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ABSTRACT 

Trace r  tests performed a t  t h e  
geothermal r e s e r v o i r  a t  Wairakei,  New 
Zealand have been analyzed,  u s ing  a 
mathematical  and p h y s i c a l  model in which 
tracer f lows through i n d i v i d u a l  f r a c t u r e s  
wi th  d i f f u s i o n  i n t o  t h e  surrounding porous 
matr ix .  Model c a l c u l a t i o n s  matched w e l l  
w i t h  t h e  observed tracer r e t u r n  p r o f i l e s .  
From the  model, f i r s t  tracer a r r i v a l  times 
and t h e  number of i n d i v i d u a l  f r a c t u r e s  ( t h e  
p r i n c i p a l  condu i t s  of f l u i d  flow in t h e  
r e s e r v o i r )  j o i n i n g  t h e  injector-producer  
w e l l s  can be determined. I f  t h e  p o r o s i t y ,  
adso rp t ion  d i s t r i b u t i o n  c o e f f i c i e n t ,  bulk 
d e n s i t y  and e f f e c t i v e  d i f f u s i o n  c o e f f i c e n t  
are known, f r a c t u r e  widths  may be 
e s t ima ted .  Hydrodynamic d i s p e r s i o n  down t h e  
l e n g t h  of t h e  f r a c t u r e  is a phys ica l  
component no t  taken i n t o  account in t h i s  
model. Future  s t u d i e s  may be warranted in 
o r d e r  t o  determine t h e  n e c e s s i t y  of 
i n c l u d i n g  t h i s  f a c t o r .  In a d d i t i o n  t o  t h e  
tracer p r o f i l e  matching by the  ma t r ix  
d i f f u s i o n  model, comparisons with a s imple r  
f r a c t u r e  flow model by Fossum and Horne 
( 1 9 8 2 )  were made. The i n c l u s i o n  of t h e  
ma t r ix  d i f f u s i o n  e f f e c t s  was seen t o  
significantly improve the  fit to t h e  
observed da ta .  

INTRODUCTION 

I n  many geothermal development schemes, 
produced geothermal waters are r e i n j e c t e d  
f o r  t h e  purpose of d i s p o s a l  and p res su re  
maintenance. The known e f f e c t s  of 
r e i n j e c t i n g  water are: 
thermal  recovery (depending on underground 
f low pa ths  and v e l o c i t i e s ) ;  pe rmeab i l i t y  
changes in t he  r e s e r v o i r ;  p r e s s u r e  
maintenance of r e s e r v o i r  f l u i d ;  and p o s s i b l e  
re-rout ing of n a t u r a l  underground water 
pathways. Horne (1982)  p r e s e n t s  a summary 
of such experience on a worldwide b a s i s .  

improved or degraded 

Since both de t r imen ta l  and b e n e f i c i a l  
e f f e c t s  have been observed, r e s e r v o i r  tests 
t o  determine t h e  e f f e c t s  of a proposed 
r e i n j e c t i o n  system are des i r eab le .  Also,  

va r ious  r e s e r v o i r  parameters  and t h e  
mechanics of f l u i d  flow in t h e  r e s e r v o i r  
need be i n v e s t i g a t e d .  I n t e r w e l l  t racer 
tests have made s i g n i f i c a n t  c o n t r i b u t i o n s  t o  
t h e  understanding of f l u i d  flow in n a t u r a l  
underground r e s e r v o i r s .  Rad ioac t ive  and 
chemical tracers have been used f o r  many 
y e a r s  i n  groundwater hydrology t o  s tudy  t h e  
movement of water through porous media, bu t  
u n t i l  r e c e n t l y  l i t t l e  has  been r epor t ed  on 
t h e i r  use in f r a c t u r e d  geothermal systems. 

In  a d d i t i o n  t o  t h e  t es t  i t s e l f ,  t h e r e  
needs t o  be some method t o  analyze the d a t a  
obtained.  To d a t e ,  tracer r e t u r n s  from 
geothermal r e s e r v o i r s  have been analyzed in 
only a s e m i - q u a n t i t a t i v e  sense  t o  determine 
t r a n s i t  times, flow v e l o c i t i e s  and pathways. 

