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I n  t r o d u c t  i on 

T h e o r e t i c a l  r e s u l t s  on f r e e  l i q u i d  su r face  dynamics presented by 
Bodvarsson (1978, t h i s  volume), p rov ide  t h e  bas i s  f o r  a technique of r e s e r -  
v o i r  p r o b i n g  and t e s t i n g  which can y i e l d  r e s u l t s  t h a t  a r e  supplementary 
t o  convent iona l  w e l l  t e s t i n g  data.  
which i s  one of t h e  sources of t he  Reyk jav i k  D i s t r i c t  Heat ing  System i s  a 
case where b o t h  methods a re  a p p l i c a b l e  and appear, i n t e r e s t i n g l y ,  t o  y i e l d  
q u i t e  d i f f e r e n t  r e s u l t s .  A b r i e f  account o f  t he  f r e e  sur face r e s u l t s  w i l l  
be presented below. 

The Laugarnes geothermal area i n  I c e l a n d  

The Laugarnes geothermal source area 

The Laugarnes geothermal area (see F ig .  1 )  has been descr ibed i n  some 
d e t a i l  by Thors te insson and E l i asson  (1970). The a c t i v e  r e s e r v o i r  u n d e r l i e s  
an area o f  5 km2 w i t h i n  t h e  c i t y  o f  Reyk jav ik  and has a base temperature 
about 145OC. 
than 3 km th i ckness .  
l a v a  beds and up th rough d i kes  and f r a c t u r e  zones. 
b i l i t y  i s  q u i t e  heterogeneous and a n i s o t r o p i c .  

The r e s e r v o i r  i s  embedded i n  a f l o o d  b a s a l t  s e r i e s  o f  more 
F l u i d  c o n d u c t i v i t y  i s  m a i n l y  a long t h e  con tac ts  of 

E v i d e n t l y ,  t h e  permea- 

Several dozen p roduc t i on  w e l l s  have been d r i l l e d  i n  t h e  area d u r i n g  
the  p a s t  decades. The maximum depth i s  now o f  t he  o rde r  of 3 km. 
p r o d u c t i v i t y  of i n d i v i d u a l  w e l l s  ob ta ined  w i t h  t h e  he lp  of submerged pumps 
p laced  a t  depths up t o  100 meters v a r i e s  from 1 t o  50 kg/s w i t h  we l l- head 
temperatures m o s t l y  i n  the  range o f  125°C t o  135°C. The main p roduc t i on  
i s  ob ta ined  f rom an a q u i f e r  ex tend ing  between t h e  depths of 730 and 1250 
meters. The pumping l o a d  i s  governed by t h e  demand on t h e  h e a t i n g  system 
d u r i n g  the  course o f  t h e  annual c y c l e  and v a r i e s  f rom about  100 t o  300 kg/s. 
As a consequence o f  t he  v a r y i n g  p roduc t i on  r a t e ,  t he  e l e v a t i o n  o f  t he  p iezo-  
m e t r i c  su r face  f l u c t u a t e s  i n  a q u a s i - p e r i o d i c  way w i t h  t h e  yea r  as a b a s i c  
pe r iod .  Thors te insson and E l i asson  (1970) have d u r i n g  t h e  p e r i o d  1965 t o  
the  end o f  1969, c o l l e c t e d  a cons ide rab le  amount o f  water  l e v e l  data from 
60 obse rva t i on  w e l l s  i n  t h e  area. F ig .  2 g i ves  an example o f  t h e i r  water  
l e v e l  da ta  on a day i n  November o f  1967. 
r e l a t i o n  between t h e  i n t e g r a t e d  p roduc t i on  r a t e  and the  water  l e v e l s  as 
observed i n  two c e n t r a l l y  l o c a t e d  w e l l s .  
e s t i n g  p i c t u r e  o f  t he  h y d r o l o g i c a l  c h a r a c t e r i s t i c s  of t he  r e s e r v o i r .  

