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Radon i s  a p o t e n t i a l l y - u s e f u l  i n t e r n a l  t r a c e r  f o r  t he  s tudy o f  geo- 
therr ra l  rese rvo i  r s  (Stoker  and Kruger , 1975; Kruger , Stoker ,  and Uma';.a, 1975) .  
The n a t u r a l l y - o c c u r r i n g  gaseous r a d i o a c t i v e  element radon e x i s t s  e s s e n t i a l l y  
as t h e  l o n  e s t - l i v e d  iso tope,  3.83-day 222Rn, produced by a lpha decay of  
1620-year 226Ra, which i n  t u r n  i s  produced i n  the  n a t u r a l  uranium s e r i e s  
o r i g i n a t i n g  w i t h  4.5xl09-year 238U. 
c h a r a c t e r i s t i c  h a l f - 1  i f e  o f  3.83 days when separated f rom i t s  paren t  radium, 
w i l l  be produced " fo reve r "  from t h e  radium found r a t h e r  u n i f o r m l y  d i s t r i b u t e d  
i n  c r u s t a l  rocks a t  a mean concen t ra t i on  o f  about 1 pg/g/. However, radium as 
a chemical homolog o f  t h e  a l k a l i n e  e a r t h  elements ca lc ium,  s t r o n t i u m ,  and 
barium, can undergo hydrothermal  processes i n  geothermal systems and may be 
r e d i s t r i b u t e d  i n  a geothermal r e s e r v o i r .  

Thus radon, which decays w i t h  i t s  

S toker  and Kruger (1975)  noted t h a t  radon c o n c e n t r a t i o n  i n  g e o f l u i d s  
produced from a c t i v e  geothermal resources depends on severa l  independent 
f a c t o r s ,  among them t h e  d i s t r i b u t i o n  o f  radium i n  the  fo rma t ion  (a f u n c t i o n  
o f  t he  hydro-  and thermo-chemical h i s t o r y  o f  t he  f o r m a t i o n ) ,  t h e  emanating 
power o f  t h e  produced radon (a f u n c t i o n  o f  t h e  phys i ca l  s t a t e  o f  t h e  forma- 
t i o n ) ,  and t h e  t r a n s p o r t  t ime  o f  t h e  radon from emanation s i t e  t o  sampling 
s i t e  (a f u n c t i o n  o f  t h e  hydrodynamic p r o p e r t i e s  o f  t h e  r e s e r v o i r ) .  Because 
o f  i t s  r e l a t i v e l y  s h o r t  h a l f - l i f e  o f  3.83-days, i n  c o n t r a s t  t o  t h e  s t a b l e  
chemical components C02, H 2 S ,  S(180) ,  e tc . ,  radon o f f e r s  a un ique ly  s e n s i t i v e  
t r a c e r  f o r  t r a n s p o r t  t ime  measurements i n  geothermal r e s e r v o i r s .  

Two genera l  types o f  i n f o r m a t i o n  r e l a t e d  t o  t r a n s i t  t i m e  a r e  amenable 
t o  radon measurement experiments. Under stt:ady f l o w  c o n d i t i o n s ,  changes i n  
t h e  radon source w i l l  r e s u l t  i n  changes i n  t h e  radon c o n c e n t r a t i o n  i n  p ro -  
duced g e o f l u i d s .  And under steady emanation c o n d i t i o n s ,  changes i n  t h e  f l o w  
regime will a l s o  r e s u l t  i n  changes i n  t h e  radon concen t ra t i on .  

Shor t - te rm changes i n  radon ernan;*'-;on can be induced by se ismic  
a c t i v i t y  a f f e c t i n g  t h e  r e s e r v o i r .  Such an e f f e c t  seems t o  have occur red  
d u r i n g  exper iments run  f o r  o t h e r  purposes (Kruger , Stoker ,  and Umana , 1975) .  
The p o s s i b i l i t y  o f  r e l a t i n g  changes i n  radon c o n c e n t r a t i o n  d u r i n g  pe r iods  o f  
s teady g e o f l u i d  p roduc t i on  w i t h  se ismic  events  i s  be ing  exp lo red  as a poten- 
t i a l  means o f  s tudy ing  earthquakes. Shor t - te rm changes i n  radon emanation 
can a l s o  be induced by a r t i f i c i a l  f r a c t u r e  s t i m u l a t i o n  o f  low p r o d u c t i v i t y  
hydrothermal r e s e r v o i r s  o r  o f  ho t  d r y  rock  fo rmat ions .  The i n i t i a l  radon 
research program (Kruger and Ramey, 1973) was undertaken t o  s tudy the  poss i -  
b i l i t y  o f  de termin ing  the  e f f e c t i v e n e s s  o f  f r a c t u r e  s t i m u l a t i o n  methods. 