I n  1982,  Fossum and Horne p resen ted  an 
a n a l y s i s  of tracer d a t a  from f i e l d  r e s u l t s  
a t  Wairakei,  New Zealand, i n c l u d i n g  a model 
d e s c r i b i n g  l i n e a r  flow through a f r a c t u r e  
wi th  hydrodynamic d i spe r s ion .  This  p h y s i c a l  
and mathematical  model u n f o r t u n a t e l y  proved 
t o  be only p a r t i a l l y  adequate  in modeling 
f l u i d  flow, and does not f i t  w e l l  t o  many of 
the more r e c e n t l y  ob ta ined  test r e s u l t s  from 
t h e  f r a c t u r e d  Wairakei geothermal r e s e r v o i r .  

I n  sea rch ing  f o r  and t e s t i n g  of a 
p h y s i c a l  model t h a t  would better 
mathematical ly  f i t  t h e  tracer r e t u r n  d a t a ,  
it has been found he re  t h a t  a 'double- 
porosiLy'  model is more s a t i s f a c t o r y .  The 
'double-porosi ty '  model formulated in t h i s  
work inc ludes  d i f f u s i o n  of tracer i n t o  t h e  
porous ma t r ix  in a d d i t i o n  t o  flow through 
the  f r a c t u r e s  i n  the  r e s e r v o i r .  

DISCUSSION 

The tracer tests which produced t h e  
d a t a  u s e d , i n  t h i s  s tudy  were performed by 
t h e  I n s t i t u t e  of Nuclear Sciences,  
Department of S c i e n t i f i c  and I n d u s t r i a l  
Research, New Zealand. Iodine-131 was used 
as t h e  tracer. Its h a l f - l i f e  is e i g h t  
days. This  eight-day h a l f - l i f e  l i m i t e d  t h e  
f i e l d  tests t o  f o u r  t o  f i v e  weeks, by which 
t i m e  a combination of decay c o r r e c t i o n s  and 
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v a r i a t i o n  of background s i g n a l s  produced 
unacceptably l a r g e  e r r o r s .  This  e r r o r  
becomes q u i t e  n o t i c e a b l e  a t  l a t e  t i m e  f o r  
some of t h e  tracer r e t u r n  da t a .  For a 
d e t a i l e d  d e s c r i p t i o n  of tracer i n j e c t i o n  
methods, w e l l  monitoring and coun t ing  
equipment used a t  Wairakei see McCabe, Barry 
and Manning (1983). 

The d a t a  was c o r r e c t e d  f o r  decay and 
background responses .  A l l  nega t ive  va lues  
have been de le t ed .  Missing d a t a  is due t o  
instrument  o r  f i e l d  problems. Not a l l  of 
t h e  monitored w e l l s  gave s u f f i c i e n t  tracer 
r e t u r n s  and t h e r e f o r e  were no t  analyzed.  

U n t i l  r e c e n t l y ,  most mathematical  
models were based upon a porous media 
p h y s i c a l  model. These porous media type 
models are u s e f u l ,  bu t  s i n c e  most geothermal 
r e s e r v o i r s  a r e  h igh ly  f r a c t u r e d  they are not 
e n t i r e l y  a p p l i c a b l e ,  f o r  they assume some 
type of uniform sweep through t h e  
r e s e r v o i r .  Horne and Rodriguez (1983) 
p re sen ted  a mathematical  model based on t h e  
phys ic s  of d i s p e r s i o n  du r ing  f l u i d  f low 
through f r a c t u r e s ,  t hus  forming a basis f o r  
t he  d e r i v a t i o n  of a t r a n s f e r  f u n c t i o n  t o  be 
used  in t h e  i n t e r p r e t a t i o n  of f i e l d  
obse rva t ions .  Fossum and Horne (1982) 
u t i l i z e d  t h i s  model t o  analyze some of t h e  
t r a c e r  r e t u r n  p r o f i l e s  from t h e  Wairakei 
geothermal f i e l d .  A double f lowpath model 
was found t o  g ive  a b e t t e r  d a t a  match than a 
s i n g l e  flowpath model, though i n t e r w e l l  f low 
over long d i s t a n c e s  was i n t e r p r e t e d  t o  occur  
in only a very few open f i s s u r e s .  However, 
o t h e r  t r a c e r  tes t  d a t a  more r e c e n t l y  
ob ta ined  from Wairakei has  proven t o  be 
poorly f i t t e d  by t h i s  s imple model. 

