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Abstract  Recent f i e l d  experiments i n  Japan 
have emphasized the  importance of performing 
tracer tests i n  any geothermal u t i l i z a t i o n  i n  
which r e in j ec t ion  is i n  use or is planned. 
This is because rapid  shor t- c i r cu i t ing  
between r e in j ec t ion  and production w e l l s  may 
occur due t o  t h e  f r ac tu red  nature  of t h e  
system. I n  cases  where f r a c t u r i n g  is such 
t h a t  p re fe r r ed  pathways e x i s t  i n  t h e  
r e se rvo i r ,  t he  r e s u l t  may be a rapid  thermal 
drawdown of t h e  f i e l d  production. Tracer 
t e s t i n g  provides a method of evaluat ing t h e  
magnitude of such problems. Previous methods 
used t o  analyze t h e  Onuma, Hatchobaru, and 
Otake tracer tests have used e a r l y  and long 
t i m e  data,  t h i s  paper discusses t h e  use of 
t h e  f i e l d  concentration/time p r o f i l e  i n  
f r ac tu red  systems, and t h e  l i k e l y  forms of 
d ispers ion l i k e l y  t o  dominate i n  the process. 

In t roduct ion Reinjection of waste hot water 
is p rac t i ced  i n  many liquid-dominated 
geothermal f i e l d s  (namely Ahuachapan, Otake, 
Onuma, Kakkonda, Onikobe, Hatchobaru, Mak- 
Ban, Eas t  Mesa, Brawley, and Raft  River) .  
The fundamental purpose of r e in j ec t ion  is  t o  
dispose of t he  unused hot  w a t e r ,  although it 
has o f t en  been suggested t h a t  t h e  r e se rvo i r  
product iv i ty  may be increased concurrently.  
I n  f a c t  t he re  has been only scant  evidence t o  
show support of r e se rvo i r  performance by 
r e in j ec t ion  (see Horne 19811, and i n  f a c t  i n  
some cases it has been seen t o  be det r imenta l  
t o  production due t o  e a r l y  invasion of t h e  
cooler i n j ec t ed  water through high 
permeabil i ty paths i n  t h e  reservoir .  
Furthermore, observations on the  e f f e c t s  of 
r e in j ec t ion  have emphasized t h e  need t o  pay 
close a t t e n t i o n  t o  t h e  f r ac tu red  nature of 
geothermal reservoirs .  

The benevolence o r  malevolence of r e in j ec t ion  
i n  geothermal r e se rvo i r s  has been seen to  be 
c lose ly  r e l a t e d  t o  t h e  degree of 
f rac tur ing.  The degree of f r a c t u r i n g  has  
been most successful ly  determined by using 
tracer tests. For example, tracer tests 
sumnarized i n  Horne (1981) indica ted  a high 
degree of f r a c t u r i n g  i n  Wairakei, Kakkonda, 
and Hatchobaru, a m d e r a t e  or mixed degree i n  
Onuma and Ahuachapan, and a low degree i n  
Otake. I n  view of t he  subsequent experience 
i n  r e in j ec t ion  it w a s  concluded t h a t  

understanding t h e  f r a c t u r e  system through the  
use of tracers should be t h e  f i r s t  s t e p  i n  
designing a r e in j ec t ion  program. 
Unfortunately however, t he  methods of 
ana lys i s  appropriate t o  t r a c e r  flow i n  
f r ac tu red  systems are not ye t  f u l l y  
developed, mst surveys t o  date  having used 
only the  ea r ly  time (or i n  one ins tance  the  
late  t i m e )  data. A method of analyzing t h e  
f u l l  tracer r e tu rn  p r o f i l e  is demonstrated i n  
t h i s  work, and a discussion o f fe red  on t h e  
form of t h e  appropriate t r a n s f e r  function.  

Ex i s t ing  Tracer Analysis Methods The classSc 
petroleum rese rvo i r  methods f o r  ana lys i s  of 
tracer tests have commonly been based on 
uniform "sweep" flow through a porous medium 
i n  a given configuration (usual ly  a 5-spot) - 
see f o r  example Brigham and Smith (1965),  
Baldwin (1966) and Wagner (1977). In  theee  
analyses t h e  system is modelled as a "stack" 
of non-connecting l aye r s  of porous media 
which are uniform but which never theless  have 
d i f f e r i n g  proper t ies .  The tracer "breaks 
through" d i f f e r e n t  l aye r s  a t  d i f f e r e n t  times, 
g iv ing rise t o  t h e  c h a r a c t e r i s t i c  mul t ip le  
hump re tu rn  i l l u s t r a t e d  i n  Figure 1. 
Geothermal systems however show very 
d i f f e r e n t  r e tu rns  because of t he  l i m i t a t i o n  
of flow t o  f r a c t u r e s  and commonly show a 
s i n g l e  hump re tu rn  as i n  Figure 2. The 
absence of mre than one s t rong  tracer r e tu rn  
i t s e l f  emphasizes t h e  highly f r ac tu red  nature 
of geothermal r e se rvo i r s .  It is c l e a r l y  
inappropr ia te  t o  use t h e  uniform sweep model 
of t he  petroleum indust ry  i n  such instances.  