The 

Moreover, F ig .  3 i l l u s t r a t e s  t h e  

These data f u r n i s h  a q u i t e  i n t e r -  

Very few q u a n t i t a t i v e  data  a re  a v a i l a b l e  on the  p e r m e a b i l i t y  and poro-  
s i  t y  c h a r a c t e r i s t i c s  of t he  Laugarnes r e s e r v o i r .  Using convent iona l  we1 1 
i n t e r f e r e n c e  t e s t  techniques i n  f i e l d  experiments o f  10 t o  20 hours d u r a t i o n ,  
Thors te insson and E l i asson  (1970) have es t ima ted  the  p e r m e a b i l i t y  of the.  
r e s e r v o i r  t o  be o f  t he  o r d e r  of  10 darcys. 
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Bodvarsson (1975) a r r i v e d  on t h e  bas i s  o f  water  l e v e l  recovery  data from 
one w e l l  a t  a p e r m e a b i l i t y  va lue  o f  a few darcy.  
on t h e  p o r o s i t y  b u t  f i e l d  observat ions  on outc rops  i n d i c a t e  ve ry  low values, 
perhaps a few p a r t s  p e r  thousand. 

No r e s u l t s  were obta ined 

Relevant  t h e o r e t i c a l  r e s u l t s  presented by Bodvarsson (1977a & b, 1978) 
p e r m i t  an a n a l y s i s  and i n t e r p r e t a t i o n  o f  t h e  a v a i l a b l e  obse rva t i ona l  da ta  
i n  terms o f  es t imates  o f  t h e  more g l o b a l  p e r m e a b i l i t y  and p o r o s i t y  charac-  
t e r i s t i c s  o f  t h e  r e s e r v o i r .  Two d i f f e r e n t  procedures a r e  a v a i l a b l e  f o r  
c a r r y i n g  o u t  t h i s  ana lys i s ,  namely, 1 )  t h e  p r o d u c t i o n  data  can be taken 
t o  rep resen t  a p e r i o d i c  process w i t h  an approx imate ly  s i n u s o i d a l  i n p u t /  
ou tpu t ,  o r  2)  s h o r t  sec t i ons  o f  t h e  graphs can be analyzed i n d i v i d u a l l y  
as independent processes. 

On t h e  f i r s t  approach, i n p u t - o u t p u t  ampl i tude and phase r e l a t i o n s  f o r  
t h e  annual c y c l e  can be es t imated w i t h  t h e  h e l p  o f  t h e  p roduc t i on  r a t e  and 
water  l e v e l  da ta  i n  F ig .  3. U n f o r t u n a t e l y ,  t h e  p resen t  obse rva t i ona l  
m a t e r i a l  i s  d e f i c i e n t  i n  t h a t  t h e  peak- to-peak i n p u t - o u t p u t  phase lags  a r e  
smal l  and q u i t e  p o o r l y  de f ined.  Nevertheless,  on the  a v a i l a b l e  data,  
es t imates  o f  r o u g h l y  1.5 months e q u i v a l e n t  t o  a phase angle o f  45 degrees 
are  i n d i c a t e d .  

Car ry ing  o u t  a numer ical  e v a l u a t i o n  o f  t h e  complex i n t e g r a l  f o r  t h e  
f requency response as g i ven  by  equat ion  (13) i n  t h e  paper by  Bodvarsson 
(1978 , t h i s  volume) fo r  t h e  case of va r ious  values o f  t h e  s i n k i n g  v e l o c i t y  
parameter w, and comparing t h e  r e s u l t s  w i t h  t h e  obse rva t i ona l  data, we 
o b t a i n  on t h e  bas i s  o f  t h e  phase d i f f e r e n c e  a b e s t  f i t  f o r  a va lue  of w = 
4 ~ 1 0 - ~ m / s .  
of r o u g h l y  10 m i l l i d a r c y  and p o r o s i t y  es t imates  o f  

With t h e  h e l p  o f  t h e  ampl i tude r a t i o ,  p e r m e a b i l i t y  es t imates  
a r e  obta ined.  