Long-term changes o f  radon c o n c e n t r a t i o n  i n  h i g h - p r o d u c t i v i t y  rese r -  
v o i r s  should be assoc ia ted  w i t h  long- term changes i n  r e s e r v o i r  c h a r a c t e r i s t i c s ,  
such as f r a c t u r e  dens i t y ,  p e r m e a b i l i t y  changes, lower ing  o f  b o i l i n g  f r o n t s ,  
o r  r e d i s t r i b u t i o n  o f  a l k a l i n e  e a r t h  elements. One example o f  such change was 
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noted when two w e l l s  a t  The Geysers sampled f o r  radon by Stoker  and Kruger 
(1975) were resampled two years  l a t e r .  The da ta  a r e  g i ven  i n  Table 1 .  

TABLE 1 

Long-Period Sampling of Steam We l l s  

Wellhead Wellhead Radon 
Pres  sur  e Temp e r a  tu  r e Flow C o nc en t r a t io rL 

W e l l  No. Date ( k l b / h r )  (PSig) (OF) .(nCi/lc> 

I D  Apr ' 7 4  2 2 . 1  130 351 26.7  ? 1 . 0  

May '76 25.0 131 342 4 0 . 8  t 2 . 8  

3 6 8  2 6 . 3  ! 1 . 0  11 A Apr ' 7 4  59.0 8a 

May '76 51.5 8 4  350 32.9 ! 2.2 

The radon c o n c e n t r a t i o n  ( i n  nanocur ies per  l i t e r  condensate) shows a 
s i g n i f i c a n t  change ove r  t h e  two-year p e r i o d  o f  steady p r o d u c t i o n  and exten-  
s i v e  se ismic  h i s t o r y .  A l though these fragmentary da ta  a r e  i n s u f f i c i e n t  t o  
i n d i c a t e  any o f  t h e  long- term changes i n  r e s e r v o i r  c h a r a c t e r i s t i c s  noted 
above, they  do i n d i c a t e  a reasonable j u s t i f i c a t i o n  f o r  long- term measurement 
o f  radon emanations i n  severa l  w e l l s  over  t h e  r e s e r v o i r .  

Cur ren t  i n t e r e s t  has focused on the  r e l a t i o n s h i p  between radon concen- 
t r a t i o n  and t h e  f l o w  regime i n  p roduc ing  geothermal r e s e r v o i r s .  S teady -s ta te  
p r o d u c t i o n  shou ld  r e s u l t  i n  a s teady -s ta te  c o n c e n t r a t i o n  o f  radon gas on t h e  
b a s i s  o f  a cons tan t  emanation r a t e  o f  radon f rom t h e  r e s e r v o i r  rock ,  a con- 
s t a n t  p e r m e a b i l i t y  f i e l d  i n  t h e  r e s e r v o i r ,  and thus a cons tan t  t r a n s p o r t  
t ime  f rom t h e  emanation o r  b o i l i n g  s i t e  t o  t h e  wel lhead.  

Several i n d i c a t i o n s  o f  a dependence o f  radon c o n c e n t r a t i o n  on f l o w  
r a t e  i n  p roduc ing  geothermal r e s e r v o i r s  have been observed. The b a s i s  f o r  
f l o w  models i n  vapor-dominated and l i qu id -domina ted  r e s e r v o i r s  was g i v e n  by 
S toke r  and Kruger (1975).  For a one-dimensional l i n e a r  v e r t i c a l  model of a 
steam r e s e r v o i r ,  i n  which t h e  radon i s  b o i l e d  o u t  w i t h  t h e  steam f rom a deep 
l i q u i d  zone, and l i t t l e  radon emanates i n t o  t h e  d r y  steam zone below t h e  w e l l ,  
t h e  c o n c e n t r a t i o n  should be d i r e c t l y  r e l a t e d  t o  t h e  f l o w  r a t e ,  f o r  which t h e  
t r a n s i t  t ime  i s  a f u n c t i o n  o f  t h e  p e r m e a b i l i t y - d i s t a n c e  produc t ,  Kh. A model 
o f  such f l o w  i s  g i ven  i n  Muscat (1946) as t h e  "open-bottom" w e l l ,  a th ree -  
d imensional  r e s e r v o i r  o f  g r e a t  t h i ckness .  F igu re  1 shows t h e  f i r s t  t e s t  o f  
radon c o n c e n t r a t i o n  dependence on f l o w  r a t e  a t  The Geysers w e l l  (Kruger, 
S toker ,  and UmaTa, 1975). The t r a n s i e n t ,  f o l l o w i r , g  a f l o w  r a t e  s h u t - i n  
f rom $100 Mt /hr  t o  ' ~ 5 0  Mt /hr ,  shows a p e r i o d  o f  about 21 days i n  change o f  
c o n c e n t r a t i o n  f rom an average o f  16.5 5 2  t o  a t e s t  t e r m i n a t i o n  va lue  of  
p~8 5 1 n C i / l c .  