1 1 1 , 1 1 , , , ,  

9 "1 TRACER COYClNTKATIOU 
WELL 'D' 

Figure 1 : Multiple breakthrough t r a c e r  
r e tu rn  - from Brigham & Smith (1965) 
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Figure 2 :  Onuma geothermal t r a c e r  test  - 
from I t o ,  Kubota E, Kurosawa (1978) 

Without r e so r t ing  t o  a flow m d e l  t he re  are 
t w o  important items of informatin which can 
be derived from a tracer test.  The f i r s t  is 
simply t h e  speed of f i r s t  r e tu rn  between an 
i n j e c t o r  and permeabil i ty connection between 
t h e  two .  A "connectivity" map of t h e  
r e se rvo i r  can be drawn from such r e su l t s .  
The second i t e m  is the  long term d i l u t i o n  of 
tracer i n  a tes t  i n  which t h e  produced tracer 
is  recycled (as is o f t en  t h e  case i n  an 
opera t ional  system). This long t e r m  d i l u t i o n  
has been used by I t o ,  Kubota, and Kurosawa 
(1978) t o  estimate t h e  volume of f l u i d  
c i r c u l a t i n g  through t h e  system a t  Onuma 
f i e l d .  

These t w o  ca l cu la t ions  involve t h e  use of 
only the  e a r l y  and l a t e  measurements i n  t h e  
test.  I n  t h e  petroleum l i t e r a t u r e ,  Brigham 
and Smith (1965)  demonstrated a method of 
"matching" t h e  intermediate t i m e  tracer 
return concentration,  e s s e n t i a l l y  by a t r i a l  
and e r r o r  apaproach. Their  ana lys i s  w a s  
based on a model of t h e  r e se rvo i r  as a series 
of non-connecting l aye r s  with d i f f e r e n t  
pe rmeab i l i t i e s  which gave rise t o  sepa ra t e  
"peaks' i n  t r a c e r  return.  Yuen, 
Brigham, and Cinco (1979) later extended t h e  
method of analys is  t o  ca l cu la t e  t h e  
permeabi l i t ies  of various l aye r s  by matching 
t h e  concentrations a t  t he  various peaks with 
t h e  a n a l y t i c a l  so lu t ion .  Both of t hese  
s t u d i e s  considered a 5-spot conf igura t ion ,  
however t h e  methodology would be appl icable  
t o  o the r  configurations.  Despite t h e  
considerable e x t r a  information t h a t  t h i s  
" intermediate t i m e "  ana lys i s  can provide, it 
s t i l l  e s s e n t i a l l y  uses only data a t  t he  peaks 
of the response curve. Also, the analys is  is 
based on a layer  model that may hold f o r  
hydrocarbon r e se rvo i r s ,  but which would be 
inappropr ia te  f o r  m o s t  geothermal systems. 

Features of Geothermal Tracer Tests 
Geothermal r e se rvo i r s  a r e  usual ly  very highly 
f rac tured.  As a r e s u l t ,  and as an ind ica t ion  
of t h i s  f a c t ,  t h e  t r a c e r  response almost 
always shows j u s t  a s i n g l e  peak. Thus, 
although the  e a r l y  and la te  t i m e  analyses are 
s t i l l  poss ib le ,  t h e  ana lys i s  of t h e  s ing le  
peak concentration would provide l i t t l e  ex t r a  
information, and does i n  any case require t h e  
formulation of a flow model. Thus, t he re  

e x i s t s  a need t o  formulate a means of 
analyzing the  of the  s ing le  humped 
tracer response with s p e c i f i c  reference t o  
flow i n  f r ac tu res .  An attempt t o  isolate t h e  
f ea tu res  of t r a c e r  t r anspor t  in f r ac tu res  is 
reported here. 