An a l t e r n a t i v e  approach t o  t h e  p e r i o d i c  i n p u t / o u t p u t  da ta  based on a 
s imple  lumped system model i s  d iscussed i n  t h e  Appendix. 
es t imates  o f  t h e  p e r m e a b i l i t y  and p o r o s i t y  a r e  o f  t h e  same o rde r  o f  magni- 
tude as t h e  data  g i v e n  above. 

The r e s u l t i n g  

On t h e  i n d i v i d u a l  event  a n a l y s i s  of t h e  water  l e v e l  responses t o  t h e  
changes i n  t h e  p r o d u c t i o n  r a t e s ,  we o b t a i n  q u i t e  s i m i l a r  r e s u l t s .  The 
theo ry  i s  based on t h e  f o l l o w i n g  r e s u l t s  by  Bodvarsson (1977b) f o r  t h e  
response o f  t h e  f r e e  water  su r face  t o  s i n k s  a t  depth i n  homogeneous and 
i s o t r o p i c  Darcy t ype  s o l i d s .  F i r s t ,  l e t  t h e  i n i t i a l  f r e e  su r face  be a t  
e q u i l i b r i u m  and a p o i n t - s i n k  o f  volume r a t e  V be p laced a t  t h e  depth d and 
s t a r t  p r o d u c t i o n  a t  t = 0. 
v e r t i c a l l y  above t h e  s i n k  i s  then 

The i n i t i a l  r a t e  o f  drawdown o f  t h e  f r e e  surface 

u = V/21r$d* ( 1  1 
where 4 i s  t h e  p o r o s i t y .  
s o l i d ,  v t h e  k inemat i c  v i s c o s i t y  o f  t h e  f l u i d  and t h e r e f o r e  c = k / v  t h e  
f l u i d  c o n d u c t i v i t y .  The long  te rm s ta t . i ona ry  va lue  o f  t h e  f r e e  sur face 
drawdown v e r t i c a l l y  above t h e  s i n k  i s  then found t o  be 

Moreover, l e t  k be t h e  p e r m e a b i l i t y  o f  t h e  

where g i s  t h e  a c c e l e r a t i o n  o f  g r a v i t y .  
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We app ly  these r e s u l t s  t o  t h e  p roduc t i on  event  from September 1968 

Dur ing  t h e  event  i n  ques t ion ,  

From t h e  

t o  March 1969 and assume t h a t  t h e  p o i n t  source model can g i v e  reasonable 
es t imates  of t h e  parameters o f  i n t e r e s t .  
t h e  f l o w  r a t e  was inc reased  q u i t e  a b r u p t l y  from 2.5 t o  7x105m3/month, t h a t  
i s ,  by about 0.17 m3/s. To c o r r e c t  f o r  l o c a l  p r e c i p i t a t i o n  we assume t h a t  
t h e  increased i n p u t  f l o w  t o  t he  l o c a l  r e s e r v o i r  i s ' 0 . 1 5  m3/s. 
i n i t i a l  s lope of t h e  wa te r  l e v e l  graph g iven  i n  F ig .  3, we d e r i v e  an i n i t i a l  
r a t e  of drawdown i n  response t o  t h e  increased p roduc t i on  o f  u = l . l ~ l O - ~ m / s .  
Assuming t h a t  t h e  p roduc t i on  depth i s  about l o 3  rn we f i n d  on t h e  bas is  
o f  equa t ion  ( 1 )  an es t imate  o f  t h e  p o r o s i t y  o f  about + = Z X ~ O - ~ .  