A p o s s i b l e  exp lana t ion  f o r  t h i s  poor 
f i t  was i n d i c a t e d  by l a b o r a t o r y  s t u d i e s  
performed by Brei tenbach (1982). 
S i g n i f i c a n t  r e t e n t i o n  of t h e  tracer i n  
r e s e r v o i r  rocks was observed. The p rocesses  
producing tracer r e t e n t i o n  could i n c l u d e  
a d s o r p t i o n ,  d i f f u s i o n ,  d i s s o l u t i o n  and ion 
exchange. 

From expe r imen ta t ion ,  Neretnieks (1980) 
determined t h a t  d i f f u s i o n  i n t o  t h e  rock 
m a t r i x  can enhance tracer r e t a r d a t i o n  by 
many o r d e r s  of magnitude compared t o  
r e t a r d a t i o n  by s u r f a c e  r e a c t i o n  in f i s s u r e s  
only,  and t h a t  t h e  magnitude of t h e  
r e t a r d a t i o n  depends very much on t h e  f i s s u r e  
widths  and spacings.  

Gr i sak  and Pickens (1980) p re sen ted  a 
s tudy  concerning t h e  e f f e c t  of m a t r i x  
d i f f u s i o n  on s o l u t e  t r a n s p o r t  through 
f r a c t u r e d  media. T ranspor t  is considered i n  
a manner concep tua l ly  similar t o  'double- 

p o r o s i t y '  o r  ' i n t r a -aggrega te '  t r a n s p o r t  
models. A f i n i t e  element model was 
developed t o  s imula t e  nonreac t ive  and 
r e a c t i v e  s o l u t e  t r a n s p o r t  by advec t ion ,  
mechanical d i s p e r s i o n ,  and d i f f u s i o n  i n  a 
u n i d i r e c t i o n a l  f low f i e l d .  The numerical  
model and t h e  l a b o r a t o r y  t r a c e r  test d a t a  
provided i n s i g h t  i n t o  t h e  p rocesses  
c o n t r o l l i n g  s o l u t e  t r a n s p o r t  in f r a c t u r e d  
media. 

From s t u d i e s  of t h e  migrat ion of 
r ad ionuc l ides  in t h e  bedrock su r round ing  
n u c l e a r  waste r e p o s i t o r i e s ,  Nere tn i eks ,  
E r iksen ,  and Taht inen (1982) developed a 
mathematical  and phys ica l  model d e s c r i b i n g  
tracer movement in a s i n g l e  f i s s u r e  of 
g r a n i t i c  rock. This  model t akes  i n t o  
account i n s t an taneous  s o r p t i o n  on t h e  
s u r f a c e  of t he  f i s s u r e ,  and loss of tracer 
from t h e  f l u i d  f lowing in t h e  f i s s u r e  due t o  
d i f f u s i o n  i n t o  t h e  porous matrix.  It is 
t h i s  model t h a t  is used t o  h e l p  ga in  i n s i g h t  
and a p h y s i c a l  understanding of t h e  f l u i d  
flow implied by t h e  tracer tests performed 
a t  t h e  geothermal r e s e r v o i r  f i e l d  a t  
Wairakei,  New Zealand. 

Although fractures are the p r i n c i p a l  
pa ths  of groundwater f low and s o l u t e  
t r a n s p o r t ,  t h e  matr ix  ad jacen t  t o  t h e  
f r a c t u r e s  p l ays  an important  p a r t  i n  t h e  
o v e r a l l  s o l u t e  t r a n s p o r t  process .  The 
e f f e c t  of ma t r ix  d i f f u s i o n  is t o  p rov ide  
s o l u t e  s t o r a g e ,  with the  rate of change of 
s t o r a g e  wi th in  the  ma t r ix  r e l a t e d  t o  F i c k ' s  
second l a w  of d i f f u s i o n .  

The n e t  e f f e c t  of ma t r ix  d i f f u s i o n  is 
t o  r e t a r d  t h e  a r r i v a l  of t h e  s o l u t e  a t  any 
po in t  a long  t h e  f r a c t u r e .  I f  t h e  sou rce  of 
t h e  s o l u t e  is d i scon t inued ,  t h e  e f f e c t  w i l l  
be t o  f l u s h  t h e  f r a c t u r e  and r e v e r s e  t h e  
c o n c e n t r a t i o n  g r a d i e n t ,  causing s o l u t e  t o  
move from t h e  ma t r ix  i n t o  t h e  f r a c t u r e .  

