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GAS ANALYSIS RESULTS FOR PROJECT RULISON 
CALIBRATION FLARING SAMPLES 

Abstract 

Results are presented and discussed 

of chemical and radiochemical analyses 

of seven samples taken from the produced 

gas from calibration flaring on August 1 

and October 4 through 7, 1970, of the 

Project Rulison nuclear stimulation 

experiment. The average gas composition 

observed in these samples is 48.4% CO„, 

32.8% CH^, 15.7% Hg, 1.73% C^Hg, 0.28% 

CgHg and 0.23% C .^ hydrocarbons. The 

most significant radionuclide observed 

was tr i t ium, present in the gas at 176 

picocuries per standard mill i l i ter . 

Methane contains 82% of the gaseous t r i ­

tium, while hydrogen (with 11%), etnane 

(6%) and heavier hydrocarbons contain the 

balance. Trit ium-to-hydrogen rat ios 

(relative to methane) in H„, CH., C„H„ 

and CoHp are 0.5, 1.0, 0.9, and 0.7 
85 respectively. The Kr concentration is 

150 pCi/ml. Other radionuclides meas ­

ured were present in the following con­

centrations: C at 0.41 pCi/ml, Ar at 

1.4 pCi/ml. '^'Ar at 10.7 pCi/ml and 

''Rn at 0.03 pCi/ml. 

The first major re lease of gas from 

the Project Rulison nuclear gas st imula­

tion experiment occurred on August 1, 

1970. Re-entry drilling was terminated 

The total gas volume calculated as ­

suming a total of 960 Ci of Kr 

mixed uniformly with the chimney gases, 
9 

was 6.4 X 10 l i t e r s . This volume of 
gas could be contained in spherical 

void of radius 23.5 m (77 ft) at a p r e s ­

sure of 200 atm and a temperature of 

37 5°F. 

Totals of various radionuclides meas ­

ured (based on the assumed total amount 

of Kr) include: 0.11 g of t r i t ium pre­

sent as " p e r m a n e n t " gas (correspond­

ing to about 10% of the one-gram ex­

pected to res ide in the chimney), 2.6 
14 Ci of C (as carbon dioxide), 42 kCi 

37 of Ar (at detonation time) and 9.2 Ci 

of ^^Ar. 

The significantly lower concentration 

of COg present in the e a r l i e s t sam­

ple taken is explained in t e r m s of a 

dilution effect r e s u l t i n g from the 

long-term re lease of inactive CO„ in 

the chimney. This hypothesis predicts 

the observed radial g r a d i e n t in COg 

concentration. 

in late July and the gas re lease accom­

panied the unloading of the r e -en t ry well. 

Unloading (i. e . , the cleaning out of dr i l l ­

ing mud chips, etc.) was accomplished by 

Introduction 
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p r e s s u r i z a t i o n with n i t rogen and was 

begun at about 14:30 local t i m e on 

August 1. S h o r t - t e r m f la r ing ope ra t i ons 

w e r e in i t ia ted about 19:30 af ter the wel l 

w a s c l eaned . In i t ia l ly n i t r ogen gas was 

r e l e a s e d . Methane was detec ted in the 

p roduced gas at 20:08 and by 20:12 a 

cont inuous undiluted (with N„) flow of 

" c h i m n e y " g a s e s w a s a t t a ined . This 

p roduc t ion continued for 29 m i n u t e s unti l 

the wel l was shu t - i n . Peak produc t ion 

r a t e du r ing th i s flow w a s 7.2 mi l l ion 

cubic feet p e r day, and the to ta l gas p r o ­

duced was about 147,000 cubic feet . 

S a m p l e s w e r e obtained at i n t e r v a l s for 

a n a l y s i s by the p ro j ec t p a r t i c i p a n t s . This 

r e p o r t includes the r e s u l t s of a n a l y s e s 

p e r f o r m e d at LRL for the t h r e e s a m p l e s 

which we r e c e i v e d . 

