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ABSTRACT 

3 

' 1  . 

Radon i s  a n a t u r a l l y  occurr ing  r a d i o a c t i v e  gas produced by t h e  

decay of  radium. 

sp r ings  and water ,  o i l  and n a t u r a l  gas  we l l s .  

with radon i n  geothermal r e s e r v o i r s .  

Its presence i n  geo f lu ids  has  been observed i n  h o t  

This s tudy i s  concerned 

Radon r e l e a s e  from geothermal r e s e r v o i r s  depends on the  concentra-  

t i o n  and d i s t r i b u t i o n  o f  radium, t h e  emanation p r o p e r t i e s  of t h e  radon, 

and t h e  flow c h a r a c t e r i s t i c s  i n  t h e  r e s e r v o i r .  A t  s teady  s t a t e ,  t h e  

radon concen t r a t ion  i n  produced geo f lu ids  i s  a func t ion  of  t h e  volumetr ic  

emanating power and the  e f f e c t i v e  poros i ty .  Thus, radon may se rve  a s  a 

subsur face  t racer  i n  geothermal r e s e r v o i r  engineering f o r  eva lua t ing  

t h e  e f f e c t i v e n e s s  of s t imu la t ion  techniques which change the  va lues  of  

t h e s e  parameters.  Because of i t s  r a d i o a c t i v i t y ,  radon r e l e a s e  i s  a l s o  

of environmental concern. Severa l  sampling and measurement techniques 

were eva lua ted  t o  provide r e p r e s e n t a t i v e  va lues  of radon concent ra t ion  

f o r  engineer ing  and environmental s t u d i e s .  Resul t s  showed t h a t  radon 

concen t r a t ion  i n  geo f lu ids  from s e v e r a l  geothermal r e s e r v o i r s  va r i ed  

s i g n i f i c a n t l y  wi th  time. A t  product ion r a t e s ,  t he  Concentrat ion of  

radon r e l a t i v e  t o  both the  condensate and t h e  carbon d ioxide  component 

of t he  non-ccnlensable gases  va r i ed  not  only between wells i n  a g iven  

f i e l d  but  a l s o  wi th in  a s i n g l e  w e l l .  Data a t  s eve ra l  flow r a t e s  in-  

d i c a t e d  a p o s s i b l e  2ependence of e f f e c t i v e  emanating power on formation 

p re s su re .  

be p red ic t ed  b y  theory.  Tes ts  during drawdown c a l i b r a t i o n s  ind ica t ed  

an sp2roach t; s t e a d y- s t a t e  concent ra t ion ,  perhaps independent of flow 

r a t e .  :=he 2 ~ v - l - c ~ m e n t a l  impact of radon r e l e a s e  t o  t he  atmosphere 

appsars  t3 3s  xxili and ind i s t i ngu i shab le  from the  r e l e a s e  of radon 

b y  r z r z r e l  ernaxarLox from the  surrounding land mass. 

Tne e f f e c t  of changing flow r a t e  on radon concent ra t ion  may 

ii 
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CHAPTER 1 

INTRODUCTION 

The development of geothermal energy resources  may r e s u l t  i n  t h e  

e x t r a c t i o n  of  commercial q u a n t i t i e s  of t h e  v a s t  thermal  energy reserves 

s t o r e d  i n  e a r t h ' s  c r u s t .  

i n d i c a t e s  t h a t  geothermal energy may c o n t r i b u t e  between 0.2 and 8 p e r  

cen t  of  U.S. e l e c t r i c  genera t ing  capac i ty  by 1985, and between 1.5 and 

14..4 percent  i n  t he  year  2000. 

The U.S. Department of t h e  I n t e r i o r  (1973) 

Major t e c h n i c a l  problems r equ i r e  s o l u t i o n  i f  t h e s e  e .s t imates  a re  t o  

be t r a n s l a t e d  i n t o  r e a l i t y .  One of t hese  is  t h e  need t o  understand t h e  

geologic  processes  which govern the  subsur face  flow of  hea t- ca r ry ing  

f l u i d s  e s s e n t i a l  f o r  e x t r a c t i n g  geothermal energy. Radon, a r a d i o a c t i v e  

gas cont inuously produced i n  small  q u a n t i t i e s  i n  n a t u r a l  rock and t r a n s -  

por ted  by geo f lu ids ,  may se rve  a s  a t r a c e r  f o r  s tudy ing  such subsu r face  

processes .  

A second major cons ide ra t ion  i s  the  mandate under  t h e  National, 

Environmental Po l i cy  Act of 1969 (NEPA) f o r  comprehensive eva lua t ion  of 

environmental consequences of technologica l  innovat ions.  

h e a t  is  gene ra l ly  considered t o  be a r e l a t i v e l y  c l e a n  source  of energy,  a 

p o t e n t i a l  f o r  r e l e a s e  of geof lu id  contaminants t o  t h e  environment does  

e x i s t .  Under t h e  provis ions  o f  NEPA, t he se  p o t e n t i a l  environmental 

impacts w i l l  r e q u i r e  eva lua t ion  of t h e  magnitude and importance and 

c o ~ i t r o l s  when de t r imen ta l  e f f e c t s  a r e  found. S c o t t  (1972) has  sugges ted  

t h a t  t h e  r e l z a s e  o f  radon from ex t r ac t ed  geothermal f l u i d s  may c o n s t i t u t e  

a n  er,virDnQer,:zl i z p a c t  which should be examined. 

While geothermal  

TI..us, t 5 - k  s=udy examines t h e  r o l e  of radon i n  geothermal systems 

f r o 2  TWC e a j o r  ?e r s?ec t ives :  (1) i t s  poss ib l e  u s e  a s  a n a t u r a l  tracer 
. .  fo:- -,. -L-Lz - 6 - 7 -  7 c  s ~ s s u r f a c e  geof lu id  f l o w  phenomena, and (2) i t s  p o s s i b l e  

. . - .  sq;3:zxanc? 32 r e l e a s e  t o  t he  environment from geothermal r e s e r v o i r s .  

-- Ea 5, i r Ch a ra  c t e ii s i i c  s of Geo the  rma 1 Re sour ce s 

AP. 2xp lo i t ab l e  geothermal r e s e r v o i r  is g e n e r a l l y  considered t o  c o n s i s t  

- 1- 



fou r  major elements:  (1) a concent ra ted  source of h e a t ,  such a s  a 

magma chamber, r e l a t i v e l y  near  t he  sur face ,  ( 2 )  a porous o r  f r a c t u r e d  

rock formation, ( 3 )  an adequate  supply o r  renewable source of f l u i d  

t o  e x t r a c t  t h e  thermal energy, and ( 4 )  an  impermeable capping formation 

t o  confine t h e  f l u i d s  and energy i n  t h e  r e se rvo i r .  All c u r r e n t l y  ex- 

p l o i t e d  geothermal resources  have t h e s e  four  components n a t u r a l l y  

present .  Many proposals  f o r  s t imu la t ing  t h e  product ion of geothermal 

energy have been suggested. 

an  a r t i f i c i a l  c i r c u l a t i o n  system f o r  h e a t  ex t r ac t ion .  

These gene ra l ly  involve t h e  c r e a t i o n  of 

Geothermal resources  may be d iv ided  i n t o  four  gene ra l  c l a s s e s :  

(1) vapor-dominated, (2) liquid-domina t ed  , ( 3 )  geopressured, and 

( 4 )  h o t  d ry  rock, based on t h e i r  n a t u r a l  geologic  c h a r a c t e r i s t i c s .  

Vapor-dominated and liquid-dominated systems a r e  considered v a r i a n t s  

of  hydrothermal-convection sys tems  by White, e t  a l .  (1971) and White 

(1973). 

Geothermal energy product ion i s  c u r r e n t l y  l imi t ed  t o  t h e  expoi ta -  

t i o n  of such hydrothermal-convection systems. Hydrothermal-convective 

systems tend t o  occur  i n  geologic  zones of t e c t o n i c ,  vo lcan ic ,  o r  

orogenic a c t i v i t y  and con ta in  n a t u r a l  f l u i d s  which c i r c u l a t e  and t r a n s-  

f e r  hea t .  Convection r e s u l t s  when f l u i d s  hea ted  a t  t h e  base of a system 

expand and r i s e  due t o  buoyant forces .  

t h e  surfac:e i n  t he  form of ho t  sp r ings ,  geysers ,  o r  fumaroles,  o r  may 

r e t u r n  t o  depth a f t e r  t r a n s f e r r i n g  some of i t s  h e a t  t o  rocks nea re r  t h e  

sur face .  

The heated f l u i d  may appear a t  

The ( e s sen t i a l  d i f f e r e n c e  between vapor-dominated and liquid-dominated 

systems i s  t h e  phys i ca l  s ta te  of t h e  p re s su re- con t ro l l i ng  phase (White, 

1973). 

cont inuous phase. Pockats o r  bubbles of vapor may e x i s t ,  p a r t i c u l a r l y  

a t  sha l lou  deptns, White desc r ibes  many v a r i a t i o n s ,  depending on 

geologic  s z x c z u r e ,  :mpcra ture ,  and chemical c o n s t i t u e n t s  i n  t he  l i q u i d .  

Major s y s r s z s  o f  t h i s  type inc lude  those  a t  Wairakai,  N e w  Zealand; 

Otaka, Japan;  Cer ro  P r i e t o ,  Mexico; and t h e  Imperial  Valley i n  southern  

C a l i f o r n i a .  

Liquid- o r  water-dominated systems have l i q u i d  water  a s  t h e  

i 

7. 

. 

-2- 



t 

Vapor-dominated systems have steam a s  t h e  predominant continuous 

ph,ase. Liquid water  i s  l i k e l y  t o  be present  a t  depth t o  r ep l en i sh  t h e  

steam l o s t  from t h e  r e s e r v o i r .  

systems may develop from hot-water systems i n  which recharge r a t e s  a r e  

too low t o  r ep l en i sh  t h e  f l u i d  boi led  o f f  (White, 1973) .  Although most 

geothermal power p l a n t s  a r e  loca ted  a t  vapor-dominated r e s e r v o i r s ,  such 

a s  La rde re l lo ,  I t a l y ;  Matsukawa, Japan; and The Geysers a r ea  of C a l i f -  

o r n i a ,  Barnea (1972) has  suggested t h a t  l iquid-dominated systems a r e  

20  times more common. 

It i s  a l s o  poss ib l e  t h a t  vapor-dominated 

Geopressured r e s e r v o i r s  occur i n  deep sedimentary bas ins  found 

around t h e  Gulf Coast of  t h e  U.S. and i n  p a r t s  of e a s t e r n  Europe. 

e l eva t ed  temperatures  ev iden t ly  r e s u l t  from t h e  i n s u l a t i n g  e f f e c t  of  

c l ay  l a y e r s .  Temperatures of 290 C and p re s su res  of 500 atmospheres 

have been measured (U.S. Dept. of t he  I n t e r i o r ,  1973) .  Thus t h e  

p o s s i b i l i t y  o f  e x t r a c t i n g  mechanical energy a s  w e l l  a s  thermal energy 

from such r e s e r v o i r s  e x i s t .  Schmidt (personal  communicati.on) notes  

t h a t  geopressured water  may range from nea r ly  pure t o  heavy b r ine ,  and 

d isso lved  methane may a l s o  be present .  

The i r  

0 

Hot dry  rock geothermal systems occur i n  many p laces  but are s t i l l  

f u r t h e r  from economic e x p l o i t a t i o n .  

the  e s s e n t i a l  conponents of a r e s e r v o i r :  t he  f l u i d  and t h e  f r a c t u r e d  

o r  porous media. These systems w i l l  b e  useable  only wi th  succes s fu l  

development of t h e  r-echnology f o r  c r e a t i n g  po ros i ty  and permeabi l i ty  

and i n t r o d u c k g  a system of f l u i d  c i r c u l a t i o n .  

They l ack  a t  l e a s t  one o r  two of 

Product ion Modis, - Performance P r e d i c t i o n  

r z i l i z a t i m  of geothermal energy may occur i n  s e v e r a l  ways. 

Al tnccgh the z ~ j o r  present  and p ro j ec t ed  purpose is  e l e c t r i c a l  power 

generazlon,  s z2z r  a p p l i c a t i o n s  a r e  promising. Geothermal energy can 

be ~se . ’  cLrec r i7  f3r hea t ing  and a i r cond i t i on ing  of  bu i ld ings ,  a p p l i -  

cazLcns ir: 3 g r s r m y  such a s  hothouses,  and process-heat ing i n  manufac- 

t u r i c g .  

recoverable .  

%e z h e r a l  content  of some hot-water systems may be economically 

Desa l ina t ion  of  ho t  b r ines  may add s i g n i f i c a n t  amounts t o  

- 3- 



f resh- water  s u p p l i e s  i n  some a r e a s  (Muffler ,  1973). 

The method of  producing geothermal f l u i d s  depends on t h e  n a t u r e  

of t h e  resource  and t h e  app l i ca t ion .  

inc lude  d i r e c t  product ion of steam from vapor-dominated r e s e r v o i r s  and 

f l a s h i n g  of ho t  water  from liquid-dominated r e s e r v o i r s .  

The major methods p re sen t ly  

E l e c t r i c  power product ion gene ra l ly  depends on the  d i r e c t  u t i l i z a -  

t i o n  of s a t u r a t e d  o r  superheated steam t o  d r i v e  the  turb ine- genera tors .  

A t  The Geysers power p l a n t s ,  w e l l s  of 180 t o  2750 meter depth y i e l d  

steam a t  rates of 5 t o  38 kg/sec which i s  de l ive red  t o  t he  tu rb ines  a t  

about  100 p s i g  and 350°F. 

f o r  each k i lowa t t  of genera t ing  capac i ty .  

per cen t  i s  r e a l i z e d .  Af t e r  condensation, approximately 80 p e r  c e n t  of 

t h e  mass flow i s  l o s t  t o  t h e  atmosphere by evaporat ion i n  cool ing  towers; 

t h e  o t h e r  20 p e r  c e n t  i s  i n j e c t e d  i n t o  t h e  r e s e r v o i r  formation (Budd, 

1973; Finney, 1973). 

About 0.0025 kg/sec of steam i s  r equ i r ed  

An e f f i c i e n c y  of about  14 

Presen t  techniques of power product ion based on hot-water systems 

depend on f l a s h i n g  p a r t  of t h e  l i q u i d  i n t o  steam a s  p re s su re  i s  reduced. 

A t  Wairakei and Cerro P r i e t o ,  f o r  example, about 20 p e r  cen t  of t h e  mass 

flow f l a s h e s  and t h e  r e s u l t i n g  steam i s  f ed  t o  low-pressure t u r b i n e s ,  

s imilar  i n  s p e c i f i c a t i o n s  t o  those  used a t  The Geysers. Because of t h e  

hea t  contained i n  t he  s e p a r a t e d l i q u i d  f r a c t i o n ,  thermal e f f i c i e n c i e s  

a r e  only on t h e  o r d e r  of 8 p e r  cen t  (Muffler ,  1973), and t h e  r equ i r ed  

mass r a t e s  a r e  t y p i c a l l y  5 t o  8 t i m e s  those  of vapor-dominated product ion.  

A l t e r n a t e  energy e x t r a c t i o n  technologies  a r e  being i n v e s t i g a t e d  t o  

improve conversion e f f l c i s n c i e s  and implement u t i l i z a t i o n  of lower- 

t e m p e r a t u r e  and highly-mineralized water .  

i t i e s  i s  thp. b inary  f l u i d  cyc l e  i n  which geothermal water  i s  maintained 

under p re s su re  through a h e a t  exchanger and then  i n j e c t e d  i n t o  t h e  

formatioc. { h d e r s o n ,  1973). A second process  involves t h e  u s e  of a n  

impuse t ; r z k e  which zzy be a b l e  t o  u t i l i z e  t he  mechanical a s  w e l l  a s  

t h e  the rca1  energy of t h e  t o t a l  mass flow (Austin,  e t  a l . ,  1973). 

Another concept depends on c o n t r o l l i n g  t h e  f l a sh ing  process  w i t h i n  t h e  

r e s e r v o i r  forxnation (Xarney, e t  a l . ,  1973). This  non- isothermal process  

Among t h e  promising p o s s i b i l -  
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would p e r m i t  recovery of energy from t h e  formation rock  as w e l l  a s  

t h e  l i q u i d  and r e s u l t  i n  a g r e a t e r  e x t r a c t i o n  e f f i c i e n c y  of  t h e  

energy s t o r e d  i n  t h e  r e s e r v o i r .  

- S t  imula t ion  Concepts 

S t imu la t ion  of geothermal energy product ion i n c l u d e s  methods f o r  

i nc reas ing  both t h e  conversion and e x t r a c t i o n  e f f i c i e n c e s .  S t imula t ion  

can be achieved by improving the  performance of n a t u r a l  r e s e r v o i r s  or  

by t h e  c r e a t i o n  of useable  r e s e r v o i r s  i n  o therwise  unexpl .o i tab le  geo- 

thermal resources  (Ewing, 1973). Among t h e  techniques  t h a t  have been 

proposed a re  hydrau l i c  f r a c t u r i n g ,  thermal stress c rack ing  (Smith, e t  

a l . ,  1973), chemical explos ive  f r a c t u r i n g  (Aust in and Leonard, 1973),  

and nuc lear  explos ive  f r a c t u r i n g  appl ied  t o  n a t u r a l  a q u i f e r s  (Ramey, e t  

a l . ,  1973) o r  ho t  dry  rock (e.g. Burrtham and Stewar t ,  1973).  

The major e f f e c t s  of f r a c t u r i n g  o r  c racking  s t i m u l a t i o n  inc lude  

increased  po ros i ty  o r  void space and increased  pe rmeab i l i t y .  The 

func t iona l  r e s u l t s  f o r  increased  geo f lu id  product ion  inc lude  g r e a t e r  

f l u i d  flow by reduced r e s i s t a n c e  t o  flow, and i n - s i t u  f l a s h i n g  i n  t h e  

enlarged void spaces.  

- Geothermal Resource Evaluat ion and Tes t ing  

Improved Gethods a r e  needed f o r  l o c a t i n g ,  d r i l l i n g ,  and product ion 

t e s t i n g  of geochamal  r e se rvo i r s .  Geologic s t r u c t u r e  and s u r f a c e  

f e a t u r e s , i n c l z d h g  hydrologic  mani fes ta t ions  such a s  h o t  s p r i n g s ,  are 

o f t e n  p r e 1 h b a r - j  p x s p e c t i n g  ind ica to r s .  

such a s  temperEiure grad ien t  surveys, hea t  flow de te rmina t ions ,  

e l e c t r i c a l  n.eC,i,ods, 2nd se ismic  a c t i v i t y  measurements, a r e  f r equen t ly  

used. GeochaLcai  msthods a r e  a l s o  u s e f u l  i n  e v a l u a t i n g  p o t e n t i a l  

g e 3 r 3 z x a l  T ~ S Z C ~ C ~ S .  For example, ch lo r ide  content  can b e  used t o  

d i ; r i ig -JLsh csrwein hot-water and vapor-dominated systems. 

dissoltred zocs:Lateats ,  no tab ly  S i0  and Na-K-Ca r e l a t i o n s  a r e  a l s o  

us(?? 2 s  geoizner;?,cnsters (Combs and Muffler ,  1973). R a t i o s  o f  oxygen 

ani? 'cydrogsn i so topes  may lead t o  i d e n t i f i c a t i o n  of t h e  sou rce  of t h e  

Geophysical techniques ,  

Other 

2 



water  i n  a r e s e r v o i r .  

Produ.ction performance t e s t i n g  of i nd iv idua l  wells  and e n t i r e  

r e s e r v o i r s  i s  a c r u c i a l  s t e p  i n  t h e  development of a geothermal 

resource .  Major economic dec i s ions  regarding t h e  c a p i t a l i z a t i o n  of 

genera t ing  p l a n t s  must be made on the  b a s i s  of  p red ic t ed  performance. 

For r e s e r v o i r s  produced under e s s e n t i a l l y  i so thermal  cond i t i ons ,  i.e. 

a l l - l i q u i d  o r  a l l - vapor ,  a n a l y t i c  methods gene ra l ly  employed i n  hydrology, 

petroleum, and n a t u r a l  gas r e s e r v o i r  engineering may o f t e n  be app l i ed  

(Ramey, 1970). When two-phase f l u i d s  coex i s t  i n  t h e  r e s e r v o i r ,  a more 

s p e c i f i c  model involv ing  both mass and energy balances is  e s s e n t i a l  

(Whiting and Ramey, 1969). Performance matching models involv ing  

observa t ions  of product ion condi t ions  a t  t h e  wellhead, t o g e t h e r  w i t h  

a v a i l a b l e  information on volumetr ic  and flow p r o p e r t i e s  of  t h e  reser- 

v o i r a r e u s e d  t o  d e f i n e  t h e  resource i n  a q u a n t i t a t i v e  way such t h a t  long 

range p r e d i c t i o n s  can be made. 

For eva lua t ion  of p o t e n t i a l  s t i m u l a t i o n  methods, i t  would be pa r-  

t i c u l a r l y  u s e f u l  i f  a d d i t i o n a l  d i agnos t i c  t o o l s  could be made a v a i l a b l e  

t o  determnne t h e  a n t i c i p a t e d  e f f e c t s  produced i n  t h e  r e s e r v o i r .  

E n v i r o n m e r e  Aspec t s  

Geothermal energy i s  gene ra l ly  regarded a s  being a r e l a t i v e l y  

non-pollut ing form of energy producti~on. Since t h i s  regard  might be 

due simply t o  i t s  p re sen t  low l e v e l  of  publ ic  v i s i b i l i t y ,  a genera l  

pe r spec t ive  of p o t e n t i a l  impact i s  necessary a s  some environmental 

i n fe rences  w i l l  b e  d iscussed  l a t e r  i n  t h i s  work. 

The major impacts of  geothermal energy development may inc lude  

e f f l u e n t s  discharged t o  su r f ace  o r  groundwater, atmospheric emissions, 

no i se ,  v i s u a l  i q a c t ,  iaxd subsidence, induct ion  of  seismic a c t i v i t y ,  

modi f ica t ion  ~f land  x . 2  p a t t e r n s ,  and d i r e c t  damage t o  ecologic  

communitf:s r ? , s u l t i z ~ g  f r o 3  t h e  i n d u s t r i a l i z a t i o n  (U.S. Dept. of t h e  

I n t e r i o r ,  i.57; ;. 1 53- nagnitude and importance of each e f f e c t  w i l l  

depend on rhe : a r t i c u l a r  resource ,  t he  mode of power product ion,  and 

t h e  l e v e l  o f  leveloprnent. 
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The p o t e n t i a l  e f f e c t s  must be weighed a g a i n s t  both a b s o l u t e  

c r i t e r i a ,  such a s  a i r  and water  q u a l i t y  s tandards ,  and r e l a t i v e  c r i t e r i a ,  

such a s  t h e  comparative e f f e c t s  of  genera t ing  t h e  same power by a l t e r n a t e  

technologies .  For example, d i s p o s a l  of l i q u i d  e f f l u e n t s  by i n j e c t i o n  

i s  contemplated f o r  most s i t e s  because the  d i scha rges  w i l l  g e n e r a l l y  

exceed s t anda rds  f o r  d i s so lved  c o n s t i t u e n t s  i n s u r f a c e  waters .  The 

problems a r e  g e n e r a l l y  much less severe ,  though not  vanish ingly  so, f o r  

steam r e s e r v o i r  s i t u a t i o n s  compared t o  h o t - l i q u i d  systems because of 

t h e  much lower l i q u i d  product ion r a t e  and t h e  f r equen t ly  lower minera l  

conten t .  

1 

In  c o n t r a s t  wi th  a l t e r n a t e  technology, geothermal e f f l u e n t s  may 

d i f f e r  i n  both composition and quan t i t y .  

from a geothermal p l a n t  may con ta in  hydrogen s u l f i d e ,  ammonia, and 

methane. 

s u l f u r  a s  SO 

On t h e  o t h e r  hand, a geothermal p l a n t  does not  r e l e a s e  o t h e r  s i g n i f i c a n t  

Non-condensable gases  r e l ea sed  

The s u l f u r  conten t  of  t he  H S w i l l  be g e n e r a l l y  less than  the  t 
2 

emi t ted  from a c o a l  burning p l a n t  of  t h e  same capac i ty .  
2 

a i r  p o l l u t a n t s  t y p i c a l  of a coa l  p l a n t ,  i . e . ,  n i t r o g e n  oxides ,  carbon 

monoxide, and f lyash  p a r t i c u l a t e s .  

t h e i r  own cool ing  water ;  but a l l  geothermal e l e c t r i c  power s t a t i o n s  

have t o  r e j e c t  4 t o  6 times a s  much waste hea t  a s  convent iona l  f o s s i l -  

o r  nuc lear- fue led  p l a n t s  because lower n a t u r a l  steam temperatures  l i m i t  

thermal e f f i c i e x y  (Hughes, 1973).  Geothermal p l a n t s  occupy a f a i r l y  

l a r g e  land  a r e a  wi th  t h e i r  network of we l l s  and ga the r ing  l ines- - about  

1 square m i l e  f o r  each 100 megawatts of capac i ty .  But, t h e r e  a r e  no 

ope ra t ions  which leave  t h e  landscape deeply sca r r ed  and mine t a i l i n g s  

Some geothermal cyc l e s  can produce 

o r  overburden ?iles o f t e n  requi red  f o r  c o a l  and uranium e x t r a c t i o n .  

II? shor:, the problem of environmental impact i s  complex; no 

s i n p l i s t l c  cszp2risons can  be made of t h e  t r a d e o f f s  and intermedia 

exc:22n,gZs. nixever, even though some problem a r e a s  w i l l  r e q u i r e  

a;le;:a:e cczzz31, geothermal energy product ion apparent ly  has  d i s t i n c t  

aciv22ziges La :any a reas  of environmental concern. 
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--- Radon i n  Re la t ion  to Geothermal Resources 

The d i scuss ion  of geothermal resources  in t roduces  the  i n t e r e s t  i n  

radon and d.efines t h e  broad goa ls  of t h i s  stucly from the  two perspec t ives  

notzd a t  t h e  o u t s e t .  

Radon i s  a r a d i o a c t i v e  noble gas ,  wi th  a h a l f - l i f e  of 3 . 8  days. It 

i s  produced cont inuously i n  a l l  geo f lu ids  by r a d i o a c t i v e  decay of radium 

wi th  a 1602-year h a l f - l i f e .  Radium i s  present  i n  most rock a t  concentra-  

t i o n s  of about 1 pg/g depending on the  e x t e n t  of equi l ibr ium with i t s  

p recu r se r  niembers of t h e  n a t u r a l  uranium s e r i e s .  

The ex ten t  of radon r e l e a s e ,  o r  emanation, i s  dependent on s e v e r a l  

f a c t o r s  inc:luding t h e  d i s t r i b u t i o n  of radium through the  rock mat r ix  and 

the  su r f ace  a r e a  a v a i l a b l e  f o r  escape of r e c o i l i n g  radon atoms. The 

concent ra t ion  of  radon i n  geo f lu ids  reaching t h e  s u r f a c e  depends on t h e  

emanation as w e l l  a s  t h e  volumetr ic  p r o p e r t i e s  of t h e  porous o r  f r a c t u r e d  

media and t:he flow cond i t i ons  of t h e  t r anspor t ing  f l u i d s .  I n  par t . i cu la r ,  

t h e  f l owra te  determines t h e  t i m e  a v a i l a b l e  f o r  accumulation o r  decay of 

radon i n  a u n i t  volume of  f l u i d  before  i t  reaches t h e  su r f ace  through a 

we l l  o r  n a t u r a l  f i s s u r e .  

P o s s i b i l i t i e s  f o r  Radon a s  a Subsurface Tracer--Because t h e  amount 

of radon present  i n  geo f lu ids  i s  dependent on both the  geologic  proper- 

t i e s  of t h e  formation nedia  and t h e  flow-determined temporal h i s t o r y  of  

t he  f l u i d  passing through t h e  media, observa t ions  of t h e  radon content  

of a produced f l u i d  ,my 52 u s e f u l  f o r  s tudying subsurface condi t ions .  

Radon occurrence h a s  been s tud ied  wi th  r e spec t  t o  groundwater flow, 

n a t u r a l  gas  product ion,  and uranium prospect ing (e.g. Tanner, 1964;  

Bunce and S a r c l e r ,  1966; T o b r e v  and Shcherbalcov, 1960). I n  hydrology 

i t  has been used to t r a c e  f l u i d  o r i g i n s .  Radon and radium have long 

been assocfk ted  wF;h h o t  sp r ings ;  and radon has been observed i n  con- 

junc t ion  w : - = i  some gp_orhermal phenomena (Bel in,  1959). Radon was a l s o  

measured F:i ~ 5 2  Xul isor  n a t u r a l  gas s t imu la t ion  experiment (Kruger, 1974). 

Accortiin,gly, t h e  work described i n  t h i s  p r o j e c t  was i n i t i a t e d  a s  a 

f e a s i b i l i t y  s tudy of t h e  use  of radon a s  a d i agnos t i c  t r a c e r  i n  geothermal 
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- 
resource  development. The b a s i c  goal. i s  an assessment of  the p o t e n t i a l  of 

radon as  a t r a c e r ,  e s p e c i a l l y  i n  r e l a t i o n  t o  p o s s i b l e  a p p l i c a t i o n  as a n  

i n d i c a t o r  of  s t i m u l a t i o n  e f f e c t s  i n  rock media. 

P o s s i b l e  Environmental Considerations--The p r o p e r t i e s  o f  radon t h a t  

make i t  i n t e r e s t i n g  a s  a t r a c e r ,  namely i t s  r a d i o a c t i v i t y  and i t s  t r a n s-  

p o r t  t o  t h e  s u r f a c e  i n  geo f lu ids ,  l ead  t o  the'need t o  cons ide r  p o t e n t i a l  

environmental impl ica t ions  of  i t s  r e l e a s e  t o  t h e  environment r e s u l t i n g  

from geothermal energy production. 

has  r a i s e d  t h e  ques t ion  of radon environmental e f f e c t s  ( S c o t t ,  1972), and 

t h e  Department of t h e  I n t e r i o r  w i l l  r e q u i r e  measurement 0:. radon a t  each 

f e d e r a l  geothermal l e a s e  s i t e  (Dept. of t he  I n t e r i o r ,  1974). Publ ished 

measurements of radon i n  geothermal f l u i d s  used f o r  energy product ion  

a r e  not  gene ra l ly  a v a i l a b l e .  

s i g n i f i c a n c e  of radon r e l e a s e  r e s u l t i n g  from geothermal energy e x t r a c t i o n  

have been made. 

pre l iminary  e s t ima te  of t h e  p o s s i b l e  environmental s i g n i f i c a n c e  of radon 

release from geothermal resource  development. 

geothermal f l u i d s  made t o  s tudy i t s  t r a c e r  p o t e n t i a l  a l s o  p e r m i t  a 

q u a n t i t a t i v e  e s t ima te  of t he  source term. To p l ace  t h i s  e s t i m a t e  i n  

proper  pe r spec t ive ,  measurements of n a t u r a l  radon release and ambient 

a i r  concen t r a t ions  a r e  a l s o  requi red .  

-- 

The Environmental P r o t e c t i o n  Agency 

Only specu la t ive  e s t ima te s  of t h e  p o s s i b l e  

Therefore a secondary o b j e c t i v e  of t h i s  work was a 

Measurements o f  radon i n  

S p e c i f i c  Objectives of t h i s  Study 

The two b a s i c  goa l s  of t h e  p r o j e c t  led  t o  t h e  d e f i n i t i o n  of t h e  

fol lowing s p e c F f i c  experimental o b j e c t i v e s :  

1) Selecz lzn  and implementation of a method f o r  radon measurement, 

2 )  Tesz 2x6 eval i rat ion of sampling techniques,  

3 )  Actca l  f i t l d  measurements of radon i n  va r ious  types of geothermal 
- ,. -- - - 3 5 L  +c:rs. 