Two equa t ions  d e s c r i b i n g  t h e  phys ica l  
s i t u a t i o n  of one-dimensional advec t ive  f low 
through a f r a c t u r e  with s imultaneous t r a c e r  
a d s o r p t i o n  and d i f f u s i o n  i n t o  t h e  
surrounding porous ma t r ix  are as fo l lows :  
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A l i n e a r  e q u i l i b r i u m  r e l a t i o n s h i p  
between t h e  d i s so lved  and sorbed phases of  
t h e  s o l u t e  has been assumed. L inea r  
adso rp t ion  assumes t h a t  once t h e  tracer and 
rock are brought s u f f i c i e n t l y  c l o s e  
t o g e t h e r ,  a d s o r p t i o n  w i l l  be an 
in s t an taneous  process .  

Two d i f f e r e n t  d i f f u s i o n  c o e f f i c i e n t s ,  
Da and De, are p resen ted  i n  Equations 1 and 
2. The apparent  and e f f e c t i v e  d i f f u s i o n  
c o e f f i c i e n t s  are r e l a t e d  as fol lows:  

De 
KdPb 

Da a - ( 3 )  

The e f f e c t i v e  d i f f u s i o n  c o e f f i c i e n t  De is 
dependent on temperature ,  p o r o s i t y ,  
molecular  d i f f u s i v i t y ,  and t h e  geometry of 
t h e  rock. 
e q u i l i b r i u m  cons tan t  and is  r e l a t e d  t o  
p o r o s i t y  I$, t h e  s o l i d  rock d e n s i t y  p, and 
t h e  adso rp t ion  d i s t r i b u t i o n  c o e f f i c i e n t  k by 
t h e  equa t ion ,  

Kdpb is a vo lumet r i c  s o r p t i o n  

(4) 

Not ice  t h a t  i f  t h e  s o l i d s  are i n e r t ,  
i.e., k=O, the  porous rock ma t r ix  s t i l l  has 
a volumetr ic  s o r p t i o n  equ i l ib r ium cons tan t  
equa l  t o  i t s  p o r o s i t y  @. Rearrangement of 
Equation 4 g i v e s ,  

kpb 1 + -  KdPb R =-I 
0 Q ( 5 )  

where R is  r e f e r e d  t o  as the  r e t a r d a t i o n  
factor. 

The r e t a r d a t i o n  f a c t o r  d e f i n e s  t h e  mean 
v e l o c i t y  of t h e  moving l i q u i d  r e l a t i v e  t o  
t h e  w a n  v e l o c i t y  a t  which t h e  tracer i t s e l f  
moves through t h e  rock. This  f a c t o r  
accounts  f o r  t h e  slowing down of a t r a c e r  
moving wi th  t h e  f l u i d  due t o  t h e  i n t e r a c t i o n  
w i t h  the  s o l i d .  I f  t h e r e  is no i n t e r a c t i o n  
between t h e  t r a c e r  and t h e  s o l i d  phase,  k 
becomes ze ro  and R reduces t o  one. 

The i n i t i a l  and boundary cond i t ions  are 
a f i n i t e  r e c t a n g u l a r  pu l se  of tracer with 
d u r a t i o n  A t  i n t roduced  a t  t h e  i n l e t  of t h e  
f r a c t u r e  a t  t i m e  t = O ,  and the  f r a c t u r e  and 
rock are o r i g i n a l l y  f r e e  of tracer. 

The s o l u t i o n  t o  Equat ions 1 and 2 
s u b j e c t  t o  the  given i n i t i a l  and boundary 
c o n d i t i o n s  i s ,  

cf p 0 f o r  t < t w R  

and f o r  t > f+R, 

2 
E a  a a 

c =  exp(-  - ' 
~ii( a2t- 1 - 

where, 

a 1 = (DeI$ tw)0*5 /& and 

The l i n e a r  parameter E normalizes  t h e  
f low f r a c t i o n  t o  one. This  no rma l i za t ion  is 
needed because p r e c i s e  in fo rma t ion  on t h e  
i n i t i a l  concen t r a t ion  i n j e c t e d  i n t o  t h e  
f r a c t u r e  system connected wi th  t h e  producing 
w e l l  is  no t  a v a i l a b l e .  This  does not  a f f e c t  
t h e  shape of t h e  c a l c u l a t e d  t r a c e r  p r o f i l e ,  
but  merely t h e  s i z e .  