Addi t ional ca l ib ra t ion f l a r ing a t t emp t s 

du r ing August did not ach ieve the d e s i r e d 

produc t ion r a t e s . Lack of open pathways 

to the ch imney was p r e s u m e d to be the 

c a u s e of th i s r educed product ion capabi l i ty . 

Qui te poss ib ly , the gas p roduced on 

August 1 was d rawn f rom the chimney, 

at l e a s t pa r t i a l l y , th rough pa thways which 

subsequen t ly w e r e c losed . B e c a u s e of 

th i s inabi l i ty to p roduce s ignif icant quan­

t i t i e s of gas , the dec i s ion was m a d e to 

r e - o p e n the r e - e n t r y well with addi t ional 

d r i l l i ng . F u r t h e r ca l ib ra t ion f la r ing 

a t t e m p t s w e r e d e f e r r e d imtil e a r l y Oc tober 

No s a m p l e s for a n a l y s e s at L R L w e r e o b ­

ta ined al though about 1.2 mi l l ion cubic 

feet of gas was r e l e a s e d fur ing the i n t e r i m 

pe r iod . 

A s e r i e s of four ca l ib ra t ion f l a r ing 

t e s t s was conducted be tween Oc tober 4 

and Oc tober 7, 1970. T h e s e t e s t s a r e 

c h a r a c t e r i z e d in Table 1; for fu r the r d e ­

t a i l s consul t r e p o r t s of the field o p e r a ­

t i o n s . Note that the second t e s t pe r iod 

was punctuated by two shu t - i n p e r i o d s of 

a p p r o x i m a t e l y 30 m i n u t e s each for equ ip ­

m e n t changes . Sample s w e r e obta ined at 

i n t e r v a l s dur ing t h e s e t e s t s , and r e s u l t s 

f rom the four s a m p l e s ana lyzed at L R L 

a r e included in th i s r e p o r t . 

T h e s e t e s t s p roduced the f i r s t s a m p l e s 

l ike ly to be r e p r e s e n t a t i v e of the gas in 

the Rul i son ch imney . We have gone to 

s o m e lengths , t h e r e f o r e , to eva lua te the 

concen t r a t i ons and c h e m i c a l compos i t i ons 

P e r i o d 
No. 

Table 1. P r o j e c t Rul ison ca l i b r a t i on f la r ing t e s t s , Oc tober , 1970. 

S t a r t F i n i s h F low r a t e (10^ ft^/d) Change ^ 
Loca l Loca l No. To ta l flow 
t i m e Date t i m e Date S ta r t F i n i s h s h u t - i n s ( lOSft^) 

1 0705 10/4 0833 10/4 2.1 

2 2100 10/4 1300 10/5 2.2 

3 1430 10/5 1700 10/5 15.0 

4 1405 10/6 1315 10/7 5. 

2.7 5 

15,6 

15.5 

5,8 

N e a r l y 
cons tan t 

Gradua l l y 
i n c r e a s i n g 

N e a r l y 
cons tan t 

N e a r l y 
cons tan t 

0 

2 

0 

0 

0.17 

5.25 

6.84 

12.19 

F low f rom Oc tober 4, 197 0. 



of a number of r a d i o n u c l i d e s in 

the produced gas. These resul ts will 

provide a s t a r t i n g point for evalua­

tion of changes in gas composition r e ­

sulting from later high-volume produc­

tion studies. 

Gas Sampling 

Two of the three August 1 samples 

received and analyzed at LRL were taken 

in the 500 ml stainless steel sample bot­

tles provided for this purpose. Each con­

tained about 10 l i te rs of pressurized gas. 

The third August 1 sample was provided 

by Fred Johns of the U. S. Public Health 

Service (SWRHL), and was a portion of a 

sample taken for their safety program 

analyses. Approximately four l i te rs of 

gas was received in a sample container 

of five l i te rs capacity. These three samples 

were collected at the start , middle and end 

of the August 1 flaring, from the high-pres­

sure tank ofthe drilling well control unit. 