' ~-r3~~cre-0.ex;  .^ Xethod--The radon measuring system was s e l e c t e d  on t h e  

b a s i s  of t i r e s  prtmary c r i t e r i a :  r e l i a b i l i t y ,  wide range o f  response, and 

adap taSF l l ty  t c  d i f f e r e n t  types of geof lu ids .  A secondary c r i t e r i u m  was 
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compa t ib i l i t y  with a v a i l a b l e  measurement equipment t o  minimize expense. 

Sample types included condensed steam, l i q u i d s  wi th  both radon and 

d isso lved  radium content ,  non-condensable gases  inc luding  a i r ,  and rock 

fragments o r  d r i l l  c u t t i n g s .  

Sampling T e c h n i t E - - T h e  sampling techntques used f o r  geothermal  

w e l l s  were developed wi th  s e v e r a l  c r i t e r i a  i n  mind: ea se  of f i e l d  

opera t ion ,  cons is tency ,  and s i m p l i c i t y  of equ.ipment f o r  r e l i a b i l i t y .  

Methods f o r  sampling ambient a i r  and t h e  f l u x  of radon through s o i l  

su r f aces  were devised t o  achieve  t h e  second goal. 

Survey Program--The survey program was e s t a b l i s h e d  i n  coope ra t ion  

with p r i v a t e  i ndus t ry  and government agencies  t o  o b t a i n  samples from 

d i f f e r e n t  types of geothermal r e s e r v o i r s  and under vary ing  c o n d i t i o n s  

of  w e l l  flow. 

Scope and L imi t a t ions  of t he  Study 

This  p r o j e c t  was undertaken as a component of a l a r g e r  r e s e a r c h  

program a t  S tanford  Univers i ty  e n t i t l e d  "St imula t ion  o f  Geothermal 

Aquifers  f o r  Cont r ibut ing  t o  t h e  Energy Requirements of t h e  United 

States ."  Accordingly, one purpose of  t h i s  pre l iminary  s tudy  o f  radon 

was t o  provide a b a s i s  f o r  de f in ing  promising a r e a s  f o r  f u r t h e r  inves-  

t i g a t i o n  under t h e  cont inuing  research  program. This  purpose is r e f l e c t e d  

i n  t h e  Conclusions. 

Ce r t a in  l i m i t a t i o n s  were imposed by t h e  i n s t i t u t i o n a l  n a t u r e  o f  

e x i s t i n g  geothermal resources  development. 

ment i s  being undertakea by p r i v a t e  indus t ry .  The h igh ly  compe t i t i ve  

n a t u r e  of the business r q u i r e s  t h a t  much w e l l  performance and product ion  

da t a  remain conf idenz ia l ,  This  need f o r  con f i iden t i a l i t y  is  r e f l e c t e d  

i n  t he  aaezsr  t h a t  sane of t h e  da t a  a r e  reported.  However, t h e  s i g n i f i -  

cance of ~ 5 s  2:ata arra 5-1s conclusions drawn f:rom them a r e  n o t  a f f e c t e d .  

Most of t h e  p r e s e n t  develop-  

- 10- 



CHAPTER 2 

BACKGROUND AND THEORY 

Some a s p e c t s  of radon behavior under n a t u r a l  and l abo ra to ry  condi-  

t i o n s  can be p red ic t ed  from a v a i l a b l e  knowledge of i t s  fundamental 

p r o p e r t i e s .  

c h a r a c t e r i s t i c s  o f  radon and summarizes t h e  information on i t s  n a t u r a l  

occurrence.  

t h e o r e t i c a l  base  f o r  poss ib l e  t r a c e r  a p p l i c a t i o n s .  

mental a s p e c t s  of radon r e l e a s e  from s o i l  and n a t u r a l  gas  product ion 

a r e  reviewed. 

This  chap te r  desc r ibes  some b a s i c  physical- chemical  

Severa l  models of radon t r a n s p o r t  a r e  presented  a s  a 

F i n a l l y ,  environ-  

-- Radon C h a r a c t e r i s t i c s  

.I 

c 

Radon i s  t h e  only n a t u r a l  r a d i o a c t i v e  gas t h a t  occurs  i n  app rec i ab le  

amounts i n  t h e  hydrosphere and atmosphere. It i s  chemical. element number 

86, a member of t h e  noble gas  family, t h e  radon i so topes  of masses 219, 
220 and 222 a re  r e spec t ive  members of t h e  235U,  232Th and 238 U n a t u r a l  

decay cha ins .  

h a l f - l i v e s  of 54 seconds and 3 . 9  seconds r e s p e c t i v e l y ,  too  s h o r t  t o  be 

of  i n t e r e s t  i n  t h i s  s tudy.  

Two of them, 220Rn (ac t inon)  and 219Rn ( thoron) ,  have 

The i so to?e  nost f r equen t ly  used i n  e a r t h  s c i ence  s t u d i e s  i s  222R, 

wi th  a h a l f - l i 5 e  of 3.824 days. 

decay of 1602-year 226Ra which i s  a member of t he  decay series beginnFng 

wi th  4.51 x 13 -year 

emi t t i ng  r a d i o m c l i d e s  t h a t  lead  t o  t h e  s t a b l e  i so tope  206Pb. 

g e n e t i c  r e l a c i o n s  b e t ~ e e n  t h e  p recu r so r s  and daughters  of radon a r e  

shown Fa ? i ~ ~ z e  1. 

:ne_ a t t i z q ,  O i  d i s i n t e g r a t i o n  r a t e ,  of an  i so tope  is a f i r s t - o r d e r  

decay process  g;Lven by 

It i s  con t inua l ly  produced by a lpha  

2 38u . Radon decays by a cha in  of  a lpha  and be t a  9 

The 

F. . .  

A = - -  dN - AN a t  

whe:se 2. = t h s  a c t i v i t y  (d i s in t eg ra t ions / t ime)  

-11- 
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N = t he  number of atoms 
-1 I n  2 X = t h e  decay cons tan t  ( t ime ) = - 

T3 = t h e  h a l f  l i f e  of  t he  i sorope  (time) 

For a s i n g l e  pure i so tope  equat ion (1) can be i n t e g r a t e d  t o  g i v e  t h e  

r e l a t i o n  between the  a c t i v i t y  a f t e r  e lapsed t i m e ,  t ,  and the i n i t i a l  

T?i 

a c t i v i t y ,  A. ; 

I n  a decay cha in ,  however, t h e  number of atoms of a given i s o t o p e  

i s  a l s o  determined by i t s  product ion r a t e ,  due t o  decay o f  i t s  pa ren t .  

The r a t e  of change of t h e  number of  atoms of  a given i so tope  i s  

- -  - AINl - A2N2 
dN2 
d t  (3) 

where t h e  s u b s c r i p t s  1 and 2 r e f e r  t o  parent  and daughter  r e s p e c t i v e l y .  

Assuming N 

equat ion  (3)  g ives  t h e  number of daughter atoms p re sen t  a t  t i m e  t :  

atoms of t h e  pure parent  present  a t  t ='O, i n t e g r a t i o n  of  
0 

For r a d r i a  a s  the parent  and radon a s  t h e  daughter  t h i s  can b e  

reduced t o  a s h p l e r  form because t h e  decay cons tan t  f o r  radium i s  ve ry  

much smaller than ~ l a t  of radon: 

wherz Ais the i-ecag cons tan t  o f  radon. 

F igs re  2 ana shcws t ? e  growth of  radon a c t i v i t y  i n  r e l a t i o n  t o  t h e  

This  r e l a t i o n  is graphed i n  

act;--;- -V-Ly  of  FxizLally pure radium. It can be seen t h a t  s e c u l a r  e q u i l i b -  

r ia? 5s :??zaach& iii a period of about 30 days. 

11 o u r  atascrement  technique, t h e  r e l a t i o n  between radon a c t i v i t y  

and t3-2 :oca1 al?ha a c t i v i t y  r e s u l t i n g  from decay o f  radon and i t s  

daughter;  and 214P0 must  be ava i l ab l e .  The r e l a t i o n  i s  de r ived  2 ? E l o  

- 13- 
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.- I 

from t h e  s e r i e s  of equat ions  s i m i l a r  t o  equat ion  (3) which can be 

i n t e g r a t e d  t o  y i e l d  one form of t h e  Bateman equat ions  (Kirby, 1973): 

n -lit 
A = A 2: Kie  n 0 i= 1 

n n 
where K1 = TI Ql,j and Ki - - -Ql,i I[ Qi , j  f o r  j # i ;  i = 2,3, ... n 

j = 2  j = 2  

wi th  Q = . 
i , j  h.-Xi 

J 

A i s  t h e  i n i t i a l  a c t i v i t y  of the  f i r s t  member of  t h e  series and t h e  

s u b s c r i p t  n r e f e r s  t o  t h e  p o s i t i o n  i n  t h e  series. 
0 

Computer programs a r e  a v a i l a b l e  t o  so lve  these  equa t ions  and compile 

t a b l e s  of f a c t o r s  f o r  t h e  n a t u r a l  decay cha ins  cover ing  u s e f u l  t i m e  

per iods  (Kirby, 1973). Two of t hese  t a b l e s  f o r  i n i t i a l l y  pure radium 

and radon a r e  included i n  Appendix A .  

r e . su l t i ng  i n  a n  i n i t i a l l y  pure radon source is  noted i n  F igure  3. Some 

p e r t i n e n t  chemical p r o p e r t i e s  o f  radon a r e  summarized i n  Table 1 (from 

Cook, 1961). 

The growth o f  a lpha  a c t i v i t y  

Table 1 

P r o p e r t i e s  of  Elemental Radon 

Atonic ?!ass 220.0114 

DansFty (273 K, 1 a t m . )  

Noma1 3oFLirzg Po in t  211'K 

Heat ,-f 7 q o r i z a t i o n  4325 cal /mole 

K o r z ~ z l  >!elting Po in t  202'K 

9.73 g / 1  0 

3 
S ~ I e b C L c ~  i n  H 2 0  (1 atm.) cm (STP)/kg 

510 
2 30 
169 
139 
114 
96 
86 

- 15- 

Temp. (OK) 

27 3 
293 
30 3 
313 
323 
333 
34 3 
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- - 2.rgure 3 .  Radon daughter  buildup. 
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A u s e f u l  form o f  radon s o l u b i l i t y  d a t a  i s  i t s  d i s t r i b u t i o n  c o e f f i c i e n t  

( t h e  r a t i o  of  concen t r a t i on  of  radon i n  wa te r  t o  t h e  c o n c e n t r a t i o n  i n  

gas ) .  

( a f t e r  Rogers,  1958).  S o l u b i l i t y  i s  markedly reduced when e l e c t r o l y t e s  

a r e  i n  s o l u t i o n  (Rogers,  1958). 

This  r a t i o  a s  a f u n c t i o n  of temperature  is  shown i n  F igu re  4 

Radon, l i k e  o t h e r  noble  gases ,  may be adsorbed on a c t i v a t e d  cha rcoa l .  

Adosrpt ion i s  g r e a t e r  f o r  t h e  h e a v i e r  gases ,  and i s  i n v e r s e l y  r e l a t e d  t o  

tempera ture  f o r  a g iven  gas.  Data f o r  noble  gas  a d s o r p t i o n  on a c t i v a t e d  

c h a r c o a l  i s  g iven  i n  Table  2. 

Table  2 
Adsorpt ion of Noble Gases 

Hea t o f Ad sorp  t ion"" 

A t  Ap prox. 

- Gas ( kca 1/ mo 1 e) Temp. ( K) 

H e  0.54 very l o w  

N e  1.13 77 - 91 

0 

A r  3.93 168 

K r  5.32 198 - 223 

X e  8.74 24 8 

Rn 13.5 ( e x t r a p o l a t e d )  

J- 

" A l m o s t  no H e  adsorbed a t  77' 

(Source: Cook, 1961) 

J- J. ,. ,. an a c t i v a t e d  c h a r c o a l  

Temperature f o r  
Adsorbing 50g Gas 

on l O O g  
Ac t iva t ed  Charcoal  

J- 

85 

152 

203 

267 

? r e sence  of  ?.a6on i n  Geologic Set t ings--The occu r r ence  of radon i s  --- 
e n t i r e l y  desen len t  on i t s  c o n t i n u a l  p roduct ion  from radium decay; it 

cannoi  acr*mu13ft to levels g r e a t e r  than  r a d i o a c t i v e  s e c u l a r  equi l ib r ium.  

The ? ieSance  25 x 2 c n  i n  g e o f l u i d s ,  then,  i s  determined by t h e  occu r r ence  

of  r 2 z F . x  Fn 5 3 s u r f a c e  m a t e r i a l s  and t h e  t r a n s f e r  of radon i n t o  t h e  f l u i d .  

r u a n = r o l s  m t h e  Occurrence of Radium--The occur rence  o f  radium i s  
in - L ~ - - .  .-- ieper,dent on i t s  own geochemistry and t h a t  o f  i t s  p r e c u r s o r s ,  

-17- 
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Figure  4. Radon d i s t r i b u t i o n  c o e f f i c i e n t  as  a f u n c t i o n  of 
tenqeza t u re .  
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uranium and thorium. 

n e i t h e r  well understood nor  w e l l  documented (Tanner, 1964b). Some 

g e n e r a l  t r ea tmen t  of t he  c o n t r o l l i n g  cond i t i ons  appears  i n  t h e  Sov ie t  

l i t e r a t u r e  on p rospec t ing  methods f o r  uranium. The fo l lowing  d i s c u s s i o n  

i s  based or; a compendium of such work (Tokarev and Shcherbakov, 1956). 

The hydrogeochemistry of  radium i s  complex and 

Na tu ra l  rock may be grouped accord ing  t o  t h e  con ten t  o f  r a d i o a c t i v e  

subs t ances  a s  average  o r  above average.  

va lues  f o r  rocks  w i t h  normally d i spe r sed  r a d i o a c t i v e  elements .  

Table  3 g ives  one s e t  of t y p i c a l  

Table 3 

Average Content of  Radioac t ive  Elements 

Rock 

Magmatic 
Acid 
Median 
Basic  

Sedimentary 
Sands tone  
Clay 
Limes tone  

U 
(ppm> 

9.10 
6.20 
3.20 

4.20 
4.50 
2.70 

Ra Th 
(ppm) ( loe6  pp m) 

20.5 3.01 
16.4 2.57 

5.60 1.28 

6.00 1.50 
13.0 1.30 
0.50 0.50 

Rock wi th  l a r g e r  concen t r a t i ons  a r e  subdivided i n t o  t h r e e  c a t e g o r i e s :  

A .  Inc reased  hui uniformly d i spe r sed  c o n t e n t ,  a s  o f t e n  found i n  

s h a l e s ,  l i g n i t e ,  sands tones ,  pea t ,  and i r o n - s i l i c a t e  rocks.  The inc reased  

d e p o s i t i o n  i s  2u2 t o  such processes  a s  adso rp t ion ,  ion  exchange, co- 

p r e c i p i t a t i o n ,  2112 reduct ion .  

5.  Ore c c x e c r r a z i o n s  o f  uranium and radium, f r e q u e n t l y  found i n  

hydro tk i ezx l  zorx s  of  t e c t o n i c  d i s l o c a t i o n .  Major processes  a re  t r a n s -  

p o r t  i n  s a P ~ z i z a  Irr the presence  of h igh  CO 

CO i a  l o s t  CT rsdox r e a c t i o n s  e s p e c i a l l y  w i th  i ron .  
2 

con ten t  and d e p o s i t i o n  as  2 

C. Srconcery zoncent ra t ions  of  radium, which a r e  u s u a l l y  l o c a l  

forztatto-s, a s s z c i a t e d  wi th  a d s o r p t i v e  formations of radium i n  water  

conducclrig fissures, and i n  ca l ca reous  t u f f  and iron-manganese depos i t s .  

Radioac t ive  equ i l i b r ium i s  o f t e n  d i s r u p t e d  because geochemical 

. 
-19- 



c y c l e s  can f r a c t i o n a t e  radium from i t s  p recu r so r s .  

of t h e  a l k a l i n e  e a r t h  elements  Mg, Ca, and Ba. I t  i s  i n v a r i a b l y  found 

w i t h  a l l  barium compounds and c o p r e c i p i t a t e s  wi th  CaCO 

c o p r e c i p i t a t i o n  o f  Ra  does no t  cccur  w i th  CaSO 

a l k a l i n e  meta ls .  

ma t t e r ,  and by i r o n  and manganese hydroxides.  

i s  h igh;  t h e r e f o r e  h i g h l y  mine ra l i zed  Na-Ca-C1 waters  can c a r r y  s i g n i f i -  

c a n t  amounts of  d i s so lved  radium. 

Radium i s  a homolog 

However, 

o r  w i th  h a l i d e s  o f  
3' 

4 
Radium can be s t r o n g l y  adsorbed by c l ayey  and o r g a n i c  

The s o l u b i l i t y  of  RaCl 

Release  of Radon t o  Geofluids--While radon i s  c o n t i n u a l l y  produced 

by radium a s s o c i a t e d  wi th  rock m a t e r i a l s ,  only a f r a c t i o n  of t h e  gas  

may a c t u a l l y  be r e l e a s e d  t o  geo f lu ids .  This  i s  because newly formed.  

radon ions  may be en t rapped  i n  t h e  rock and never reach  t h e  f l u i d  

i n t e r f a c e .  

The l o c a t i o n  of  t h e  pa ren t  radium atom and t h e  r e c o i l  energy  

imparted t o  t h e  radon ion  a r e  key f a c t o r s  c o n t r o l l i n g  release. The 

energy of t h e  r e c o i l i n g  radon ion  i s  g iven  by: 

(7) 
- M(He) 

Er M(Rn) + M(He) 
- 

where M(He) and M(Rn) are t h e  masses o f  t he  a lpha  p a r t i c l e  and t h e  radon 

atom r e s p e c t i v e l y ,  and Q is  t h e  energy r e l e a s e d  by radium decay. For 

Q = 4.79 MeV, t h e  radon r e c o i l  energy = 0.086 MeV.  This  k i n e t i c  energy 

is  l o s t  t o  t h e  sur rounding  media a t  a r a t e  determined by t h e  m a t e r i a l .  

I n  a i r  t h e  range  i s  abou t  6 x 10 c m ,  i n  water about  1 x 10 cm,  and 

i n  rock  of  average  d e n s i t y  about  3 x 10 t o  4 x c m  (Tanner, 1964; 

- 3  -5 

- 6  

Andrews and Wood, 1972). 

Andrews and Xood (1972) d i s c u s s  f o u r  p o s s i b l e  mechanisms of radon re- 

lease f r o n  ziaerds: (1) r e c o i l  d i r e c t l y  i n t o  the f l u i d ,  (2) d i f f u s i o n  f r m  

w i t h i c  crystal lazcises of t h e  minera l ,  (3) recoi l .  i n t o  c r y s t a l  mosaic 

b o u n d a r h s ,  d i s l w a r i o n  p l anes ,  o r  g r a i n  boundaries  fo l lowed by r a p i d  d i f -  

f u s i o n  ta ? ~ r r F c l e  s u r f a c e s ,  and ( 4 )  release i n t o  o r  from r e l a t i v e l y  porous 

secondary phases  fol lowed by r a p i d  d i f f u s i o n  t o  t h e  s u r f a c e .  

The d i rec t  recDil p roces ses  are l i m i t e d  by t h e  r e c o i l  p a t h  l e n g t h ;  

-20- 

. .. . - . , . . , _i.- . .  . _  . ,, . -. . ,  " .  I -. .. . . - _ -  ^, . ., . . . I ,, . . . 



t 

only  those  ions  a b l e  t o  reach t h e  s u r f a c e  i n  d i s t a n c e s  less than  a b o u t  

3.5 x cm w i l l  be r e l ea sed .  C a l c u l a t i o n  assuming a f l a t  s u r f a c e  

mine ra l  shows t h a t  about  23.5 p e r  cen t  of  radon i o n s  produced by rad ium 

decay w i t h i n  a depth  equal  t o  t h e  r e c o i l  range w i l l  be r e l ea sed .  For  

assumed s p h e r i c a l  p a r t i c l e s  wi th  uniformly d i s t r i b u t e d  radium, t h e  o v e r a l l  

percentage  r e l e a s e  i s  g iven  by 4 ,9 /d  w i t h  d = p a r t i c l e  d iameter  i n  

micrometers (Andrews and Wood, 1972). 

Because l a t t i c e  d i f f u s i o n  i s  extremely slow, t h e  second mechanism 

can be d iscounted  (Tanner, 1964a). Any r e l e a s e  by t h i s  mechanism would 

be expected t o  fol low t h e  s p e c i f i c  s u r f a c e  a r e a  which i s  p r o p o r t i o n a l  

t o  l / d .  

D i f f u s i o n  a long  imperfec t ions  and g r a i n  boundar ies  i s  r e l a t i v e l y  

f a s t ,  however, and would be expected t o  be dependent on t h e  l eng th  o f  

t h e s e  boundaries  i n t e r s e c t i n g  the  su r f ace .  This  w i l l  be p r o p o r t i o n a l  

t o  t h e  square  r o o t  of t h e  s p e c i f i c  s u r f a c e  a r e a  and t h e r e f o r e  p r o p o r t i o n a l  

t o  l / d  . Experimental  r e s u l t s  f o r  sands,  sandstone,  and l imes tone  

p a r t i c l e s  show t h i s  p r e d i c t e d  r e l a t i o n s h i p  (Andrews and Wood, 1972). 

2 

The mechanism o f  r e l e a s e  from secondary phases ,  such a s  cementing 

m a t e r i a l s ,  i s  e v i d e n t l y  a l s o  important  and cor responds  t o  e x p e c t a t i o n s  

of  secondary radium d e p o s i t i o n  i n  f i l m s  o r  c r u s t s  (Tanner,  1964a). 

Andrews and Wood (1972) p re sen t  d a t a  t o  suppor t  t h i s  and sugges t  t h a t  

a l / d  

probably r e l a z e s  t o  t h e  g r a i n s  of t h e  cementing phase. 

r e l e a s e  of  radorr becones almost independent of  p a r t i c l e  s i z e  f o r  t h i s  

heterogeneous c m e n t e d  m a t e r i a l  when d exceeds 4.5 x 10 cm. 

2 p r o p o r t i m  observed f o r  p a r t i c l e s  from a cemented sands tone  

Percentage  

-2 

3 e  f l u i d  c r e s e n t  i n  t h e  rock pores  and vo ids  i n f l u e n c e s  t h e  amount 

of  radon a v a i l 2 3 l e  f o r  t r a n s p o r t .  I n  t i g h t l y  compacted m a t e r i a l s ,  i o n s  

e s c e ? k g  2k.e s s r f a c e  of one g r a i n  may bury themselves i n  a d j a c e n t  g r a i n s .  

If ws;?: f i l l s  :?e vo ids ,  t h e  r e c o i l i n g  ions  a r e  more l i k e l y  t o  be 

sts;;i . l  kL z ? ~  _ _  ='ilJd - e This  e f f e c t s  i s  o f t e n  observed (Tanner,  1964a). 

Convsrs2ly, wat?.r aay  reduce t h e  n e t  amount of  radon r e l e a s e  i n  t h e  

abs%:cs o f  f l c l d  n o t i o n  because t h e  molecular  d i f f u s i o n  is  much less i n  

water  zhan ir, a i r .  The d i f f u s i o n  l e n g t h s  f o r  radon i n  a i r  and wa te r  
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a r e  218  and 2.18 cm r e s p e c t i v e l y  (Andrews and Wood, 1972) .  

Only l i m i t e d  f l u i d  motion is  necessary  t o  minimize radon concent ra-  
- 3  

t i o n  g r a d i e n t s  away from a rock su r f ace .  

s u f f i c i e n t  t o  main ta in  concen t r a t i ons  a t  1 meter w i t h i n  80 percent  of  

the s u r f a c e  va lue  (Andrews and Wood, 1972).  

A v e l o c i t y  of  10 cm/sec is 

Radon r e l e a s e  from some m a t e r i a l s  i s  enhanced by weather ing ,  

chemical c o r r o s i o n ,  and i n t e n s i v e  f r a c t u r i n g  on a microscopic  s c a l e .  

Th i s  may be expla ined  by r e c o i l  i n t o  l i q u i d  f i l l e d  spaces  o r  d i f f u s i o n  

a long  imper fec t ions  (Tanner,  1964a).  The importance of such changes 

w i l l  obvious ly  be c l o s e l y  r e l a t e d  t o  t h e  d i s t r i b u t i o n  of radium i n  t h e  

rock  mat r ix .  

Transpor t  through F rac tu red  jar& Porous Media 

The amount of  radon conta ined  i n  a u n i t  of f l u i d  t h a t  has  passed 

through a geo log ic  format ion  depends on t h r e e  important  f a c t o r s :  t h e  

r e l e a s e  r a t e  of radon from a u n i t  volume of rock,  t h e  vo lume t r i c  r e l a -  

t i o n  between t h e  rock and f l u i d ,  and t h e  t ime spen t  by t h e  f l u i d  i n  t h e  

rock. Simple flow models can i l l u s t r a t e  t h e  t h e o r e t i c a l  i n f l u e n c e  of 

each f a c t o r  and provide  some b a s i s  fo r  a n a l y s i s  of exper imenta l  r e s u l t s .  

Hydrologic Transport--Radon t r a n s p o r t  i n  a l i q u i d  phase w i l l  b e  

cons idered  f i r s t .  Models f o r  l i n e a r  and r a d i a l  geometry can be formulated 

from assumptions concerning:  (1) homogeneous, i s o t r o p i c  porous media, 

( 2 )  uniformly d i s t r i b u t e d  radium, i.e. homogeneous emanating power, 

( 3 )  s t e a d y- s t a t e  flow con&Lcions, ( 4 )  incompress ib le  f l u i d ,  and (5) loss  

of radon from t h e  f l ~ k i  on iy  by r a d i o a c t i v e  decay. 

L inear  Flow I!odel--Xie s imp les t  geometry i s  a l i n e a r  system of 

uniform c r o s s  s e c c i o s  a s  shown i n  F igu re  5. The system h a s  two s e c t i o n s  

of rock,  020 with s i g z l z l c a n t  emanating power, t h e  o t h e r  w i t h  e s s e n t i a l l y  

zero  err.ar.ar=:g power. 

For  .:zszLy szi?te  f low t h e  amount o f  radon t r a n s p o r t e d  o u t  of t h e  

emanating r o c k  s e c t i o n  can be deduced by t h e  product ion  r a t e  i n  each 

incrementa l  - ic lune an2 t h e  decay dur ing  t h e  t i m e  r equ i r ed  f o r  t r a n s p o r t .  
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Figure  5. L inea r  flow model. 
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The incrementa l  r a t e  o f  radon atoms t r a n s p o r t e d  a c r o s s  t h e  r i g h t  hand 

f a c e  o f  t h e  radium bear ing  rock due t o  a volume of  rock x u n i t s  t o  t h e  

l e f t  i s  : 

where R = t h e  number of radon atoms pe r  u n i t  time 

E = t h e  emanating power of t h e  rock ,  pCi/cm3 of  radium ( t h e  

A = t h e  c r o s s  s e c t i o n a l  area, cm 
-1 X = t h e  decay c o n s t a n t  f o r  radon,  sec 

$, = t he  f r a c t i o n a l  p o r o s i t y  o f  t h e  rock 

product ion  ra te  of radon atoms) 
2 

I 

Q = t h e  f l u i d  flow r a t e ,  3 cm / s e c  

I n t e g r a t i o n  of  equa t ion  2 over  t h e  l i m i t s  ze ro  t o  L l e a d s  t o  t h e  express ion:  

R =  EQ (9) 

The a c t i v i t y  concen t r a t i on  of radon i n  t h e  f l u i d  i s  ob ta ined  by 

mul t i p ly ing  R by t h e  decay cons t an t  and d i v i d i n g  by t h e  volumet r ic  f low 

r a t e  t o  g ive :  

3 where C i s  t h e  a c t i v i t y  c o n c e n t r a t i o n o f  radon i n  t h e  f l u i d ,  pCi/cm . 
t h a t  t h i s  equa t ion  i s  s h i l a r  t o  equa t ion  (5) and has  t h e  g raph ic  repre- 

s e n t a t i o n  shown i n  Figure 2. 

Note 

The radon concen t r a t i on  expected a t  t he  outf low f a c e  of  t h e  non- 

radium bear ing  rock  r e q u i r e s  an  a d d i t i o n a l  decay f a c t o r  f o r  t r a n s p o r t  

t i m e  through l e n g t h  i, 2nd is  g iven  by - 

Eqs i : lan  (11) shows t h a t  t h e  maximum concen t r a t i on  of radon approaches 

E/Q1 when :he r e s idence  time (AOL/Q) i n  t h e  radium bea r ing  rock i s  long 

and t h a t  i n  rh t  non-radium bear ing  rock i s  small.  The c o n c e n t r a t i o n  should 
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be exponen t i a l l y  dependent on flow r a t e .  For example, i f  t h e r e  i s  a 

s i g n i f i c a n t  l e n g t h  of  non-radium bear ing  rock t h e  decay term would be 

reduced by an  inc reased  flow r a t e .  An inc reased  r adon  c o n c e n t r a t i o n  

r e s u l t i n g  a f t e r  pumping a w e l l  i n  a r eg ion  where g r a v i t a t i o n a l  flow 

predominates i s  a n  i n s t a n c e  of t h i s  s i t u a t i o n  which may be an  i n d i c a t o r  

of  an  o r e  c o n c e n t r a t i o n  (Tokarev and Shcherbakov, 1956).  I f  t he  l e n g t h  

of radium bea r ing  rock i s  r e l a t i v e l y  s h o r t  and there i s  no s i g n i f i c a n t  

i n t e r v a l  f o r  decay, t hen  t h e  concen t r a t i on  would be expec ted  t o  dec rease  

wi th  i n c r e a s i n g  flow r a t e .  O r ,  i f  t h e  radium bea r ing  rock ex tends  f o r  

l a r g e ' d i s t a n c e s  and t h e r e  i s  no s i g n i f i c a n t  decay i n t e r v a l ,  then  t h e  

c o n c e n t r a t i o n  would be independent of f low r a t e .  

Radia l  Flow Model--Figure 6 shows t h e  geometry f o r  t h e  r a d i a l  flow 

model. Only rock with uniform radium con ten t  i s  cons idered .  

flow, t h e  r a t e  of  radon atoms flowing i n t o  t h e  w e l l  bo re  from a c y l i n d r i c a l .  

s h e l l  volume element i s  g iven  by the  product ion  r a t e  i n  t h a t  s h e l l  reduced 

by t h e  decay du r ing  t r a n s p o r t :  

For s t eady-  

(12) dR = E exp(-Atr)dV 

where t = t h e  t i m e  f o r  t r a n s p o r t  from r t o  r r W 

dV = t h e  incrementa l  volume, 2nhr d r  

The t r a n s p o r t  t h e ,  t can b e  computed from t h e  f low v e l o c i t y  i n  r a d i a l  

flow ob ta ined  f ro=  e i t h e r  t h e  Dupuit o r  Jacob semi-log formula t ion :  
r '  

v = d r - Q  - (13) d t  2nrh 

I n t e g r a t i o c  b e r e 2 1 ?  r and r g ives :  
W 

( 14) 
2 

- rw) 
t r = y ( r 2  

h!akI:g =fie a s ? r m r L a t e  s u b s t i t u t i o n s  i n  equa t ion  (12) and i n t e g r a t i n g  from 

r : 3  r ISZCS to: 7 ,  

W e 

W (15) 
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a s  t h e  r a t e  of radon atoms t r anspor t ed  i n t o  t h e  we l lbo re .  The radon 

a c t i v i t y  c o n c e n t r a t i o n  is  ob ta ined  by mul t i p ly ing  by t h e  decay c o n s t a n t  

and d i v i d i n g  by t h e  f l u i d  flow r a t e :  

Q u a l i t a t i v e l y ,  t h e  r e s u l t  i s  s i m i l a r  co t h e  l i n e a r  flow model 

[eciuation ( l o ) ] ;  t h e  d i f f e r e n c e  be ing  t h e  form o f  t h e  appa ren t  t i m e  of  

flow which de te rmines  t h e  e x t e n t  of  approach t o  t h e  maximum concen t r a t i on .  