T e s t e r ,  Bivens,  and P o t t e r  (1982) 
proposed the  use of an o b j e c t i v e  f u n c t i o n  F 
over N measured d a t a  p o i n t s  i n  o rde r  t o  
ana lyze  f o r  optimum values  a1 and a2 i n  t h e  
t r a n s f e r  func t ion  C ( t ; a l , a 2 )  f o r  a given 
t r a c e r  r e t u r n  p r o f i l e .  When F, given by 

N 
F = is1 c (C(t ;a l ,a2)  - ci)2 ( 7 )  

is minimized, optimum va lues  of a1 and a2 
r e s u l t .  
d imensional  f low i n  s e p a r a t e  f r a c t u r e s  and 
which g ives  t h e  p red ic t ed  tracer 
concen t r a t ion  response is given by 

A m u l t i f r a c t u r e  model assuming one- 

where E j  i s  t h e  f r a c t i o n  of f low i n  f r a c t u r e  
pa th  j .  The r e l a t i v e  f low f r a c t i o n s  i n  t h e  
f r a c t u r e  system communicating with t h e  
product ion w e l l  and the  i n j e c t i o n  w e l l  is 
given by 
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M E  

j = 1  E 
z J = 1  (9 )  

This  m u l t i f r a c t u r e  model is used t o  
determine whether t h e  tracer r e t u r n s  t o  a 
producing w e l l  is a r e s u l t  of f low through 
one o r  more f r a c t u r e s .  Once t h e  above 
o b j e c t i v e  f u n c t i o n  i s  minimized, t he  
r e s u l t i n g  optimized parameters  a r e  used t o  
g ive  information about t h e  f r a c t u r e  system 
and flow mechanisms i n  t h e  geothermal 
r e s e r v o i r .  

Optimizat ion of t h e  parameters  i n  t h e  
t r a n s f e r  f u n c t i o n  C ( t ; a l  ,a,> is  accomplished 
using a non l inea r  l ea s t - squa res  method of 
curve f i t t i n g  based on a paper by Golub and 
Pereya (1973). A computer program calls f o r  
t h e  i n p u t  of t h e  t r a c e r  r e t u r n  d a t a ,  t h e  
number of parameters  being used, and 
e s t i m a t e s  of t h e  non l inea r  parameters .  
Subrout ine VARPRO ( w r i t t e n  by S tan fo rd  
Un ive r s i ty  Department of Computer Sc ience )  
and i t s  accompaning subrou t ines  a r e  c a l l e d  
t o  opt imize t h e  o b j e c t i v e  func t ion .  The 
main program then c a l l s  f o r  t h e  p l o t t i n g  of 
the  t r a c e r  r e t u r n  data a long  with t h e  
computed best f i t  tracer r e t u r n  p r o f i l e ,  and 
t h e  opt imal  va lues  of both t h e  non l inea r  and 
l i n e a r  parameters  of t he  given t r a n s f e r  
f u n c t i o n  a r e  p r in t ed .  

RESULTS 

The t r a c e r  r e t u r n  d a t a  f o r  t h e  va r ious  
w e l l s  were f i t t e d  t o  the  mathematical  model 
u s ing  t h e  computer program d i scussed  
p rev ious ly .  F igu res  2, 4, and 6 show t h e  
f i t t e d  d a t a  p r o f i l e s .  The squa res  r ep resen t  
t h e  d a t a  and the  s o l i d  l i n e  is  the  
c a l c u l a t e d  curve,  f i t .  For comparison 
purposes,  F igu res  1 ,  3, and 5 show 
corresponding curve f i t s  using t h e  model 
p re sen ted  by Fossum and Horne (1982).  
Remember t h a t  t h e i r  model i n c l u d e s  only 
advec t ion  and d i s p e r s i o n  along one o r  more 
non-connecting o r  channeled f r a c t u r e s .  The 
model p re sen ted  in t h i s  r e p o r t  i n c l u d e s  
a d s o r p t i o n ,  advec t ion ,  and d i f f u s i o n  i n t o  
t h e  surrounding porous matr ix .  Th i s  
i n c l u s i o n  of d i f f u s i o n  g ives  cons ide rab le  
improvement i n  t h e  curve f i t  of t h e  tracer 
r e t u r n  p r o f i l e s .  Furthermore,  i n  many of 
t h e  w e l l s  only a s i n g l e  f r a c t u r e  model i s  
r e q u i r e d  t o  smoothly f i t  t h e  d a t a ,  whereas 
multi-f  r a c t u r e  modeling was r equ i r ed  i n  t h e  
cases  p re sen ted  by Fossum and Horne 
(1982). Th i s  is more p l e a s i n g  s i n c e  most 
curves  can be f i t t e d  i f  s e v e r a l  l i n e a r  
combinations of t h e  s i n g l e  pa th  equa t ion  are 
used,  i r r e s p e c t i v e  of t h e  phys ica l  
a p p l i c a b i l i t y .  