Severa l  a t tempts  have been made t o  reproduce t h i s  observed l i n e a r  
change i n  c o n c e n t r a t i o n  w i t h  f l o w  r a t e .  Samples taken weekly a t  another  
w e l l  a t  The Geysers t h i s  summer i n  p r e p a r a t i o n  f o r  a double draw down t e s t  
showed a q u a l i t a t i v e  dependence d u r i n g  a p e r i o d  o f  s h u t - i n  unknown t o  us. 
F i g u r e  2 shows t h e  da ta  d u r i n g  t h i s  per iod .  Completed a n a l y s i s  o f  19 samples 
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ob ta ined  d u r i n g  t h e  p e r i o d  1 t o  2 months p r i o r  t o  t h e  s h u t - i n  showed a 
mean concen t ra t i on  o f  1 8 . 4  2 0.4 n C i / l c  a t  a s teady f l o w  r a t e  o f  130 
k lb /h r .  
showed a c u r i o u s  p a t t e r n .  The f i r s t  sample taken 15 days a f t e r  t he  i n i t i a l  
s h u t - i n  showed a s i g n i f i c a n t  decrease; t he  second sample, showing a major  
decrease, was taken 18 and 1 1  days r e s p e c t i v e l y  a f t e r  t h e  second and f i n a l  
f l ow  r a t e  changes. The t h i r d  sample was taken 15 days a f t e r  t h e  r e t u r n  t o  
f u l l  f l o w  and t h e  f o u r t h  sample was taken one day l a t e r .  The s i m i l a r i t y  i n  
p a t t e r n s  between f l o w  r a t e  and radon concen t ra t i on  w i t h  an apparent 15-16 
day phase lag  i s  q u a l i t a t i v e l y  s t r i k i n g .  

The random samples taken a f t e r  t he  then unknown s h u t - i n  p e r i o d  

Cur ren t  exper iments i n c l u d e  a f u l l  24  day, double f l o w  r a t e  s h u t - i n  
a t  The Geysers w i t h  samples taken d a i l y  a t  t h i s  and a nearby m o n i t o r i n g  w e l l  
w i t h o u t  change i n  f l o w  r a t e .  A two-week h a l f - f l o w  s h u t - i n  t e s t  i s  scheduled 
f o r  a w e l l  i n  t he  L a r d e r e l l o  steam f i e l d s  f o r  November, 1976. The r e s u l t s  
o f  these exper iments i s  expected t o  a s s i s t  i n  t h e  fo rma t ion  o f  a q u a n t i t a t i v e  
model o f  radon f l o w  i n  steam r e s e r v o i r s .  

Other exper iments a r e  underway t o  o b t a i n  steady f l o w  r a t e  radon 
concen t ra t i ons  i n  l iqu id -dominated  r e s e r v o i r s  i n  a n t i c i p a t i o n  o f  f l o w  r a t e  
change exper iments when s u f f i c i e n t  pe r iods  o f  p roduc t i on  a r e  a v a i l a b l e  and 
r e d u c t i o n  i n  f l o w  does n o t  i n t e r f e r e  w i t h  p roduc t i on  opera t i ons .  Tes ts  a r e  
underway a t  Well  6-1 o f  t h e  East Mesa f a c i l i t y  operated by t h e  Bureau of 
Reclamation, a t  Cerro P r i e t o  through the  cour tesy  o f  t he  Comision Federal 
de E l e c t r i c i d a d  and a t  Heber i n  c o n j u n c t i o n  w i t h  a long- term heat  exchange 
t e s t  suppor ted by t h e  E l e c t r i c  Power Research I n s t i t u t e .  A model f o r  radon 
c o n c e n t r a t i o n  change w i t h  f l o w  r a t e  change was suggested by Stoker  and Kruger 
(1975) as t h e  h o r i z o n t a l  f l o w  con f ined  a q u i f e r ,  i n  which t h e  c o n c e n t r a t i o n  
would be dependent on the  l o g a r i t h m  o f  1 / Q  r a t h e r  than d i r e c t l y  p r o p o r t i o n a l  
t o  Q i t s e l f .  V e r i f i c a t i o n  o f  t h i s  model r e q u i r e s  s u b s t a n t i a l  sampling under 
s teady o p e r a t i n g  c o n d i t i o n s  t o  o b t a i n  a s u f f i c i e n t l y  small  s tandard d e v i a t i o n  
i n  the  mean concen t ra t i on  o f  radon which should vary  l o g a r i t h m i c a l l y  w i t h  
f low.  The r e s u l t s  o f  these t e s t s  w i l l  be g i v e n  i n  subsequent r e p o r t s .  
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