Four samples were collected for anal­

ysis by LRL during the early October 

calibration flarings. All were taken in 

the 500 ml stainless steel sample bottles 

and were pressur ized to contain 25 to 30 

l i te rs of gas. The first two of these were 

collected shortly after the s tar t of the 

second flow period. These were sampled 

prior to and following the separator unit 

to see if gas composition was affected by 

this device. Additional samples were 

collected pr ior to the separator during 

the third flow p e r i o d and 4 hours 

pr ior to the end of the fourth and final 

test s e r i e s . 

Table 2 summarizes the sampling in­

formation and production data associated 

with each of the samples collected for 

analysis at LRL. 

Table 2, Gas samples for analysis at LRL. 

Production Cumulative 
Flow rate since last total gas production 

Local at sampling shut-in at sampling time 
LRL sample No. Date taken time taken (106 ft^/d) (10^ ft^) (10^ ft^) 

8 

9 

10^ 

11 

12 

13 

14 

8/1/70 

8/1/70 

8/1/70 

10/5/70 

10/5/70 

10/5/70 

10/7/70 

20:15 

20:24 

20:40 

02:18 

02:45 

15:07 

09:00 

3.3 

5.6 

_ b 

5.1 

5.2 

15.0 

5.9 

0.017 

0.044 

0.147 

0.16 

0.28 

0.39 

4.5 

0.017 

0.044 

0,147 

2.0^ 

2.1 

6.6 

11.2 

Sample taken for U. S. P . H. S. safety analysis program. 

Taken at or just following shut-in. 

"^Includes 1.2 X 10^ ft^ released during field operations between 8/1/70 and 10/4/70. 
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Chemical Composition 

Table 3 . M a s s s p e c t r o m e t r i c a n a l y s e s . ^ Ai r , b a s e d on oxygen, h a s been r e m o v e d . 

Gas 

^ 2 
CO2 

H2 

CH4 

*-^2^6 

^ 3 ^ 8 
Other 

8 

1.1 

34.0 

19.8 

42.2 

2.22 

0.38 

0.28 

A i r Removed 0.144 
(% of o r ig ina l sample ) 

9 

0.82 

49.3 

15.7 

31.9 

1.70 

0.25 

0.29 

0.095 

L R L 

10 

0,93 

49.0 

15.9 

31.9 

1.69 

0.29 

0.26 

0.096 

s a m p l e 

11 

1.0 

47,8 

15.6 

33.3 

1.74 

0.30 

0.14 

1.53 

No. 

12 

0.75 

48.1 

15,6 

33.4 

1.74 

0.25 

0.22 

0.191 

13 

0,86 

48.0 

16.0 

33.0 

1.74 

0.25 

0,12 

0,048 

14 

0.83 

48.1 

15.4 

33.2 

1.75 

0.31 

0,36 

0.096 

A v e r a g e 
of s a m p l e Nos. 

9-14 

0.87(4.1) 

48.4(1.0) 

15.7(1.0) 

32.8(1.0) 

1.73(1.8) 

0.28(4.1) 

0,23(16) 

— 

R e s u l t s a r e given in volume p e r c e n t . The abso lu te u n c e r t a i n t y in the m a s s s p e c t r o ­
m e t r i c r e s u l t s i s one to five uni t s in the l a s t r e p o r t e d f igure . 

N u m b e r s in p a r e n t h e s e s a r e s t a n d a r d deviat ion of the m e a n e x p r e s s e d in p e r c e n t . 

Chemica l a n a l y s e s w e r e p e r f o r m e d on 

each of the seven s a m p l e s by m a s s 

s p e c t r o m e t r y ; r e s u l t s a r e p r e s e n t e d in 

Table 3. Oxygen is p r e s u m e d not to be a 

component of the ch imney gas , and t h e r e ­

fore i t s p r e s e n c e in the s a m p l e s i s t aken 

a s ev idence of a i r inc lus ion dur ing snap 

s amp l ing . The components have been 

n o r m a l i z e d to 100% exc lus ive of a i r . 