Values f o r  t h e  flow f r a c t i o n s  and 
non l inea r  parameters  a and B f o r  t h e  
d i f f e r e n t  c a l c u l a t e d  t r a c e r  r e t u r n  curve 
f i t s  are given i n  Table  1. 

For a few of t h e  t r a c e r  r e t u r n  d a t a ,  
double f r a c t u r e  modeling w a s  p o s s i b l e  .but  
d i d  not s u b s t a n t i a l l y  improve t h e  s i n g l e  
f r a c t u r e  curve f i t s .  Where improvement w a s  
p o s s i b l e ,  however, t hese  f i t s  were used i n  
p l a c e  of t h e  s i n g l e  curve f i t s .  

Not a l l  t h e  t r a c e r  r e t u r n s  are w e l l  
f i t t e d .  One such tracer r e t u r n  1s from w e l l  
WK121. The f i t  (Fig.  6)  is  b e t t e r  than t h a t  
ob ta ined  wi th  t h e  non-diffusive model (Fig.  
5 ) ,  however i t  s t i l l  does not reproduce t h e  
e n t i r e  observed behavior.  Reasons f o r  poor 
f i t s  may be t h a t  (1) hydrodynamic d i s p e r s i o n  
down t h e  l eng th  of t h e  f r a c t u r e  needs t o  be 
inc luded  t o  better model t h e  f l u i d  and 
t r a c e r  flow, ( 2 )  t h e  in s t an taneous  l i n e a r  
a d s o r p t i o n  assumption is not  v a l i d ,  o r  (3)  
temperature  e f f e c t s  on k, and De are Of 
importance.  

Well WK121 is  an i n t e r e s t i n g  case  i n  
t h a t  a good f i t  w a s  ob ta ined  when modeled as 
a double f r a c t u r e  case. However, a nega t ive  
flow f r a c t i o n  is  c a l c u l a t e d .  This  anomaly 
could have a phys i ca l  o r  mathematical  
s i g n i f i c a n c e ,  but most l i k e l y  is an a r t i f a c t  
of t h e  curve f i t t i n g  technique i t s e l f ,  i n  
t h a t  more than one approach t o  convergence 
may be poss ib l e .  

The goal  of t r a c e r  r e t u r n  a n a l y s i s  is 
t o  i n f e r  i n fo rma t ion  concerning the  f low 
v e l o c i t i e s ,  f r a c t u r e  wid ths ,  flow pathways, 
and r e s e r v o i r  rock and f l u i d  p r o p e r t i e s  such 
a s  d i f f u s i o n  and adso rp t ion  c o e f f i c i e n t s .  
To do t h i s  with t h e  Wairakei d a t a  a t  hand 
r e q u i r e s  some knowledge of t h e  parameters  
pb, De, k ,  and $ 0  