Tracer Transport i n  Fractures  Methods of 
s igna l  ana lys i s  are readi ly  appl icable  t o  t h e  
i n t e r p r e t a t i o n  of tracer r e tu rn  concentration 
h i s t o r i e s ,  reducing t h e  observed p r o f i l e  t o  
t h e  sum of i t s  component signals. For 
example, t h e  tracer concentration i n  a 
producing w e l l  that receives  flow from an 
i n j e c t i o n  w e l l  through t w o  in tervening 
f r a c t u r e s  w i l l  demonstrate t h e  superposed 
t r a n s f e r  function corresponding t o  t r a c e r  
flow through those two f r ac tu res .  The 
d i f f i c u l t y  i n  decoupling the  response i n t o  
i ts  component parts depends on def in ing t h e  
f ea tu res  of those component par ts .  For 
example , tester, Bivins, and Po t t e r  ( 1979) 
descr ibe  a method t o  represent  t h e  t r a c e r  
concentration C a t  a production point  i n  
terms of M independent components, thus:  

H 

c - 2 tj C, (x,, ej, Pe j ) (1) 

J - 1  

where 5 j is t h e  f r ac t ion  of flow i n  "path"; 
and non-dimensional d is tance  and t i m e  a r e  
defined by: 

(3) 

where x Lj, q j  and Vj are t h e  pos i t i on  
within,  j i e n g t h  of ,  flow r a t e  through and 
volume of t h e  j- th "path" through t h e  
system. Pe j  represents  t he  Pecle t  number of 
flow through the  j- th path,  defined as: 

( 4 )  

where n j  is t h e  d i f f u s i v i t y  (or dispers ion 
coe f f i c i en t )  of tracer during t ranspor t .  

Tester, Bivins, and Po t t e r  (1979) proposed 
t h e  analys is  of N measured 
tracer concentration C i  by 
objec t ive  function F, where: 

N 

i=1 

and C is given by equation 
va r i ab le s  w i l l  be Pej, qj, and 

values of e x i t  
minimizing t h e  

(5) 

( 1 ) .  Decision 
Vj. 
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This method can s t ra ight forwardly  provide 
es t imates  of t h e  Pec le t  numbers associa ted  
with t h e  various flow paths,  and t h e i r  
r e l a t i v e  (but  not absolute)  rates of flaw and 
re la t ive  (but  not absolute)  values. It does 
however depend s t rongly  upon t h e  t r a n s f e r  
funct ion C (X j, j, P e . )  assumed i n  equation 
( 1 )  f o r  t h e  t r anspor t  0% t he  t r ace r .  Brigham 
and Smith ( 1 9 6 5 )  based t h e i r  determination of 
t h e  t r a n s f e r  funct ion on flow through a 
porous medium between w e l l s  i n  a f i ve  spot  
formation. Tester, Bivins, and Po t t e r  ( 1979) 
determined t r a n s f e r  funct ion f o r  one- and 
two-dimensional f l ow  through porous media. 

Convective Dispersion i n  Fracture Flow These 
t w o  s tud ie s  do not,  however, co r rec t ly  
represent  t h e  flow through a f r ac tu re  i n  t h a t  
a tracer f r o n t  is modelled as propagating 
perpendicularly to  t h e  d i r ec t ion  of flow. I n  
a f r ac tu re ,  however, i n  e i t h e r  laminar or 
turbulent  f l o w ,  t h e  f l u i d  w i l l  be t ranspor ted  
f a s t e r  i n  t he  center  of t he  f r a c t u r e  than on 
t h e  w a l l s  ( i n  f a c t ,  due t o  boundary l aye r  
e f f e c t s ,  it w i l l  not be t ranspor ted  along t h e  
w a l l s  a t  a l l ) .  This is i l l u s t r a t e d  i n  Figure 
3. 

t '  
b 

X 

4 -b 

Figure 3: Fracture  flow configuration 

The p r o f i l e  across  the  span of t he  f r a c t u r e  
f o r  laminar flow is given by: 

u(y) - -6 ( y2  - b 2  ) 
b2 

where U is  t h e  average ve loc i ty  and b is 
t h e  half-width of t he  crack. Equation (61 is 
the  w e l l  known parabol ic  ve loc i ty  
d i s t r i b u t i o n  and gives r i s e  t o  a maximum 
ve loc i ty  a t  t h e  center  of t h e  crack ( a t  y=O) 
of 3/2 U. 

