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Abs t rac t  The radon, methane, and carbon d i -  
oxide concentrat ions have been measured i n  
water which has perco la ted  through g r a n i t i c  
rock under t r i a x i a l  s t resses ranging from 0.1 
t o  0.95 o f  the  f r a c t u r e  s t ress .  We simul-  
taneously  measured the  p e r m e a b i l i t y  and por-  
o s i t y  (hence h y d r a u l i c  rad ius )  o f  each sample. 
The f i r s t  s e r i e s  o f  experiments were on seven- 
teen i n i t i a l l y  d ry  rock samples. 
concentrat ion i n  the  f i r s t  3 gin o f  water c o l -  
l e c t e d  v a r i e d  by a f a c t o r  o f  10, b u t  was n o t  
c o r r e l a t e d  w i t h  s t ress .  
was found between radon and permeab i l i t y ;  
rocks having h i g h  p e r m e a b i l i t i e s  tend t o  re-  
lease l e s s  radon. I n  a second ser ies  o f  
experiments, rock samples were sa tu ra ted  under 
s t ress,  equi  1 i bra ted  f o r  one month, then 
rest ressed and measured. These samples pro-  
duced between 2 and 10 t imes more radon than 
i n i t i a l l y  d r y  rocks hav ing the  same perme- 
a b i l i t y .  I n  a t h i r d  s e r i e s  o f  experiments, 
m u l t i p l e  successive wa te r  f r a c t i o n s  were samp- 
led.  We found t h a t  most o f  t h e  radon i s  r e -  
moved w i t h  t h e  f i r s t  pore volume co l lec ted ,  
w h i l e  methane e x t r a c t i o n  requ i res  severa l  pore 
volumes. An experiment i n  which the s t r e s s  
was changed dur ing  a run produced an increase 
i n  CHI, b u t  no increase i n  RnZz2. These r e -  
s u l t s  are i n t e r p r e t e d  i n  terms o f  a numerical 
model f o r  f l o w  and gas e x t r a c t i o n  from a 
m i  c rocrack network. 

The radon 

A good c o r r e l a t i o n  

I n t r o d u c t i o n  The phys ica l  p r o p e r t i e s  o f  radon 
gas (Rn"') make i t  an i d e a l  n a t u r a l  t r a c e r  
f o r  de tec t ing  changes i n  t h e  f r a c t u r e  networks 
which permeate na tu ra l  rock masses. As an 
in te rmed ia te  daughter i n  t h e  U238 decay 
ser ies ,  Rn222 i s  cons tan t l y  be ing generated i n  
uranium b e a r i n  rocks. Formed by alpha-decay 
o f  the  radium QRaZz6) parent,  t h e  radon atom 
has a r e c o i l  energy o f  about 100 KeV; s u f f i c i -  
e n t  energy t o  t r a v e l  hundreds o f  l a t t i c e  
spacings upon formation. 
atoms lodge w i t h i n  the i n t e r i o r  o f  a g ra in ,  
some end up i n  the  network o f  microcracks (and 
macrocracks) which permeate a rock  mass, and 
may thereby e n t e r  the groundwater. The amount 
o f  radon d isso lved  i n  groundwater i s  thus p r i -  
m a r i l y  a f u n c t i o n  o f  the concen t ra t ion  and 
s p a t i a l  d i s t r i b u t i o n  o f  radium w i t h i n  the rock, 
and the p o r o s i t y  and p e r m e a b i l i t y  o f  the f r a c-  
t u r e  network. Changes i n  the f r a c t u r e  network 

While most o f  these 

may change the  ground water radon concentra-  
t i o n s  observed a t  a sampling s i t e  i n  two ways; 
(1)  d i r e c t l y ,  by changing the  number o f  radon 
atoms which e n t e r  the  groundwater, and ( 2 )  
i n d i r e c t l y  by changing the t r a n s p o r t  o f  radon 
from t h e  s i t e  a t  which i t  i s  created t o  the 
sampling s i t e .  