I f  a nonsorbing t r a c e r  is used then 
k=O, RP1, and Kdpb=+. I n  t h i s  nonsorbing 
case some knowledge of t he  p o r o s i t y  $ and 
e f f e c t i v e  d i f f u s i o n  c o e f f i c i e n t  D i s  
r equ i r ed  t o  c a l c u l a t e  f r a c t u r e  width va lues  
f o r  the corresponding curve f i t .  In Table 
1 ,  f r a c t u r e  width values  are given based on 
t h e  nonsorbed t r a c e r  assumption and t h e  
e f f e c t i v e  d i f f u s i o n  c o e f f i c i e n t  value of 
4.32 x 10-6 m2/day ( 5  x 10-11 m2/s). 
v a l u e  f o r  De is a medium va lue  obtained from 
a range of va lues  given by Neretnieks (1980) 
f o r  nonsorbing tracers i n  g r a n i t e s .  This  
va lue  is  no t  n e c e s s a r i l y  t h e  proper value t o  
be used i n  t h i s  case, but it does al low one 
t o  s p e c u l a t e  on p o s s i b l e  f r a c t u r e  widths.  
Also,  s i n c e  t h e  ma t r ix  p o r o s i t y  of t he  
Wairakei r e s e r v o i r  is no t  d e f i n i t i v e l y  
known, p o r o s i t y  va lues  of 1% and 5% were 

The 
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used i n  t h e  t h e  c a l c u l a t i o n s .  

In Table 1 ,  f low v e l o c i t i e s  have been 
c a l c u l a t e d  based on t h e  injector-producer  
d i s t a n c e s  and c a l c u l a t e d  f i r s t  tracer 
a r r i v a l  t i m e s .  An assumption of the tracer 
not  being sorbed t o  the  r e s e r v o i r  rock (R=l) 
i s  a l s o  made i n  t h e s e  c a l c u l a t i o n s .  A s  t h e  
injector-producer  d i s t a n c e s  are no t  
n e c e s s a r i l y  r e p r e s e n t a t i v e  of pa th l eng ths  i n  
t h e  r e s e r v o i r ,  t h e s e  c a l c u l a t e d  v e l o c i t i e s  
a r e  minimum values .  

CONCLUSIONS 

1. Tracer d i f f u s i o n  i n t o  t h e  ma t r ix  of 
t h e  Wairakei geothermal r e s e r v o i r  is  an 
important  f a c t o r  i n  t h e  mechanism of tracer 
flow. Est imated r e s e r v o i r  parameters  such 
as f r a c t u r e  wid ths ,  f l u i d  v e l o c i t i e s  and 
d i s p e r s i o n  c h a r a c t e r i s t i c s  are d i f f i c u l t  t o  
a c c u r a t e l y  i n t e r p r e t  i n  a f r a c t u r e d  
r e s e r v o i r  without  account ing f o r  ma t r ix  
d i f f u s i o n .  The d i f f u s i o n  of tracers i n t o  
t h e  rock matrix and t h e i r  s o r p t i o n  onto t h e  
s u r f a c e s  of t h e  rock are t h e  main mechanisms 
r e t a r d i n g  mig ra t ion  through f r a c t u r e s .  

2. I n  us ing  t h e  f r a c t u r e  model 
p re sen ted  by Fossum and Horne (1982) t o  
ana lyze  t h e  Wairakei d a t a ,  a double flowpath 
model gave a more a c c u r a t e  d a t a  match than a 
s i n g l e  component model. However, i n  u s ing  
the  ma t r ix  d i f f u s i o n  model presented i n  t h i s  
r e p o r t ,  s i n g l e  f r a c t u r e  flowpath modeling 
was s u f f i c i e n t  i n  many of t he  cases. 

3. Without f u r t h e r  i n v e s t i g a t i o n  of 
r e p r e s e n t a t i v e  va lues  f o r  t he  e f  f e c t i v e  
d i f f u s i o n  c o e f f i c i e n t  De, bulk rock d e n s i t y  

p o r o s i t y  0, and the  a d s o r p t i o n  :?it r i  bu t  i on  c o e f f i c i e n t  k, quant i t a t  i v e  
va lues  f o r  t he  va r ious  r e s e r v o i r  and f l u i d  
f low p r o p e r t i e s  cannot be a c c u r a t e l y  
c a l c u l a t e d  f o r  t h e  Wairakei r e s e r v o i r .  

4. F u r t h e r  s tudy  i n t o  t h e  modeling of 
tracer flow through f r a c t u r e d  media which 
t a k e s  i n t o  account hydrodynamic d i s p e r s i o n  
down the  l e n g t h  of t h e  f r a c t u r e  i n  a d d i t i o n  
t o  d i f f u s i o n  i n t o  t h e  porous ma t r ix  may be 
warranted. 