Now, i f  a continuous s lug  of tracer were t o  
be in j ec t ed  a t  t i m e  t = O ,  t he  d is tance  x 
moved by t h e  t r a c e r  f r o n t ,  assuming no 
dispers ion,  w i l l  be given by: 

(7) X ( Y )  - u ( y ) t  

and thus  the t r a c e r  w i l l  have "arrived" a t  x 
over a range of y given by the  equation: 

t h e  so lu t ion  of which is: 

(9) 

The mean concentration a t  point  x i s  then 
given by: 

c - %  (10) 

where t *  is the  f i r s t  a r r i v a l  time of tracer 
and is given by: 

(12) t ' - 2  x 
3 u  

I n  a p r a c t i c a l  case, of course, the t r a c e r  
would not be in j ec t ed  continuously nor would 
it be in j ec t ed  a t  a concentration of 100%. 
Equation ( 1 1 )  may however be used t o  
superpose t h e  behavior of t he  leading edge 
and t r a i l i n g  edge of a tracer s lug  of i n i t i a l  
concentration Co, a f t e r  which: 

(13)  
C - C [H(t - t*) G- H(t - A t  - t*) 

where H(x) is the  Heavisi.de s t e p  funct ion:  
1 x > o  

( 1 4 )  N x )  - [, r c o  
and t is t h e  length of t i m e  t he  t r a c e r  is 
in jec ted .  

Figure 4 shows the  normalized tracer r e tu rn  
concentration C/Co as a function of 
normalized t i m e  t/t* f o r  var ious  values of 
i n j e c t i o n  t i m e  t / t * .  The s i m i l a r i t y  between 
Figures 4 and 2 should be noted. 

Figure 4: t / t *  0.1 t o  1.0, increments of 
0 . 1  

The end r e s u l t  of t h i s  non-uniform 
"convective" displacement of t he  t r a c e r  
s lug ' s  leading and t r a i l i n g  edges is a 
dispers ion of t he  tracer s lug  over t he  e n t i r e  
d is tance  between t h e  in j ec t ion  point  and the 
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observation point .  This smearing of t he  s l u g  
may be termed t h e  “convective dispersion” of 
t h e  tracer, although it must be remembered 
t h a t  t h e  e f f e c t  is l i t e r a l l y  t o  d isperse  t h e  
tracer and not t o  d i f fuse  it. The 
“d i spe r s iv i ty”  of t h i s  process may not be 
determined i n  the  common sense of the  term, 
however a q u a l i t a t i v e  impression of i ts order  
of magnitude may be estimated. Comparing 
Equation (13) with the  so lu t ion  f o r  a purely 
d ispers ive  t r anspor t :  

it is seen t h a t ,  s ince  t h e  e r r o r  function is 
roughly l i n e a r  over i ts ea r ly  range, t he re  is 
a rough correspondence between the  rec iprocal  
square roo t  of t i m e  terms i n  t h e  two 
equations.  Thus it may be observed t h a t  4 
/L2 behaves l i k e  l / t*  which is i t s e l f  
1.5U/L. The e f f e c t i v e  d i spe r s iv i ty  of t h e  
convection process is  therefore  l i k e :  

nef f  = ; UL 
and t h e  e f f e c t i v e  Pecle t  number is  always of 
order 8/3. 

Taylor Dispersion i n  Fracture  Flow Even 
thouqh molecular d i f fus ion  i n  t h e  a x i a l  
d i r ec t ion  is  seve ra l  orders  of magnitude 
smaller than a l l  o ther  e f f e c t s  ( t y p i c a l l y  t h e  
Pec le t  number f o r  molecular d i f fus ion may be 

compared t o  the  value 8/3 determined f o r  
convective d i spe r s ion ) ,  t he  
convective smearing of t he  tracer gives rise 
t o  l a rge  concentration gradients  across t h e  
narrow width of t h e  f r ac tu re .  With t h i s  
l a rge  concentration gradient molecular 
d i f fus ion  tends t o  rapidly  equal ise  the  
t r a c e r  concentration across  
t h e  f r ac tu re ,  thus  counteracting t h e  e f f e c t  
of convective dispersion.  Figure 5 shows the  
molecular d i f fus ion  of a tracer s lug  across  
t h e  width of a cavi ty .  

0 001 0 01 0 1  I 
D 

b 2  
? D -  - t 

Figure 5: Concentration d i f ference  between 
w a l l  and cen te r l ine  a s  a function of t i m e  and 
i n i t i a l  t r a c e r  penet ra t ion  across  the  
f r a c t u r e  

For i n i t i a l  s lug  widths ranging from 0.01 t o  
0.5 of t h e  to ta l  cavi ty  width, t he  d i f ference  
between t h e  cen te r l ine  and w a l l  
concentrations of tracer reduces e f f e c t i v e l y  
t o  zero within a dimensionless t i m e  tD of 0.5 
i n  every case. The molecular d i f f u s i v i t y  
D may be of order  cm2/sec and t h e  
f r a c t u r e  half-width b may be of order 0.5 
nun, suggesting t h a t  t he  t ransverse  d i f fus ion  
w i l l  equalise any concentration d i f f e rences  
wi th in  125 seconds (dur ing which t i m e  the 
tracer s lug  could be considered t o  move no 
f u r t h e r  than 40 an). Clear ly  this t ransverse  
d i f fus ion  w i l l  rapidly  overcome t h e  
convective dispersion i n  a f i e l d  case. 