The r e l a t i v e l y  s h o r t  h a l f - l i f e  o f  RnZz2 
( T t  = 3.825 days) assures a s h o r t  term causal 
r e f a t i o n s h i p  between changes i n  the  f r a c t u r e -  
network morphology and the r e s u l t a n t  v a r i a t i o n  
i n  groundwater radon. 
i n e r t  gas, i t  does n o t  r e a d i l y  en te r  i n t o  
chemical combinat ion and i t s  h igh  s o l u b i l i t y  
i n  water (22.4 cm3 per  100 cm3 H20 a t  25OC and 
one atmosphere) means t h a t ,  i n  the  presence o f  
groundwater, most radon w i l l  be d issolved 
r a t h e r  than adsorbed t o  the  w a l l s  o f  the f r a c -  
t u r e  network. The phys ica l  mechanisms by 
which radon i s  generated and t ranspor ted are 
discussed i n  more d e t a i l  by Tanner (1980). 

Two a p p l i c a t i o n s  i n  which groundwater radon 
has been monitored are earthquake p r e d i c t i o n  
and geothermal r e s e r v o i r  engineering. The 
bu i ld- up  o f  t e c t o n i c  s t ress  preceding an 
earthquake might  be expected t o  change the  
morphology o f  a f r a c t u r e  network by c r e a t i n g  
and opening cracks p a r a l l e l  t o  the  maximum 
p r i n c i p a l  s t r e s s  w h i l e  c l o s i n g  orthogonal 
cracks. 
process dominates when the  d i  f f e r e n t i  a1 
s t ress,  UI-U~ i s  g rea te r  than approximately 
one-hal f  o f  the  f r a c t u r e  s t r e s s  and the  rock 
a c t u a l l y  increases i n  volume. Laboratory 
s tud ies  o f  t h i s  " d i l a t a n c y"  phenomenon are 
reviewed by Brace (1978) and Byerlee (1978). 
F i e l d  observat ions o f  groundwater radon v a r i -  
a t ions  associated w i t h  earthquakes are sum- 
marized by Hauksson (1981 ) and Teng (1 980). 
The withdrawal o f  water  and heat from a geo- 
thermal r e s e r v o i r  might  a l s o  be expected t o  
change the  morphology o f  t h e  f r a c t u r e  network 
through t h e  combined e f f e c t s  o f  thermal con- 
t r a c t i o n  and v a r i a t i o n s  i n  pore pressure. The 
associated change i n  radon concentrat ion could 
serve as a use fu l  t o o l  f o r  n o n i t o r i n g  reser-  
v o i  r development. 
thermal systems a re  discussed by Stoker and 
Kruger (1975). 

Because radon i s  an 

I n  t h e  labora to ry ,  the crack opening 

Radon measurements i n  geo- 
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Interpretation of f i e l d  anomalies requires 
three basic se t s  of information: 
ough understanding of the  subsurface hydro- 
logy (reservoirs , permeabi 1 i t  ies  , and pres- 
su res ) ,  ( 2 )  a detailed knowledge of the sub- 
surface geology (rock types and uranium con- 
centrations),  and (3) empirical relationships 
between changes in  s t r e s s ,  the result ing 
changes i n  fracture permeability, and the 
associated release of radon (and other gases) 
in to  the groundwater (as  a function of rock- 
type). The laboratory measurements reported 
below were designed t o  explore relat ionships 
required in s tep  (3 )  above. We have focused 
on the relationships between di f ferent ia l  
s t r e s s ,  permeability, and the release of radon 
and methane t o  water percolating through the 
natural fracture network i n  grani t ic  rock. 

- Pi-evi ous Laboratory Studies of Radon Emanation 
- arid Transport There have been several labor- 
story studies of radon emanation from rock 
surfaces. Chiang e t  a l .  (1978) demonstrated 
t h a t  radon emanation is  proportional t o  sur- 
face area by measuring the radon emanated from 
a number of rock samples having the same 
volume b u t  d i f ferent  surface areas. The re- 
lat ion between s t r e s s  and radon emanation has 
been studied by the Group of Hydrochemistry 
o f  the Peking Seismological Brigade (1977), 
Holub and Brady (1981), and Jiang and L1 
('1981). 
circulated around the  rock sample ( o r  throu h 
holes bored i n  the sample in the 1977 study? 
a!; uniaxial s t r e s s  was applied. Radon levels 
in th i s  c i rcula t ing a i r  were continuously 
monitored. 
only small increases in radon were observed 
d u r i n  the uniaxial loading. Holub and Brady 
( 'I981 4 observed a 1 arge (50%) temporary i n -  
ci-ease in radon a t  about half the breaking 
strength of the sample, presumably due t o  the  
opening of axial microfractures a t  the  onset 
o f  dilatancy. In a l l  three experiments, the 
rddon level increased by a fac tor  between two 
and ten upon fa i lu re ,  probably ref lec t ing the 
large increase i n  surface area d i rec t ly  acces- 
s.ible t o  the c i rcula t ing gas. 