It should be noted t h a t  re, t h e  e f f e c t i v e  r a d i u s  o f  i n f l u e n c e ,  w i l l  be 

r e l a t e d  t o  t h e  pe rmeab i l i t y  of  t h e  medium and t h e r e f o r e  t h e  d i f f e r e n c e  

i n  P i ezome t r i c  head r equ i r ed  t o  main ta in  a g iven  f l o w r a t e ,  Q (see e.g. 

Davis and Dewiest, 1966).  For t y p i c a l  va lues  of r on t h e  o r d e r  of 500 

t o  1000 f t ,  and a format ion  th i ckness  of 200 f e e t  and p o r o s i t y  0.2,  t h e  

f l o w r a t e  would have t o  be i n  excess  of 100,000 g a l / h r  t o  make the  exponen- 

t i a l  term l a r g e r  than  0.1. Thus, f o r  r e l a t i v e l y  low flow r a t e s  i n  a 

l a r g e  r e s e r v o i r ,  t h e  concen t r a t i on  of radon would no t  be expected t o  

depend s t r o n g l y  on f lowra t e .  

e 

Compressible F l u i d  Model--Sakakura, Lindberg,  and Faul  (1959) 

de r ived  a r a d i a l  flow model f o r  t h e  t r a n s p o r t  of radon i n  n a t u r a l  gas .  

They f i r s t  cons idered  a c y l i n d r i c a l  s h e l l  radon sou rce ,  and then  i n-  

t e g r a t e d  t h e  r e s z l t l n g  expres s ion  t o  r e p r e s e n t  an extended source.  The 

b a s i c  geometry and assumptions a r e  t h e  same a s  t h e  l i q u i d  r a d i a l  f low 

model bu t  they  a l s o  accounted f o r  t h e  f l u i d  c o m p r e s s i b i l i t y .  Thei r  

s o l u t i o n  f o r  s t e a d y- s t a t e  flow i n  a l a r g e  r e s e r v o i r  w i t h  uniform 

emanating power throughout  is :  

T P E  
c =  

%:?e=? c = a=rL-.-lt j7 concen t r a t i on  of radon i n  the  gas a t  s e l e c t e d  s t a n d a r d  
0 c c 7-5 L 2 20 n s 

T = :enyerattire 

2 = p r e s s z r e ,  s u b s c r i p t s  w and o r e f e r r i n g  t o  wel lhead and s t a n d a r d  
c o r d i t l o n s  r e s p e c t i v e l y  
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wi th  Ro - - (a,% .rrOhX 

2 
W 

P2 - P 
S w =  

wi th  Ps = s t a t i c  p r e s s u r e  wi th  no flow 

= wellhead f lowing p r e s s u r e  
pW 

The o t h e r  terms E ,  @, A ,  rw, and r a r e  used a s  p rev ious ly  de f ined .  
e 

Depending on t h e  p r e s s u r e  drop needed t o  main ta in  a g iven  flow, t h e  

c o n c e n t r a t i o n  of  radon i n  t h e  gas  w i l l  depend more o r  less  s t r o n g l y  on 

t h e  f l owra t e .  When h igh  p r e s s u r e  drops  a r e  needed f o r  l a r g e  flow rates ,  

t h e  c o n c e n t r a t i o n  w i l l  be expected t o  d e c l i n e  w i t h  i nc reas ing  f lowra t e s .  

For low flow r a t e s  from a l a r g e  r e s e r v o i r ,  t h e  concen t r a t i on  would be 

almost  independent of f l owra t e .  

Sakakura, e t  a l .  (1959) a l s o  de r ived  a gene ra l  s o l u t i o n  of t h e  radon 

a c t i v i t y  c o n c e n t r a t i o n  a s  a f u n c t i o n  of  t i m e  f o r  t r a n s i e n t  flow assuming 

t h a t  a gas  w e l l  ha s  been s h u t  i n  f o r  a long per iod .  They suggest  t h a t  

complete numerical  e v a l u a t i o n  of t h e  s o l u t i o n  i s  no t  warranted because 

r e s e r v o i r  parameters  a r e  never  s u f f i c i e n t l y  w e l l  descr ibed .  However, i t  

i s  p o s s i b l e  t o  obtaizt a u s e f u l  s o l u t i o n  o f  t h e  d i s t a n c e  t o  t h e  n e a r e s t  

radon source ;  e x p e r i s e n t a l  d a t a  from 5 gas  wells  i n d i c a t e  t h a t  l o c a t i o n  

i s  a t  o r  w i t h i n  a few f e e t  of  t h e  wel lbore  (Sakakura, e t  a l . ,  1959).  

P o s s i b l e  X m l i c a  t i o z s  

The 3r2cee8izg A m r e t i c a l  d i s c u s s i o n  sugges t s  some ways of i n t e r -  

p r e t i n g  : :5asrvazLois of  radon concen t r a t i on  a t  a wel lhead i n  terms of 

geologic  Frc?er:ies an2 flowing cond i t i ons ,  both q u a l i t a t i v e l y  and 

quant  i t a  c L i ie l y  . 
The r z z b  E/$ appears  i n  each model as a source  t e r m ,  hence an 
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important  de te rminant  of  concen t r a t i on  i n  t h e  f l u i d .  

by geochemical cond i t i ons  of radium d e p o s i t i o n  and p o s s i b l y  phys i ca l  

m i c r o s t r u c t u r e  p r o p e r t i e s  o f  t h e  rock. 

measurement may become ano the r  geochemical t o o l  t o  h e l p  d e f i n e  and 

compare d i f f e r e n t  geothermal  systems. For example, Wollenberg (1974) 

shows a p r e f e r e n t i a l  c o r r e l a t i o n  of  radium a c t i v i t y  w i th  CaCO 

s p r i n g s  i n  Nevada and n o t e s  t h a t  most bu t  no t  a l l  of  t h e  222Rn a c t i v i t y  

d e r i v e s  from such d e p o s i t s .  Wollenberg sugges t s  t h a t  such in fo rma t ion  

w i l l  h e l p  e v a l u a t e  p o t e n t i a l  geothermal s i t e s  and be u s e f u l  i n  ga in ing  

unders tanding  of subsu r f ace  flow processes .  Chendyntser (1970) shows 

how r a t i o s  of radon t o  o t h e r  i so topes  can be used t o  de te rmine  o r i g i n s  

and ages  of thermal  waters. 

E i s  c o n t r o l l e d  

Thus radon c o n c e n t r a t i o n  

h o t  3 

Changes i n  t h e  rock  s t r u c t u r e  can be  expected t o  i n f l u e n c e  radon 

concen t r a t i on .  S t imu la t ion  processes  can be expected t o  a f f e c t  both 

mic ro- prope r t i e s ,  such as m i c r o f r a c t u r e s ,  and macro- proper t ies ,  such 

a s  bu lk  po ros i ty .  Such changes can a f f e c t  both E and 9 ,  p o s s i b l y  t o  

d i f f e r e n t  degrees .  

An i n d i c a t i o n  o f  p o s s i b l e  changes comes from two k inds  o f  measure- 

ments. A few radon measurements were taken  dur ing  t h e  Ru l i son  s t i m u l a t i o n  

experiment i n  which a 43 k t  nuc l ea r  exp los ive  was de tona ted  on 10 September 

1969 i n  t h e  Mesaver2e format ion  of t h e  Rul i son ,  Colorado f i e l d  a t  a depth  

o f  8426 f e e t .  X sc-mary of  t h e  a v a i l a b l e  radon d a t a  (Kruger, 1974) is  

g iven  i n  Table  4.  

Table 4 

?a2on Data from t h e  Rulison Experiment 

222Rn Concent ra t ion  
5zm1e I d e n t i f i c a t i o n  (pCi/ 1) 

Pres';lot, R-EX Well 
28  October 1968 

2cosrs'not F l a r i n g  
I August 1968 
7 October 1968 

221 2 roduc t ion  Pe r iod  
2-13 December 1968 

20.8 

15. 
7.1 

21.1 
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The d a t a  involve  l a r g e  u n c e r t a i n t i e s  of  up t o  *loo% and can  be 

i n t e r p r e t e d  only  s p e c u l a t i v e l y .  One i n t e r p r e t a t i o n  is  t h a t  d u r i n g  t h e  

f l a r i n g  t e s t s  t h e  reduced c o n c e n t r a t i o n  r e f l e c t s  t h e  l a r g e  i n c r e a s e  i n  

p o r o s i t y  i n  t h e  r u b b l e  chimney, overwhelming any p o s s i b l e  i n c r e a s e  i n  

emanating power. 

r e f l e c t i n g  an  i n f l u x  of more gas  from t h e  less d i s t u r b e d  p a r t s  o f  t h e  

formation.  

A f t e r  t h e  l a r g e  product ion  tests  t h e  v a l u e  may b e  

The second i n d i c a t i o n  of  changes i n  radon c o n c e n t r a t i o n  r e s u l t i n g  

from subsu r face  geo log ic  changes h a s  been r epo r t ed  i n  r e l a t i o n  t o  e a r t h -  

quake p r e d i c t i o n  (Hammond, 1973). Inc reases  i n  radon c o n c e n t r a t i o n s  i n  

groundwater were noted  on two occas ions  p r i o r  t o  ear thquakes  i n  t h e  

Tashkent reg ion .  The i n c r e a s e s  a r e  t e n t a t i v e l y  expla ined  i n  con tex t  

of t h e  d i l a t a n c y  model c u r r e n t l y  being s t u d i e d  a s  a n  ea r thquake  mechanism. 

It involves  changes i n  pore  space,  f l u i d  p r e s s u r e s ,  and water movement, 

and can be expected t o  r e s u l t  i n  i nc reased  release and more r a p i d  t r a n s -  

p o r t  of radon. 

It is  p o s s i b l e  t h a t  some q u a n t i t a t i v e  measurement of fo rma t ion  

p r o p e r t i e s  may be ob ta ined  from radon concen t r a t i on  o b s e r v a t i o n s .  It 

should be p o s s i b l e  t o  o b t a i n  a va lue  f o r  t h e  E / $  r a t i o  by measurement 

o f  t h e  radon c o n c e n t r a t i o n  i n  t h e  f i r s t  fo rmat ion  f l u i d  produced from 

a w e l l  t h a t  h a s  been shut i n  f o r  a long enough pe r iod  t o  i n s u r e  s e c u l a r  

equ i l i b r ium,  i.e. aboc t  i! month. This  i n i t i a l  c o n c e n t r a t i o n  would n o t  

be i n f luenced  by f lowing cor ,d i t ions  because no s i g n i f i c a n t  decay  should  

occur  i n  t h e  t i h e  f o r  z'nz z r r s t  format ion  f l u i d  t o  reach  t h e  s u r f a c e .  

Then, i f  t h e  w e l l  c2n 3e produced a t  a high enough ra te  f o r  a long  

pe r iod ,  on t h e  o r d e r  o f  a m n t h  t o  e s t a b l i s h  r a d i o a c t i v e  e q u i l i b r i u m ,  

a decrease12 c o n c m t r a z k n  would b e  expected because t h e  t e r m s  modifying 

E / $  i n  2.15 o r  2.11 WCUIG 5, less  than  1.0. A l l  of t h e  f a c t o r s  i n  t h e s e  

terms exce?: 3 o r  r 2x2 t. a r e  e i t h e r  known o r  can b e  e s t ima ted .  For 

example, I r ;  Z.15,  J?, ,<> 2nd r would be known, r can be e s t i m a t e d  from 

p r e s s u r e  : ~ Z S L = ~ X ~ R C S  ir, obse rva t ion  wells o r  on t h e  b a s i s  of w e l l  

spac ing ,  a;lc b- zay be  knok-n from w e l l  logging.  

term i n  b racke t s  i s  givl-r! by t h e  r a t i o  o f  t h e  c o n c e n t r a t i o n s  a t  t h e  

r .  

--  * -  

2 

W e 

The magnitude of t h e  
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s t a r t  of flow and a t  f i n a l  s t e a d y- s t a t e .  Thus t h e  magnitude o f  $ can  

be eva lua ted  i f  h i s  known; o r ,  t h e  magnitude o f  $h can be found i f  h 

i s  no t  known. 

a r e  important  r e s e r v o i r  parameters ,  e s p e c i a l l y  f o r  e s t i m a t i n g  r e s e r v e s ;  

and a r e  g e n e r a l l y  o b t a i n a b l e  on ly  by w e l l  i n t e r f e r e n c e  t e s t i n g .  

t echnique  assumes a constancy of  E and t h e  p o s s i b i l i t y  of producing a 

well. a t  a h igh  f lowra te .  

dec rease  i n  radon con ten t  of  water  pumped from an  i n d u s t r i a l  w e l l  d u r i n g  

a 6 day pe r iod  which i n d i c a t e s  t h e  f e a s i b i l i t y  o f  ach iev ing  adequate  

product ion  r a t e s .  

E i t h e r  t h e  p o r o s i t y  o r  t h e  p o r o s i t y - t h i c k n e s s  product  

The 

Smith, e t  a l .  (1961) r e p o r t  a 24 p e r  c e n t  

S u r v 3  of Radon Concent ra t ions  Geof lu ids  - -- 
A b r i e f  review of l i t e r a t u r e  va lues  f o r  radon c o n c e n t r a t i o n s  i n  

v a r i o u s  g e o f l u i d s  was made t o  g a i n  pe r spec t ive  on t h e  range o f  concen- 

t r a t i o n s  t h a t  might be expected i n  geothermal r e s e r v o i r  f l u i d s .  

va lues  f o r  ground water ,  ho t  s p r i n g s  and geothermal zones, and n a t u r a l  

gas  a r e  summarized i n  Tables  5 ,  6, and 7 r e s p e c t i v e l y .  

Reported 

Table 5 

Radon Concent ra t ions  i n  Groundwaters 

Average o r  Range 
of Concent ra t ion  

Source ( p C i / l )  

Maine, d r i l l e d  w e l l s  1 7  , 100 
Maine, dug wells  14,700 
New Hampshire, d r i l l e d  w e l l s  32,100 
New Hampshire, dcg wells 
Colorado, s p r i z g  
I l l i n s i s ,  w e l l s  & sp r ings  
Missour l ,  Ginera: s?ricg 
I t Z l ; J ,  d O l ! 3 d t i C  & _ -  

c2 :z t :eous 2qui;ers . .  I11:>c1iy W S ~ ~ S  

Englzzc,  sar??s:one a q u i f e r  
E n g l a x ,  i izes 'cone a q u i f e r  
IJSSX, :edLi tgtary.  rocks 
USSS., acLd m g c a t i c  rock 
USSR., cranium de?osFts 
Utah , a r c e s i a n  wel l s  

5,900 
260,000 

50-2 , 900 
430 

50- 10 , 200 
60-500 

115-890 
38-640 

100-5,000 
1,000-40,000 

5,000-5,000,000 
50- 1 , 800 

Ref e renc  e 

Smith, e t  a l . ,  1961 
Smith, e t  al., 1961 
Smith, e t  a l . ,  1961 
Smith, e t  a l . ,  1961 
Smith, e t  a l . ,  1961 
Smith, e t  a l . ,  1961 
Smith, e t  a l . ,  1961 

Margi & PTazioli, 1970 
Lucas,  1964 
Andrews & Wood, 1972 
Andrews & Wood, 1972 
Tokarev & Shcherbakov, 1956 
Tokarev & Shcherbakov, 1956 
Tokarev & Shcherbakov, 1956 
Tanner, 19 64 b 
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Table 6 

Radon Concent ra t ions  i n  Hot Spr ing  and Geothermal Waters 

Source 

England , t h  erma 1 s p r ing  
Japan ,  thermal  s p r i n g s  
I s rae l . ,  thermal  s p r i n g s  
USSR, h o t  s p r i n g s  
New Zealand, fumarole 

Arkansas,  h o t  s p r i n g s  
Arkansas,  po tash  ho t  

condensate  

s p r ing  s 

Range of 
Concentrat  i on  

( p c i / l )  

1,380-2,400 
25,000-73,000 

2,900-7,420 
500-100,000 

7,000-340,000 
100- 30 , 000 

6,000-80,000 

Reference - 
Andrews &Wood, 1972 
Kikkawa , 1954 
Mazor, e t  a l . ,  1973 
Chir ikov,  1971 

Be l in ,  1959 
Kuroda, e t  a l . ,  1954 

Kuroda, e t  a l . ,  1954 

Table 7 

Radon Concent ra t ions  i n  Natura l  Gas 

Range of 
Concent ra t ion  

Source (pCi/ 1) Reference 

Color a do - New Mexico 0.2- 160 Johnson, e t  a l . ,  1973 
Texas, Kansas, Oklahoma 5-1450 Johnson, e t  a l . ,  1973 
C a l i f o r n i a  1- 100 Johnson, e t  a l . ,  1973 
Colorado-New Mexico, 

San Juan Bas in  0.2-160 Bunce & S a t t l e r ,  1966 

Wide v a r i a t i o n s  acccr f o r  a l l  types  of f l u i d s .  I n  a d d i t i o n ,  t h e  

concen t r a t i ons  from a gi-Jen source  may change over  t i m e  (e.g. Kuroda, e t  

a l . ,  1954; 3unce m d  3 ;a t t l e r ,  1966),  i n  response t o  flow r a t e  (e.g.  Smith, 

e t  a l . ,  1351), and 27 c o r r e l a t i o n  wi th  atmospheric  p re s su re  and p r e c i p i -  

t a t i o n  (e .g.  'r;i:kkava, 13%). 

Any eval;acFxi of environmental  e f f e c t s  of man's a c t i v i r r i e s  must be 

r e l a t e d  t c  t h e  occz r r snce  of  radon under n a t u r a l  cond i t i ons .  The n a t u r a l  

ambient a i r  concex t r a t i ons  of radon, and i t s  r e l e a s e  r a t e  from n a t u r a l  
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l and  s u r f a c e  a r e  two important  f a c t o r s .  

Na tu ra l  a i r  concen t r a t i ons  of 222Rn may vary  widely from one l o c a l e  

t o  ano the r  depending on s o i l  and atmospheric  cond i t i ons .  The average  

atmospheric  con ten t  from 1 t o  4 meters  above the  ground i s  about  

0.3 p C i / l ;  minima and maxima, r e s p e c t i v e l y ,  can be 0.1 t o  10 times t h a t  

amount (Johnson, e t  a l . ,  1973; Eisenbud; 1963).  

The c o n t i n u a l  r e l e a s e  of radon from s o i l  s u r f a c e  main ta ins  t h e  

atmospheric  concen t r a t i on .  

a s  i i  d i f f u s i o n  process  and r e l a t e d  t o  t h e  emanating power of t h e  soil 

m a t e r i a l  (Wilkening and Hand, 1960). However, t h e  f l u x  may be s h a r p l y  

changed by r a i n f a l l ,  i c e  o r  snow cover ,  and atmospheric  p re s su re  changes 

(Tanner, 1964a). More exac t  models have been proposed t o  account  f o r  

t h e s e  e f f e c t s  (e.g.  Clements and Wilkening, 1974).  Of most i n t e r e s t  

h e r e ,  however, i s  a c t u a l  d a t a  r epo r t ed  f o r  radon f l u x .  A compi la t ion  

of  n e a r l y  1000 measurements throughout t h e  world l ead  t o  an  average  

va lue  o f  0.75 atorns/cm2-sec o r  4.25 x 10 

a l . ,  1972).  I n t e g r a t i o n  of t h e  f l u x  f o r  d i f f e r e n t  s o i l  types  l e a d s  t o  

an es t imated  world-wide r e l e a s e  of 52 C i / s e c ,  o r  about  4.5 x 10 

This  radon f l u x  can be t h e o r e t i c a l l y  d e s c r i b e d  

-5 2 pCi/cm -sec (Wilkening, e t  

6 
Ci/day. 

Na tu ra l  gas  product ion  r e s u l t s  i n  some added r e l e a s e  of  radon. 

Johnson, e t  a l .  (1973) have s tud ied  t h i s  r e l e a s e  f o r  p o t e n t i a l  h e a l t h  

e f f e c t s .  They conclude t h a t  even though much n a t u r a l  gas  is  burned i n  

homes, thereby  r e l e a s i n g  radon i n t o  a confined environment, t h e  added 

radon r a i s e s  average  indoor background radon concen t r a t i ons  by about  1.1 

t o  1 . 2  p e r  cen t .  

i n v e r s i o n s ,  t h 2  radon l e v e l  i s  r a i s e d  no more than  0.6 per  cen t .  Taking 

t h e i r  f a c t o r s  o f  20 p C i / l  of  radon i n  n a t u r a l  gas  a t  p o i n t  of u se  and 

annual  gas s a l e s  25 19.5 x 1 O I 2  s t anda rd  cubic  f e e t ,  one can e s t i m a t e  

o v e r a l l  ~2.2011 r s l e a s s  &e t o  n a t u r a l  gas  a s  30 Ci/day. 

Outs ide ,  even i n  l a r g e  me t ropo l i t an  a r e a s  prone t o  

Johnson, e t  a l .  

(1975,: mrci-.de cha t  t h e  u se  of n a t u r a l  gas  con ta in ing  222Rn does n o t  

co-.:ri;cre ~Lgnificantly t o  h e a l t h  e f f e c t s  i n  t h e  United S t a t e s .  
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CHAPTER 3 

MEASURMNT METHODS 

Radon De tec t ion  and Measurement -- 

Radon can  b e  measured by s e v e r a l  t echniques  based on d e t e c t i n g  

a lpha  p a r t i c l e s  from radon and i t s  daughters ,  be t a  p a r t i c l e s  o r  gamma 

r a y s  from radon daughters .  The more common d e t e c t o r s  i nc lude  ion iza-  

t i o n  chambers o r  s c i n t i l l a t i o n  phosphors t o  d e t e c t  a lpha  p a r t i c l e s ,  and 

s c i n t i l l a t i o n  c r y s t a l s  t o  d e t e c t  gamma r a d i a t i o n .  L iqu id  s c i n t i l l a t i o n  

d e t e c t o r s  a r e  a l s o  used. 

To measure low l e v e l s  of radon, some method of  c o n c e n t r a t i o n  i s  

o f t e n  a p p l i e d .  For example, i n  sampling o f  t h e  atmosphere,  t o  o b t a i n  

adequate  l e v e l s  o f  radon (Cohen, e t  a l . ,  1972),  a i r  i s  drawn f o r  a f u l l  

hour  through a t w o - f i l t e r  system i n  which t h e  a lpha  decay of radon 

daugh te r s  i s  de t ec t ed .  A l t e r n a t i v e l y ,  radon from a i r  and s o i l  g a s  

samples may be accumulated i n  a condenser cooled by l i q u i d  oxygen. It 

i s  then  t r a n s f e r r e d  t o  an  i o n i z a t i o n  d e t e c t o r  f o r  a c t i v i t y  measurement 

(Wilkening and Hand, 1960).  For measurement of  radon c o n c e n t r a t i o n s  

found i n  n a t u r a l  wa te r s ,  i o n i z a t i o n  chambers w i th  volumes o f  about  4.2 

1 have been used t o  neasure  t h e  a c t i v i t y  of radon bubbled o u t  o f  t h e  

sample by a c a r r F e r  gas  (Rogers, 1958).  Radon can be adsorbed on 

a c t i v a t e d  c h a r c c a l  f r o m  n a t u r a l  f l u i d  flow, both l i q u i d  and gas ,  i n  

t h e  f i e l d .  

w i th  a p o r t a b l e  SaI(T1) c r y s t a l  d e t e c t o r  (Magri and T a z i o l i ,  1970).  

Adsorpt ion of raGon, c n t o  cooled a c t i v a t e d  cha rcoa l  has  been used  by 

s e v e r a l  workers .  ?CY example, Steheny, e t  a l .  (1955) determined t h e  

c h a r a c t e r i s t i c s  5 2  a c t i v a t e d  cha rcoa l  a t  d ry  ice tempera ture  f o r  separa-  

t i o n  of  r25n  frm 3 r e a t h  samples. Others  i nc lude  Lucas (1964) who 

deve:.,-;ei z isq-bzc&ground ZnS s c i n t i l l a t i o n  coun te r  (1957) f o r  radon 

Tne g a m - r a y  a c t i v i t y  of  radon daughters  can be counted 

- 

and i - s 2 Z . s  -.&-a eTznaLlon s t u d i e s ,  and Andrews and Wood (1972) who des igned  

a sor:s;;ha: d l f f z r e n t  ZnS based counter .  

w i th  a h i g h  counring e f f i c i e n c y  a r e  commercially a v a i l a b l e .  

De tec to r s  o f  t h e  Lucas des ign  

Fro.:: the c r i t e r i a  o u t l i n e d  i n  Chapter 1, t h e  system chosen f o r  t h i s  
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work was designed t o  provide  l o w  background, a d a p t a b i l i t y  to  a v a r i e t y  

of  geothermal  f l u i d  samples,  and ease  of ope ra t ion .  The sys tem con- 

s i s t e d  o f  a cooled- charcoal  adso rp t ion  l i n e  f o r  e x t r a c t i n g  radon from 

t h e  samples  and a measurement system based on t h e  ZnS s c i n t i l l a t o r  

f l a s k s ,  de sc r ibed  by Lucas (1964). 

E x t r a c t i o n  System--A schematic  i l l u s t r a t i o n  of t h e  e x t r a c t i o n  

system i s  shown i n  F igu re  7 .  The process  c o n s i s t s  o f  a d s o r p t i o n  o f  

radon on cha rcoa l  cooled t o  -8OoC, followed by thermal  d e s o r p t i o n  a t  

400 C,  and t r a n s f e r  i n  hel ium c a r r i e r  gas  i n t o  t h e  s c i n t i l l a t i o n  de- 

t e c t o r  f l a s k .  The system was cons t ruc t ed  from s t anda rd  g l a s s  vacuum 

components connected by ground g l a s s  j o i n t s  t o  p e r m i t  easy  d isassembly  

f o r  c l ean ing .  

0 

A summary of t h e  e x t r a c t i o n  process  i s  u s e f u l  i n  d e s c r i b i n g  t h e  

f u n c t i o n  of  each component. 

t r ap  f o r  radon a r e  cooled t o  -8OOC i n  dry  ice  ba ths  o f  nonflamable 

Freon TA. Stopcocks A, C ,  and E a re  opened; a l l  o t h e r s  are c losed .  

Needle va lve  D i s  used t o  c o n t r o l  t h e  e n t r y  of t h e  radon- conta in ing  

gas  i n t o  t h e  system a t  a r a t e  o f  about  1 l i t e r / m i n .  

p r e s s u r e s  less than  one a tnosphere  a r e  drawn through t h e  t r a p s  by a 

vacuum pul~ip, and gases  a t  p r e s s u r e s  g r e a t e r  t han  one atmosphere a re  

vented t o  t h e  atmosphere through s topcock E .  Water i s  removed i n  t h e  

co ld  t r a p  f i l l e d  w i t h  copper t u r n i n g s  t o  provide  s u r f a c e  area and thermal  

conduc t iv i ty .  Carbon d i o x i d e  i s  absorbed on ascar i te  (NaOH on  a s b e s t o s )  

i n  t h e  second t r a p .  For samples con ta in ing  l a r g e  amounts o f  CO a g a s  

s c rubbe r  w i th  KOH s o l u ~ i o n  i s  inc luded  i n  t h e  l i n e  j u s t  b e f o r e  t h e  i n l e t .  

The co ld  t r a p  f o r  water  and t h e  a d s o r p t i o n  

C a r r i e r  gases  a t  

2 

Radon is adsorSe0 p a n t i t a t i v e l y  i n  t h e  t h i r d  t r a p  which c o n t a i n s  

20 g gas-aLsorp:ioa grase eha rcoa l ,  7-14 mesh i n  s i z e ,  made from cocoanut 

s h e l l s .  K+.?ez cf?e ca r rLe r  gas has  been f lushed  through t h e  system, s top-  

cocks A a;:; C a r e  c13sd, and any remaining t r a c e s  o f  c a r r i e r  gas  are 

punped O U T  2 ,  5 2  & s o r ? t i o n  trap.  The d ry  ice  ba th  i s  removed and t h e  

t r a p  w a r m  t;  TOG^ t e s p e r a t u r e .  An a l i q u o t  of hel ium coun t ing  gas  i s  

l e t  i n t o  :he :rap fro; t he  Eie r e s e r v o i r  and t h e  t r a p  i s  h e a t e d  t o  about  

400 C by 2 me:allic f F l m  h e a t i n g  element bonded onto  t h e  g l a s s .  
0 
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The desorbed radon i s  t r a n s f e r e d  i n t o  a s c i n t i l l a t i o n  d e t e c t o r  

f l a s k ,  evacuated through s topcock F, by t h e  p e r i s t a l i c  pump. This  

pump f u n c t i o n s  by p o s i t i v e  d isp lacement ,  squeezing s h u t  a heavy wa l l ed  

gum rubber  t ub ing  i n  a wave- l ike motion, which d r i v e s  through succes s ive  

smal l  volumes of  gas .  

t o  about  10 mm Hg (about 1.5 minutes ) ,  measured by t h e  p r e s s u r e  gage 

between D and E,  pumping i s  s topped and ano the r  a l i q u o t  of  H e  count ing  

gas  i s  in t roduced  from t h e  r e s e r v o i r .  A f t e r  temperature  e q u i l i b r a t i o n  

(about  1 minute) ,  t h e  a l i q u o t  is  a g a i n  pumped i n t o  t h e  count ing  f l a s k .  

Four a l i q u o t s  o f  he l ium a r e  used t o  b r i n g  t h e  p r e s s u r e  i n  t h e  s c i n t i l l a -  

t i o n  coun te r  f l a s k  t o  j u s t  below 1 atmosphere,  measured by t h e  gage 

n e a r e s t  t h e  o u t l e t .  Each f l u s h  removes about  70 p e r  c e n t  of  t h e  H e  

count ing  gas  remaining i n  t h e  a d s o r p t i o n  t r a p - f i n a l  wa te r  vapor t r a p  

p o r t i o n  of t h e  e x t r a c t i o n  system, so t h a t  about  99 p e r  c e n t  o f  t h e  radon 

i s  t r a n s f e r e d  i n t o  t h e  o u t l e t  s i d e  of t h e  system. Because some gas  

remains i n  t h e  tub ing  between t h e  pump and t h e  s c i n t i l l a t i o n  f l a s k ,  t h e  

o v e r a l l  vo lumet r ic  t r a n s f e r  e f f i c i e n c y  of  t h e  system i s  about  91  p e r  cen t .  

When t h e  p r e s s u r e  i n  t h e  carbon t r a p  i s  reduced 

De tec t ion  System--The d e t e c t i o n  system shown i n  Fig.  8 c o n s i s t s  of  

a s c i n t i l l a t i o n  d e t e c t o r  o p t i c a l l y  coupled t o  a p h o t o m u l t i p l i e r  t ube  i n  

a l i g h t - t i g h t  housing. The d e t e c t o r  i s  a Lucas s c i n t i l l a t i o n  f l a s k  i n  

which a lpha  par t ic les  produce l i g h t  p u l s e s  i n  t h e  ZnS phosphor coa ted  

on t h e  i n s i d e  of  i t s  c y l i n d r i c a l  su r f ace .  L ight  p u l s e s  p a s s  through t h e  

q u a r t z  window forming t h e  bottom of t h e  s c i n t i l l a t i o n  f l a s k .  The window 

i s  coa ted  w i t h  t i n  ox ide  t o  main ta in  e l e c t r i c a l  conduc t iv i ty  w i t h  t h e  

me ta l  wal,s of  the  f l a sk  a d  prevent  t h e  radon daughter  i o n s  from 

mig ra t ing  h azy pr2ferentFal  d i r e c t i o n .  This  d e t e c t o r  p rov ides  a 

count ing  eff l : imcg of  about  89 p e r  c e n t .  