This combination of  t ransverse  d i f fus ion  and 
convective dispersion is  known a s  “Taylor 
Dispersion” and w a s  described f o r  p ipe  flow 
by Taylor (1953). The net  r e s u l t  of Taylor 
d ispers ion is t h a t  t he  t r a c e r  
f r o n t  propogates with the  speed of the 
flow i n  s p i t e  of t h e  f a c t  t h a t  t h e  f a s t e s t  
moving f l u i d  i n  t h e  center  of t he  channel 
moves a t  t w i c e  t he  speed i n  t h e  case of p ipe  
flow, or 3/2 t i m e s  t he  speed i n  the  case of 
f r a c t u r e  flow. The net  
longi tudinal  d ispers ion was determined by 
Taylor f o r  pipe flow, and w a s  derived during 
t h i s  inves t iqa t ion  f o r  f r ac tu re  flow t o  be: 

I t  should be noted t h a t  t h e  Taylor 
d i spe r s iv i ty  is inverse ly  propor t ional  t o  t h e  
molecular d i f f u s i v i t y ,  hence net  d ispers ion 
is g rea t e r  when molecular d i f fus ion is 
smaller. This ana lys i s  cannot be 
ext rapola ted  t o  zero molecular d i f f u s i v i t y  
because of assumptions made i n  t h e  
der ivat ion ,  however the maximum d i spe r s iv i ty  
i n  t h a t  case would be t h a t  determined i n  
Equation ( 16 ). 

With a mean flow speed of 3 cm/sec and a 
f r a c t u r e  width of 1 mm, a t y p i c a l  value of 
t h e  d i spe r s iv i ty  would be 40 cm2/sec. For a 
100 m long f r a c t u r e  t h i s  would give rise t o  a 
Pecle t  number of order 1000. 

Turbulence Turbulence would tend t o  increase  
t h e  rate of t r a c e r  d i f fus ion across  t h e  
f r a c t u r e  and would thus  decrease t h e  t o t a l  
e f f e c t i v e  d i spe r s iv i ty  and increase  t h e  
Pecle t  number. 

Discussion Various d ispers ion mechanisms 
have been discussed. Comparing t h e i r  
individual  relevance t o  t h e  f i e l d  problem of 
flow through f r a c t u r e s  it is seen t h a t :  
( 1 ) Longitudinal molecular d i f fus ion is  
ins ign i f i can t ,  ( 2 )  Taylor d ispers ion w i l l  
dominate over convective d ispers ion,  (3) 
Turbulence w i l l  re inforce  t h e  e f f e c t s  of 
Taylor d ispers ion,  ( 4 )  The PeClet number f o r  
one-dimensional flaw w i l l  therefore  t y p i c a l l y  
be g rea t e r  than 1000. 
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I n  ac tua l  f a c t ,  f i e l d  s tud ie s  on t he  f r a c t u r e  
system a t  Los A l a m o s  (Tester, Bivins and 
Po t t e r ,  1979) indica ted  values of the 
ca l cu la t ed  Pec le t  numbers of order 2. The 
f u r t h e r  reduction i n  t o t a l  t r a n s f e r  Pecle t  
number is due t o  t h e  f a c t  t h a t  t h e  tracer 
spreads i n  two or  th ree  dimensions away from 
t h e  i n j e c t i o n  point  and converges again 
towards the  production point ,  thus  being 
fu r the r  dispersed.  The s i n g l e  f i e l d  r e s u l t  
from Los Alamos suggests t h a t  t h i s  
multi-dimensional d ispers ion e f f e c t  is i n  
f a c t  a t  least 3 orders  of magnitude greater 
than t h e  simple one-dimensional d ispers ion 
mechanisms. This conclusion is being t e s t e d  
i n  t h i s  continuing study by ca l cu la t ion  of 
t y p i c a l  flow configurations.  However t h e  
p r inc ipa l  and somewhat unsa t i s fy ing  
conclusion of t h i s  work so f a r  is t h a t  t h e  
tracer r e tu rn  is dominantly determined by t h e  
l a rge  sca l e  flow configuration.  
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