The fundamental difference between these 
studies and our experimental work described 
below is  tha t  the above studies measured radon 
emanation from the  surface of rock samples 
while we measured the radon released t o  water 
percolating through the microfracture system. 
We are t h u s  able t o  look fo r  quanti tat ive 
correlat ions between radon re1 ease and s t r e s s  , 
permeability, porosity, hydraulic radius, and 
crack surface area. 

(1)  a thor- 

In each of these experiments, a i r  was 

In the  two Chinese experiments 

- Experimental Apparatus The experimental ap- 
paratus is  shown schematically i n  Figure 1 
below. The t r i ax ia l  pressure vessel i s  
standard except fo r  an out le t  a t  the base t o  
allow sampling of the pore water. 

f i g .  I 
.. 1.11, J- 

: L..J 

A cylindrical granite sample (two inches in 
diameter by four inches long) is  loaded i n  the 
t r i ax ia l  ce l l  which i s  placed between the an- 
v i l s  of a 160,000 pound hydraulic press. This 
uniaxial s t r e s s  i s  suff ic ient  to  cause f a i lu re  
of the samples under our nominal 200 bar con- 
fining pressure. 

Confining pressure, u3, and flow pressure, p f ,  
are generated by air-driven hydraulic pumps 
w i t h  special s t a in le s s  s tee l  valve isolation 
chambers t o  maintain water puri ty.  Radon f ree  
d i s t i l l e d  water i s  flowed through the sample 
a t  constant flow pressure pf  of 100 bars. A 
one millimeter thick layer o f  200 mesh Z r C  
powder spreads the water a t  p f  over the en t i r e  
t o p  surface area,  A ,  of the sample. The lower 
surface of the sample i s  maintained a t  p=o 
since we are sampling in to  a vacuum. The 
base-plate has a pattern of radial and circum- 
ferential  grooves which channel the flow water 
in to  the collection outlet hole. By measuring 
the amount of water as a function of time, the 
flow ra t e ,  q(cm3/sec) , i s  determined. Darcy's 
law may then be used t o  calculate the sample 
permeability, k (cm2), according t o  

k=-qpl /APf (1 1 
where 1 i s  the sample length i n  cm and p i s  
the water viscosity i n  dynes sec/cm2. 
been working a t  low values of the confining 
pressure (u3  nominally 200 bars). The func- 
t ions of the confining pressure are ( 1 )  t o  
seal the rubber sample jacket thus confining 
the f rac ture  f lu id  within the sample, and ( 2 )  
t o  maintain sample in tegr i ty  a t  h i g h  values 
of uniaxial s t r e s s .  

We have 

Granite Samples Approximately twenty fee t  of 
granite core was supplied by the U.S.G.S. 
core i s  from the depth  range 425-445 fee t  i n  
the Sierra Nevada batholi th,  i s  very fresh,  
and appears both compositionally and mechani- 
cal ly  uniform over i t s  en t i r e  length. Radio- 
genic analysis of six samples (chosen as 
representing extremes i n  observed radon pro- 
duction as discussed below) showed U238 con- 
centrations between 2.50 and 3.10 ppm. Ura- 
n ium concentration was uncorrelated w i t h  Rn222 
concentrations observed i n  the percolating 
water. 

The 

-134- 



Rn222 Measurement Techniques Water samples 
were c o l l e c t e d  i n  evacuated pyrex test- tubes 
sketched below. Typica l  water  samples were 
between 2 and 10 m l .  