The ; : ~ ~ ~ x x l : ~ ~ ~ ~ ~ r  (PAT) i s  a low no i se ,  RCA 8053 2- inch tube  w i t h  

S -11  spec::ral respcnse. A t ube  socke t  con ta in ing  a v o l t a g e  d i v i d e r  

c i r c u i t  ailc g ; a b  a i d  focus c o n t r o l s  provides  t h e  i n t e r f a c e  between t h e  

PMT aRd t h e  exze rna l  e l e c t r o n i c  components. The housing i s  b a f f l e d  t o  

exclude e x t e r z a l  l i g h t  du r ing  measurement. A high  v o l t a g e  i n t e r l o c k  
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preven t s  a c c i d e n t a l  damage t o  t h e  PMT should t h e  l i g h t  cover  be removed 

when t h e  system i s  ope ra t ing .  

Other components i nc lude  a p r e a m p l i f i e r ,  a s ing le- channel  pu l se-  

h e i g h t  a n a l y z e r  w i th  timer, and a h igh- vol tage  power supply. 

a m p l i f i e r ,  mounted on t h e  PMT housing,  i s  a Hewlett-Packard 55548 s e t  

f o r  30 mV/pC charge  s e n s i t i v i t y  and a v o l t a g e  g a i n  of  8 .  

and shapes t h e  s i g n a l  f o r  i npu t  t o  t h e  Hewlett-Packard 5201L S c a l e r -  

Timer t h a t  i nco rpo ra t e s  a s i n g l e  channel  pu lse- height  ana lyze r  and a 

d i g i t a l  t i m e r .  The p u l s e  h e i g h t  ana lyze r  w i th  a range of 5.0 v o l t s  i s  

ope ra t ed  i n  a n  i n t e g r a l  mode wi th  a t h re sho ld  set t o  d i s c r i m i n a t e  a g a i n s t  

random thermal  and e l e c t r i c a l  n o i s e  pu l se s .  

The p r e-  

This a m p l i f i e s  

The h igh  v o l t a g e  i s  supp l i ed  by a Hewlett-Packard 555l.A High Voltage 

Power Supply which provides  a very s t a b l e  and w e l l  f i l t e r e d  v o l t a g e  f o r  

t h e  PMT. 

C a l i b r a t i o n  - and Testing--The performance of t h e  system was eva lua t ed  

by a b s o l u t e  c a l i b r a t i o n  wi th  a known s t anda rd ,  t e s t i n g  i t s  s t a b i l i t y  w i th  

r e f e r e n c e  t o  a count ing  s t anda rd ,  and measuring t h e  background l e v e l .  

P r e p a r a t i o n  of S tandards  and Cal ibra t ion- - Standards  were prepared 

from a Na t iona l  Bureau o f  Standards (NBS) r a d i o a c t i v i t y  s t anda rd  con- 

s i s t i n g  of  a s o l u t i o n  of  radium i n  a c i d i f i e d  B a C l  c a r r i e r .  The NBS 

s t anda rd  was c e r t i f i e d  t o  con ta in  8.069 x 10-lo(kl.OO%)g 226Ra as o f  

March 1968. 

4.5 weight p e r  c e n t  solEtlon of HC1 c e r t i f i e d  t o  be 20.509 2 0.012 g. 

These d a t a  r e p r e s e n t  a s p e c i f i c  a c t i v i t y  of  39.74 (*1.002%) p C i / m l .  

A l iquo t s  of  t n e  NSS standard were used t o  prepare a n  a b s o l u t e  emanation 

s t anda rd  and a d e t e c t o r  s t a b i l i t y  s tandard .  

2 

The c a r r i e r  s o l u t i o n  i s  0.2 weight p e r  cen t  BaCl i n  a 2 

The emnaciorz stani2ard was prepared by adding a 2 m l  a l i q u o t  of 

t h e  KBS s c a r ? ~ a r d  t3 6C.O a1 of a 0.1 M H C 1  s o l u t i o n  i n  a 1000 m l  Erylen-  

meyer flask, 3 e  mxhm t r a n s f e r  e r r o r  was es t imated  t o  be k1.5 p e r  

cen t .  Th?=&sre, the m a n a t i o n  s t anda rd  was taken t o  have a t o t a l  

a c t i v i t y  f o r  celibrarion purposes o f  79.48 (k1.8%) pCi, equ iva l en t  t o  

176.4 (51.8%) I p x  LL’iXa. 
3 7  

The f l a s k  was f i t t e d  w i th  a gas  d i f f u s e r  
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connected t o  a double s topcock assembly. C a r r i e r  gas  i s  buhbled through 

the  s o l u t i o n  t o  remove t h e  radon. The amount o f  radon grown i n  s o l u t i o n  

a t  a g iven  time a f t e r  a prev ious  s t r i p p i n g  i s  computed from equa t ion  5. 

The s t anda rd  was used f r e q u e n t l y  t o  determine t h e  o v e r a l l  e x t r a c t i o n-  

count ing  e f f i c i e n c y  of t h e  system. 

The removal of radon from the  emanation f l a s k  i s  known t o  be in-  

dependent o f  shape, flow ra te ,  bubble s i z e ,  o r  a c i d  c o n c e n t r a t i o n  (Lucas, 

1964).  But t h e  f r a c t i o n - o f  gas  removed i s  dependent on t h e  r a t i o  of  

f l u s h i n g  gas and s o l u t i o n  volume accord ing  t o  t h e  r e l a t i o n :  

where V is  t h e  volume of  gas  bubbled through t h e  s o l u t i o n  and V i s  

t h e  l i q u i d  volume (Lucas, 1964).  For c a l i b r a t i o n  tests t h e  emanation 

s t anda rd  was f l u shed  wi th  15 1 He w i t h  an assumed radon removal e f f i c i e n c y  

o f  0.99983. 

g 1 

The average  system e f f i c i e n c y ,  i nc lud ing  both t r a n s f e r  and count ing  

e f f i c i e n c i e s ,  was 0.800 (&2.5%) from the  c a l i b r a t i o n  of t h e  f o u r  s c i n t i l -  

l a t i o n  f l a s k s  used i n  t h i s  work. This  va lue  ag rees  w e l l  w i t h  t h e  product  

o f  t h e  expected volumet r ic  t r a n s f e r  e f f i c i e n c y  of 0.91 and  t h e  t h e o r e t i c a l  

count ing  e f f i c i e n c y  of  0.887 computed from t h e  work of  Lucas (1964). The 

v a r i a t i o n  betwee? i x 5 i v i d u a l  f l a s k s  w a s  n e a r l y  i d e n t i c a l  t o  t h e  v a r i a t i o n  

between successLve c z i i b r a t i o n s  of each f l a s k ;  t h e r e f o r e  a s i n g l e  e f f i c -  

iency  f a c t o r  was xsed.  

system, i n c l d i z g  rke u n c e r t a i n t y  o f  the  emanation s t a n d a r d  was 0.800 

(k3.0ib). 

f a c t o r  <zrbula:el Ln t he  appendix) t o  compute t h e  radon a c t i v i t y  i n  a 

sarnpls f r o z  tfie s c a t  r a t e  measured a t  t h e  t i m e  a f t e r  radon  t r a n s f e r  t o  

t h e  s c L z r l a l i a z F z z  f l a s k .  

coun t i zg  w;is genera l ly  done a t  l e a s t  one hour  a f t e r  t r a n s f e r  o f  t h e  

sanpli .  

The o v e r a l l  e f f i c i e n c y  f a c t o r  o f  t h e  d e t e c t i o n  

This v a h e  w a s  used wi th  t h e  t h e o r e t i c a l  radon daughter  growth 

To minimize u n c e r t a i n t y  i n  t h e  growth f a c t o r ,  

' 3 s  2ats  r e t c c t i o n  c a l c u l a t i o n  i s  desc r ibed  i n  t h e  appendix. 

'fi2 s : ab l l l t y  of t h e  count ing  system was monitored by t h e  u s e  of 

mounted sCanclar2 ?repared  by c o p r e c i p i t a t i n g  t h e  radium from an  a l i q u o t  
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of t h e  NBS s t anda rd  wi th  BaSO4. 

a c t i v a t e d  ZnS phosphor and f i l t e r e d  onto  a M i l l i p o r e  f i l t e r  based on 

procedure :L3 of Kirby (1964). 

l u c i t e  ho lde r  t o  f a c i l i t a t e  placement on t h e  pho tomul t ip l i e r  t u b e ,  

count ing  rate of t h i s  s t anda rd  d iv ided  by t h e  t h e o r e t i c a l  daughter  growth 

f a c t o r  f o r  a radium p a r e n t  ( s e e  appendix) should y i e l d  a c o n s t a n t  v a l u e  

i f  t h e  count ing  system i s  s t ab l e  wi th  r e s p e c t  t o  t i m e .  

o p e r a t i n g  : s e t t i n g s  of  t h e  count ing  equipment t h e  va lue  i s  116.8 (:k1.3%) 

cpm. 

d e v i a t i o n  based on t o t a l  counts .  

The p r e c i p i t a t e  w a s  s l u r r i e d  w i t h  

The f i l t e r  d i s c  was s e a l e d  i n  a c y l i n d r i c a l  

The 

For t h e  s t a n d a r d  

Measured va lues  du r ing  t h e  p r o j e c t  were w i t h i n  t h e  expected s t a n d a r d  

Counting System Operation--The o p e r a t i n g  s e t t i n g s  of  t h e  coun t ing  

equipment were determined by s t anda rd  procedures .  

was determined from t h e  p l a t e a u  ob ta ined  by r e l a t i o n  o f  count ing  rate  

o f  t h e  s t anda rd  w i t h  vo l t age .  

t h e  r e l a t i o n  o f  count ing  e f f i c i e n c y  w i t h  t h re sho ld  which i n  t u r n  in-  

f luences  t ' he  d i s c r i m i n a t i o n  a g a i n s t  e l e c t r o n i c  no i se .  All t h r e e  f a c t o r s  

m u s t  be  cons idered  i n t e r a c t i v e l y .  

The h i g h  v o l t a g e  

The th re sho ld  s e t t i n g  was determined by 

The h igh  v o l t a g e  p l a t e a u  f o r  t h r e sho ld  s e t t i n g s  i n  t h e  range  f i n a l l y  

s e l e c t e d  h a s  i t s  knee a t  about  850 v o l t s .  With i n c r e a s i n g  v o l t a g e ,  t h e  . 
p l a t e a u  has  a s l o p e  of 2.5 p e r  c e n t  p e r  100 v o l t  increment t o  about  

1050 v o l t s .  For t h i s  s tudy t h e  o p e r a t i n g  v o l t a g e  was se t  a t  900 v o l t s .  

A t h r e s h o l d  s e t t i n g  above 0.2 v o l t  was found t o  completely e l i m i n a t e  

e l e c t r o n i c  no i se ,  i.e. no observed counts  i n  1000 minutes. A t  a h i g h  

v o l t a g e  of  900 v o l t s ,  t h e  t h re sho ld  does n o t  a f f e c t  count ing  e f f i c i e n c y  

f o r  s e t t i n g s  up to 0.3 v o l t ;  t h e r e a f t e r  t h e  e f f i c i e n c y  d e c l i n e s  by about  

1.7 p e r  c e n t  f o r  0.1 Fiicre!nents i n  t h e  s e t t i n g .  Therefore,  t h e  o p e r a t i n g  

p o i n t  was s e l t c t s d  BL 3 .3  v o l t .  

Sys:; .~! 3ackgx lz i - -T !e  o v e r a l l  system background i n c l u d e s  t h r e e  

conponents:  rkls Sackgrouild of  t h e  count ing  f l a s k s ;  radon produced from 

radium i n  zZt glass, carbon, and absorb ing  compounds o f  t h e  e x t r a c t i o n  

system; and radon i n  tl?e H e  c a r r i e r  gas  due t o  radium i n  t h e  s tee l  

p r e s s u r e  cylL;lder. 

.-. 

.I 
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The count ing  f l a s k s  have a background t h a t  s lowly i n c r e a s e s  as a 
2 10 210Bi r e s u l t  of  t h e  d e p o s i t i o n  o f  22-year Pb which decays through 

t o  138-day 210Po. 

o f  radon t h a t  decays i n  t h e  s c i n t i l l a t i o n  f l a s k .  I f  a radon sample 

w i th  a count ing  r a t e  of  2000 cpm i s  i n  a f l a s k  f o r  4 hour s ,  i t  w i l l  

u l t i m a t e l y  i n c r e a s e  t h e  background of t h e  f l a s k  by abou t  0.01 cpm. 

The background o f  each f l a s k  was monitored r e g u l a r l y  w i t h  1000 minute  

counts  t o  provide  c u r r e n t  background va lues .  

l i v e d  daughter  products  t h e  a c t i v i t y  of  t he  f l a s k s  was 40 t o  70 coun t s  

i n  1000 minutes  when r ece ived  from t h e  manufacturer ,  cor responding  t o  

backgrounds of  0.04 (516%) t o  0.07 (512%) cpm, The backgrounds inc reased  

du r ing  usage  t o  l e v e l s  of 70 t o  130 counts/1000 min o r  0.07 (512%) t o  

0.13 (59%) cpm. 

The a lpha  decay of 210Po i s  r e l a t e d  t o  t h e  amount 

A f t e r  decay o f  t h e  s h o r t -  

The cha rcoa l  conta ined  r e s i d u a l  radium which produced about  0 - 5  p C i  

radon a t  s e c u l a r  equi l ib r ium.  For t h i s  reason,  t h e  charcoa l  t r a p  w a s  

hea t ed  and purged p r i o r  t o  each exper imenta l  run. With t h i s  procedure,  

t h e  system blank was found t o  be u n d i s t i n g u i s h a b l e  from t h e  f l a s k  back- 

grounds f o r  1000 minute counts  u s i n g  t h e  c r i t e r i a  f o r  d e t e c t i o n  l i m i t  

$ given  by C u r r i e  (1968) :  

L,, = 2.71 + 4.65% (19) 

where U i s  t h e  background f o r  t h e  t ime per iod  of  i n t e r e s t .  
3 B 

The radon conrm ‘ i  i n  each f u l l  240- f t  c y l i n d e r  of He was determined 

t o  be about  0,001 (‘-30%) pCi / l .  The c o n c e n t r a t i o n  i n c r e a s e s  p ropor t i on-  

a t e l y  a s  H e  i s  resoved from t h e  c y l i n d e r ;  t h e r e f o r e  H e  c y l i n d e r s  were 

r e p l a c i d  wheri t?.o conrent  decreased t o  50 f t  . The c o n t r i b u t i o n  o f  H e  

c a r r i e r  23s t3 zse syszen blank is  n e g l i g i b l e  because o n l y  about  0.1 

l i t e r  IS use?  5: zklt f o u r  s t anda rd  f l u s h e s  of  t h e  t r a p .  When l a r g e  

volzr~s zf Ee WE=? .;sect t o  s t r i p  l i q u i d  samples,  t h e  c o n t r i b u t i o n  was 

3 

. . - .  Ch3r1<”T’ c + _ _ _  r-- S - ~ . . - - ~ ~ - X S  - ?-- - -  -2 and a c o r r e c t i o n  was made when necessary .  

k c  z ? t r  tc?:ribution t o  background r e s u l t e d  from r e s i d u a l  radium 

i n  t h ?  s z z e ?  pr-?-sscr? c y l i n d e r s  used f o r  sample  c o l l e c t i o n .  

s t e e l  cq-lizZers ? I ~ - J ?  an emanating power of 1.24 (525%) p C i  based on 

The carbon 
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measurements of four  of t h e  smal l e r  carbon s t e e l  c y l i n d e r s .  Cor rec t ions  

t o  low l e v e l  samples were made when necessary .  The l a r g e r  s t a i n l e s s  

s t e e l  t anks ,  used f o r  c o l l e c t i n g  a i r  samples, had a n  emanating power 

less  than 0.1 pCi .  

Sample Measurement 4 Handling 

S e v e r a l  procedures  were developed f o r  t h e  handl ing of  t h e  v a r i  u s  

types  of t h e  sample. S p e c i f i c  methods were developed f o r  gas ,  s team 

condensate,  l i q u i d ,  and Ra-emanation samples. 

- Gas Samples--Samples con ta in ing  gases  only ,  such a s  a i r  and ( s o i l  

gas ,  a r e  e a s i e s t  t o  process .  The volume of  gas  analyzed i n  t h e  e x t r a c-  

t i o n  system i s  measured by t h e  change i n  gas  p r e s s u r e  i n  t h e  c o n t a i n e r  

be fo re  and a f t e r  e x t r a c t i o n .  

i s  f i r s t  measured w i t h  a mercury manometer. A f t e r  a p o r t i o n  o f  t h e  gas  

sample i s  drawn through t h e  e x t r a c t i o n  system, t h e  p r e s s u r e  of  t h e  g a s  

remaining i n  t h e  c o n t a i n e r  i s  a g a i n  measured. The volume o f  t h e  sample 

analyzed i s  computed by t h e  i d e a l  gas  law us ing  t h e  change i n  p ressure ,  

and t h e  known c o n t a i n e r  volume and temperature.  

i s  computed from t h e  measured a c t i v i t y  and t h e  volume of  gas ana1:yzed. 

The t o t a l  p r e s s u r e  i n  t h e  sample c o n t a i n e r  

The radon c o n c e n t r a t i o n  

Condensate Samples--Samples from steam w e l l s  inc lude  condensed 

steam and non-condensable gases .  

i s  e s t ima ted  by measuring t h e  p r e s s u r e  i n  t h e  c y l i n d e r  a t  l a b o r a t o r y  

temperature  and s u b t r a c t i n g  t h e  vapor p r e s s u r e  of  water  f o r  t h a t  tempera- 

t u r e .  

p r e s s u r e  (STP) i s  computed from t h e  i d e a l  gas  law. I n  some cases it  

was necessa ry  t o  c o n s i d e r  d i s so lved  CO 

were somewhat a c i d  (measnreci pH %5), probably from format ion o f  SO 

from H S oxL=a'_Lon a x ?  r e a c t i o n  w i t h  i r o n  oxides  i n s i d e  t h e  c y l i n d e r ,  

i t  was assused t h a t  a l l  d i s so lved  CO was i n  t h e  ca rbon ic  a c i d  form. 

A c o r r e c t r x  f e z ~ o r  of 0.093 cm (STP) d i s so lved  CO p e r  100 m l  water  

was used fcrr oach 1 ai p a r r i a l  p r e s s u r e  of CO 

s o l u t i o n .  5 e  :actor carnes d i r e c t l y  from Henry's law w i t h  s u i t a b l e  

The t o t a l  non-condensable gas  volume 

The volume of noc-condensable gases  a t  s t andard  temperature and 

S ince  a l l  s team w e l l  samples -- 2'  

4 

2 

2 3 
2 

i n  equ i l ib r ium wi th  t h e  2 
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unit!; convers ion  f a c t o r s .  

2 Analys i s  of t h e  non-condensable gases  f o r  CO 2’ 02’ N 2 ,  CH4’  and H 

was determined by gas  chromatography. .A F i s h e r  Model 25 V (;as P a r t i -  

t i o n e r  i n  which He i s  used a s  a c a r r i e r  gas  f o r  CO 2’ 02’ N2’ C H 4 ,  and 

CO s e p a r a t i o n ;  and argon f o r  H The instrument  has  double column 

s e p a r a t i o n  and thermal conduc t iv i ty  d e t e c t o r s .  The ou tpu t  s i g n a l  d r i v e s  

a p o t e n t i o m e t r i c  r eco rde r .  A 0.5 cm a l i q u o t  of  t h e  non-condensable 

gases  was e x t r a c t e d  from t h e  sample c y l i n d e r  i n t o  a sy r inge  by t h e  

p e r i s t a l i c  pump and a s h o r t  s e c t i o n  of  heavy w a l l  tub ing  and a va lve  

arrangement which e l imina t ed  a i r  contaminat ion.  The ins t rument  was 

c a l i b r a t e d  p e r i o d i c a l l y  w i th  composite s tandards .  R e p r o d u c i b i l i t y  of 

t h e  measurements was about  *lo per  c e n t .  

s t a b i l i t y  due t o  a r eco rde r  malfunct ion occur red  dur ing  one pe r iod  of  

measurements. 

2’  

3 

S i g n i f i c a n t  i n s t rumen ta l  i n-  

A f t e r  a n a l y s i s  of t h e  non-condensable gas ,  He c a r r i e r  gas  was in-  

troduced through t h e  bottom of  t h e  c y l i n d e r  t o  s t r i p  any d i s so lved  radon 

i n  t h e  condensed water  and t o  b r ing  t h e  t o t a l  gas  p re s su re  i n  t h e  c y l i n d e r  

t o  about  1 atmosphere. 

t ank  i n t o  a graduated  c y l i n d e r  t o  measure i t s  volume. 

The condensate  was immediately drain.ed from t h e  

From t h i s  p o i n t  the  sample was handled a s  desc r ibed  i n  t h e  s e c t i o n  

on gas samples.  

gases  o r  condensate .  

Xadsn concen t r a t i ons  may be computed i n  r e l a t i o n  t o  

Liquid S a m k s - - I f  t h e  sample conta ined  more than about  300 m l  

(ab0c.t 6% of  tht c y l i n d e r  volume) a more thorough s t r i p p i n g  procedure 

was r equ i r ed .  3 e  zon-condensable gases  were measured a s  desc r ibed  f o r  

condEcsat2 sanplss.  %en H e  c a r r i e r  gas w a s  bubbled through t h e  l i q u i d  

i n  s ~ z z i c i e ~ ~ :  T J O ~ X I ~ I ~  t o  i n s u r e  complete radon removal. The c a r r i e r  gas  

was ~ c c z L x l z : &  22 a prev ious ly  evacuated l a r g e  t r a n s f e r  tank. The 

c a r r f z r  g 2 s  W B S  zzen drawn i n t o  t h e  e x t r a c t i o n  system from t h e  t r a n s f e r  

tank e z c ~ r l i x  d t o  :he procedure f o r  gas  samples, and t h e  f r a c t i o n  analyzed 

was c?ez?rmlnel by p’2ssure d i f f e r e n c e  measurement. 

r r .  . 

- Ra?Fu;n r n a n a t i o n  Samples--The d i s so lved  radium conten t  (of l i q u i d s  
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o r  t h e  emanating power of  s o l i d s  was determined by a procedure  i d e n t i c a l  

t o  t h a t  used f o r  t h e  c a l i b r a t i o n  s tandard .  The l i q u i d  sample, o r  a 

rock  sample immersed i n  d i s t i l l e d  wa te r ,  was placed i n  a f l a s k  w i t h  a 

d i f f u s e r ,  s t r i p p e d  wi th  H e  t o  remove radon, and sea led .  A f t e r  a pe r iod  

of about  a week, t h e  radon i n  t h e  sample was f lu shed  i n t o  t h e  e x t r a c t i o n  

system and t h e  equ i l i b r ium amount of radium o r  radium emanating power 

c a l c u l a t e d  from t h e  radon a c t i v i t y  and t h e  growth r e l a t i o n  f o r  t h e  radon 

and radon daughters  from a radium pa ren t .  

Sample - C o l l e c t i o n  Methods 

Standard procedures  were e s t a b l i s h e d  f o r  sampling of w e l l s ,  ambient 

a i r ,  and s o i l  gas .  

Geothermal Well Samples--Wells may produce d ry  o r  s l i g h t l y  super-  

hea t ed  s t e a m ,  p r e s s u r i z e d  l i q u i d ,  o r  a steam-water mixture,  S e v e r a l  

sampling techniques  a re  p o s s i b l e  ( s e e  e .g.  Mahon, 1964; F in layson ,  1970; 

E l l i s ,  e t  a l . ,  1968). I n  t h i s  s tudy  samples were drawn d i r e c t l y  i n t o  

evacuated c y l i n d e r s  connected t o  t h e  wel lhead.  This  method i s  a modif i-  

c a t i o n  o f  t h e  method used f o r  c o l l e c t i n g  steam samples from a s e p a r a t o r  

(Mahon, 1964).  The method was used t o  o b t a i n  samples from d r y  s team 

and p r e s s u r i z e d  l i q u i d  w e l l s ,  and samples from a sepa ra to r .  

The sampling c o n f i g u r a t i o n  i s  i l l u s t r a t e d  i n  F igure  9. The 4.7- 
l i t e r  evacuated s t e e l  c y l i n d e r  and a -t; inch  s t a i n l e s s  s tee l  t u b e  i s  

connected by s u i t a b l e  coupl ings  t o  a t a p  on t h e  wel lhead,  A "T" f i t t i n g  

wi th  a v a l v e  and b leed  l i n e  p e r m i t s  purging of t h e  connec t ing  l i n e  and 

f i t t i n g s  by flowing s t e m  o r  l i q u i d  f o r  a pe r iod  of a t  least  2 t o  5 

minutes.  TI;t va lve  cz t h e  b leed  l i n e  i s  c losed  and t h e  c y l i n d e r  va lve  

i s  immediszely opened, a l lowing  f l u i d  t o  flow i n t o  t h e  tank  u n t i l  p r e s s u r e  

e q u i l i b r k s  I s  e s t a j l i s h e d .  One minute w a s  allowed. Some condensa t ion  

may o c c ~ r  iz S Z ~ Z I  w e l l  s a q l i n g  due t o  h e a t  t r a n s f e r  from the t a n k  t o  

t h e  a i r .  
. .  Two * ;s -~ -v -  - . ~ - ~ o n s  of t h e  method were t r i e d  and r e j e c t e d .  One involved 

opening valves on both ends of t h e  c y l i n d e r  t o  p e r m i t  steam or  l i q u i d  

f l a s h i n g  t:o szeaia t o  flow through. For both steam and l i q u i d  wel ls ,  
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reduced radon-water r a t i o s  were noted.  For t h e  dry  steam case  t h e  major 

e f f e c t  was probably t h e  condensat ion of steam on t h e  tank  w a l l s  wh i l e  

radon and nun-condensables flowed through wi th  t h e  remaining steam. 

For t h e  l i q u i d  w e l l  ca se ,  t h e  f l a s h i n g  l i q u i d  may have s t r i p p e d  radon 

and o t h e r  non-condensables from t h e  conta ined  l i q u i d .  

The second v a r i a t i o n  involved cool ing  t h e  c y l i n d e r  e x t e r n a l l y  w i th  

water  t o  induce inc reased  condensa t ion  f o r  a l a r g e r  sample. The r e s u l t s  

were e r r a t i c .  I n  one case  t h i s  v a r i a t i o n  appeared t o  work s a t i s f a c t o r i l y ,  

but  i n  ano the r  ca se  a reduced r a t i o  of radon and non-condensables t o  

water  was noted.  

water  t a k i n g  up a l a r g e  enough f r a c t i o n  of t h e  c y l i n d e r  (about  25%) t o  

d i s p l a c e  some of  t h e  non-condensable gases .  

and t h e  g r e a t  s e n s i t i v i t y  of radon measurement i n  sma l l e r  volumes, t h e  

method was no t  employed i n  f u r t h e r  c o l l e c t i o n s .  However, t h e  d a t a  f o r  

both of  t h e s e  v a r i a t i o n s  a r e  included i n  t h i s  r e p o r t .  

The l a t t e r  case  might be expla ined  by t h e  condensed 

Because of t h e s e  u n c e r t a i n t i e s ,  

Ambient - A i r  Samples--Air samples were taken  i n  34.4  l i t e r  evacuated 

s t a i n l e s s  s t ee l  c y l i n d e r s  a t  approximately 1 meter above ground. Contam- 

i n a t i o n  by radon from b r e a t h  was avoided. 

--- S o i l  Gas Flux S a w l e s - - S o i l  gas  f l u x  samples were taken  by t h e  

accumulator method (e.g. ,  Wilkening, e t  a l . ,  1972). A c i r c u l a r  hoop 

about  56 cm i n  d iameter  and 15 cm high  i s  d r iven  about  10 cm i n t o  t h e  

ground. A s tee l  c y l i n d e r ,  h a l f  of a 55-gal lon drum, i s  p laced  ove r  t h e  

hoop. A p r e s s u r e  e q u a l i z i c g  o r i f i c e  and a valve- connector  f i t t i n g  a r e  

mounted through t h e  top. 

drum from t h e  va lve .  

i n t e r v a l s  c f  ~ i l e  t o  hours .  The i n c r e a s e  i n  radon c o n c e n t r a t i o n  i s  

r e l a t e d  t o  tht rz.lon f h x  by 

X tube ex tends  about  half-way down i n t o  t h e  

S q l e s  a r e  drawn i n t o  evacuated c y l i n d e r s  a t  

AC J = h -  
A t  

AC where h i s  the h e i g h t  of t h e  accumulator ,  44 cm, and is  t h e  r a t e  o f  

i n c r e a s e  of radon concen t r a t i on .  
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CHAPTER 4 

RESULTS 

Sampling Program 

Radon samples were taken  of  g e o f l u i d s  from 16 w e l l s ,  from ambient  

a i r  i n  t h e  env i rons  o f  some of  t h e  wel ls ,  and i n  t h e  f l u x  of  gas  emanating 

from s o i l  i n  and nea r  one w e l l  f i e l d .  

t h e  7-month pe r iod  from November 1973 through May 1974. 

The samples were ob ta ined  d u r i n g  

T h i r t e e n  o f  t h e  we l l s  were i n  t h e  vapor-dominated f i e l d s  o f  The 

Geysers a r e a  i n  n o r t h e r n  C a l i f o r n i a .  N h e  o f  t h e s e  wells were p roduc t ion  

wel ls  d e l i v e r i n g  steam t o  o p e r a t i n g  power p l a n t s  and f o u r  were i n  a f i e l d  

being developed f o r  f u t u r e  use .  Permission t o  sample t h e s e  w e l l s  

was g iven  by t h e  Burmah Oil and Gas Company and t h e  Union Oil 

Company o f  Cal i fo . rn ia .  

p r e s s u r e s ,  and temperatures--were supp l i ed  f o r  t h e  sampling p e r i o d s  by 

r e s p e c t i v e  company personnel .  

Well d a t a  and product ion  parameters-- flow ra tes ,  

The o t h e r  t h r e e  we l l s  were l oca t ed  i n  t h e  ho t  b r i n e  l iquid- dominated 

systems of  t h e  Imperial  Valley o f  southern  C a l i f o r n i a .  Two o f  t h e  w e l l s  

were i n  the Eas t  Mesa KGRA ope ra t ed  by t h e  U.S. Bureau of  Reclamation 

t o  s tudy  t h e  f e a s i b i l i t y  of  d e s a l i n a t i n g  wa te r  w i th  geothermal energy.  

The t h i r d  w e l l  was i n  t h e  S a l t o n  Sea KGRA where t h e  San Diego Gas and 

E l e c t r i c  Compazy i s  s tudy ing  t h e  f e a s i b i l i t y  of  e l e c t r i c  power gene ra t ion .  

Well d a t a  and ?roZr-Ic:ion parameters  were supp l i ed  f o r  t h e  sampling p e r i o d s  

by f i e l d  p e r s o x e l .  