Since e q u i l i b r i u m  was n o t  approached d u r i n g  t h e  p resen t  event,  we a re  
unable t o  app ly  equa t ion  ( 2 )  t o  o b t a i n  a numer ica l  es t imate  of t h e  f l u i d  
c o n d u c t i v i t y  c. 
lower  bound hm f o r  t h e  s t a t i o n a r y  drawdown hs, we can conver t  equa t ion  (2 )  
t o  an i n e q u a l i t y  

However, s i nce  t h e  graph i n  F ig .  3 f u rn i shes  us w i t h  a 

c - < V/2nghmd ( 3 )  

and o b t a i n  an upper bound f o r  c. 
we o b t a i n  t h e  u p e r  bound of 4xlO-*s. 

= 12 m i l l i d a r c y .  

Tak ins on t he  bas i s  o f  t h e  graph hm = 60 m, 
Assuming t he  k inemat ic  v i scos-  

- i t y  t o  be 3x10- 7 m2/s (100'2) we o b t a i n  t h a t  t he  p e r m e a b i l i t y  k < 1 . 2 ~ 1 0 - 1 ~ m 2  

The above es t imates  of t h e  g l oba l  p e r m e a b i l i t y  t u r n  o u t  t o  be  b o  t o  
t h r e e  o rders  o f  magnitude l a v e r  than t h e  va lues quoted above as t h e  r e s u l t s  
o f  t h e  sho r t - t e rm  w e l l  i n t e r f e r e n c e  t e s t s .  
r e l a t i o n  b e b e e n  t h e  t ime  sca le  o f  t h e  t e s t  s i g n a l  and t h e  magnitude of t he  
est imate.  The l onge r  t he  t ime  sca le ,  t h e  l a v e r  t he  es t imate .  

There appears t o  b e  an i nve rse  

Al though a much more e l abo ra te  a n a l y s i s  o f  t he  Laugarnes da ta  i s  
i nd i ca ted ,  t he  above d isc repanc ies  may be q u i t e  r e a l  and r e f l e c t  t h e  ve r y  
cons iderab le  he te rogene i t y  and f r a c t u r i n g  o f  t he  r e s e r v o i r .  Due t o  l o c a l  
i n t e r connec t i on  b y  f r a c t u r e s ,  t h e  shor t-  term i n t e r f e r e n c e  t e s t s  performed 
on ad jacen t  w e l l s  g i v e  much h i ghe r  p e r m e a b i l i t y  es t imates than  t h e  more 
i n t e r g r a t e d  g l o b a l  va lues ob ta ined  w i t h  t he  he lp  o f  t h e  t o t a l  p roduc t i on  
r a t e  and w e l l  data.  The r e s u l t  i n d i c a t e s  t h a t  cons iderab le  c a u t i o n  i s  
c a l l e d  f o r  i n  t h e  i n t e r p r e t a t i o n  of r e l a t i v e l y  shor t- te rm w e l l  i n t e r f e rence  
t e s t s  on complex r e s e r v o i r s .  
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Appendix 

I n  process ing  t h e  p e r i o d i c  data, we can a l s o  base ou r  es t imates  on a 
lumped model as shown i n  F ig .  4. The model i s  c h a r a c t e r i z e d  by a s i n g l e  
i n p u t  conductance K and a s i n g l e  capac i tance S. 
t h e  capac i tance s imp ly  rep resen ts  t h e  e f f e c t i v e  pore  area o f  t h e  c o n t a i n e r  
shown i n  F ig .  4. L e t  f be t h e  volume r a t e  produced f rom t h e  con ta ine r ,  h 
be the  average l i q u i d  l e v e l  i n  t h e  c o n t a i n e r  counted p o s i t i v e  down and 
assuming t h a t  t h e  ambient water  l e v e l  i s  zero, we a r r i v e  a t  t h e  f o l l o w i n g  
equat ion  govern ing  t h e  lumped system 

I n  t h e  p h y s i c a l  sense, 

S(dh/d t )  + Kh := f ( 4 )  