, * L E I  Oll/rl lllk7 'RY" ell 

- 
f i g .  2 

Radon was e x t r a c t e d  from the  water  us ing  re-  
c i r c u l a t i n g  hel ium as a c a r r i e r  (e.g. Key g 
- al. ,  1979). Radon was separated from the He 
c a r r i e r  by two stages o f  li u i d  n i t r o g e n  co ld-  
t rapping.  A d r y i n g  column qCaSOs+Ascari t e )  
was used t o  separate COP and H20 from RnPP2 
which was subsequently t r a n s f e r r e d  t o  a sc in -  
ti l l a t i o n  c e l l .  Radon gas l e v e l s  were measur- 
ed by coun t ing  s c i n t i l l a t i o n s  associated w i t h  
i t s  a decay. The o v e r a l l  de tec t ion  e f f i c i e n c y  
i s  about 80% as es tab l i shed  by analyz ing RaPP6 
standard so lu t ions .  The background l e v e l  i s  
0.7 cpm (counts per  minute)*; our experimental 
measurements are always a t  l e a s t  a f a c t o r  o f  
f o u r  above t h i s  l i m i t .  Note t h a t  radon dpm 
( d i s i n t e g r a t i o n s  p e r  minute) repor ted  below 
are l e s s  than the t o t a l  observed c m s i n c e  t h e  
two a1 ha e m i t t i n g  daughters o f  RngP2 (Po218 
and are detected w i t h  the same e f f i c i -  
ency as t h e i r  parent .  

CHI, and CO? Measurement Techniques 
radon was e x t r a c t e d  from sane water  samples, 
small (Q 1 cc) a l i q u o t s  o f  the gas phase i n  
the sample con ta iner  were drawn i n t o  g lass 
syr inges through a rubber septum. 
p l e s  were i n j e c t e d  i n t o  a gas chromatagraph 
equipped w i t h  flame i o n i z a t i o n  and thermal 
conduct i v i  ty detectors .  
o ther  gases on a molecular  s ieve #5A column 
and COP was i s o l a t e d  on a s i l i c a  gel column. 
Th is  sampling technique r e s u l t e d  i n  contami- 
n a t i o n  o f  t h e  sample w i t h  a i r ,  and t y p i c a l l y  
50-70% o f  t h e  CHI, and C02 peaks observed were 
due t o  t h i s  contaminat ion. However, c l e a r l y  
detectable amounts o f  these two gases were 
re leased i n  most experiments. A n a l y t i c a l  pre-  
c i s i o n  f o r  d u p l i c a t e  analyses was about 8%. 
Blanks were run on the water be fo re  i t  passed 
through the  rock t o  ensure t h a t  t h i s  was n o t  a 
s i g n i f i c a n t  source o f  contaminat ion. The 
t o t a l  q u a n t i t y  o f  gas released from each sam- 
p l e  was c a l c u l a t e d  by assuming e q u i l i b r i u m  
e x i s t s  between l i q u i d  and gas i n  t h e  sample 
conta iner ,  knowing the  volume o f  the  gas and 
l i q u i d  phases i n  t h e  conta iner ,  and c o r r e c t i n g  
f o r  contaminat ion from a i r  (which was e s t i -  
mated from the  O2 con ten t ) .  

Before 

These sam- 

CHI, was i s o l a t e d  from 

Experimental Procedures and Resul ts  Two 
s e r i e s  o f  experiments were run: experiments 
on i n i t i a l l y  d ry  rocks where a s i n g l e  water  
sample was c o l l e c t e d ,  and experiments on d r y  
and i n i t i a l l y  sa tu ra ted  rocks where sequent ia l  
water  samples were co l lec ted .  I n  t h i s  second 

s e r i e s  the concen t ra t ion  o f  CHI, and C02 were 
measured i n  a d d i t i o n  t o  Rn222. 