P r e s e n t a t i o n  3: 3 a t a  

Wel l  I d 2 n r i f L c a ~ i ~ n - - S i n c e  product ion  informat ion  f o r  wells i n  t h e  

privately-he:? Zirlds o f  The Geysers a r e a  i s  p r o p r i e t a r y ,  t hose  w e l l s  a r e  

ids--< ---k.-zi22 i r i  = h i s  r e p o r t  by an  a r b i t r a r y  numbering system. The i d e n t i -  

fic2:rLan c c n s i s c s  o f  a Roman numeral s i g n i f y i n g  a p a r t i c u l a r  group o f  

wei-5. 222 2 1 c Z r s i  s i g n i f y i n g  t h e  i n d i v i d u a l  w e l l  i n  t h e  group. Groups 

I t-lrzcg: I L I  i n c l u d e  the  product ion  w e l l s  and group I V  i n c l u d e s  the  

d e v 2 l ~ ; z e c t a l  wslls. 

- -  

- 
t r r o r s  ir Y.‘isasurement--Estimated e r r o r s  i n  measurement i n  t h i s  
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r e p o r t  a r e  uniformly r e p o r t e d  a s  a s t andard  d e v i a t i o n .  The e s t i m a t e s  

o f  p robab le  e r r o r  f o r  measured q u a n t i t i e s  were based on t h e  fo l lowing  

c o n s i d e r a t i o n s :  

Radioact ivi ty- -The s t a n d a r d  d e v i a t i o n  of  r a d i o a c t i v i t y  measurement 

i s  g iven  by Po isson  s t a t i s t i c s  a s  t h e  square  r o o t  o f  t h e  t o t a l  number of  

coun ts  recorded i n  a g iven  measurement. S i n c e  most of  t h e  r a d i o a c t i v i t y  

measurements were made of  a t  l e a s t  1000 counts ,  t h e  s t a n d a r d  d e v i a t i o n  

was o f  t h e  o r d e r  o f  +3.0% o r  less.  

P r e s s u r e  Measurements--Pressure measurements involved read ing  t h e  

h e i g h t  o f  mercury i n  t h e  two arms of  a manometer. 

of  t h e  d i f f e r e n c e  between t h e  two v a l u e s  was 22 mm. 

The es t imated  accuracy 

-. Water Vapor Pressure--Water vapor p r e s s u r e  i n  sample t anks  was found 

from s t a n d a r d  t a b l e s  u s i n g  measured l a b o r a t o r y  temperature  a s  the  para-  

meter. 

p robab le  e r r o r s  i n  vapor p r e s s u r e s  of  about  0.4 mm. 

Temperatures were es t imated  t o  be w i t h i n  20.4 OC which 1e.d t o  

Non-Condensable Gases Volumetric Fractions--Measurements o f  g a s  

composit ion made w i t h  t h e  gas  p a r t i t i o n e r  were of  va ry ing  and unpre- 

d i c t a b l e  accuracy.  

(prepared from s t a n d a r d  l a b o r a t o r y  g rade  compressed gases )  v a r i e d  about  
+ -5% f o r  r e p l i c a t e  s a q l e s  of  t h e  Sdlne s t a n d a r d  and about  ?lo./, f o r  s t a n-  

dards  o f  d i f f e r e n t  c o r ~ p o s i t i o n .  Some of t h e  d i f f i c u l t y  i s  a t t r i b u t a b l e  

t o  t h e  need t o  u s e  two d i f f e r e n t  c a r r i e r  g a s e s  (argon f o r  H snd he l ium 

f o r  C02, (I2, N and CH ) with  two s e p a r a t e  sample i n j e c t i o n s  t o  measure 

t h e  f i v e  g a s e s  o f  intl-res:. Some d i f f i c u l t i e s  were t r a c e a b l e  t o  equip-  

ment p r o b l a n s  w i t h  i c j e c t i o n ,  and, on one occas ion ,  t o  e r r a t i c  e l e c t r o n i c  

mal func t ion  o f  t h e  recor2er a t t a c h e d  t o  t h e  gas  p a r t i t i o n e r .  Even when 

t h e r e  werz no obvious  equlFment d i f f i c u l t i e s ,  t h e r e  was no c o n s i s t e n t  

e r r o r  f o r  siz:?er c a r r i a r  gas ;  t o t a l  pe rcen tages  f o r  a l l  5 gases  even i n  

known-cozxs i t i on  szandards  v a r i e d  from 100% by a n  average of about  10%. 

I n  unknoc;is, Z Z B  tczai o f t e n  d i f f e r e d  from 100% by l a r g e r  va lues .  

u s i n g  vo l~ :ezr ic  f rac tLons  o f  noncondensable gases  f o r  computation, t h e  

es t imated  s r z = r  -;as t zken  t o  be t h e  l a r g e r  of 10% o r  t h e  d i f f e r e n c e  

between t h ?  zeasured  t o c a l  and 100%. However, because o f  t h e  poor 

C a l i b r a t i o n s  made wi th  known-composition samples 

2 

2 4 

In - 

* 
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exper ience  w i t h  t h e  gas  a n a l y z e r ,  t h e s e  e s t i m a t e s  a r e  cons idered  t o  be 

t h e  s m a l l e s t  l i k e l y  e s t i m a t e  o f  e r r o r .  

Condensate Volume--The e r r o r  i n  t h e  volume o f  l i q u i d  condensate  ex- 

t r a c t e d  from sample c y l i n d e r s  a l lowing  f o r  a smal l  amount o f  r e t e n t i o n  and 
t h e  read ing  e r r o r  of  s t a n d a r d  g radua ted  c y l i n d e r s  was e s t i m a t e d  t o  be + -2%. 

T r a n s f e r  and Counting System E f f i c i e n c y - T h e  o v e r a l l  e f f i c i e n c y  o f  

t h e  t r a n s f e r  and count ing system was cons idered  t o  be  23% based on a c t u a l  

c a l i b r a t i o n  measurements and t h e  es t imated  p robab le  e r r o r  i n  t h e  c a l i b r a -  

t i o n  s t a n d a r d  a s  d i s c u s s e d  i n  Chapter 3 .  

The e s t i m a t e d  e r r o r s  i n  measured q u a n t i t i e s  were combined accord ing  

t o  t h e  r u l e s  f o r  p ropaga t ing  e r r o r s  (see example d a t a  r e d u c t i o n  i n  t h e  

Appendix). 

t o  t h e  fo l lowing  schemes: 

The computed q u a n t i t i e s  included e s t i m a t e s  o f  e r r o r  accord ing  

Radon Content o f  Sample-- includes count ing e r r o r ,  c a l i b r a t i o n  e f f i c -  

iency  e r r o r ,  and e r r o r  i n  sample f r a c t i o n  based on p r e s s u r e  measurements. 

The measurement e r r o r s  i n  t h e  sample radon con ten t  ranged  from about +3.0% 
t t o  -4.0%. 

Volume of Non-Condensable Gases- - includes  pressure measurement e r r o r ,  
3 

and e r r o r  i n  wa te r  vapor p r e s s u r e ,  and was g e n e r a l l y  +15 t o  20  c m  . 
e r r o r  i s  o f t e n  p r o p o r c i o n a l l y  l a r g e ,  up t o  +loo% o r  more, f o r  samples where 

t h e  amount o f  n x - ~ c n d e n s a b l e  gas  i n  t h e  sample is  s m a l l .  The l a r g e  un- 

c e r t a i n t i e s  res.Llced w5en t h e  t o t a l  p r e s s u r e  measured i n  a sample c y l i n d e r  

was on ly  a few r.L?.Ii=zters g r e a t e r  than  t h e  vapor p r e s s u r e  o f  t h e  wate r .  

S u b r a c t i o n  of  ::le e s t k a t e d  wate r  vapor p r e s s u r e  from t h e  t o t a l  p r e s s u r e  

(each wFth a n  e s j o c i a t e d  u n c e r t a i n t y )  y i e l d e d  t h e  e s t i m a t e d  p r e s s u r e  

a s s o c i a t e 2  w i t ' n  z 5 e  ran- condensable  gases ,  and t h i s  d i f f e r e n c e  o f t e n  had 

a pr~?or t iona-- : :  l z r g e  s t a n d a r d  d e v i a t i o n .  

T h i s  

7 7  

-. ikz2:Ti Cciz?:rrazion i n  t h e  Condensate--includes e r r o r  i n  Radon Content  -- 
o f  Sy---l~ ane =--.--.- -.._-_ Ln Volume of Condensate. The r a n g e  o f  e r r o r s  v a r i e d  

fro!? e 3 G - E  -2 .7= :e 2 k . 2 x .  
i - 

RzSszr. C02cen:ra;ion i n  CO - - inc ludes  e r r o r  i n  Volume of  Non-Condensable - -2 
Gases, error iz 'Volumetric F r a c t i o n  o f  Non-Condensable Gases, and e r r o r  i n  
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-f Radon Content o €  Sample. 

E r r o r  l i m i t s  f o r  i n d i v i d u a l  measurements and computed q u a n t i t i e s  a r e  

no t  included i n  t a b u l a r  p r e s e n t a t i o n s  u n l e s s  they a r e  g r e a t e r  than  t h e  

ranges noted i n  t h e  preceding d i scuss ion .  

These e r r o r s  ranged from about  +lo% t o  -50%. 

Eva lua t iog  of Sampling Techniques 

Two b a s i c  types  of sampling techniques were t r i e d  i n  t h e  f i e l d :  

flow- through and evacuated c y l i n d e r .  The r e s u l t s  of t h e  f i r s t  test  a r e  

presented  i n  Table  8. The samples were taken  from two w e l l s  i n  t h e  

vapor-dominated developmental f i e l d  a t  The Geysers which were f lowing 

a t  " b leeding  r a t e s ."  The term "bleeding"  r e f e r s  t o  t h e  p r a c t i c e  of 

ven t ing  completed w e l l s  t o  t h e  atmosphere at: low flow r a t e s  t o  prevent  

excessive: bui ldup of  non-condensable gases  in t h e  wel lbore .  

The flow- through samples from t h e  steam wells e x h i b i t  a radon con- 

c e n t r a t i o n  i n  t h e  condensate  which i s  about  h a l f  of  t h a t  f o r  t h e  

evacua ted- cyl inder  samples.  The sma l l e r  radon c o n c e n t r a t i o n  i n  t h e  

flow- through samples i s  l i k e l y  due t o  enrichment of  water  i n  t h e  

sample from condensa t ion  of  steam on t h e  cy:Linder w a l l s  w i t h  concurren t  

escape of t h e  non-condensable gases .  

A s i m i l a r  r e s u l t  was observed du r ing  subsequent f i e l d  tes ts  f o r  

sampling from b r i n e  w e l l s .  The r e s u l t s  shown i n  Tables  10 and 11 i n d i c a t e  

t h a t  flow- through s a q l e s  e x h i b i t  radon conicentrat ions i n  t h e  condensate  

on ly  about  one- th i rd  t h a t  of evacuated c y l i n d e r  samples. I n  t h i s  c a s e  i t  

i s  l i k e l y  t h a t  t h e  escaping  steam bubbling through t h e  condensed l i q u i d  i n  

t h e  sample c y l i n d e r  s t r i p s  ou t  t h e  non-condensable gases  i nc lud ing  radon. 

Accordingly, flow-throcgh sampling was r e j e c t e d  f o r  f u r t h e r  f i e l d  work. 

A v a r i a t i o n  of t h e  evacua ted- cyl inder  sampling technique  was t r i e d  

f o r  steain w e l l  s a n p l i k g .  This  involved inducing a d d i t i o n a l  condensa t ion  

by p o u r i i g  wat2r  o v e r  rh2 c y l i n d e r  i n  an a t tempt  t o  i n c r e a s e  sample 

s i z e .  E e  r s s c l t s  of  t h i s  t e s t  a r e  presented  i n  Table  9. The radon 

i n  conds:sarl- c a n z e z t r e ~ i o ? -  f o r  t h e  f i f t h  sample i n  t h e  s e r i e s  taken  

f r o 3  w p l l  z-,--c ~ - 4  , , A ~ ~  . ir?&Jcsd condensat ion i s  about  17% lower than  t h e  

average  (;25,(;100 p C F / l )  o f  t h e  preceding 3 samples ( t h e  f i r s t  sample 

i n  t h e  s e r i e s  was ignored because of t h e  p r o b a b i l i t y  of  inadequate  

t ime a l l o n e 2  t o  c l e a r  t h e  wel lhead tee and connect ing l i n e s ) .  The 
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Table 8 

Summary o f  Data 

Wells I V- A  and I V- B  Geysers Area 12 Novembes 1973 

Radon Content o f  Sample a t  
Time of C o l l e c t i o n ,  p C i  

Volume o f  Condensate, m l  

Volume o f  Non-Condensable 
Gases,  cm3, (OOC, 760 mm Hg) 

Gas Analys i s ,  Volume % 

c02 

CH4 

O2 

N2 

H2 

T o t a l  

Radon Concent ra t ion .  g C L / l -  2 1  
Condensa t e- 31 

Non-Condensable Gas 

c02 

Well IV- A Well I V- B  

Evacuated FLOW- Evacuated 
Tank Through Tank 

Flow- 
Through 

Sample Sample Sample Sample 

2160 

32 103  

566 158 

395 3200 306215 

58 210 

23  115 

33.1 

8.2 

1.2 

7.3 

43.0 

95 

6810 

1 7  100 

51700 

- 1 / H 2  perzr-rage a s s - c ~ a  t o  t o t a l  100% 

29.4 -- 

No 6.0 -- 

1,1 Ql Ga s 

11.7 %!3 9 Ana lys i s  

-- P er  f o rmed (51.8) - 11 

(100) 7 

15200 

2 7 800 

9560'?500 il000 

13700 

-- 95000 -- 

2/ Apparezz  zcmcerzzzt lon:  r a t i o  of radon a c t i v i t y  t o  condensate  o r  gas  

31  Divide 2:' 1,670 :s o b t a i n  approximate concen t r a t i on  i n  s a t u r a t e d  steam 

- 
c o l l e c z e d  Fn s a r g i e  

a t  1 z--zcs?'nere ?rrn-ssure 
- 

Est imate?  Yl-llhead Co ld i t i on :  Flowrate  5000 l b / h r ,  P r e s s u r e  450-460 ps ig ,  
Temperature 450°F 
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Table 10 

Sununary of Data 

Bureau of Reclamation Well Mesa 6-2 Eas t  Nesa K G U  30 November 1973 

Time of Sample 1 2  : 07 12  : 15 12  : 23 

+ 8 .l-0.4 + 6.4tO .5 1.1-0.1 Radon Content of Sample 
a t  Time of Analys is ,  p C i / l i t e r  

Radon i n  Equi l ibr ium wi th  
Dissolved Radium, p C i / l i t e r  

Excess Radon a t  Time of 
Ana lys i s ,  p C i / l i t e r  

0.6520.05 0.27tO .03 0.46t0.06 

5.8 0.85 7.64 

J- 

Estimated" 
a t  Time of 

E s t i m a  t ed" 
a t  Time of 

-1. 

9.9 9.3 15.5 Excess Radon 
S a q l i n g ,  p c i l l i t e r  

Total. Radon 
~ z ~ p l i n g ,  p c i l l i t e r  

1 6 .Of'O . 8 + 9.6-0.5 + 10.5-0.8 

T o t a l  Dissolved  So l id s ,  m g / l i t e r  2220 2 190 2100 

y; Es t ima te  based OII assumption t h a t  c o n t r i b u t i o n  of  radon from d i s s o l v e d  
raCi.;?l w a s  ai e q i l l i b r i u m  a t  t ime of sampling. 

F 

-55- 



eo 
C: 
tt 
r-4 
CL 
E: 
a¶ a 
w 
0 

3 
U 
m 

5 
'4  

tc1 

4 
r( 
4 
1 
CT 
m 
.U m 
a 
m 
3 

n 

5 
rl a 

O 
N 
N 

0 
2 

0 m 
-j. 

0 
I- m 

0 
I- 
0 
l-4 

0 
d 
m 

N 
I- 

N 
m 

N 
I- 

* 
0 
N 

- .  
0 

0) 
d 
a 
8 m 
E: 
*rl 

a 
0) 
U 
c) 
0) 
d 
l-i 
0 
0 

m m 
00 

k .o 

m 
0 

0 

I- 

0 

+:, . 
a 
0) 

U k  

c m  0 2  
aJ 
E 

* 
0 

In 
0 

9 
+A _ .  

m 
N 
r( 

\D 

0 m m * 

0 
0 
P) * 

0 m 
N 
-j. 

0 
m 
l-i 
4 

rl 
E 

I- m 
r-4 

W 
v, 
r( 

0 
5 

m 
OD 
N 

N 
I 
W 

m 
v) s 
U m 
al 
W 

r-4 
I 
W 

al 
v) s! 
U m 
d 
W 

W 
m 

8n 

4 0  

. m  +,: z . . . . . .  
l-i 

b b o n m l m  8 4  
OI 8n 

m 

m .. 
+': 
9 
m 
F-l 

lm 

m 
W 

2 n 
n 
4 

0 m 
m 
r-4 

u 
m 
m 

d W  
U m 

r ( n  

n d  
000 

u a 
v) 

a 
d 
E 

N 
0 
0 

N 
0 u 

* 
N 
0 

N 
2 

N 
3: 

0 
V 

rl 
0 > 

-56- 



sample from w e l l  I V- B  (Table 9) t a k e n  w i t h  induced condensa t ion  i s  

about 3% lower then  t h e  sample t aken  wi thou t  induced condensat ion.  These 

r e s u l t s  sugges t  t h a t  l i m i t e d  induced condensat ion w i l l  n o t  m a t e r i a l l y  

a f f e c t  sample composit ion w i t h  respect. t o  radon i n  condensa te  concen t ra-  

t i o n .  The induced condensat ion samples from we l l s  I V- B  and IV- C had 

about  6% and 27% r e s p e c t i v e l y  of  t h e  c y l i n d e r  volumes occupied by l i q u i d .  

The i m p l i c a t i o n  i s  t h a t  a s  t h e  condensate  volume i n c r e a s e s  t h e r e  may b e  

a displacement  on non-condensable gases  back i n t o  t h e  sampling l i n e  

w i t h  a consequent enrichment of wa te r  c o n t e n t  o f  t h e  sample. For s a k e  

o f  c o n s i s t e n c y ,  it was decided t o  abandon t h e  induced-condensation t e c h-  

n i q u e  f o r  f u r t h e r  sampling. 

I n d i c a t i o n s  o f  both s h o r t -  and long- term c o n s i s t e n c y  of  radon t o  

condensate  c o n c e n t r a t i o n s  a r e  i n f e r r a b l e  from t h e  r e s u l t s  i n  Tables  8 

through 11. Short- term cons i s tency  i n  t h e  evacua ted- cy l inder  sampling 

t echn ique  (where c y l i n d e r s  a r e  opened t o  t h e  sampling l i n e  f o r  60 seconds  

and cooled only  by ambient a i r )  i s  shown i n  t h e  second through f o u r t h  

samples t aken  on 1 7  January 1974 from steam w e l l  I V- C  (Table  9 )  and 

t h e  f i r s t  through t h i r d  samples t aken  on 14 February 1974 from b r i n e  

well Mesa 6-2 (Table 11). These r e s u l t s  a r e  a l s o  shown i n  F i g u r e  10. 

The t h r e e  steam w e l l  samples a g r e e  completely w i t h i n  s t a n d a r d  d e v i a t i o n s ;  

and o f  t h e  t h r e ?  b r i n e  well samples,  two a g r e e  w i t h i n  t h e  s t a n d a r d  d e v i a-  

t i o n  and t h e  o t k e r  i s  w i t h i n  6% of  the average (35.07 p C i / l )  o f  t h e  t h r e e  

samples t aken  under  i d e n t i c a l  c o n d i t i o n s ,  w h i l e  t h e  s t a n d a r d  d e v i a t i o n  o f  

radon t o  c o n c ? n ~ s 2 ~ 2  c o n c e n t r a t i o n s  f o r  i n d i v i d u a l  samples i s  between 4 and 

5%. 

s i s t e n c y  of  t h e  s a q l i n g  technique and t h e  c o n s i s t e n c y  of t h e  f l u i d  com- 

p o s i t i o n  o v e r  z'?e t h e  i n t e r v a l s  involved.  Because of  t h e  low flow ra tes  

(onl:; 3 few ?=TCC_='L o f  maximum p o s s i b l e )  involved i n  both  t h e  steam and 

brF;le xsll sazs12s, i t  may be assumed t h a t  t h e  f l u i d  composi t ion i s  

COT.S .T : ;~~ .  Tqs:rzf3rs, i t  may be i n f e r r e d  t h a t  t h e  evacua ted- cyl inder  

521; :ins iSc?-r.:rl:? y l e l d s  reproduc ib le  r e s u l t s  f o r  radon t o  condensate  

concczr2 : ions  wizhin t h e  es t imated  s tandard  d e v i a t i o n s .  

The consLs:ezcy of t h e s e  shor t- te rm samples depends on both t h e  con- 

_ .  

>.c t h e s e  1x.j flow r a t e s ,  t h e  i n d i v i d u a l  radon t o  CO c o n c e n t r a t i o n s  
2 
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- . , r ~ L ~ i l :  cozcen t r a t ion :  r a t i o  of radon a c t i v i t y  t o  con- 
i 2 z s a ~ s  CIT gas  c o l l e c t e d  i n  sample; d i v i d e  by 1,670 t o  
o5:aln spprox;3late concen t r a t i on  i n  s a t u r a t e d  steam a t  
L a 2 m s p h e r e  pres su re .  
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a r e  a l s o  w i t h i n  one s t a n d a r d  d e v i a t i o n  o f  t h e  r e s p e c t i v e  means of  t h e  

two ser ies  of t h r e e  measurements considered.  Th is  t e n d s  t o  conf i rm t h e  

i n f e r e n c e  o f  c o n s i s t e n c y  o f  t h e  sampling t echn ique  g iven  t h e  assumption 

of  c o n s t a n t  f l u i d  composit ion.  It should be  noted t h a t  t h e  r e l a t i v e  

v a r i a t i o n  o f  t h e  radon c o n c e n t r a t i o n  i n  CO 

t i o n  of t h e  radon c o n c e n t r a t i o n  i n  t h e  condensate  because of t h e  large 

e r r o r  i n  t h e  non-condensable gas  vo lumet r ic  f r a c t i o n  a n a l y s i s .  

is  much l a r g e r  t h a n  t h e  varia- 2 

Longer- term s t a b i l i t y  f o r  we l l  I V- B  i s  i n d i c a t e d  by t h e  evacuated-  

c y l i n d e r  samples of  1 2  November 1973 (Table 8) and 17 January 1974 

(Tallle 9 ) .  The 12  November sample shows a radon- condensate concen t ra-  

t i o n  t h a t  i s  13% lower than  t h e  1 7  January sample. The s t a n d a r d  d e v i a-  

t i o n s  f o r  t h e  two measurements a r e  about  4 and 5% r e s p e c t i v e l y .  

d i fEerence  can be a t t r i b u t e d  i n  p a r t  t o  a change i n  wel lhead f l u i d  com- 

p o s i t i o n .  (The most l i k e l y  reason f o r  t h e  change i n  wel lhead f l u i d  

composit ion i s  a d i f f e r e n c e  i n  t h e  "bleeding" r a t e  i n  November and 

January.  It was observed i n  l a t e r  tes ts  t h a t  a t  b leed ing  ra tes  t h e  

wel lhead f l u i d  i s  enr iched  i n  non-condensable gases  because o f  condensa- 

t i o n  o f  steam i n  t h e  w e l l b o r e ,  and t h a t  t h i s  enrichment is  s t r o n g l y  

dependent on t h e  bleeding r a t e . )  

The 

I n  summary, t h e  evacua ted- cy l inder  sampling t echn ique  adopted f o r  

a l l  f u r t h e r  f i e l d  c o l l e c t i o n s  appears  t o  p rov ide  r e p r o d u c i b l e  r e s u l t s  

w i t h i n  expected s:andard d e v i a t i o n  l i m i t s  f o r  both steam and b r i n e  w e l l  

samples under  z o r d i t i o n s  where wel lhead f l u i d  composit ion can be assumed 

c o n s t a n t .  The , lm- through  technique was r e j e c t e d  on t h e  b a s i s  t h a t  i t  

permi t t ed  a n  x ? r z , i c t a b l e  wate r  enrichment i n  t h e  sample. The induced-  

condensaLion z.27 311er a n  a l t e r n a t i v e  f o r  i n c r e a s i n g  sample s i z e ,  b u t  

t h e  l i n i t s  o f  zaT.de-sation a l lowable  wi thou t  r e s u l t i n g  i n  w a t e r  e n r i c h -  

men: -mt l ld  ha-<e z 3  3e e s t a b l i s h e d  by f u r t h e r  t e s t i n g .  

- -  

- -. - _  . 
SZC;:::.~ 3r .u--L; :2 Vapor Dominated Systems ---- 

- .  
_ t Y _  - iC--.c- --.---- s t z a z ~  w e l l s  f lowing a t  h igh  r a t e s  (>50,000 l b / h r )  were 

sa_;:lc? i r ; l ie r  :-.GO c c n d i t i o n s :  1) dur ing  w e l l  performance t e s t i n g  and, 

2 )  t i . x V i - ~  ..i - I _  =roC:.ction of steam f o r  power genera t ion .  The w e l l  performance 

tesr_s consisted a, p r e s s u r e  drawdown runs  i n  which a w e l l  i s  s t a r t e d  from 
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"shut- in" (b leeding)  c o n d i t i o n  and allowed t o  flow f o r  a pe r iod  of 

6 t o  10 hours  and then  shut- in  aga in .  Measurements of p r e s s u r e  d e c l i n e  

and f low r a t e  du r ing  f low,  and p r e s s u r e  bu i ldup  a f t e r  f low i s  s topped ,  

are used t o  e v a l u a t e  steam d e l i v e r a b i l i t y  and r e s e r v o i r  c h a r a c t e r i s t i c s  

by s t anda rd  r e s e r v o i r  engineer ing  methods (e .g . ,  Matthews and R u s s e l l ,  

1967) .  

du r ing  t h e  p r e s s u r e  drawdown phase of product ion  t e s t i n g .  A series of  

t h r e e  drawdowns f o r  each of t h e  two w e l l s  w a s  sampled. Radon concentra-  

t i o n  measurements du r ing  t h e s e  drawdown tes ts  were eva lua t ed  t o  de te rmine  

p o s s i b l e  dependence of concen t r a t i on  on f low rate. 

Two w e l l s  i n  t h e  developmental area of The Geysers were sampled 

The p roduc t ion  w e l l s  were sampled wh i l e  they  w e r e  producing steam 

f o r  d e l i v e r y  t o  e l e c t r i c  gene ra t ing  s t a t i o n s  a t  The Geysers.  These 

w e l l s  had been f lowing  a t  approximately cons t an t  rates f o r  long  periods--  

s e v e r a l  weeks o r  more--prior t o  sampling. Two of t h e  w e l l s  were sampled 

p e r i o d i c a l l y  du r ing  a 24-hour pe r iod ;  one of t h e  w e l l s  flowed a t  n n e a r l y  

uniform rate, t h e  second a t  t h r e e  d i f f e r e n t  rates. Radon c o n c e n t r a t i o n s  

i n  samples from t h e  second w e l l  were eva lua t ed  t o  de te rmine  p o s s i b l e  

f low- ra te  dependence. 

duc t ion  w e l l s .  Radon concen t r a t i ons  i n  t h e s e  samples were eva lua ted  t o  

determine t h e  g e n e r a l  range of radon l e v e l s  i n  d i f f e r e n t  w e l l s  and p o s s i b l e  

r e l a t i o n s  of radon concen t r a t i ons  t o  w e l l  groups o r  depth.  

S i n g l e  samples were taken  from seven o t h e r  pro-  

Measurement du r ing  Performance Testing--The f i r s t  radon measurements 

du r ing  performance t e s t i n g  were made on samples taken  from w e l l  IV- C, 

which r eaches  a t o t a l  d sp th  of 7134 f t  i n  t h e  Franc iscan  graywacke of  t h e  

Geysers area. The wel lhead e l e v a t i o n  is 2480 f t ;  t h e  c a s i n g  ex tends  t o  

a depth  of 3555 f t  and the h o l e  is open below t h a t  l e v e l  t o  t h e  bottom. 

Drawdczc ri lns wer2 m a i e  on s u c c e s s i v e  days,  1 and 2 February,  1974, 

and a t h i r 2  2'30~: 5 weelks later on 10 March, 1974. The d a t a  are p re sen ted  

i n  Table  1 2 .  ?he ra2on-condensate concen t r a t i on  and steam f l o w r a t e s  are 

shown i n  3 1 5 7 1 ~ ~  11, 

Two ge~ l z r z l  results are noted:  1) radon-condensate c o n c e n t r a t i o n s  

and t h e  r a t l s s  of noc-condensable gas volume t o  condensate  volume are 
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BLEEDING RATE SAMPLE 
FROM 10 MARCH 1974 

2x104 1; . 
I ' ,  - 

A ,y' - 

2 x d  I I I I I I 1- 
0 1 2  3 4 5 6 7 8 9 IO 

T:ME FROM START OF TEST (HOURS) 

* 
n.  r igure 11. &don a c t i v i t y  concen t r a t i on  and 

2 x 1 0 5  

I os 

1 3 ~ 1 0 ~  
A I 

n 
...L - 

6x104 

I- 
[L 
a 

4x104 * s 
L 

2 lo4 

flow 
- 

r a t e  dur ing  p r e s s u r e  drawdown t e s t s ,  
Geysers Area, Well IV- C. 

ST As?zrt;l: coccen t r a t ion :  r a t i o  of radon a c t i v i t y  t o  
cz.zi?:lsate o r  gas  c o l l e c t e d  i n  sample; d i v i d e  by 
1,3713 zs  o b c a l n  approximate concen t r a t i on  i n  s a t u r a t e d  
s r 2 m  a t  1 atmosphere p re s su re ,  
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l a r g e r  i n  b leed ing  r a t e  samples than  i n  h i g h e r  flow r a t e  samples,  and 

2 )  t h e r e  i s  a n  i n d i c a t i o n  o f  an  approach t o  a s t e a d y  s t a t e  va lue  f o r  

radon-condensate c o n c e n t r a t i o n s  a f t e r  about  4 hours  of  t e s t  flow. 

The February 1 d a t a  r e q u i r e  s p e c i a l  comment be fore  proceeding 

w i t h  t h e  d i s c u s s i o n .  The w e l l  had a p p a r e n t l y  b u i l t  up a volume o f  

w a t e r  from steam condensat ion due t o  wel l- bore  h e a t  l o s s e s  dur ing  t h e  

p e r i o d  o f  l o w  b leed ing  r a t e  flow p r i o r  t o  t h e  drawdown t e s t .  Th i s  

c o n d i t i o n  was i n f e r r e d  from amounts of  l i q u i d  sprayed from t h e  w e l l  

d u r i n g  t h e  f i r s t  few hours  o f  t h e  drawdown run.  The consequent e n r i c h-  

ment o f  t h e  f l u i d  sampled a t  t h e  wel lhead i s  e v i d e n t l y  r e E l e c t e d  i n  t h e  

f i r s t  two samples taken a f t e r  t h e  s t a r t  of t h e  drawdown. These two 

samples have lower va lues  than  would be expected by comparison w i t h  

samples t aken  a t  s i m i l a r  t imes dur ing  t h e  2 February and LO March draw- 

down tes ts  ( s e e  Figure  1 1 ) .  

The samples taken from w e l l  I V - C  a t  b leeding r a t e s  e x h i b i t  a 

v a r i a t i o n  i n  radon-condensate c o n c e n t r a t i o n s  g r e a t e r  than  one o r d e r  of 

magnitude. 

t h e  h i g h e s t ,  1,100,000 p C i / l ,  was observed on 1 February ( s e e  Table  12). 