Th i s c o r r e c t i o n was b a s e d on the oxygen 

content of the s a m p l e s as r e c e i v e d and 

was on the o r d e r of 0.1% in each c a s e . 

All the s a m p l e s except for the f i r s t 

one. No. 8, a p p e a r to b e iden t ica l within 

e x p e r i m e n t a l u n c e r t a i n t y . T h e r e f o r e , 

r e s u l t s f rom t h e s e s ix s a m p l e s have been 

a v e r a g e d . The compos i t ion of the f i r s t 

s a m p l e , t aken at 20:15, differs no t iceab ly 

f rom that of the l a t e r two, ind ica t ing that 

s e v e r a l m i n u t e s flow w e r e r e q u i r e d to 

a t t a in a s t ab i l i zed o r un i fo rm gas c o m p o ­

s i t ion . 

Since r a t i o s of N„, H„, C„Hj, and 

CoHo to CH. a r e n e a r l y cons tant t h rough ­

out t h e s e s ampl ing p e r i o d s , the only 

m a j o r c h e m i c a l d i f ference be tween the 

f i r s t and l a t e r s a m p l e s i s in the amount 

of COp p r e s e n t . If the l a t e r s a m p l e s a r e 

a s s u m e d to r e p r e s e n t ch imney gas , we 

a r e faced with the p r o b l e m s of expla in ing 

both a l ack of mix ing in the p roduced gas , 

and the r e l a t i v e l y low l eve l s of CO„ 

found in i t i a l ly . Th i s ques t ion is a d d r e s s e d 

in the sec t ion t i t led " C a r b o n Dioxide . " 

Radiochemical Analyses 

Radiochemical analysis was performed 

on each of the three samples from the 

August 1 flaring, and on two of the four 

samples taken in early October. The 

• 4 -



other two were counted to determine only 
85 

Kr and total t r i t ium. Complete analysis 

of the five selected samples involved the 

separation of chemically and radiochemi-

cally pure fractions of the gas by elution 

chromotography. Activity levels of 

these fractions and of the gross sample 

were measured, according to the decay 

energy, either by thin-window proportional 

counters or by internal beta proportional 

counters. We compared the resul ts of 

activity measurements from separated 

samples with those from gross samples 

to provide an internal check of the data 

and of the sample-handling technique 

employed. The absolute accuracy of 

these measurements is unknown, but the 

uncertainty is most probably less than 

±10% of the values reported. 

Concentrations of the radioactive 

constituants of these samples are listed 

in Table 4. Each result is assigned a 

precision which is the standard deviation 

of the mean of the replicate measurements 

comprising each determination. Results 

for all but the first sample are considered 

comparable within experimental uncertainty 

andhave, therefore, been averaged. All r e ­

sults have been decay-corrected to the time 

of detonation, unless otherwise indicated. 

Table 4. Radionuclide concentrations in calibration flaring samples: pCi per mill i l i ter 
of sample after normal air, based on oxygen, has been removed. (Corrected 
for decay to the time of detonation, unless otherwise indicated). 

G a s 

S^Kr 

T r i t i u m 

a s HT 

as CHgT 

a s C^H^T 

a s C^H.jT 

Tota l t r i t i u m 

l^C as I V O 2 
Sa^ rd 

31^^e 

•^^Ar (at s a m p l e 
t i m e ) 

222Rn X lO'^ 
(at s a m p l e 
t i m e ) 

8 

188 (1.6)=* 

20.1 (1.9) 

187 (1.9) 

13.6 (1.6) 

1.98 (1.6) 

223 (2) 

0.50 (3.5) 

1.84 (1.8) 

8300 (10) 

13.5 (10) 

6.83 (2.1) 

9 

150 (1.7) 

17.4 (1.5) 

146 (1.9) 

9.81 (1.6) 

1.73 (1.7) 

175 (2) 

0.36 (3.2) 

1.46 (1.6) 

5900 (15) 

9.68 (15) 

30.2 (1.6) 

L R L 

10 

155 (1.6) 

19.4 (1.6) 

147 (1.6) 

10.8 (1.9) 

2.46 (2.0) 

180 (2) 

0.40 (4.6) 

1.53 (3.2) 

7200 (6.7) 

11.8 (6.7) 

s a m p l e No. 