I n  t h e  i n i t i a l  s e r i e s  o f  experiments, a dry  
rock  was jacketed and s t ressed  a x i a l l y  t o  01, 
under a c o n f i n i n g  pressure o f  u3. 
a ted  sample c o l l e c t i o n  vessel was then at tach-  
ed t o  the c o l l e c t i o n  p o r t  i n  the baseplate, 
and a flow pressure, pf, was es tab l i shed  a t  
t h e  upper end o f  the sample a t  t ime t=o. 
t ime a t  which the  f i r s t  drop of water appeared 
a t  the  baseplate, tf, was recorded, as was 
the time, ts, when the sample b o t t l e  was 
sealed and removed. As discussed above, 
A t = t s - t f  and the  t o t a l  volume were used t o  
f i n d  the  sample permeab i l i t y .  
t h a t  tf may be used t o  f i n d  the sample p o r o s i t y  
once the  permeab i l i t y  i s  known. 

The sealed sample vessel was then at tached 
d i r e c t l y  t o  the radon e x t r a c t i o n  apparatus and 
the  radon concentrat ion determined as discussed 
above. Fol lowing the  radon e x t r a c t i o n ,  u 1  was 
increased s low ly  (40 bars/min) and the f r a c t u r e  
s t ress,  uf, was recorded. 

The r e s u l t s  o f  t h i s  f i r s t  s e r i e s  o f  e x p e r i m n t s  
are p l o t t e d  as open c i r c l e s  i n  Figures 3-5. 

An evacu- 

The 

We show below 

&-- -  

f i g .  3 

DIFFERENTIAL STRESS U P 0  

Figure 3 shows sample permeab i l i t y ,  k,  as a 
f u n c t i o n  o f  s t ress .  
they are cons is ten t  w i t h  a s l i g h t  decrease i n  
k w i t h  inc reas ing  u1 t o  approximately ul=uf/2, 
fo l l owed by a more r a p i d  increase i n  k as u1 
approaches c y  (as documented by Zoback and 
Byer lee (1975) a t  h i g h e r  c o n f i n i n g  pressures).  
Our s c a t t e r  i s  due t o  the f a c t  t h a t  each data 
p o i n t  represents a d i f f e r e n t  rock, whereas 
Zoback and Byer lee measured k as a f u n c t i o n  
o f  uJ1 on one sample. 
c e n t r a t i o n  i n  the  f i r s t  th ree  grams o f  water  
c o l l e c t e d  as a funct ion o f  the d i f f e r e n t i a l  
s t ress ,  UI-U~. 

r e l a t i o n  between s t r e s s  and radon. I f  t h e  
radon concen t ra t ion  i s  p l o t t e d  as a f u n c t i o n  o f  
the d i f f e r e n t i a l  s t r e s s  normalized t o  the f r a c-  
t u r e  s t ress ,  (u1-u3)/uf,  the re  i s  s t i l l  no 
obv i  ous co r r e  1 a ti on. 

Although the data s c a t t e r ,  

F igure 4 shows radon con- 

Note t h a t  the re  i s  no obvious 

*I Curie=Z.Z x 1Ol2 cpm 
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f i g .  4 

f i g .  5 

Figure 5 shows tha t  radon concentration tends 
t o  decrease w i t h  increasing permeability. 

The second se t  of experiments were designed t o  
see i f  saturated rocks y ie ld  more radon t h a n  
tha'se which are  i n i t i a l l y  dry. Several rock 
sarriples were stressed and saturated as above 
unti l  the f irst  drop of water was observed. 
They were then removed from the apparatus and 
s t o r e d  under water fo r  approximately one month 
t o  allow radon t o  es tabl ish  an equilibrium 
concentration. They were then restressed and 
several successive water samples were col- 
lected. Sequential sampling experiments were 
a lso  performed on two i n i t i a l l y  dry rocks f o r  
comparison. 

The radon concentrations measured i n  the f i r s t  
three grams of water collected d u r i n g  these 
runs are plotted as open t r iangles  in Figures 
3-5. In Figure 5 i t  i s  apparent tha t ,  a t  a 
given permeability, the presence of water i n  
the fracture network increases the radon re- 
lease by a fac tor  between two and ten.  

f ig .  

The resul ts  of the sequential sampling experi- 
ments are given i n  Figures 6 and 7 f o r  radon 
and Figure 8 f o r  nethane. 
In Figure 6 ,  the to ta l  radon i s  plotted as a 
function of the total  water collected. The 
sol id  curves are calculated from a crack model 
discussed below. The dashed curves are 
sketched through data se t s  which could not be 
f i t  t o  the model. 

f ig. 7 

Figure 7 shows the radon concentration which 
would be measured i f  the experiment were stop- 
ped a f t e r  the to ta l  amount of water shown on 
the abscissa had been collected. 