The average  f o r  t h e  f i v e  samples taken on 17  January was about  126,000 

p C i / l .  A l l  o f  t h e s e  b leed ing  r a t e  samples have radon-condensate concen- 

t r a t i o n s  a t  l e a s t  one o r d e r  of  magnitude l a r g e r  than  t h e  average  o f  

4100 p C i / l  f o r  :if.? 7 samples t aken  4 o r  more hours  a f t e r  t h e  s t a r t  of 

t h e  t h r e e  draweowr? t e s t s  on w e l l  I V- C .  

occurs  f o r  t t t  ratio o f  t o t a l  non-condensable gas  volume t o  condensate  

vo Lune observed 5;. bleeding r a t e  samples ve rsus  performance t e s t  samples 

( s e e  T a b l e s  9 ;r,d 1 2 ) .  

The lowest v a l u e ,  50,500 p C i / l ,  was observed on 10 March; 

A q u a l i t a t i v e l y  s i m i l a r  p a t t e r n  

-1 i n e s e  r e s ~ l z s  Lzdicate  t h a t  t h e  condensat ion o f  steam i n  t h e  w e l l -  

b @ r e  CEF :=, i r i e i - h r e  h e a t  l o s s e s  under b leed ing  r a t e  c o n d i t i o n s  can 

 ex^::? cke  -ez-sondsnsable gas  c o n t e n t  a t  t h e  wellhead by roughly one to 

tw:) i r i rers  cf :-z:-i - ,_-__L  de. 

r t  .2z=c rc. :::a= 2ieeding r a t e .  

_ -  

The amount of  enrichment is  a p p a r e n t l y  i n v e r s e l y  

Q u a l i t a t i v e  o b s e r v a t i o n  of  t h e  b leed ing  
,- L a . - ? ~  ?ziz~ :? t > e  1 February and 10 March drawdowns were t h a t  t h e  

10 $:arc\ r a t ?  xzs cons iderab ly  g r e a t e r  than t h a t  f o r  1 February.  The 
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d a t a  i n  Table 1 2  show t h a t  t h e  radon-condensate c o n c e n t r a t i o n s  in t h e  

1 February b leeding  r a t e  samples were a s  much a s  20 t i m e s  t h a t  of t h e  

10 March b leeding  r a t e  sample. 

Following t h e  s t a r t  of high f lowra t e s  f o r  t h e  drawdown, t h e  radon- 

condensate c o n c e n t r a t i o n s  were observed t o  d e c l i n e  dur ing  t h e  f i r s t  few 

hours ,  wi th  an  i n d i c a t i o n  of  a l e v e l i n g  o f f  t.o a c o n s t a n t  v a l u e  a f t e r  

about  4 hours  (see Figure  11). This  t r end  i s  most ev iden t  i n  t h e  

10 March drawdown. The 1 February d a t a  fol low a d i f f e r e n t  p a t t e r n  a t  

e a r l y  t imes probably a t t r i b u t a b l e  to  t h e  l i q u i d  enrichment d i s c u s s e d  

above. The 1 and 2 February d a t a  do not  extend f o r  s u f f i c i e n t  t i m e  t o  

confirm t h e  apparent  approach t o  a s t eady  s t a t e ,  bu t  t hey  a re  not: i n-  

cons i s  tent.  wi th  t h a t  g e n e r a l  t r end .  

The f:ive samples taken  on 10 March a t  f o u r  o r  more hours  a f t e r  

s t a r t  of  t e s t  flow have an  average  radon-condensate c o n c e n t r a t i o n  o f  

4040 pCi/l.; t h e  i n d i v i d u a l  measurements d i f f e r  from t h i s  ave rage  by 120 

t o  390 p C i / l  (about  3 t o  10%) and have i n d i v i d u a l  es t imated  s t a n d a r d  

d e v i a t i o n s  of 160 t o  190 p C i / l  (about  4%).  The 1 February sample a t  

about  6 hours  a f t e r  s t a r t  of  t e s t  flow had a concen t r a t i on  of 4300-170 

p C i / l  a s  d id  t h e  f i f t h  hour  sample on 2 February. 

p C i / l  (about  6%) above t h e  average f o r  t h e  samples a t  f o u r  o r  more hours  

on 10 March. 

+ 
These v a l u e s  a r e  260 

The l eng th  of t ize  r equ i r ed  f o r  t he  radon-condensate c o n c e n t r a t i o n s  

t o  approach t h e  apparent  s t eady  s t a t e  l e v e l  is about  4 hours  f o r  t h e  

10 March t e s t .  During t h i s  t ime, many wel lbore  volumes o f  f l u i d  were 

produced. It may be i n f e r r e d  t h a t  t h e  enrichment o f  non-condensable 

gases  due t o  steam condensat ion must extend ou t  i n t o  t h e  r e s e r v o i r .  

The d a t a  on con-condersable  gases  a r e  not  s u f f i c i e n t l y  a c c u r a t e  t o  h e l p  

e v a l u a t e  i 5 L s  ? o s s i > i l i t y .  (The 10 March samples were ana lyzed  du r ing  

t h e  t i n e  t h e  g a s  g a r z i t i o n e r  r eco rde r  W ~ ~ S  found t o  have e r r a t i c  

e 1 e c t ro2 5.: izs zz 3 1 - 1 E;;. ) . - .  

Tfis - :.-=-,-' 1 3 L ~ : ~  a r e  Lnconclusive r ega rd ing  p o s s i b l e  r e l a t i o n  of radon 

concenzra:lzn 2 2  f l c x r a t e .  The 1 February f lowra t e  of  abou t  77,000 

l b / h r  i s  ;?Sout 10% lower than t h e  2 February f l o w r a t e  of about  815,000 
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I b / h r  a t  t h e  times (about 6 and 5 hours  r e s p e c t i v e l y )  when t h e  l a s t  

samples were taken.  Those samples had i d e n t i c a l  c o n c e n t r a t i o n s  o f  

43002170 p c i / l .  

t aken  on 1 February g i v e s  a n  expected c o n c e n t r a t i o n  o f  about  4500 p C i / l  

a t  5 hours  a f t e r  s t a r t  of t e s t  flow. Assuming about  t h e  same s t a n d a r d  

d e v i a t i o n ,  t h i s  would b e  s l i g h t l y  (about 4%),  though n o t  s i g n i f i c a n t l y ,  

h i g h e r  than  t h e  v a l u e  observed i n  t h e  5 hour sample on 2 February.  The 

10 March f l o w r a t e  from 5 hours  a f t e r  s t a r t  o f  t e s t  f low t o  t h e  end o f  

t h e  drawdown i s  about 120,000 l b l h r ;  o r  about  141% o f  t h e  1 February 

f l o w r a t e  and about 156% of t h e  2 February f lowra te .  The average  concen- 

t r a t i o n  f o r  t h e  samples t aken  on 10 March a t  four  or more h o u r s  a f t e r  

s t a r t  o f  t e s t  flow was about 4040 p C i / l .  This  i s  a b o u t  67, less t h a n  t h e  

c o n c e n t r a t i o n s  measured i n  t h e  l a s t  samples taken on 1 and 2 February.  

The s t a n d a r d  d e v i a t i o n s  of  t h e  i n d i v i d u a l  measurements were about  4%. 

Furthermore,  s i n c e  t h e  l a s t  samples on 1 and 2 February may n o t  r e p r e s e n t  

f u l l  d e c l i n e  t o  s t e a d y  s t a t e  c o n c e n t r a t i o n s ,  t h e r e  i s  a p p a r e n t l y  no 

s i g n i f i c a n t  d i f f e r e n c e  i n  radon-condensate c o n c e n t r a t i o n s  f o r  the d i f f e r e n t  

flow r a t e s  observed i n  t h i s  ser ies  of  tes t s .  It i s  p o s s i b l e  t h a t  t h i s  

apparen t  l a c k  o f  dependence i s  simply t h e  r e s u l t  o f  such s h o r t  t e s t s  

w i t h  t o t a l  t i m e  of  f low on ly  a smal l  f r a c t i o n  o f  t h e  two weeks o r  more 

t h a t  would be r e q u i r e d  f o r  r a d i o a c t i v e  e q u i l i b r i u m  t o  b e  e s t a b l i s h e d .  

During such s h o r t  tests i t  may b e  expected t h a t  t h e  w e l l  would be  pro-  

ducing s t e a n  whose rzdon con ten t  would have been a t  s e c u l a r  e q u i l i b r i u m  

under  e s s e n t i a l l y  ;lo;l-flow c o n d i t i o n s .  

S t r a i g h t  l i n e  i n t e r p o l a t i o n  between t h e  l a s t  two samples  

Fost o f  tb-c r2don-CO c o n c e n t r a t i o n s  dur ing  t h e  flow tests  on 1 and 

2 Febrcary a r e  r e l a z i v e l y  cons tan t  wi th  va lues  between 70,000 and 80,000 

p C i / i  ;ci-,n s c z I . z r d  d e v i a t i o n s  ranging from about  13 t o  115% o f  t h e  

~ e s s i r d  v a l - e .  T-io of  t h e  b leed ing  r a t e  samples had  somewhat lower 

2 

. .  

+ CO" r 3- - 7 2 6 2  , - c ? i l .  53 ,300~6000  and 56,000-6000 p C i / l ;  w h i l e  one was h i g h e r ,  
- r  - .  ~ 

- 
1 0 ~ ~ , ~ . , ' 2 - ~ - , ~ b ~  3 ~ i / i .  

cozs-:er?? b s c 2 c s e  o f  t h e  known a p p a r a t u s  i n s t a b i l i t y . )  Within  t h e  

l i 7 - 1 3  o f  :ce gsner212y l a r g e  s tandard  d e v i a t i o n s  i t  appears  t h a t  t h e  

ra lsn-CJ7 c o z c s n t r a t i o n  i s  c o n s t a n t  and does n o t  v a r y  s i g n i f i c a n t l y  

(The 10 March non-condensable gas  d a t a  are n o t  

- 
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wi th  flow r a t e  o r  l eng th  of  t i m e  from s t a r t  of  t e s t  flow. 

w i th  t h e  b leeding  r a t e  samples taken  from w e l l  I V- C  on 17 January can  

a l s o  be made. concen t r a t i ons  of  

126,000f13,OOO p C i / l  t o  169 ,000~18,000  p C i / l .  These v a l u e s  a r e  g e n e r a l l y  

aboc t  twice t h e  measured va lues  f o r  samples taken  on 1 and 2 February. 

However, t h e  d i f f e r e n c e  may no t  b e  s i g n i f i c a n t  because o f  t h e  l a r g e  

s t anda rd  d e v i a t i o n s  f o r  t h e  1 and 2 February samples. An a l t e r n a t e  

exp lana t ion  i s  t h a t  t h e  non-condensable gas composition may i n  f a c t  

change over  t ime due t o  changes i n  t he  geochemical p roces s  i n  t h e  

r e s e r v o i r .  

A comparison 

The 17 January samples had radon-C0 2 

The second sequence of  measurements dur ing  performance t e s t i n g  

were made on samples taken  from w e l l  I V- D ,  which reaches  a t o t a l  depth  

o f  7024 f t  i n  t h e  Franc iscan  graywacke of  t h e  Geysers a r e a .  The w e l l -  

head e l e v a t i o n  i s  2930 f t ;  t h e  c a s i n g  ex tends  t o  a depth of 2501 f t  and 

t h e  h o l e  is  open below t h a t  l e v e l  t o  t h e  bottom. The bottom of  t h i s  

w e l l  i s  about  560 f t  h i g h e r  t han  w e l l  IV- C,  and i s  about  1.5 m i l e s  

d i s t a n t .  

Drawdown runs  were made on t h r e e  succes s ive  days,  27 through 29 

March, 1974. The d a t a  a r e  presented  i n  Table 13. The radon-condensate 

concen t r a t i ons  and steam flow r a t e s  a r e  shown i n  F igure  12 .  

The b a s i c  r e s u l t s  of t h i s  s e r i e s  of  measurements a r e  q u a l i t a t i v e l y  

s i m i l a r  t o  t hose  noted  f o r  t he  tes ts  on w e l l  IV-C. The b l eed ing  r a t e  

sample had a h i g h e r  ra ion-condensate  concen t r a t i on  and non-condensable 

gas volume t o  condensat?  volume r a t i o  than  any o f  t h e  samples taken  a t  

h i g h e r  f l o w  r a t e s .  Samples were taken  a t  high flow r a t e s  t o  a t  l e a s t  

t h e  e i g h t h  hour of  a l l  t h r e e  drawdown runs i n  a n  a t t empt  t o  v e r i f y  t h e  

appa ren t  a p r o a c h  of  radon-condensate concen t r a t i ons  t o  a s t eady  s t a t e  

l e v e l  a s  r o t e d  i n  t h e  t e s t s  on w e l l  I V- C .  Two of  t h e  sequences,  on 27 

and 2 8  b!arch, stow such a l e v e l i n g  i n  samples taken  a t  f o u r  o r  more 

hours  a f t 5 7  s-ta-2 c: tsst flow. The t h i r d ,  on 29 March, does not .  

The s x g ; ?  ‘sLee2inp r a z e  sample taken  p r i o r  t o  s t a r t  o f  t h e  draw- 
+ 

down run cx 2 9  ?.iarc> had a radon-condensate concen t r a t i on  o f  18,400-700 

p C i / l ,  abou: 6 t i l e s  t > e  average va lue  observed i n  t h e  samples  a t  f o u r  
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~ i g x r s  2.2. ?,aZoil a c t i v i t y  concen t r a t i on  and f low r a t e  du r ing  
~ r ~ s s u r e  drawdown t e s t ,  Geysers Area, Wel.1 IV-D. 

-_ Lh>zr2;: concen t r a t i on :  r a t i o  of radon a c t i v i t y  t o  condensa te  
o r  p s  cDllecced i n  sample; d i v i d e  by 1 ,670  t o  o b t a i n  approx- 
5 ~ 2 ~ 2  c c z c e c t r a t i o n  i n  s a t u r a t e d  steam a t  1 atmosphere p re s su re .  
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o r  more hours  a f t e r  s t a r t  of t e s t  flow on t h a t  day. 

volume r a t i o  i n  t h e  b leeding  r a t e  sample i s  about 14 t imes t h e  average  

of  t h e  r a t i o s  observed i n  t h e  samples a t  fou r  o r  more hours .  This  tends 

t o  confirm t h e  g e n e r a l  enrichment 0 2  non-condensables a t  b l eed ing  r a t e s ,  

though t h e  i n d i v i d u a l  non-condensable gas volumes i n  t h e  l a s t  four  samples 

have s t anda rd  d e v i a t i o n s  of about  25 t o  700%. 

The CO - condensate  2 

Samples taken  a f t e r  t h e  s t a r t  o f  h igh  flow r a t e s  f o r  t h e  drawdown 

g e n e r a l l y  show p a t t e r n s  of d e c l i n i n g  radon-condensate c o n c e n t r a t i o n s  

s i m i l a r  t o  those  observed dur ing  t h e  t e s t s  on well IV-C. The 27 and 

2 8  March d a t a  show n e a r l y  cons t an t  va lues  f o r  radon-condensate concent ra-  

t i o n s  i n  samples taken  a t  four  o r  more hours  a f t e r  s t a r t  o f  tes t  flow. 

The t h r e e  such samples from 27 March have an average c o n c e n t r a t i o n  of 

3790 p C i / l ;  t h e  i n d i v i d u a l  measurements d i f f e r  from t h i s  average  by 10 

t o  30 p C i / l  (about  0.2 t o  0.8Z) and have i n d i v i d u a l  s t anda rd  d e v i a t i o n s  

of 150 p C i / l  (about  4%). The four  such samples from 28 Narch hove an  

average  c o n c e n t r a t i o n  o f  3200 p C i / l ;  t h e  i n d i v i d u a l  measurements d i f f e r  

from t h i s  average  by 80 t o  210 p C i / l  (about  3 t o  7%) and have i n d i v i d u a l  

s tandard  d e v i a t i o n s  of 120 t o  140 p C i / l  (about 4%). The t h r e e  samples  

taken  a t  fou r  o r  more hours  on 29 March show a monotonic d e c l i n e  from 

4400-180 p C i / l  t o  3070-130 p C i / l .  

3620 p C i / l ;  t h e  i n d i v i d u a l  measurements d i f f e r  from t h i s  ave rage  by 230 

t o  780 p C i / l  (about  6 t o  21%) and have s t anda rd  d e v i a t i o n s  o f  130 t o  

180 p C i / l  (about  4%).  There were no obvious d i f f i c u l t i e s  du r ing  sampling 

o r  a n a l y s i s  t h a t  n i g h t  e x p l a i n  t h e  anomalous p a t t e r n  i n  t h e  29 March d a t a .  

The v a r i a t i o n  i n  radon-condensate concen t r a t i ons  i n  t h i s  sequence might 

be r e l a t e d  t o  i nhonogsn ie t t e s  i n  t h e  emanating power o f  t h e  formation.  

A "puff"  o f  steam t h a t  cad Seen i n  r a d i o a c t i v e  equ i l i b r ium wi th  a h igh  

emanating-;cr.?r p c r t i o ~  a f  rhe formation might have reached t h e  wel lbore  

dur ing  th - t  z 5 i ~ r d  day o f  r s s r i n g .  

+ + 
These va lues  have an average  of  

r-3 Lhe 2 2 - 3  frcz 2 i  and 28 March drawdowns g ive  a p o s s i b l e  i nd ica-  

t i o n  o f  <.:-:e:se r-5la:iori between radon-condensate c o n c e n t r a t i o n s  and 

f lo i j  r a t s .  -::e average concen t r a t i ons  i n  samples taken  a t  fou r  o r  more 

hours  wer.2, r e s p 2 c t i v e l y ,  3790 p C i / l  and 3200 p C i / l .  A l l  bu t  one of  t h e  

- 
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\ '  

i n d i v i d u a l  measurements Mere w i t h i n  one s tandard  d e v i a t i o n  o f  t h e i r  

r e s p e c t i v e  means. Thus, t h e  average  f o r  t h e  28 Narch v a l u e s  i s  about  

1'3% lower than  t h e  average  f o r  t h e  27 March va lues .  The average flow 

r a t e  a t  f o u r  o r  more hours  on 28 March was about 110,000 l b / h r ,  about  

6% h i g h e r  than  t h e  corresponding v a l u e  of about  104,000 l b / h r  on 27 

March. Thus, t h e r e  i s  a n  apparen t  13% d e c l i n e  i n  radon-condensate 

c o n c e n t r a t i o n  corresponding t o  a 6% i n c r e a s e  i n  flow r a t e .  This  r e s u l t  

d i f f e r s  from t h e  tes ts  on wel l  I V- C  where a 41 t o  56% i n c r e a s e  i n  flow 

r a t e  corresponded t o  a d e c l i n e  i n  radon-condensate c o n c e n t r a t i o n  o f  no 

more than  4%. A s  noted i n  t h e  d i s c u s s i o n  o f  w e l l  I V- C  d a t a ,  i t  i s  n o t  

expected t h a t  a l a r g e  v a r i a t i o n  i n  radon c o n c e n t r a t i o n  would be observed 

dur ing  t e s t s  t h a t  a r e  s h o r t  compared t o  t h e  two o r  more weeks needed 

f o r  r a d i o a c t i v e  equ i l ib r ium.  This  e x p e c t a t i o n  i s  p r e d i c a t e d  on t h e  

assumptions o f  uniform r e s e r v o i r  c o n d i t i o n s  inc lud ing  emanatir,,: power. 

Taking i n t o  c o n s i d e r a t i o n  t h e  v a r i a t i o n  i n  t h e  29 March d a t a ,  i t  may b e  

t h a t  w e l l  I V- D  i s  l o c a t e d  i n  a l e s s  uni lorm p a r t  of t h e  r e s e r v o i r .  

The observed v a r i a t i o n  i n  radon c o n c e n t r a t i o n s  a t  t i m e s  o f  four  o r  more 

hours  may be  more dependent on t h e s e  p o s s i b l e  inhomogenei t ies  t h a n  on 

flow r a t e s  o r  t imes .  

A c o r r o b o r a t i n g  p i e c e  of  evidence f o r  t h e  p o s s i b l e  r e s e r v o i r  inhomo- 

g e n e i t i e s  i s  i n  t h e  radon-C0 c o n c e n t r a t i o n s  observed i n  t h e  samples t aken  

d u r i n g  t h e  drawdorm t e s t s  of  w e l l  I V- D .  The va lues  of  t h e s e  c o n c e n t r a t i o n s  
+ + Eor w e l l  I\'-3 havz a l a r g e r  range,  from 26,000-17,000 pCi./l t o  2,700,000- 

1,900,000 p C i i l ,  5 a n  t h o s e  f o r  w e l l  I V- C .  I n  s p i t e  o f  t h e  l a r g e  s t a n d a r d  

d e v i a t i o n s  o f  Chess c o n c e n t r a t i o n s ,  they  a r e  more i r r e g u l a r  than  t h e  con- 

c e n t r a t i o n s  233srlic-d i n  t h e  1 and 2 February samples f o r  w e l l  IV- C ( s e e  

T a b l e  1 2 ) .  

2 

?i.nzl::-. ir c2n be  noted t h a t  t h e  CO and CH percen tages  a r e  i n  a 
2 4 

m r s  nearl : .  ze:s;,a~t r a t i o  i n  t h e  samples t aken  from w e l l  I V- C  t h a n  i n  

S S - - - . ~ S  fro- . ~i-ll I:.*-D. For w e l l  I V- C  t h e  CO volumetr ic  pe rcen tage  i s  2 
7 7 - "  _ d  :.- ~ r, __..__ L ^  - . e  CH vo lumet r ic  percentage i n  t h e  1 and 2 February 

4 
1 s z - n l ~ ~ .  2c)z -,~!l. I V- D  t h e  CO volumetr ic  pe rcen tage  i s  1.2 t o  73 times 

c L C  '- ~ - V O ~ - . - ~ ~ Z ~ : C  percentage.  Thus, t h e  non-condensable g a s  composi t ion 
2 

-t 
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i n  f l u i d s  from w e l l  I V- D  appears  t o  va ry  much more than  from we:Ll  I V- C .  

Measurement d u r i n g  Production--Samples were taken from 9 p roduc t ion  

wells which belong t o  t h r e e  groups d iv ided  according t o  p h y s i c a l  prox- 

h i t y  and dep ths .  Wells i n  groups I and I1 a r e  i n  t h e  deeper  steam 

format ion i d e n t i f i e d  a t  The Geysers,  and those  i n  Group I11 are  i n  t h e  

sha l lower  format ion.  The wells i n  Group I range i n  dep th  from about  

2900 t o  4700 f t ,  t h o s e  i n  Group I1 range from about  1750 t o  2500 f t ,  

and those  i n  Group I11 range from about  550 t o  800 f t .  

Five  samples were taken from well I - A  dur ing  a p e r i o d  o f  about  

24  hours  t o  examine t h e  constancy of  radon c o n c e n t r a t i o n .  During t h i s  

pe r iod  t h e  well flowed a t  a n e a r l y  c o n s t a n t  r a t e .  The d a t a  a r e  p resen ted  

i n  Table  14. The radon-condensate c o n c e n t r a t i o n s  and t h e  steam f l o w  

r a t e s  a r e  shown i n  F i g u r e  1 3 .  

The average  of  t h e  flow r a t e s  a t  t h e  t imes o f  sampling was 66,100 

l b / h r  and t h e  i n d i v i d u a l  r a t e s  were a l l  w i t h i n  1.5% of t h e  average.  

The average  radon-condensate c o n c e n t r a t i o n  was 17,300  p C i / l  w i th  i n d i v i d u a l  

v a l u e s  ranging from 4.9% below t h e  average t o  4% above t h e  average.  The 

s tandard  d e v i a t i o n  o f  i n d i v i d u a l  measurements was about  3.8%. Thus t h e  

radon-condensate c o n c e n t r a t i o n  i s  i n f e r r e d  t o  be  c o n s t a n t  dur ing  t h e  

sampling per iod .  

Cons idera t ion  o f  t h e  o t h e r  non-condensable gas  d a t a  i n d i c a t e s  t h a t  

CO and CH v a r i e d  cons iderab ly  dur ing  t h e  sampling per iod .  The radon- 

CO c o n c e n t r a t i o n  razgsd from about 8000 t o  600,000 pCi / l ,  a much l a r g e r  

v a r i a t i o n  than  can bs a t t r i b u t e d  t o  exper imental  e r r o r .  The r a t i o  of  

vo lumet r ic  pe rcen tages  of  CO t o  CH ranged from about  0.1 t o  5.7.  

2 4 

2 

2 4 
S i x  sazples we.112 take71 from well I - B  dur ing  a per iod  o f  about  24 

hours .  I k i l n g  t h L s  serLsci t h e  w e l l  was flowed a t  s e v e r a l  d i f f e r e n t  

r a t e s .  7’-? d a t a  272 ? r e s e n t e d  i n  Table 15. The radon-condensate con- 

centratL.;?s 321 t?e stsan flow r a t e s  a r e  shown i n  F igure  14. 
c. - i n s  ;:r3: T ; ~ O  s . a r . ? l ~ s  were taken  w i t h i n  a few minutes of  each o t h e r  

t o  provL.;= c z:?scX CD. s a n p l i n g  cons i s tency .  The radon-condensate concen- 

t r a t i o n s  z;r~e w e l l  wiEhin t h e  es t imated  l i m i t s  o f  e r r o r  i n  measurement. 
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The two measurements have an average crf 8750 p C i / l  and each i s  w i t h i n  

1% o f  t h e  average .  The s tandard  d e v i a t i o n  o f  t h e  i n d i v i d u a l  measurements 

i s  about  3.8%. The t h i r d  sample, taken about 16  hours  l a t e r  when t h e  

w e l l  was s t i l l  flowing a t  t h e  same r a t e ,  i s  about 8.6% lower than  t h e  

average  o f  t h e  f i r s t  two. It a l s o  h a s  s t andard  d e v i a t i o n  o f  a b o u t  3.8%. 

However, t h i s  d i f f e r e n c e  of  8.6% i s  about  t h e  same a s  t h e  d i f f e r e n c e  

between t h e  h i g h e s t  and lowest radon-condensate c o n c e n t r a t i o n s  ( 8 . 3 7 )  

observed i n  t h e  s e r i e s  of  samples takcn from w e l l  I - A .  Thus, t h e  radon-  

condensate  c o n c e n t r a t i o n  i s  i n f e r r e d  t o  be c o n s t a n t  f o r  well I - B  d u r i n g  

t h e  per iod  when i t  flowed a t  a c o n s t a n t  r a t e  of about  56,800 l b / h r .  

S h o r t l y  a f t e r  t h e  t h i r d  sample v a s  t aken ,  t h e  w e l l  was ven ted  t o  

t h e  atmosphere--a c l e a n i n g  p rocess  t o  e l i m i n a t e  g r i t  and s t o n e s  from 

t h e  wel lbore  p r i o r  t o  connect ion t o  steam l i n e s  supplying t h e  g e n e r a t i n g  

s t a t i o n .  The vented w e l l  flowed f o r  a pe r iod  of about  4 h o u r s  a t  a r a t e  

o f  about 140,000 l b / h r .  One sample was t aken  about 3.5 hours  a f t e r  

i n i t i a t i o n  o f  t h e  high flow r a t e .  Th is  sample had a radon-condensate 

conicentration o f  10,100 p C i / l ,  about  19% h igher  than t h e  average  o f  t h e  

f i r s t  t h r e e  samples (8500 p C i / l )  taken a t  t h e  low flow r a t e .  The  s t a n d a r d  

d e v i a t i o n  of  t h i s  c o n c e n t r a t i o n  was about  4%, and t h u s  t h e r e  appeared t o  

b e  a measurable  i n c r e a s e  i n  radon-condensate c o n c e n t r a t i o n  a t  t h e  h i g h e r  

flow r a t e .  

The l a s t  ?GO samples from w e l l  I - B  were t aken  a f t e r  t h e  well was 

connected t o  t h e  steix d e l i v e r y  l i n e .  These two samples had radon- 

condensate  ccncsn:r2:ions about 6.6% lower and 1% h i g h e r  than  t h e  sample 

t aken  w h i i e  thi -.,el~ h a s  v e n t i n g  t o  t h e  atmosphere. These two samples 

had szancard cl2.-:2:Lans o f  measuremenr of  about  4%. Thus t-he l a s t  t h r e e  

sarn;~lss 3,rcSably >ad. a n e a r l y  c o n s t a n t  radon-condensate c o n c e n t r a t i o n .  

The; ';;:e a2  ?;erase o f  9910 p C i / l  which i s  about  17X h i g h e r  t h a n  t h e  

aver=;: o f  ::E E:rsE t h r e e  samples. A p o s s i b l e  e x p l a n a t i o n  i s  t h a t  t h e  

drart . _  r e C ~ c t i s 7  Lr, i je l lhead p r e s s u r e  caused a s u f f i c i e n t  d rop  i n  

- -  

for-2:;r,- ...-&--. p--.l-rs t o  induce a h i g h e r  c . f fec t ive  emanation power by t h e  

mec'a7;;- o f  r e l s a s i n g  p rev ious ly  immobilized gases  from t i n y  po re s  and 

rn ic ro f rzc tu rec  i n  the rocks .  An analogous e f f e c t  i s  known t o  result i n  
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inc reased  radon f l u x  from s o i l  o r  i n c r e a s e d  radon c o n c e n t r a t i o n  i n  shallow 

water  w e l l s  a s  a tmospher ic  p r e s s u r e  d e c l i n e s  (Clenents  and Wilkening, 

1974). 

The non-condensable gas  d a t a  f o r  t h e  samples from w e l l  I - B  showed 

a n  i r r e g u l a r  v a r i a t i o n  s i m i l a r  t o  t h a t  observed i n  samples from w e l l  I - A .  

The radon-C0 

l a r g e r  v a r i a t i o n  than  can be a t t r i b u t e d  t o  exper imental  e r r o r  a lone .  The 

v a r i a t i o n s  show no apparen t  r e l a t i o n  t o  t h e  changes i n  flow r a t e .  The 

r a t i o  o f  vo lumet r ic  pe rcen tages  of CO t o  CH ranges  from 0.2 t o  6 which 

i s  a lmost  t h e  same range a s  observed i n  t h e  samples from w e l l  I- A .  Thus, 

t h e  samples from both w e l l s  I - A  and I - B  i n d i c a t e  t h a t  t h e r e  a r e  s i g n i f i -  

c a n t  s h o r t - t i m e  v a r i a t i o n s  i n  t h e  a b s o l u t e  amounts and p r o p o r t i o n s  of  

c o n c e n t r a t i o n  ranged from 5800 t o  140,000 p C i / l ,  it much 
2 

2 4 

CO and CH The f i r s t  two samples from w e l l  I - B  i n d i c a t e  t h a t  t h e s e  
2 4' 

v a r i a t i o n s  can occur  i n  pe r iods  of o n l y  a few minutes.  The v a r i a t i o n s  

may b e  a t t r i b u t a b l e  t o  inhomogeneit ies i n  t h e  sources  of  t h e  CO and 

CM o r  i n  t h e  flow processes  i n  t h e  r e s e r v o i r .  I t  i s  n o t  n e c e a s s a r i l y  

s u r p r i s i n g  t h a t  radon-condensate c o n c e n t r a t i o n s  a r e  observed t o  be  more 

uniform because o f  t h e  d i f f e r e n t  sources  o f  t h e  gases .  

2 

4 

I n d i v i d u a l  samples were taken from seven o t h e r  producing w e l l s  a t  

The Geysers. The d a t a  f o r  t h e s e  samples a r e  p resen ted  i n  Table  16. 

