  f o r  the  southwest 
is an order  of  magnitude h igher .  The flow i n  t h e  
geothermal f i e l d s  is c o n t r o l l e d  by quas i -ver t ica l  
f r a c t u r e s  along d i k e s  with dike-swarm permea- 
b i l  y widths  of  t h e  order  of  a few t o  100 x 
lo-'' m3. Due t o  t h e  very heterogeneous frac-  
ture-dominated na ture  o f  t h e  f lood-basa l t s ,  these  
results represent  la rge-sca le  averages but t h e  
values  have no l o c a l  s i g n i f i c a n c e .  

. .  

TABLE' IV' Frac ture  widths for  n p a r a l l e l  f rac tu-  
res based on t h e  permeability width 
e s t i m a t e s  i n  Table 111 

n =  1 5 10 

Laugarnes 1.2 mm 0.7 0.6 

Lauga 1 and 0.5 0.3 0.2. 

Ytri-T j a r n i r  0.4 0.2 0.2 

Svar t s e n g i  0.7 0.4 0 .3  
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