Note tha t  four of these multiple sample runs 
were on the same rock (435-3D). This rock 
was i n i t i a l l y  saturated,  equil ibrated,  and 
then restressed t o  a d i f ferent ia l  s t r e s s  of 
141 MPa. Three successive water samples were 
collected. The s t r e s s  was then increased to 
193 MPa and a fourth sample was collected. 
This fourth point ,  the sol id  t r iangle  i n  
Figures 6 and 7 ,  i s  on trend w i t h  the previous 
three points and shows no s igni f icant  increase 
i n  radon following the s t r e s s  change. 
rock was then removed from the apparatus, re- 
equil ibrated under water, and restressed t o  
193 MPa. The four,  sequential ,  water samples 
collected a t  t h i s  s t r e s s  contained s l igh t ly  
more radon (much l e s s  than a fac tor  of two) 
than the 141 MPa run. The rock was removed, 
re-equilibrated, and then stressed to 244 MPa. 
Four samples were again taken, b u t  t h i s  time 
an unusually low radon concentration was 
measured. The sample was observed t o  have 
devel oped a through-going, extensive fracture 
zone. Because the low radon level fo r  t h i s  
r u n  i s  due almost ent i re ly  t o  the low concen- 
t ra t ion  in the f i r s t  sample collected,  the 
rock was re-equilibrated and rerun a t  244 MPa 
as a check. 
the f i r s t  sample was anomalously low when 
compared w i t h  the other multiple sample runs. 

In Figure 8 ,  the to ta l  methane released i s  
plotted as a function of the t o t a l  water col- 
1 ected. 

The 

Again, the radon concentration i n  

TOTAL WATER COLLECTED, p m  
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f i g .  8 

Note t h a t  the general shape o f  these curves i s  
s i m i l a r  t o  the radon curves i n  F igure 6, b u t  
the re  are s i g n i f i c a n t  d i f fe rences .  More t o t a l  
water  f l ow was requ i red  t o  e x t r a c t  a l l  t h e  
a v a i l a b l e  CH4r  i n  f a c t ,  some rocks re leased 
almost no methane t o  the  f i r s t  few grams o f  
f low water. Also, the  rock which was run a t  
th ree  d i f f e r e n t  s t resses (435-3D) re leased 
more methane a t  h igher  s t resses.  Even t h e  
s t r e s s  change from 141 MPa t o  193 MPa dur ing  
t h e  f i r s t  run produced an increase i n  CHI, 
concen t r a t  i on , whi 1 e the  Rn222 concentrat ion 
was unaffected. 

Carbon d iox ide  was more e r r a t i c  than methane 
o r  radon when p l o t t e d  as a f u n c t i o n  o f  t o t a l  
water  c o l l e c t e d .  There was no ap a r e n t  cor-  
r e l a t i o n  between CH4, C02, and RnE22. Our 
i n t e r p r e t a t i o n  o f  these r e s u l t s  i s  t h a t  each 
o f  these gases must occupy d i f f e r e n t  p o s i t i o n s  
i n  t h e  rock. 

Sample Poros i t y  and Hydrau l i c  Radius The 
p o r o s i t y  o f  t h e  sample under s t ress  may be c a l -  
c u l a t e d  from tf, the t ime i t  takes t o  f i l l  the 
i n i t i a l l y  d ry  rock w i t h  water. Fol lowing Brace 
e t  a l .  (1968) we approximate the f low law as 
F p n x 2  = 0. Hence dp/dx = f ( t ) ,  & t h e  
pressure g rad ien t  i s  approximated by a l i n e a r  
g rad ien t  which changes w i t h  t ime. Brace e t  a l .  
(1968) have shown t h a t  t r a n s i e n t s  due t o  %e- 
neglected terms are on the order  o f  10-30 sec. 
Since i t  takes a t  l e a s t  an hour f o r  our sam- 
p l e s  t o  f i l l ,  the  l i n e a r  g rad ien t  should be 
a good f i r s t  approximation. 