The f o u r  w e l l s  i n  Group I ( i n c l u d i n g  average v a l u e s  from w e l l s  ].-A and 

I-B) had an average  radon-condensate c o n c e n t r a t i o n  of  18,400 pCi./l w i t h  

a range o f  9200 t o  25,700 p C i / l .  The t h r e e  we l l s  i n  Group I1 had a n  

average  radon-condensace c o n c e n t r a t i o n  of 27,300 p C i / l ,  w i t h  a range  

of  26,300 t o  31,400 p C L / l .  The two we l l s  i n  Group I11 had a n  average  

radon-condensate cz2c2ncracion of  16,900 p C i / l ,  w i t h  a range of  16,300 

t o  17,500 ? C F / l .  Thzrs  Ls no apparen t  c o r r e l a t i o n  o f  radon-condensate 

concentr;?ti:z ar.2 2=.;;h wichin Groups I and 11. The radon-condensate 

concentr:i:Lsrs i n  A s  ;;io samples from Group I11 a r e  n o t  s i g n i f i c a n t l y  

d i f fe rez - . .  : ~ ~ s : ~ s r x . g  only t h e  average va tues  f o r  each group, Group 

I1 (thost: sf FnceriedLa:e depth)  has  a h i g h e r  v a l u e  than  e i t h e r  Group I 

( t h e  deepssz  -+,ells) o r  Cror?p I11 ( t h e  shallow w e l l s ) .  However, o n l y  

one o f  the  s i n ? l e s  f r o 3  Group I1 h a s  a va lue  h i g h e r  than  t h e  maximum 

. -  
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observed i n  Group I. A l l  o f  t h e  samples taken from t h e  p roduc t ion  

w e l l s  i n  Groups I, 11, and 111 had radon-condensate c o n c e n t r a t i o n s  

(about 9000 t o  31,000 p C i / l )  h i g h e r  than  t h o s e  taken a t  approx imate ly  

s teady  s t a t e  performance t e s t  c o n d i t i o n s  from w e l l s  IV-C and IV-D 

(about  3000 t o  5000 p C i / l ) .  Thus t h e r e  a r e  s i g n i f i c a n t  d i f f e r e n c e s  i n  

t h e  amounts of  radon observed i n  saraples t aken  from wel ls  i n  t h e  same 

f i e l d  and i n  d i f f e r e n t  f i e l d s .  

The non-condensable gas  d a t a  f o r  t h e  i n d i v i d u a l  samples (Table  16) 

show v a r i a t i o n s  between w e l l s  s i m i l a r  t o  those  f o r  samples taken from 

s i n g l e  w e l l s  a t  d i f f e r e n t  t imes (Tables  14 and 15) .  Radon-CO concen t ra-  

t i o n s  i n  t h e  i n d i v i d u a l  samples (Table 16) range from 5800 t o  380,000 

p C i / l .  The r a t i o s  of  vo lumet r ic  pe rcen tages  of  CO t o  CH range from 

0.9 t o  7.2. 

2 

2 4 

-- Related Study--A s tudy  was performed by P a c i f i c  Gas and E l ec t r i c  

Co. i n  1973 and 1974 which inc luded  measurements of radon i n  t h e  s team 

supply t o  g e n e r a t i n g  p l a n t s  a t  The Geysers,  i n  t h e  e j e c t o r  o f f- g a s e s  

from t h e  power p l a n t s ,  and i n  ambient a i r  i n  and around t h e  power p l a n t s  

(Mark Flathisen,  P.G. & E .  , persona l  communication). The r e p o r t  of t h a t  

s tudy ,  d a t e d  May 13 ,  1974, i n c l u d e s  some d a t a  t h a t  can b e  compared t o  

t h e  r e s u l t s  d e s c r i b e d  i n  t h i s  s e c t i o n .  

The P.G.  & E.  r e p o r t  g i v e s  f o u r  measurements o f  radon i n  t h e  s team 

supply rang ing  from 5.0 t o  8 . 3  p C i / l  of  steam a t  700 mm Hg p r e s s u r e .  

The measurements of racion i n  t h e  steam from product ion we l l s  a t  The 

Geysers made f o r  t h i s  s tudy range from approximately 9000 t o  31,000 

p C i / l  of s ~ m n  condzxsaze. I f  t h e s e  v a l u e s  a r e  conver ted,  they  i n d i c a t e  

a range of about 4.9 fa 1 7  p C i / l  of  s a t u r a t e d  steam a t  700 mm Hg pressure .  

Thus, t h e r e  Ls scbstaztFzi agreement between t h e  measurements o f  radon  

c o n t e n t  i r  r e l a z i o n  t3 s;em f o r  measurements a t  t h e  wel lhead and a t  

t h e  operatLr.2 ~lacts. It i s  n o t  known whether t h e  we l l s  sampled a t  t h e  

wel lhead ~ t r r  zzcng t ne  u e l l s  connected t o  t h e  d e l i v e r y  l i n e s  from which 

t h e  power ?lane samples were taken.  

The E'.:. E: E.  r s p o r t  a l s o  g i v e s  f o u r  measurements of radon i n  e j e c t o r  
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o f f - g a s e s  ranging  from 2780 t o  5300 p C i / l ,  and f o u r  measurements of 

radon i n  non-condensable gases  from steam supply ranging  from 5800 t o  

6300 p C i / l .  Because of  d i f f e r e n c e s  i n  sampling t echn iques ,  and t he  

l a c k  o f  s p e c i f i c a t i o n  of  p re s su re  and tempera ture  c o n d i t i o n s  f o r  t h e  

gases  i n  t h e  P.G. & E. r e p o r t ,  t he  d a t a  a r e  n o t  d i r e c t l y  comparable t o  

the va lues  r epo r t ed  i n  t h i s  s tudy .  However, t h e r e  i s  some q u a l i t a t i v e  

agreement i n  t h a t  t h e  lowest radon-C0 c o n c e n t r a t i o n s  observed i n  w e l l -  

head samples t aken  i n  t h i s  s tudy  were 5800 pCi / l .  
2 

Sampling of  Wells i n  Liquid Dominated Systems - ~ -  

Low Flow Rate Sampling--Samples were taken from two wells i n  t l i c  --- 
East Mesa KGRA. The d a t a  were presented  i n  Tables  l U  and 11. 

Well 6-2 reached a t o t a l  depth o f  6005 f t .  I t  was cased from t h e  

, u r f a c e  t o  a depth  of  5445 f t  and s l o t t e d  from t h a t  depth  t o  5951 f t .  

The bottom h o l e  temperature i s  about 370°F. 

t h e  well had a t o t a l  d i s s o l v e d  s o l i d s  con ten t  of about  2300 ppm (John 

Fea the r s t cne ,  Bureau of  Reclamation, personal  communication). A t o t a  

of  seven samples were taken  from w e l l  6-2. 

The f l u i d  produced from 

Three samples were taken  on 30 November 1973 (Table 10) by t h e  flow 

through technique .  These samples had an average  radon-condensate conccn- 

t r a t i o n  of  about  1 2  p C i / l .  They a r e  not  cons idered  r e l i a b l e  because o f  

t h e  probabi l i t - , -  o f  gas  lo s s  du r ing  sampling. 

Four s a m l e s  were t aken  on 14 February 1974 by t h e  evacuated c y l i n d e r  
3 .  technique.  

1 6  h o u r s  p r L s r  ;= sanp l ing .  This  was assumed t o  be adequate  t o  comple te ly  

f l u s h  t h e  x.,elL;cyz c5  s t and ing  f l u i d  and provide  a ::ample r e p r e s e n t a t i v e  

o f  r’l.2 ;QrTa:iaF, ZL.:~.  The low flow r a t e  prevented any f l a s h i n g  from 

3 2  x 2 - i  had been f lowing a t  a r a t e  o f  about  25 gal /min  f o r  

-. . 
occd‘‘-?” -L. = ,.. 1. - - =  _.__ -.- *;l?5ore so t h e  samples  should be r e p r e s e n t a t i v e  o f  

r h e  IiaLi6. 7 s m ~ l e s  had an  average  radon-condensate c o n c e n t r a t i o n  
- - c .  - 

- 1 1 .  GL:- a range from 31.7 t o  36.2 p C i / l  and i n d i v i d u a l  e r r o r s  

E ‘ ;  ~ z ~ ~ i ~ g  from 1 .5  t o  1 . 6  p C i / l .  Two o f  t he  f o u r  s a m p l e s  
. -  

weri :?.: l r  Z E G  I S ~  d i s so lved  radium. The d i s s o l v e d  radium c o n t e n t  o f  

t h c J s c  s ~ - c ~ i c s  T N ~ S  coinputed t o  be 0.12 and 0.16 p C i / l  o r  less than 0.5Y 
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o f  t h e  average  t o t a l  radon con ten t  o f  t h e  samples.  

Well 6-1 was loca t ed  1475 f t  away from wel l  6-2 and reached a t o t a l  

depth  of  8030 f t .  

7203 f t  and p e r f o r a t e d  a t o t a l  of about  185 f t  a t  i n t e r v a l s  between 

6187 and 7128 E t .  The bottom h o l e  temperature was about  400 F. Well 

6- 1  had been flowed a t  vary ing  low r a t e s  f o r  s e v e r a l  hours  p r i o r  t o  

sampling. The sample was cons idered  t o  b e  r e p r e s e n t a t i v e  o f  t h e  forma- 

t i o n  f l u i d  because of  t h e  h igh  d i s s o l v e d  s o l i d  c o n t e n t ,  about  25,000 ppm 

(John Fea the r s tone ,  Bureau of  Reclamation, personal  communication). (The 

we l l  had bcen f i l l e d  wi th  low s a l i n i t y  water  t h e  previous  day t o  "prime" 

t he  t e s t  system.) Analys is  o f  t h i s  sample (Table 11) showed a t o t a l  

radon-condensate concen t r a t ion  o f  68.9 p C i / l ,  about twice t h e  l e v e l  

observed i n  samples from well 6-2. However, t h e  d i s s o l v e d  radium i n  

t he  s i n g l e  sample from w e l l  6- 1 had a concen t r a t ion  of  about  29.4 p C i / l ,  

o r  more than 200 times t h e  average  (0.14 p C i / l )  o f  t h e  samples from well 

0-2. These d a t a  i n d i c a t e  t h a t  t h e r e  a r e  s i g n i f i c a n t  d i f f e r e n c e s  in t h e  

l i q u i d s  i n  t h e  r e s e r v o i r  over  r e l a t i v e l y  smal l  d i s t a n c e s .  

A t  t h e  time of  sampling i t  had been packed a t  about  

0 

Stean? Sepa ra to r  Sampling--A ser ies  of  14 samples were taken  from 

we l l  Magmainax #l i n  t h e  S a l t o n  Sea KGRA. The w e l l  reached a t o t a l  depth  

o f  2250 f t  and was p e r f o r a t e d  from about  1800 f t  t o  t h e  bottom o f  t h e  

ho l e .  The samples were taken  wh i l e  t h e  w e l l  was be ing  produced f o r  t h e  

purpose of t e s t i n g  t h e  op2ra t ion  o f  a s team s e p a r a t o r .  The w e l l  flowed 

i n t e r m i t t e n t l y  a t  d i f f e r e n t  r a t e s  du r ing  t h e  sampling period.  The d a t a  

a r e  p re sen ted  i n  T a b l e  1 7 .  The radon-condensate concen t r a t ions  (norm- 

a l i z e d  t o  t 3 t a l  n a s s  ~ I c w )  2nd flow r a t e s  a r e  shown i n  F igure  15. 

The ~ , ; . l l ' nead  sa:-?lss w i r e  no t  cons idered  r e l i a b l e  because o f  poor  

sampling ; ~ ? ~ ; t i ~ x s .  T5e sazpled  f l u i d  had t o  flow through about  5 E t  

of 2 i n  ~ 1 3 ~  =I5cwsC: in:o chs  wellhead. The w e l l  flow r a t e s  were such 

t h a t  fls.si---; ecci?rr.=-? i n  :'ne w e l l  bore and two-phase flow e x i s t e d  a t  

. .  . 

t h e  we l ike - : .  7 . 3 -  i t  was r,ot l i k e l y  t h a t  r e p r e s e n t a t i v e  samples were 

o b  t a i n t d  . 
The se?ara:cr samFles were taken a t  t h e  steam o u t l e t  o f  t h e  

-s4- 
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" X??aren: concen t r a t i on :  r a t i o  o f  radon a c t i v i t y  to  

?.adon a c t i v i t y  c o n c e n t r a t i o n  i n  t o t a l  
f low and product ion  ra te  f o r  Magmamax # 1. 

- 
Condezsate o r  gas  c o l l e c t e d  i n  sample, 
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s e p a r a t o r .  It was assumed t h a t  e s s e n t i a l l y  a l l  radon would b e  a s s o c i a t e d  

w i t h  t h e  steam r e l e a s e d  by f l a s h i n g  i n  t h e  s e p a r a t o r  because more t h a n  

9 8  pe rcen t  of  t h e  CO i s  a s s o c i a t e d  wi th  t h e  steam from t h e  s e p a r a t o r  

(Gi l  Lombard, San Diego Gas and E l e c t r i c  Co., pe r sona l  communication). 
2 

Four s e t s  of  pa i r ed  wellhead and s e p a r a t o r  samples were taken  on 

8 A p r i l  1 9 7 4 .  The f i r s t  p a i r  o f  samples taken  a t  a t o t a l  mass flow ra t e  

o f  69 .5  x 10 l b / h r  had radon-condensate c o n c e n t r a t i o n s  (normalized t o  

t o t a l  mass f l owra t e )  of 659 p C i / l  a t  t h e  wellhead and 799 p C i / l  a t  t h e  

s e p a r a t o r .  These were t h e  h i g h e s t  va lues  observed i n  a l l  samples of t h e i r  

r e s p e c t i v e  types .  The second p a i r ,  t aken  a t  a t o t a l  mass f l o w r a t e  of 

101.3 X 10 

wellhead and 307 p C i / l  a t  t h e  s e p a r a t o r .  

62 pe rcen t  lower than t he  f i r s t  p a i r  wh i l e  t he  Plow r a t e  is 4 6  p e r c e n t  

h ighe r .  I n  t h e  t h i r d  p a i r ,  a l s o  taken a t  a t o t a l  mass f l o w  r a t e  o f  

10.13 x 10 

and t h e  s e p a r a t o r  s ample  i s  63 pe rcen t  h ighe r  than i t s  c o u n t e r p a r t  i n  

t h e  second p a i r .  The f o u r t h  p a i r  of samples were t aken  a t  a t o t a l  mass 

flow r a t e  of 66.0 x 10 l b / h r ,  about  5 pe rcen t  less  than  t h e  f l o w r a t e  

f o r  t h e  f i r s t  p a i r .  

a radon-condensate concen t r a t ion  o f  538 p C i / l ,  about  18 p e r c e n t  lower 

then i t s  f i r s t  p a i r  coun te rpa r t ;  and t h e  s e p a r a t o r  s a m p l e  had a concen- 

t r a t i o n  of 427 ? C i / l ,  about  47 pe rcen t  lower t han  i t s  f i r s t  p a i r  c o u n t e r -  

p a r t .  Thus, =he re  5s  poor agreement between t h e  wel lhead  and s e p a r a t o r  

s a r p l e s  and t”rr=. Ls poor agreement between t h e  same type  o f  samples t a k e n  

a t  s i n i l a r  c?r L 1 m z i c a l  f l o w  r a t e s .  This  may be a t t r i b u t a b l e  t o  t h e  

i n t e r ? i t t e ? L  flsw c c n d i t i o n s  which probably d i d  n o t  p e r m i t  s t e a d y  s t a t c  

CoiTdFtiCns t o  >e  re iched .  

3 

3 
l b / h r  had radon-condensate c o n c e n t r a t i o n s  o f  4 3 9  p C i / l  a t  t h e  

These a re  r e s p e c t i v e l y  33  and 

3 l b / h r ,  t he  wellhead sample was cons idered  anoaalous ly  h i g h ,  

3 

However t he  wellhead sample i n  t h e  f o u r t h  p a i r  had 

S r x  s ? ? z r - r s r  s imp les  were taken  on 9 A p r i l  1 9 7 4  a t  t h r e e  d i f f e r e n t  
- i l .<l” r S T - 3 ,  - - 2  Zirst  two samples were taken a t  t h e  same flow ra te ,  

112.1 . _- - 3 ,  r.7. They had radon-condensate c o n c e n t r a t i o n s  of  302 and  

31:: - . - -  I ,  ~--7-,,,ng good agreement. The t h i r d  s a m p l e ,  t aken  a t  a t o t a l  

m a , ~  ;,:;I ra:e o f  99.7 x lo3  l b / h r  (117, less than  f o r  t h e  previous  t w o  

sa -? l - s i  hzc! E radon-condensate concen t r a t ion  o f  487  pCi / l .  (54X h i g h e r  

’ q -  - 
^ .  

- -  
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tlian t he  average  of  t he  previous  two samples) .  The l a s t  t h r e e  samples,  

a l l  t aken  a t  a t o t a l  mass flow r a t e  of  55.4 x lo3 l b / h r  (51% lower than  

t h e  flow r a t e  f o r  t h e  f i r s t  two samples) had radon-condensate concentra-  

t i o n s  ranging from 376 t o  712 p C i / l  (19 t o  126% h i g h e r  t han  t he  average  

o f  t h e  f i r s t  two samples) .  Thus, t h e  p a t t e r n  i s  i r r e g u l a r  and t h e r e  

i s  poor agreement f o r  t h e  l a s t  t h r e e  samples taken a t  t h e  same flow r a t e .  

The average of  t h e  radon con ten t  o f  a l l  samples of Elu id  (exc luding  

t h e  one anomalously h igh  wellhead sample) from well Magmamax lil was 

about  500 p C i / l .  The t o t a l  d i s so lved  s o l i d s  con ten t  of t h e  t o t a l  mass 

flow was about 240,000 ppm (G i l  Lombard, San Diego Gas and E l e c t r i c  Co., 

personal  communication). Thus, t h e  average  radon-condensate concent ra-  

t i o n  of samples from Magrnamax 111 i s  about 14.6 times t h a t  o f  w e l l  Nesa 

6-2 and 7.3 t i m e s  t h a t  o f  w e l l  Mesa 6-1. The t o t a l  d i s s o l v e d  s o l i d s  

con ten t  of t o t a l  flow from Magmamax #l i s  about  100 t imes t h a t  of w e l l  

Nesa 6- 2 and 9 . 6  t imes t h a t  o f  w e l l  Mesa 6-1. 

E n v i r o n m e n s  Sampling 

A s e r i e s  of environmental  radon measurements were made i n  a mountain 

v a l l e y  of  The Geysers a r e a  of  Northern C a l i f o r n i a .  Radon c o n c e n t r a t i o n s  

were measured i n  samples taken  from ambient a i r ,  a i r  n e a r  steam wells 

undergoing t e s t ,  and v i s i b l e  steam plumes from t h e  we l l s .  Four sets  

of samples were taker! t o  provide  an  e s t i m a t e  of t h e  n a t u r a l  f l u x  of 

radon i n  s o i l  gas .  The r e s u l t s  a r e  presented  i n  Table  1s. 

- -  A i r  S a a o l e s - - S a ~ . ~ l e s  i izre  taken a t  t h e  lower end o f  t h e  v a l l e y  

(nea r  a h o t  sp r ing )  e7.L ~ ? t  t h e  r i d g e  forming t h e  upper  boundary o f  t h e  

v a l l e y  on  t x o  s e 2 a r i t e  2ccas ions  about 2 months a p a r t .  

the  rado?. rz: .certrzric? i n  t h e  a i r  sample taken a t  t h e  lower end of  t h e  

va 11 cy :.;2 :I ,::. 1 ? C 1 : ' l ,  a n d  i n  two samples taken  a t  t h e  r i d g e  t he  concen- 

t r a t i o n s  :;kr+ ';c?t?i 1 2 % ~  chan 0.05 p C i / l .  On 18 May 1974 t h e  sample taken 

a t  the  izd cf 'ch? v a l l e y  had a radon concen t r a t ion  of l e s s  than 

0.07 pCi1 . l .  1 9  : v k y  1 9 7 A  t h e  sample taken a t  t h e  r i d g e  had a concen- 

t r a t i o n  0 5  Q.13 p C i / l .  All of  t he se  va lues  a re  l e s s  t han  t h e  average  

On 10 March 1974, 
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Table 18 
Environmental Radon Measurements i n  Mountain Val ley  Environs 

of a Geothermal Well F i e l d ,  Geysers Area 

Date 

1 7  Jan  1974 

1 7  Jan  1974 

2 Feb 1974 

2 Feb 1974 

10 P1a.r 1974 

10 Mar 1974 

10  Mar 1974 

10 Mar 1974 

29 Mar 1974 

18  May 1974 

18 May 1974 

19 May 1974 

Ambient A i r  Concentra t ions  

1/ 
Radon 

Concentra t ion-  
Locat ion  ( p C i / l i t e r )  

~ 7 5 '  from b l e e d i n g  w e l l ,  s t i l l  a i r  c0.05 

~ 1 0 0 '  from b leed ing  w e l l ,  s t i l l  a i r  <O. 05 

Q75' upwind from w e l l  under tes t  @ Q~75000 lb/hir c0.05 

%75' downwind from w e l l  under test  @ %75000 
l b / h r  

%loo '  upwind from w e l l  under test  @ %120000 <O. 05 
l b / h r  

Q300' downwind from w e l l  under t e s t  @ %120000 <O.  05 
l b / h r  ( i n  steam cloud i n t e r c e p t i n g  s l o p e  
above w e l l )  

s p r i n g s  (Location 1 )  

a t  r i d g e  forming upper boundary of mountain <O. 05 
v a l l e y ,  2 samples (Location 3) <O. 03 

l b / h r  

l b / h r  (in steam plume i n t e r c e p t i n g  s l o p e  
above w e l l )  

a t  lcwer end of mountain v a l l e y  nea r  h o t  <O. 07 
springs {Location 1) 

0.16kCj.02 

+ 
a t  lower end of mountain v a l l e y  nea r  h o t  0.12-0.01 

%200' upwind of w e l l  under tes t  @ Q115000 <o. 1 

+ ~ 1 0 0 '  downwind of w e l l  under tes t  @ %115000 0.25-0.03 

+ 
0.13+0.01 

ap?roxizlate midpoint  of v a l l e y  (Location 2) 0.11-0.01 

zit ridge forming upper boundary of mountain 
v e l i e p  (Location 3) 

S o i l  Gas Flux Values Radon Flux 

+ 
+ 
+ 
+ 

- ( 1.0- p c i / cm2- s ec 

- C f ' f l O I I  L 5.7-0.3 

LSC2.TL03  1 5.5-0.3 

lJsa:ion 2 3.3-0.3 

L x ; l t i o n  3 1.3-0.1 

' r ior ld Average (Wilkening, e t  a l . ,  1972) 4.25 

- 11 Acc.;&'l r a d o n  c z n c e n t r a t i o n  i n  a i r  a t  1 atmosphere p ressure .  
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f o r  a i r  over  land  a r e a s  by f a c t o r s  of two o r  more. 

a_---- Sam 1es of  A i r  n e a r  Wells- -Several  s e t s  o f  pa i r ed  samples were 

taken  w i t h i n  a few hundred f e e t  up and downwind ( a s  judged by t h e  

d i r e c t i o n  of steam plumes) o f  wel l s  f lowing a t  b leeding  r a t e s  o r  p e r -  

formance t e s t  r a t e s .  On 17  January 1974 samples taken  up and downwind 

o f  a bleeding  w e l l  both had radon concen t r a t ions  of l e s s  than  0.05 p C i / l .  

On 2 February 1974 samples taken  a t  equa l  d i s t a n c e s  (%75 f t )  up and down- 

wind of a well du r ing  performance t e s t i n g  had radon concen t r a t ions  of  

l e s s  than  0.05 and 0.16-0.02 p C i / l  r e s p e c t i v e l y .  On 10 March 1974. 

samples taken  up and downwind o f  a w e l l  du r ing  performance t e s t i n g  both 

had radon concen t r a t ions  of less than 0.05 p C i / l .  I n  t h i s  case ,  t h e  

downwind sample was t aken  i n  t h e  v i s i b l e  steam plume about  300 f t  from 

the  well .  On 29 March 1974 samples t aken  up and downwind of  a well 

dur ing  performance t e s t i n g  had radon concen t r a t ions  of  l e s s  than  0.1 

and 0.25-0 .03  p C i / l  r e s p e c t i v e l y .  I n  t h i s  case ,  t h e  downwind sample 

was t aken  r n  t h e  v i s i b l e  steam plume about  100 f t  from t h e  w e l l .  

+ 

+ 

I n  some instances,  w i t h i n  r e l a t i v e l y  smal l  d i s t a n c e s  i t  i s  p o s s i b l e  

However, even t h e  t o  d e t e c t  tihe c o n t r i b u t i o n  of  radon from steam wells. 

h i g h e s t  va lue  measured i n  a steam plume 100 f t  from a w e l l  (29 $larch 1974) 

was less  t han  t h e  ave rage  c o n c e n t r a t i o n  of  radon i n  a i r  ove r  c o n t i n e n t a l  

a r e a s  which i s  about  G.3 p C i / l  (see d i s c u s s i o n  i n  Chapter  2) .  

-- Rela ted  Studies--The s tudy  of  radon a t  The Geysers power p l a n t s  

c i t e d  e a r l i e r  (Mark Xazh i sen ,  P .G.  & E . ,  personal  communication) inc luded  

s e v e r a l  neasuremsnts  sf ambient a i r .  Ten o f  f i f t e e n  ambient a i r  measure- 

ments,  i nc lxd ing  s e - r e w l  l n s i d e  b u i l d i n g s  , had r epo r t ed  radon concent ra-  

t i o n s  o f  1.255 ~ 5 . ~ 3  3.9; ~ C l / l .  The h i g h e s t  va lues  were 0.2o-O.o:i p C i / l  

i n  a i r  be:r-..i;sn 5 L L Z ~ < : ~  b c i l d i n g  and coo l ing  tower, and 0.21-0.02 p C i f l  

a t  a C C G ~ L Z ~  ; ; ~ e r .  

f 

+ 

A . P , o z - : ~ T  sruS\; x z s  performed a t  The Geysers t o  assess p o t e n t i a l  in-  

h a l a t i o n  :-c;Le:Lon 2x;osure t o  workers (LFE Environmental,  1974) (. The 

mcasuremnzs i n  t h i s  stcdy were o f  radon daughters  (218Po, 214Bi : ,  and 
211, 

l a t e  rete:icFon f l l t e r  paper.  Samples were c o l l e c t e d  i n  va r ious  :Locations 

Pb) c o ' ; l t ~ , . ; ~ l  by !]ish-volume a i r  samplers  equipped wi th  h igh  p a r t i c u -  
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rang ing  from d i r e c t l y  i n  v i s i b l e  scearn t o  s e v e r a l  m i l e s  o f : f - s i t e .  The 

r e s u l t s  showed 218Po c o n c e n t r a t i o n s  of  0.00 t o  0.28 p C i / l ,  average  0.066 

p C i / l ;  21413i c o n c e n t r a t i o n s  of 0.01 t o  0.11 p C i / l ,  a v e r a g e  0.060 p C i / l ;  

and 214Pb c o n c e n t r a t i o n s  of 0.03 t o  0 .13 p C i / l ,  a v e r a g e  0.068 p C i / l .  

These v a l u e s  a r e  comparable t o  t h e  r e s u l t s  f o r  radon measurements if i t  

i s  assumed t h a t  t h e  daughter  p roduc t s  on p a r t i c u l a t e s  a r e  i n  e q u i l i b r i u m  

w i t h  t h e  radon. 

Radon Emission from Soil--Radon f l u x  w i t h  s o i l  g a s  was measured a t  - 
t h r e e  l o c a t i o n s  i n  t h e  mountain v a l l e y  of  The Geysers a r e a  where t h e  

developmental  f i e l d  was l o c a t e d .  One measurement was made a t  t h e  lower 

end of  t h e  v a l l e y  (near  h o t  s p r i n g ) ,  two measurements were made a t  one 

l o c a t i o n  midway up t h e  v a l l e y  i n  t h e  v i c i n i t y  o f  t h e  wel l s ,  and one 

measurement was made on t h e  r i d g e  a t  t h e  upper end of t h e  v a l l e y .  The 

r e su l t s  a r e  p resen ted  i n  Table 18. 

observed i n  t h e  accumulator i s  shown i n  F igure  16. 

The radon c o n c e n t r a t i o n  bui ldup 

- 5  2 
The radon f l u x e s  ( i n  u n i t s  o f  10 p C i / c m  -sec)  were computed t o  

be  1.3-0.1 a t  t h e  lower end of  t h e  v a l l e y ,  5.5-0.3 and 5.7-0.3 a t  t h e  

midpoint l o c a t i o n ,  and 3.3-0.3 a t  t h e  r idge .  The a v e r a g e  o f  t h e  f o u r  

v a l u e s  w a s  about  4 x 10 

measurements was 4.25 x 10 pCi/cm -sec (Wilkening, e t  a l . ,  1972). 

Thus, t h e  soils 1;; t5e  v a l l e y  appear  t o  e m i t  radon a t  r a t e s  i n  agreement 

w i t h  o t h e r  r e ? o r t e d  va lues .  

+ + + 
+ 
p C i / c m  -sec. 
-5 2 

-5 2 A r e p o r t e d  average  o f  worldwide 
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Chapter 5 

CONCLUSIONS AND RECOXNENDAT IONS 

Radon a s  a Tracer  Geothermal Systems ~ - -  

Basic Sampling a& Neasurement Techniques--The sampling and measure- 

ment techniques  devised  and used i n  t h i s  s tudy a r e  s u i t a b l e  f o r  most 

measurements o f  radon i n  f l u i d  from geothermal w e l l s  and f o r  environmental  

measurements. The gene ra l  o b j e c t i v e s  of  r e l i a b i l i t y ,  rang12 o f  response', 

and s i m p l i c i t y  of f i e l d  o p e r a t i o n s  were r e a l i z e d .  

The evacuated c y l i n d e r  sampling method i s  cons idered  t o  b e  t h e  most 

s u i t a b l e  means of o b t a i n i n g  samples from e i t h e r  steam o r  l i q u i d  producing 

w e l l s .  

mea5;ured wi th  small  e r r o r s  o l  measurement. 

For t he  samples taken a s  p a r t  of t h i s  s t udy ,  radon TiJas e a s i l y  

Two p r i n c i p a l  a r e a s  of  d i f f i c u l t y  were exper ienced  w i t h  t h e  sampling 

teclinique. One was t h e  small  amount o f  noncondensable gases  ob ta ined  i n  

t h e  samples and t h e  o t h e r  was t h e  apparent  i n a b i l i t y  t o  o b t a i n  represen-  

t a t i v e  samples from two-phase flow when f l a s h i n g  occu r red  i n  t he  we l lbo re  

(Xagmamax 111). The srrn11 volumes o f  noncondensable gases  c o l l e c t e d  i n  

t he  samples o f t e n  had p a r t i a l  p r e s s u r e s  of  on ly  a few m i l l i m e t e r s  of 

mercury, a f r a c t i o n  oC t h e  vapor p r e s s u r e  o f  wa te r  a t  l a b o r a t o r y  tempera- 

t u r e s .  This  l e 6  to d i f f i c u l t y  i n  a c c u r a t e l y  e s t i m a t i n g  t he  amount o f  non- 

con lensab le s  an? F n  extracting noncondensables from the  sample c y l i n d e r s  

i n t o  a s y r i n g e  5sy o f  t he  p c r i s t a l i c  pump f o r  i n j e c t i o n  i n t o  t h e  g a s  

p a r t i t i o n e r .  A : c s s i S l z  remedy t o  t h i s  problem i s  t h e  a p p l i c a t i o n  of 

l i m i t e d  condeFsEticn du r ing  sample c o l l e c t i o n .  A sugges ted  means o f  

a c c o - 2 3 i s h i q  I L x L t s e  induced condensa t ion  r ep roduc ib ly  i s  t o  suppor t  

t he  s21;pLe c 

t h e  c:; -L..i_^. 7 1 i' :. - 
det,r-lc-.cl z-c:-::: cf condensate .  For  example, samples w i t h  1 l b  o f  

C<SF f r o a  a s p r i n g  s c a l e  whi le  pouring cooli.ng wa te r  Over 
i7.E c p - 7  - - c ~ e  would permit  c o l l e c t i o n  o f  samples wi th  a p re -  -, . .  . 