NOMENCLATURE 

a non l inea r  parameters  
cf 
Cp 

Da apparent  d i f f u s i o n  c o e f f i c i e n t  
D e f f e c t i v e  d i f f u s i o n  c o e f f i c i e n t  

f r a c t u r e  width 
E l i n e a r  s c a l i n g  f a c t o r  
E f r a c t i o n  of flow 

concen t r a t ion  of tracer i n  f r a c t u r e  
concen t r a t ion  of tracer in porous 
ma t r ix  

F o b j e c t i v e  func t ion  
k adso rp t ion  d i s t r i b u t i o n  c o e f f i c i e n t  
KdPb volumetr ic  s o r p t i o n  e q u i l i b r i u m  

M number of proposed f r a c t u r e  pa ths  
N number of da t a  p o i n t s  
pb bulk d e n s i t y  of t h e  medium 

s o l i d  rock d e n s i t y  2 r e t a r d a t i o n  f a c t o r  
tw water r e s idence  t i m e  
@ p o r o s i t y  

Uf 
x ,y  C a r t e s i a n  d i r e c t i o n s  

cons t an t  

f l u i d  v e l o c i t y  i n  t h e  f r a c t u r e  
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TIME IDAYSI 

Figure 1: Wairakei (3179) - CWK24 from WK107 
Fossum model: single fracture fit 

/ 

a IY  N n 

TIHE IDAYS) 

Figure 3: Wairakei (3/79) - CWK70 from WK107 
Fossum model: single fracture fit 

TIME IDAYSl 

Figure 2: Wairakei (3179) - CWK24 from WK107 
Matrix diffusion model: single 
fracture fit 

TIME IDAYSI 

Figure 4: Wairakei (3179) - CWK70 from WK107 
Matrix diffusion model: single 
fracture fit 
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Figure  5: Wairakei  (7179) - CWK121 from WKlOl 
Fossum model: s i n g l e  f r a c t u r e  f i t  

TABLE 1 

TIME (DAYS1 

Figure  6: Wairakei  (7179) - CWKl2l from WKlOl 
Matr ix  d i f f u s i o n  model: s i n g l e  
f r a c t u r e  f i t  

Production In jec tor -  
well Producer 

Distance 
(met e r s ) 

WK2 4 210 

WK30 240 

WK48 120 

WK55 2 20 

WK67 120 

WK68 120 

WK70 170 

1 175 

ma 3 330 

mi08 80 

WK103 165 

W116 350 

wK121 490 

Flow 
Fract ion 

E j / E  

Nonlinear 
Parameters 
O1 

Minimum 
Flow 
Velocity 

(m/hr) 

1 .ooo 

0.811 
0.189 

0.450 
0.550 

1 .ooo 

1 .ooo 

1 .ooo 

1 .ooo 

1.000 

1 .ooo 

1.000 

1.000 

0.259 
0.741 

1 .ooo 

0.530 
-0.670 

1.250 

1.370 
1.270 

1.393 
1.669 

2.578 

2.736 

2.049 

2.403 

1.535 

2.167 

1.685 

3.437 

0.920 
3.844 

0.916 

2.555 
2.100 

0.231 

4.367 
3.212 

0.293 
1 .O60 

2.671 

1.651 

2.919 

2.033 

3.659 

2.550 

6.782 

0.619 

4.696 
0.626 

1.451 

0.719 
1.265 

37.9 

2.3 
3.1 

17.1 
4.8 

3.4 

3.0 

1.7 

3.5 

- 0  

5.4 

0.5 

11.1 

3.1 
23.4 

14.1 

28.4 
16.1 

~~~~ 

Fracture  
Width 
(mm) 
+lX 
- 
0.08 

0.32 
0.29 

0.08 
0.13 

0.13 

0.10 

0.17 

0.12 

0.26 

0.15 

0.32 

0.05 

0.49 
0.04 

0.27 

0.07 
0.11 

0=5% 
- 
0.18 

0.71 
0.66 

0.18 
0.28 

0.29 

0.22 

0.39 

0.27 

0.58 

0.34 

0.72 

0.11 

1.09 
0.10 

0.61 

0.15 
0.25 

A l l  production wells produce t r a c e r  in jec ted  a t  well W107, except 
wells WK103, 116, and 121 which produce t racer  in jec ted  a t  WK101. 
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