As water  i s  pumped i n t o  the  rock a t  a constant  
back-pressure, pf, the water  f r o n t  w i l l  advance 
i n  the  a x i a l  z d i r e c t i o n  a t  a r a t e  

dz/dt  = q/qA ( 2 )  

where n i s  the  p o r o s i t y .  
(1 )  f o r  q gives 

Using Darcy ls  law 

Once the  p o r o s i t y  and permeab i l i t y  a re  known, 
the h y d r a u l i c  rad ius,  m y  may be found (m i s  
def ined as the volume o f  the cracks d i v i d e d  by 
t h e i r  sur face area). 
(1978) g ives 

For i n t a c t  rock,  Brace 

k = m2q3/k, (5  1 
where k, i s  a geometr ical f a c t o r  between 2 and 
3, w h i l e  f o r  d i l a t a n t  microcracks i n  low poms- 
i t y  rock, pe rmeab i l i t y  i n  the d i r e c t i o n  of the 
microcracks has the form 

k = m2n/k, (6 1 
For  our samples the above ana lys is  y i e l d e d  
p o r o s i t i e s  i n  the  range 0.2% t o  10%. 
p o r o s i t y  as a f u n c t i o n  o f  pe rmeab i l i t y  y i e l d s  
k p ropor t iona l  t o  n 2 ,  between the n 3  depend- 
ence of (5) and the  l i n e a r  dependence o f  (6) .  
The i m p l i c a t i o n  i s  t h a t  the microcrack o r ien-  
t a t i o n s  a re  somewhere between random and ver-  
t i c a l .  The observed radon re lease d i d  n o t  
c o r r e l a t e  w i t h  pore volume , hydraul i c  rad ius ,  
o r  crack sur face area. 

P l o t t i n g  

Models f o r  Radon Release We consider two ex- 
treme-case models f o r  the radon e x t r a c t i o n  
process: (1 )  a wel l-mixed r e s e r v o i r  model, and 
( 2 )  a p ipe- f low model. 

I n  the  r e s e r v o i r  model, we assume t h a t  

dnr/dt = - qnr/Vc ( 7) 

where nr i s  the number o f  access ib le  radon 
atoms i n  the rock and Vc i s  the crack volume. 
Using q dV/dt and nr + nw = N, where No i s  
the  t o t a l  access ib le  radon and nw i s  the num- 
ber  o f  access ib le  radon atoms i n  the f l o w  
water,  (2 )  may be r e w r i t t e n  and so lved t o  g ive  

nw = N,[l-exp(-V/Vc)l (8)  

I n  terms of radon a c t i v i t y  a=xn (h=1.26 x lo-'' 
min 1) 

a, = A,[l-exp(l-V/Vc)] ( 9 )  

Only our d r y  samples, 435-4D and 435-1Db could 
be f i t  t o  t h i s  model ( s o l i d  l i n e s  i n  F igure 6).  
They both l i e  on the  same curve which i s  de- 
f i n e d  by the parameters A, = 4.6 dpm and V = 
9.0 cm3. 
rocks should be 1.2 x l o 3  dpm (based on 3 ppm 
uranium). 
the  a v a i l a b l e  radon. A crack volume o f  9 cm3 
corresponds t o  p o r o s i t y  (under s t r e s s )  o f  about 
4.5%, which seems a b i t  h igh.  

The t o t a l  radon a c t i v i t y  i n  the& 

Hence we are removing about 0.4% o f  

dZ/dt = - kPf/pnz 

which may be i n t e g r a t e d  t o  y i e l d  

( 3 )  None o f  the wet rocks cou ld  be f i t  t o  t h i s  
model because the t o t a l  radon curves i n  F igure 
6 have too sharp a "knee" f o r  the exponent ia l  
form i n  (9 ) .  Such behavior i s  more t y p i c a l  o f  
a p i p e  model which assumes a l l  the radon i s  i n  
s o l u t i o n  and i s  s imply  pushed o u t  by the  ad- 
vancing f low water  w i t h  no mixing. 
case, Figures 6 and 7 should appear as sketched 

n = 2kpf t f /v12 ( 4 )  

I n  t h i s  
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L'watc r Vwa ie r  
The i n i t i a l l y  sa tu ra ted  samples i n  F igure 6 
look  more l i k e  (a )  above than the  smooth curve 
p red ic ted  by (9) .  The t r u e  s i t u a t i o n  probably 
1 i e s  between these two extreme models , & 
the water moves through as i n  a p i p e  model, 
bu t  i s  c o n t i n u a l l y  be ing fed  by s ide  channels 
i n  the crack network thus rounding the sharp 
corners i n  (a)  and (b)  above. 