Co;1:._:dt=, a LZ 453 c1, would be 2 t o  4 times a s  l a r g e  as  many of  t h e  

1 sz:.;l-s t a k e n  i n  this sKudy. This  would improve t h e  accuracy  

y ,a3  volume measurements. The ins t rument  tlsed r'or non- ? _ "  - 
conci.:: <i?hL<. g:is z r i a l y s i s  should be changed. T h e  i n c o n s i s t p n c i e s  noted  

-93-  



i n  gas  a n a l y s e s  were a t t r i b u t e d  t o  equipment mal funct ion  a s  wcl l  as t o  

t he  need t o  make two s e p a r a t e  i n j e c t i o n s  wi th  d i f f e r e n t  c a r r i e r  gases .  

Furthermorc, t h e  equi9ment used was unable  t o  measure some gases  ' l ike ly  

t o  be p r e s e n t ,  no t ab ly  hydrogen su lph ide  and ammonia. 

cons ide r  t h e  u se  oL a good gas  chromatograph which would i n c r e a s e  t h e  

accuracy and t h e  types  clf ga ses  t h a t  could b e  measured. 

d e s i r a b l e  t o  cont inue  t h e  p r a c t i c e  of  measuring noncondensables i n  t h e  

same sample analyzed f o r  radon i n  l i g h t  o f  t h e  r e s u l t s  i n d i c a t i n g  r a p i d  

changes i n  noncondensable gas  composition wi th  time. 

Future  work should  

I t  would be 

Sampling from two-phase flow s i t u a t i o n s  w i l l  probably r e q u i r e  t h e  

i n c o r p o r a t i o n  o f  a d d i t i o n a l  equipment such a s  a small  steam sepai .ntor .  

E l l i s ,  e t  al. (1968) have desc r ibed  such equipment f o r  ga s  sampling from 

geo t h e  rma 1 we 11 s . 
Future  work involv ing  t h e  r e l a t i o n s h i p  of radon t o  gcses  or Idis-  

so lved  c o n s t i t u e n t s  should cons ide r  t h e  u se  of s t a i n l e s s  s t e e l  c y l i n d e r s  

i n  o r d e r  t o  avoid  p o s s i b l e  problems wi th  co r ros ion  r e a c t i o n s .  

Y 

L, 

, 

P o t e n t i a l  Uses of Radon--This s tudy  undertook the  development and 

t e s t i n g  o f  methods f o r  measuring radon i n  geothermal i l u i d s  a i d  ttieir 

u s e  i n  making a c t u a l  f i e l d  measurements a s  a b a s i s  f o r  e v a l u a t i n g  radon 

a s  a p o s s i b l e  d i a g n o s t i c  t o o l  f o r  r e s e r v o i r  eva lua t ion  and t o  a s s e s s  

P O  e n t i a 1  environmectal  problems. The b a s i c  f e a s i b i l i t y  of  measuring 

radon i n  geothermal f l i l i d s  has  been e s t a b l i s h e d ,  bu t  e x t e n s i v e  a d d i t i o n a l  

worl. w i l l  be r equ i r ed  r s  e s t a b l i s h  p o s s i b l e  d i a g n o s t i c  u s e s  f o r  r e s e r v o i r  

cva lua  t ion.  

Only l i a i t e d  i n f e r s n c e  of r e s e r v o i r  parameters  can be made from the  

d a t a  o b t a i z e d  i n  t h i s  s ' l - d y .  For example, i t  i s  p o s s i b l e  t o  est imate 

ranges  o f  s-nanacir.; ' j c k c r  ,L). Data from w e l l  Eas t  Elesa 6-2 can be used 

t c  maLe a-  d s t i r n a ~ 2  f z r  c h e  S r i n e  r e s e r v o i r .  It i s  assumed t h a t  t h e  

- \  

,- .--- i ' lu id  ~ z - 7 1 ~ ~  _ _ _ _ _ _ _ _  e - z- - - s  t n e  equ i l i b r ium cond i t i ons  i n  t h e  r e s e r v o i r  
- -  because a: :I- I C ~  r L ~ ; ,  r a t e .  

reduccs tc : r=:z:izz 12 = E / $ .  Ta!cing t he  average radon c o n c e n t r a t i o n  

o f  t h e  Ec,r sa -n ies  i ' r331e 11) o f  34 2 p C i / l ,  and c o r r e c t i n g  t he  l i q u i d  

Accordingl;, equat ion  16  (Chapter 2 )  
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d e n s i t y  t o  r e s e r v o i r  ter ipczature  c o n d i t i o n s  l e a d s  t o  a va1il.e f o r  the 

r a t i o  E / @  o f  0.03 pCi/cm . Thi s  ial:ie cou ld  r e s u l t  from the Loll01,~ing 

ranges  of  E and 4 given  a s  examples: 

3 

E 3  -- 4 ( p C i / c m  ) 

0.05 0.0015 
0.1 0.003 
0.15 0.0045 
0 .2  0 .006  

T h e  i n f e r r e d  range of 

fo r ,  Sedimentary rock. 

0 . 5  pCi/g,  o r  about  1 

p l a u s i b l e  va lues  f o r  E may b e  compared t o  expected 

A t y p i c a l  radium con ten t  f o r  sed imentary  rock i s  

pCi/cm 3 . Typica l  emanation c o e f f i c i e n t s  ( r a t i o  o f  

radium a b l e  t o  r e l e a s e  radon t o  f l u i d s  and t o t a l  radium) f o r  sedimentary  

m a t e r i a l s  range from 1 t o  30 pe rcen t  (Tokarev and Shcherbakov, 1 9 5 6 ) .  These 

v a l u e s  would l ead  t o  E va lues  of 0.01 t o  0.3 pCi/cm . Thus t h e  i n f e r r e d  

v a l u e s  f o r  E based on measurements a r e  somewhat lower t han  t h e  range ex- 

pec ted  f o r  sedimentary rock with average  radium con ten t .  

3 

A s imilar  estimate can  be  made from measurements made a t  the develop-  

mental  f i e l d  i n  The Geysers a r ea .  It i s  assumed t h a t  t h e  s team ob ta ined  

du r ing  t h e  l a t t e r  p a r t  o f  performance t e s t s  (Table 13) i s  r e p r e s e n t a t i v e  

o f  r a d i o a c t i v e  e c u l l i b r i u m  i n  t h e  r e s e r v o i r  because o f  t h e  s h o r t  flow 

times. Taking a?. average  radon-condensate c o n c e n t r a t i o n  of 3500 p C i / l ,  
and c o r r e c t i n g  t=, :kz r e s e r v o i r  cond i t i ons  o f  about  500 p s i a  and 467 0 F 

3 
l e a d s  t o  a vali.? f>r E / o  of 0.06 pCi/cm . 
be assuxed on chs  b a s k  o f  o t h e r  work i n d i c a t i n g  p o r o s i t i e s  o f  0.5 t o  

1% a s  :y? ica l  35 t5e Franciscan  graywacke (Ramey, 1 9 7 4 ) .  The i n f e r r e d  

valui-. zf E!3 C;CI” r e s u l t  from t h e  foll.owing ranges  o f  E and 4 given  

a s  e.:-..-.-, ,.es: 

A range o f  value:; f o r  4 can 

_ .  

E 3  L (pCi/cm ) 

0.001 0.00006 
0.005 0.0003 
0.01 0.0006 
0.05 0.003 
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Thus, t h e  probable  range of  E i s  lower than  t h a t  e5t imated f o r  t h e  

sedimentary rock.  

power d i r e c t l y  from samples of  r e s e r v o i r  format ion rock.  

It would be d e s i r a b l e  t o  o b t a i n  e s t i m a t e s  of  emanating 

The p o s s i b i l i t y  o f  u s i n g  radon measurements t o  i n f e r  r e s e r v o i r  

parameters  4 o r  $h by t h e  method d e s c r i b e d  i n  Chapter 2 (pages  30-31)  can 

be a n t i c i p a t e d  based on d a t a  from t h e  performance t e s t s  of w e l l  1:V-D 

(Table 1 3 ) .  It i s  assumed t h a t  t h e  wel lhead parameters  of p r e s s u r e  and 

temperature  a r e  approximately  t h o s e  of a s t e a d y - s t a t e  flow. These para-  

meters can be used t o  e v a l u a t e  some o f  t h e  terms i n  equa t ion  17 (Chapter  

2 )  f o r  r a d i a l  flow of compress ible  f l u i d .  I f  t h e  s t a n d a r d  c o n d i t i o n s  a r e  

t aken  t o  b e  t h o s e  a t  t h e  wel lhead,  t h e  equa t ion  can be expressed  as: 

- 
1 U T  where K = <(l + - i,), v i s  t h e  s p e c i f i c  volume o f  wel lhead steam, and 

t h e  remaining terms a r e  a s  de f ined  i n  Chapter 2 .  E v a l u a t i o n  o f  t h e  term 

Kv and mu1.tiplying i t  by t h e  v a l u e  of E / $  computed e a r l i e r  l e a d s  t o  a 

p r e d i c t e d  v a l u e  f o r  C ,  t h e  radon-condensate concen t ra t ion .  The paramete rs  

used i n  t h e  c a l c u l a t i o n  and t h e  r e s u l t s  a r e  p resen ted  i n  Tab le  19. 

2 

Table 19 

P r e d i c t e d  Radon Concen t ra t ions  f o r  Steady S t a t e  Flow 

Test I d e n t i f i c a r i o n  b leed  3-27-74 3-28-74 3-29-74 
@ 8 h r  @ 8 h r  @ 8 h r  

Flow r a t ? ,  l b / h r  -3000 100,000 109,000 115,000 

Pw, p s i a  47 0 206 147 82 

Tw,  

P s ,  p s i 2  S85 485 480 47 5 

457 383 350 313 0 T, 

I< 0.99 0.49 0.32 0.14 

1.0 2.2 3.1 5.4 v ,  z z  - 2  

KV 0.99 1.08 0.99 0.76 

C, p C : i ’ _ ,  ?redic:ed 3500 3800 3500 2700 

C, pCI  ,’?, ,-.zasldrsd 180,000 3790 3200 3600 

- - .  
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The p r e d i c t e d  v a l u e  o f  C f o r  t h e  b leed ing  r a t e  does n o t  taE:e i n t o  a c c o u n t  

t h e  bui ldup o f  noncondensables i n  t h e  wel lbore  which was observed t o  

occur .  

d i c t e d  and measured va lues .  The p r e d i c t e d  v a l u e s  of  C based on t h e  p e r-  

formance t e s t s  assume t h a t  s t eady  s t a t e  fiow and r a d i o a c t i v e  e q u i l i b r i u m  

have occurred.  

brium was n o t  achieved,  and i t  i s  n o t  s u r p r i s i n g  t h a t  t h e  measured v a l u e  

f o r  C f o r  t h e  3-29-74 t e s t  i s  g r e a t e r  than  p r e d i c t e d  f o r  e q u i l i b r i u m  

c o n d i t i o n s .  The i n t e r e s t i n g  p o i n t  i s  t h a t  t h e  theory  does p r e d i c t  a 

change i n  C a t  s u f f i c i e n t l y  h igh  flow r a t e s  t h a t  should be measurable 

by t h e  methodology developed f o r  measuring radon. 

t o  conduct long t e rmte s t s  a t  d i f f e r e n t  f low r a t e s  i n  o r d e r  t o  conf i rm 

t h i s  p r e d i c t i o n .  I f  t h e  measurements a g r e e  wi th  theory ,  t h e r e  may be 

some p o s s i b i l i t y  o f  determining Q o r  oh i n  geothermal r e s e r v o i r s  by 

measurement of  radon. 

Thus, i t  i s  n o t  s u r p r i s i n g  t o  see t h e  l a r g e  d i s c r e p a n c y  i n  p r e -  

Because tes ts  only  l a s t e d  a few hours ,  r a d i o a c t i v e  e q u i l i -  

It w i l l  be necessa ry  

The p o t e n t i a l  u s e  of radon measurements t o  determine changes i n  

s u r f a c e  a r e a  changes w i t h i n  r e s e r v o i r s  is  n o t  d i r e c t l y  addressed  by any  

o f  t h e  r e s u l t s  of t h i s  s tudy.  

measured amounts i n  geothermal f l u i d s  sugges t s  t h a t  t h i s  p o t e n t i a l  use  

should b e  explored.  

power o r  t h e  p o r o s i t y  l e a d i n g  t o  changes i n  t h e  E/@ r a t i o .  Both e f f e c t s  

could occur  a t  z k s  sane  t i m e .  Thus, i t  w i l l  b e  necessa ry  t o  i n v e s t i g a t e  

t h e  changes i n  b c ~ h  E and @ as  r e p r e s e n t a t i v e  samples o f  rock a r e  a l t e r e d  

by e i t h e r  therr;izl S ~ T S S S ,  explos ive  shock o r  h y d r a u l i c  f rac tu r img.  T h i s  

should b e  a r 'rcizf.21 a r e a  of  l a b o r a t o r y  i n v e s t i g a t i o n ,  p o s s i b l y  u t i l i z i n g  

t h e  SEanford U r ~ F - ~ r s i t ~  Geothermal S imula t ion  a p p a r a t u s .  

The f a c t  t h a t  radon i s  p r e s e n t  i n  r e a d i l y  

Induced f r a c t u r i n g  could a f f e c t  e i t h e r  t h e  emanating 

There i s  a 2 a s s l 3 i l i t y  of u t i l i z i n g  measurements o f  radon dur ing  

trans5en: f l o ~  csx i :Lsns  w h i l e  s t e a d y  s t a t e  flow and r a d i o a c t i v e  e q u i l i b -  
. .  riCr ---.r--- - _  - - , - -Gzs  zr? being approached. This  avenue h a s  y e t  t o  b e  exp lored  

hecause o f  t h e  many hard- to-measure v a r i a b l e s  involved.  

-. t h e o r z c r c z - ~ y .  5:L:zkra, e t  a l .  (1959) suggest  t h a t  such a n  approach 

would p 

The r-.s-l:s 3f ::?is sttidy i n d i c a t e  t h a t  t h e r e  w i l l  be d i f f i c u l t  exper imefi ta l  

problt!-.s a s  L e i ? ,  e s p e c i a l l y  i n  t h e  c a s e  o f  steam wells. 

7 ,  ==i - ,- + 

The bui ldup of 
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noncondensable g a s e s  i n  t h e  we l lbore  due t o  steam condensat ion  by h e a t  

l o s s e s  would r e q u i r e  t h e  i n c o r p o r a t i o n  of modeling t o  account f o r  t h e  

f r a c t i o n a t i o n  of  s team and radon. It might be more f r u i t f u l  i n i t i a l l y  

t o  a t t empt  modeling and measurement f o r  l i q u i d  systems. 

Because changes i n  radon c o n c e n t r a t i o n s  i n  subsur face  f l u i d s  have 

been noted a s  a p o s s i b l e  p recurso r  t o  se i smic  even t s  (Hammond, 1973) ,  

t h i s  avenue should  be pursued i n  r e l a t i o n  t o  geothermal systems. Sub- 

s idence  and i n d u c t i o n  of  se i smic  a c t i v i t y  may be an  efEect  of  withdrawal 

of l a r g e  volumes o f  g e o f l u i d s .  Seismic s t u d i e s  have been conducted i n  

geothermal s e t t i n g s  and more a r e  l i k e l y .  Thus t h e r e  may be o p p o r t u n i t i e s  

f o r  coord ina ted  s t u d i e s  u t i l i z i n g  t h e  r e s u l t s  of radon measurements from 

geothermal w e l l s .  

F u r t h e r  Testing--The p re l iminary  r e s u l t s  of t h i s  s tudy sugges t  

c e r t a i n  types  of  experiments t h a t  might c o n t r i b u t e  t o  unders tanding 

t h e  occurrence  and behavior  of radon i n  geothermal systems. The tes ts  

of two p roduc t ion  w e l l s  ( s e e  Figures  13 and 14) i n d i c a t e d  t h a t  t h e  radon 

c o n c e n t r a t i o n  i n  steam remained r e l a t i v e l y  c o n s t a n t  over p e r i o d s  up t o  

about 24 hours.  However, t h e r e  were v a r i a t i o n s  from average  v a l u e s  

s l i g h t l y  l a r g e r  than could be a t t r i b u t e d  t o  e r r o r s  i n  measurement. It 

i s  n o t  knoun whether t h e s e  v a r i a t i o n s  were due t o  changes i n  t h e  compo- 

s i t i o n  of  t h e  sampled steam o r  t o  u n i d e n t i f i e d  e r r o r s  i n  t h e  sampling 

and measurement methods. Accordingly,  f u r t h e r  long term tests  a r e  pro- 

posed. It would be d e s i r a b l e  t o  sample a w e l l  f lowing a t  a constrant 

r a t e  over  p e r i o d s  of  s e v e r a l  days t o  s e v e r a l  weeks us ing  sampling i n t e r -  

v a l s  ranging f ron m i n c t s s  to  days.  This  should permit  good d e f i n i t i o n  

o f  t h e  s t a b i l i t y  w%th c h 2  o f  radon c o n c e n t r a t i o n s  i n  geothermal f l u i d s .  

Such sampllxg cocplsd  w i t h  b e t t e r  methods of  measuring noncondensable 

g a s e s  s h o u l d  also 2 2 ~ ~ 2 :  S e r r e r  d e f i n i t i o n  of t h e  v a r i a t i o n  of such 

g a s e s .  Xczcsni?nsable gas  volume and composit ion appeared t o  va ry  

s i g n i f i c a ? z l y  zzd rap2.d:~ i n  t h e  i n d i v i d u a l  w e l l s  sampled i n  t h i s  s tudy,  

even i n  sitxariox where t h e  radon-steam r a t i o  remained r e l a t i v e l y  con- 

s t a n t .  Th;i;s, i t  would be  d e s i r a b l e  t o  know whether t h e  v a r i a t i o n s  i n  
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noncondensable gases  a r e  r e a l  o r  more due t o  the  d i f f i c u l t i e s  exper ienced  

i n  t h e i r  measurement. 

Re la t i onsh ips  of flow r a t e s  and radon concen t r a t i ons  i n  s team need 

t o  be explored  more f u l l y .  Radon-condensate c o n c e n t r a t i o n s  i n  samples 

ob ta ined  dur ing  product ion  tes ts  (e.g.  F igures  11 and 12)  d id  n o t  appea r  

t o  be s i g n i f i c a n t l y  r e l a t e d  t o  flow r a t e .  

p roduct ion  w e l l  a t  d i f f e r e n t  flow r a t e s  exh ib i t ed  s l i g h t l y  i nc reased  

radon-condensate concen t r a t i ons  a t  h ighe r  flow r a t e s - - i n  c o n t r a s t  t o  

t h e  expec t a t i ons  of an  i n v e r s e  r e l a t i o n .  However, n e i t h e r  of t h e s e  

types  of t e s t s  were conducted f o r  long enough t i m e s  t o  p e r m i t  r a d i o -  

a c t i v e  equ i l i b r ium t o  be reached.  Accordingly, i t  w i l l  be necessary  t o  

conduct a m u l t i p l e  flow r a t e  t e s t  wi th  sampling cont inued  f o r  s u f f i c i e n t  

t ime t o  permit  r a d i o a c t i v e  equi l ib r ium.  

ex t ens ion  of t he  s t a b i l i t y  t e s t  suggested above. For example, t h e  

s t a b i l i t y  tes t  could be conducted over  about a two week per iod  a t  one 

flow r a t e ,  and sampling cont inued a t  a second h i g h e r  flow r a t e  f o r  a n o t h e r  

two week per iod .  This  should p e r m i t  a t t a inmen t  of  more than  90% of t h e  

r a d i o a c t i v e  e q u i l i b r i u n ,  and should provide an exper imenta l  check of  t h e  

p r e d i c t e d  change i n  radon concen t r a t i on  with f l o w  r a t e .  Thle two flow 

r a t e s  would have t o  be s u f f i c i e n t l y  d i f f e r e n t  as t o  g i v e  p r e d i c t e d  d i f -  

f e rences  t h a t  waul.’ be d i s t i n g u i s h a b l e  from e s t a b l i s h e d  measurement errOrs 

and observed na r - r a l  v a r i a t i o n s  w i th  t i m e .  The r e s u l t s  froin such a t e s t  

could a l s o  be useiu’_ f o r  e v a l u a t i n g  t r a n s i e n t  flow models. 

Ar? i xpo r tmt :  ? s r z 3 5 t e r  i n  t h e  t h e o r e t i c a l  models i s  the  E / 4  r a t i o .  

The samples ob ta ined  from a 

This type of t e s t  (could be a n  

Accordingly i c  x ~ z l d  Se dcs i r ,ab le  t c  o b t a i n  s u i t a b l e  sampler; o f  actual 

reservzLr  ~ J T X Z ~ I T L  rocks i n  o rde r  t o  measure t h e i r  emanating power and 

porG.;i:y. I ~ ~ E - ~ T - .  - 1  c k ~ s ~  measurements should be performed on c o r e  

sam?-=s -~’ri .~ck zr . . -ser i ie  :he  i n t e g r i t y  of t he  formation rock. D r i l l  

cutt:?g_+ vz*:?.c ?~r?.Ct o n l y  rough measurements because t h e  s u r f a c e  a r e a  

-. 

and r - - - . = L - y  - ~ - - ?  - -  -__ a - 3  ..- ~ - Z - . r e d .  7 

exnLy--c--- f L -  1. - - L - 3  

Cores would a l s o  be u s e f u l  f o r  l a b o r a t o r y  

c- .-.- - -  -vc*ilc! a t tempt  t o  determine the  changes i n  emanating 
->-.:*. L - 2 L . ~ L i r g  f r o ?  va r ious  types  of f r a c t u r i n g .  
- A r c  -ezscrixsnts of  radon concen t r a t i ons  i n  steam determined i n  
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samples from wel ls  a t  d i f f e r e n t  l o c a t i o n s  and dep ths  i n d i c a t e  t h a t  t h e r e  

may be s i g n i f i c a n t  inhomogeneity of  radium bear ing  rock w i t h i n  r e s e r v o i r s .  

Ana lys i s  of  radon emanation from samples o f  r e s e r v o i r  rock from d i f f e r e n t  

wel l s  and a t  d i f f e r e n t  dep ths  would p e r m i t  c h a r a c t e r i z a t i o n  of  t h e  v a r i a -  

t i o n  through a t y p i c a l  r e s e r v o i r .  This  i s  e s s e n t i a l  t o  conf i rming t h e  

assumptions of  uniform d i s t r i b u t i o n  which a r e  t h e  b a s i s  o f  t h e  models. 

A t  a minimum, such measurements would permit  d e f i n i t i o n  o f  t h e  i n a c c u r a c i e s  

i n  t h e  models due t o  inhomogeneous d i s t r i b u t i o n  o f  emanating power. 

-- Radon a s  a P o t e n t i a l  P o l l u t a n t  

Actual  environmental  measurements of  radon i n  t h e  v i c i n i t y  o f  geo- 

thermal  o p e r a t i o n s  r e p o r t e d  i n  t h i s  s tudy  and by t h e  o t h e r  two s t u d i e s  

summarized i n  Chapter 4 had c o n c e n t r a t i o n s  l e s s  than  t h e  average o f  0.3 

p C i / l  f o r  a i r  over  c o n t i n e n t a l  a r e a s .  Thus, t h e  c o n t r i b u t i o n s  o f  radon 

from geothermal steam produc t ion  a r e  n o t  p r e s e n t l y  producing e f f e c t s  

t h a t  a r e  d i s t i n g u i s h a b l e  from n a t u r a l l y  p r e s e n t  radon. 

An e s t i m a t e  of  t h e  radon r e l e a s e  from a power p l a n t  u t i l i z i n g  

geothermal steam can be based on t h e  measurements o f  radon i n  steam 

made i n  t h i s  s tudy .  A radon-condensate c o n c e n t r a t i o n  o f  10,000 p C i / l  

i s  assumed a s  a n  average  between t h e  v a l u e s  measured f o r  we l l s  i n  t h e  

developmental  and producing f i e l d s .  

steam a t  20 l b / h r  p e r  !c!f of  c a p a c i t y  t h e  radon r e l e a s e  would b e  0.12 

Ci/day. A t  t h i s  r e l z a s e  r a t e ,  i t  would t a k e  some 250 such p l a n t s  t o  

equa l  t h e  r e l e a s e  o f  r s d o n  from n a t u r a l  g a s  u s e  e s t i m a t e d  a t  30 Ci/day 

i n  Chapter 2. 

For a 55 IN g e n e r a t i n g  p l a n t  u s i n g  

A s i i a p l e  box nodsl f o r  a tmospher ic  d i l u t i o n  can  be  used t o  e s t i m a t e  

t h e  i n c r e c e n t  of  rz2o.n c s n c e n t r a t i o n  due t o  t h e  r e l e a s e s  of  radon from 

a power ~122:. 

v a l l e y s  I s  ;SSEX? . Z , ~ P = S  , 1973) ,  a s  a r e  a low i n v e r s i o n  h e i g h t  o f  

0.2 m i  ZTC - - z l l e y  i;LcZh of  3 m i .  These va lues  combined w i t h  the  release 

A +- ; - - 3 -  zverage wind speed of  5 mi/hr  f o r  mountain 

- 1.. ‘ : I .  r a t e  o f  _ D _ _  ” ..-, lszc? t o  a p r e d i c t e d  c o n c e n t r a t i o n  increment o f  

0.0004 FCL I 53: rzesr. i n  a i r .  

n a t u r a l  cCrce?-:raficx of  radon over  c o n t i n e n t a l  a r e a s .  

T h i s  i s  about  0.13% o f  t h e  average 

The scll f l u x  values f o r  radon r e p o r t e d  i n  Chapter 4 can be used  t o  
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mak.e an  e s t i m a t e  of power p l a n t  r e l e a s e s  i n  comparison t o  t h e  n a t u r a l  

radon r e l e a s e .  The average  o f  t h e  fou r  r epo r t ed  f l u x  measurements i s  
2 2 about  4 x pCi/cm -sec ,  o r  about  0.09 C i / m i  -day. 

power p l a n t  r e l e a s e  of  0.12 Cilday i s  equ iva l en t  t o  t h e  n a t u r a l  r e l e a s e  

of  radon from about  1 . 3  m i 2  o f  land  a rea .  

Thus t h e  es t imated  

Thus, t h e  environmental  s i g n i f i c a n c e  of radon r e l e a s e  from power 

p l a n t s  u t i l i z i n g  geothermal steam i s  small .  

l i q u i d s  sampled i n  t h e  v i c i n i t y  of  t h e  S a l t o n  Sea would r e l e a s e  even 

sma l l e r  amounts of radon. There would appear  t o  be no b a s i s  f o r  environ-  

mental impact concern ove r  radon r e l e a s e s  from geothermal  energy u t i l i z a -  

t i o n  based on t h e  r e s u l t s  of  t h i s  s tudy.  

i n  o t h e r  geothermal development a r e a s  would be j u s t i f i e d  t o  extend the 

documentation of  l i m i t e d  environmental consequences. 

Power p l a n t s  u t i l i z i n g  

Addi t iona l  su rvey  measurements 
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APPENDIX A 

Growth of Decay Product  A c t i v i t y  

f o r  226Ra and 222Rn P a r e n t  Nuclides 

(from Kirby,  1973) 
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RADON ANALYSIS RECORD SHEET 

BOTTLE # - SAMPLE: LOCATION DATE TIME ( ts) 

ANALYSIS : DATE TEMPERATURE 

PRESSURE DATA MANOMETER 
L E F T  RIGHT ABSOLUTE 

ATMOSPHERIC 

SAMPLE P R I O R  TO 
PROCESSING 

H 2 0  VAPOR PRESSURE 
1 

PRESSURE @ 
START OF FLOW (Pi) 
END OF FLOW (Pf) 

LIQUID VOLUME 

FLOW INTO CONCENTRATION SYSTEM: START END - RATE -- 
FIRST FLUSH AM/PM(to)  FLASH # 

JXUSH AM/PM FLASK BACKGROUND - 
COUNT DATA 

START COUNT TOTAL -t 
dpm @ to BACKGROUND J E T  d p m  COUNT( tc )  LENGTH COGST o c a 

DECAY TIHE (to-ts) = -d h m =  h 

-0.9075526 
(t  -t ) = o s  

DECAY FACTGX e 
(d.f .) . P,-P,  

f SAMPLE F?A.CTION XLLYZSD = 
(s.f.) 'i 
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RADON ANALYSIS RECORD SHEET 

a 

d 

SAMPLE: LOCATION XXX DATE 3/29/74 TIME 13:30( t s )  BOTTLE # 16  

ANALYSIS: DATE 4 /3 /74  TEMPERATURE -- 22.6OC 

PRESSURE DATA 

I 

MANUME TER 
LEFT RIGHT ABSOLUTE 

ATMOSPHERIC 101.5 867 .O -- 765.5t2 
SAMPLE PRIOR TO 
PROCESSING 114.5 855.0 

H 2 0  VAPOR PRESSURE -- 20.620.4 

l- 25.0-2 -- 
-- 

P r e s s u r e  of Non-Condensable Gases .+ 4.4-2.9 -- 
-- 

PRESSURE @ 
798.5+2 (Pi)  

+ -  319.5-2 (P,) 
-- START OF FLOW 500 467 

END OF FLOW 2 58 7 04 -- 
LIQUID VOLUME 11122 r n l  

FLOW INTO CONCENTRATION SYSTEM: START 12:48 END 12 :53  RATE 

FIRST FLUSH 13: 18AM/PM ( to )  FLASK # - 1215 

4 t h  FLUSH 13:27W/PM FLASK BACKGROUND 6 counts /30  min := 0.2-0.1 + cpm - 
COUNT DATA 

COUNT(t,) - LENGTH --- COUNT to- tc  ci dprn @ to BACKGROUND NET dpm 
START COUNT TOTAL 

162.2- + 1.5 1% --- 4398 88 2.71 162.3 0.1 14 : 46 l o  -- 

--- 
DECAY TPfE ( to - t s )  = A d  23 h 48 rn = 119.8h -- 

-Q.S075526 
DECAY FACTOR e ( t o - t s )  = 0.4046 

P.-P 
(1. f.) 

+ 1 f  SAWLE -ESCTICX -22LYZZD - = .5999-0.68% 
(5.5.)  pi 
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162.2 
(0.8) (2.22) (0.4046) (0.5999) 
376.3-3.43% + = 3ir6*13pCi - 

f a c t o r  a p p l i e d  t o  g r o s s  count  r a t e  



C a l c u l a t i o n s  

Volume of  Non Condensable Gases 

NC Gas P r e s s u r e  273 
7 60 )(NC Gas Temp. (Tank Volume - Liquid  Volume)( 

+ ) = 24.6 - 65% (4710 - ill)(-)(- 4.4 273 
760 295.6 

3 o r  25 2 16 cm 

2 Volume of CO 

Amount as 
gas = (Volume of Gas)(Volume f r a c t i o n  CO ) 2 

+ 
= (24.6265%)(0.587-10%) = 14.4 2 66% 

4- = (NC Gas P r e s s u r e ) ( C o r r e c t i o n  Fac to r ) (100 ' s  of  ml H20) 
Dissolved (Vol. F r a c t i o n  C 0 2 )  

= (4.4+65%) (0.093) (1 .11)  (0.587-10%) = 0.27-66% + + 

Tota l  14.67 cm3 % 66X 
o r  15 10 c m  3 

Concentra t ion  of Radon 

+ 376.3-3.43%) = 3390 + 3.97% Condensate: ( 
( 0. i 1 iT2X) 

o r  3390 140 p C i / l  

o r  26000 -f 17000 p C i / l  
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