I n  t h e  case o f  p e r i o d i c  f l o w  f = Fexp ( iw t )  where F i s  t h e  ampl i tude and w 
t h e  angu lar  frequency. 
and i n s e r t i n g  i n  equa t ion  ( 4 )  t h e  r e s u l t i n g  o u t p u t - i n p u t  ampl i tude r a t i o  
i s  found t o  be 

L e t  t h e  response o f  t h e  l i q u i d  l e v e l  be h = Hexp( i (Wt-a)) ,  

and t h e  phase ang le  

From t h e  graphs i n  F ig .  3, we f i n d  t h a t  we can on t h e  average t a k e  F = 0.07 
m3/s, H = 19m and a = 0.78 rad ians .  
system parameters we o b t a i n  

S o l v i n g  equat ions ( 2 )  and ( 3 )  f o r  t h e  

K = 2 . 7 ~ 1 0 - ~ m ~ / s  = 2 .5~10-~Kg/sPa,  S = 1.4x104m2 ( 7 )  

To t r a n s l a t e  these r e s u l t s  i n t o  es t imates  o f  t h e  average p e r m e a b i l i t y  k and 
average p o r o s i t y  @ we observe t h a t  t h e  ground water  l e v e l  depression i n  
F ig .  2 has t h e  shape o f  a s l i g h t l y  e longated f l a t  d i s k  w i t h  an area of 
approx imate ly  A = 4 km2. For  t h e  present  purpose we r e p l a c e  t h i s  d i s k  by 
a c i r c u l a r  one w i t h  a r a d i u s  R = 1.13 km. 
t h e o r e t i c a l  r e l a t i o n s  (Sunde, 1968) , we f i n d  t h a t  t h e  c o n t a c t  conductance 
of a f l a t  c i r c u l a r  d i s k  o f  r a d i u s  R immersed i n  a porous medium o f  f l u i d  
c o n d u c t i v i t y  c i s  s imp ly  8cR. 
on t h e  sur face o f  t h e  hal f- space t h e  c o n t a c t  conductance i s  consequent ly  
4cR. 
va lue  of t h e  a c t u a l  c o n t a c t  conductance, we o b t a i n  t h e  es t ima te  f o r  c as 

On t h e  b a s i s  of s imp le  p o t e n t i a l  

In t h e  p resen t  case, where t h e  d i s k  i s  p laced  

Since t h e  va lue  o f  K g i ven  i n  ( 4 )  above i s  t o  be taken as an observed 

c = K/4R = 2 . 5 ~ 1 0 ' ~ / 4 ~ 1 . 1 3 ~ 1 0 ~  = 5.5xlO-*s (8 

Since C = k/v where k i s  t h e  p e r m e a b i l i t y  and v t h e  k inemat i c  v i s c o s i t y ,  
and moreover, t h e  p o r o s i t y  + = S/A, we o b t a i n  by assuming v = 3 ~ 1 0 - ~ m ~ / s  
( 100°C) t h e  f o l l o w i n g  es t imates  

k = 1 . 7 ~ 1 0 ' ~ ~ m ~  = 17 m i l l i d a r c y  and 4 = 3 . 5 ~ 1 0 ' ~  (9) 

which i s  of t h e  same o rde r  o f  magnitude as t h e  r e s u l t s  g i v e n  above. 
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Figure 1. Geological map of 
southwest Iceland with index 
map. 

From: Tomasson and Thorsteinsson 
(1976). 

H 

Figure 2. Elevation of the piezometric surface in the 
Laugarnes hydrothermal system on November 
15, 1967. 

From: Thorstei nsson and El iasson (1  970). 
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Fig. 3. Hydrographs o f  well!; 67 and 616 and 
monthly withdrawals o f  water from 
1965 t o  1969. 

From: Thorstei nsson and E l  iasson ( 1  970).  

e 

water 1 eve1 

Fig. 4 .  Lumped model o f  i n p u t  conductance 
K and capacitance S.  
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