Summary o f  Results We can b r i e f l y  sumnarize 
our i n t e r p r e t a t i o n  o f  the  r e s u l t s  presented 
i n  t h e  previous sect ion.  

a. There was no c o r r e l a t i o n  between & 
released and s t r e s s  app l ied  m i n i t i a l l y  
d r  Sam l e s .  Among severa l  poss ib le  explana- 
-$I- t i o n s  -5 of t i s  observat ion are:  (1)  the  new 
mic ro f rac tu res  opened by the  h igher  s t resses 
do n o t  connect w i t h  the  network o f  f r a c t u r e s  
which are c a r r y i n g  t h e  water,  and/or they do 
n o t  c a r r y  a s i g n i f i c a n t  f r a c t i o n  o f  the  water 
o r  (2 )  these new mic ro f rac tu res  c a r r y  a s i g -  
n i f i c a n t  f r a c t i o n  o f  t h e  p e r c o l a t i n g  water 
b u t  they do n o t  con ta in  s i g n i f i c a n t  radon. 
They might  n o t  con ta in  radon e i t h e r  because 
only  p r e- e x i s t i n g  cracks have had t i m e  t o  
concentrate and t r a p  s i g n i f i c a n t  radon, o r  
because radium i s  p r e f e r e n t i a l l y  loca ted  as 
secondary sur face coat ings on e x i s t i n g  cracks 
and t h i s  radium i s  responsib le  f o r  v i r t u a l l y  
a l l  o f  t h e  observed Rn emanation (Tanner, 1980). 

Explanat ion ( 1 )  i s  cons is ten t  w i t h  microscopic  
observat ions (Brace, 1977), b u t  n o t  w i t h  the  
r e s u l t s  o f  the  s t ress  change experiment on 
sample 435-3D. 
change w h i l e  methane increased i n  response t o  
a s t ress  change dur ing  t h e  f i r s t  run  on t h i s  
sample imp l ies  t h a t  t h e  f l ow water  "saw" t h e  
new microcracks and removed the methane, b u t  
t h a t  the re  was no radon t o  be removed. 

b. Samples which were sa tu ra ted  w i t h  water  
re leased more radon than those which were 
i n i t i a l l y  dry. 
p r i s i n g  i n  l i g h t  o f  Tanner's (1980) d iscuss ion  
o f  t h e  r o l e  o f  water  as an absorber o f  t h e  
radon's  r e c o i l  energy. Thus, the  amount o f  
water  and the  d i s t r i b u t i o n  o f  t h i s  water  i n  t h e  
rock  are c r i t i c a l  f a c t o r s  c o n t r o l l i n g  radon 
re1 ease. 

The observat ion t h a t  Rn d i d  n o t  

-------- 
These observat ions are n o t  sur-  

The hypothesis which i s  cons is ten t  w i t h  a l l  our  
observat ions i s  t h a t  most of the observed radon 
i s  der i ved  from radium which has been deposited 
on the w a l l s  o f  o l d  microcracks. We are cur-  
r e n t l y  per forming a s e r i e s  o f  experiments t o  
t e s t  t h i s  hypothesis. 
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ways. E i t h e r  water  f lows through the  rock so  
q u i c k l y  t h a t  radon does n o t  have t i m e  t o  d i f -  
fuse from s i d e  channels, o r  most of the  water 
f lows through a few, large,  main channels 
( r a t h e r  than many small  channels) and thus r e -  
moves a sma l le r  f r a c t i o n  o f  t h e  access ib le  radon 
atoms produced i n  t h e  rock. 

This  may be i n t e r p r e t e d  i n  two 
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