11 

145 (5)' ' 

— 
— 
— 
— 

205 (lO)b 

12 

151 (1.8) 

18.7 (1.7) 

142 (4.3) 

11.0 (1.9) 

1.64 (4.8) 

17 3,(4) 

0.47 (2.1) 

1.50 (0.4) 

— 
— 

— 

13 

148 (5)' ' 

— 
— 
— 
--

170 (10)' ' 

14 

150 (1.8) 

18.4 (2.0) 

144 (1.8) 

10.3 (5) 

1.61 (2.3) 

174 (2) 

0.41 (5) 

1.32 (2.5) 

— 
— 

— 

A v e r a g e 
of s a m p l e 
Nos . 9-14 

150 (0.9) 

18.5 (2 . j ) 

145 (0.7) 

10.5 (2.6) 

1.9 (11) 

176 (0.b)< 

0.41 (1.0) 

1.45 (5.0) 

6500 (7.0) 

10.7 (7.0) 

— 

N u m b e r s in p a r e n t h e s e s a r e s t a n d a r d dev ia t ions of the m e a n of r e p l i c a t e d e t e r m i n a t i o n s o r of the a v e r a g e d s a m p l e s 
e x p r e s s e d in p e r c e n t . 

G r o s s count d e t e r m i n a t i o n s . 

'^Total of a v e r a g e c o n c e n t r a t i o n s of t r i t i a t e d s p e c i e s . 

•^^Ar m e a s u r e m e n t a s s u m e s a 10% count ing eff ic iency b a s e d on Kr in our th in-window b e t a p r o p o r t i o n a l c o u n t e r s . 

^Quoted va lues for ' A r a r e obta ined f rom the d i f fe rence be tween to ta l a rgon ac t iv i ty and the A r m e a s u r e d d i r e c t l y . 

If the total quantity of a gaseous 

mater ia l in a nuclear chimney is known, 

then by assuming uniform mixing it is 

possible to calculate totals of other species 

existing in the gas. In the absence of a 

Totals of Gaseous Species 

known quantity of gaseous t r a c e r for the 

Rulison event, the fission-product gas 
85 

Kr can be used to infer species totals . 
85 Calculations of the total quantity of Kr 

a re dependent on the actual fission yield 
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of the explosive, a quantity which is not well 

known. In this report a total of 960 Ci of Kr 

is assumed to be present in the Rulison chimney. 
An estimate of the total quantity of a 

85 gas with which the Kr is mixed is 

obtained by dividing the assumed 960 Ci 
85 total by the Kr concentration in a given 

sample. From this total gas volume and 

the concentrations of the various compo­

nents, totals of the gaseous mater ia ls 

within the Rulison chimney can be calcu­

lated. Implicit to this interpretation of 

the data are the assumptions of uniform 

mixing and representat ive sampling. 

Table 5 is a compilation of the radiochem­

ical and chemical resul ts expressed in 

t e rms of totals based on krypton-85. 

The observed total gas volume of 

6.41 X 10 l i te rs (STP) could be contained 
7 * 

in a void volume of 5.4 X 10 l i te rs 

(1.9 X 10^ ft^) at 200 atm and 375°F, the 

approximate p ressure and temperature 

of the chimney gas during the calibration 

flarings. This void, if assumed to r e ­

present the volume of the spherical cavity 

created by the nuclear explosive, co r r e ­

sponds to a cavity radius of 23.5 m (77 ft). 

Total tr i t ium present in the chimney 

gas is seen to be 1120 Ci (0.112 g), and 

is approximately 10% of the amount (1 g) 

of this radionuclide expected to be p re ­

sent in the chimney. Presumably the 

other 0,9 g is combined with chimney water, 

a compound not measured in this study. 
At a temperature of ~ 37 5°F, the p r e s ­

sure of saturated steam is 12 to 13 atm, 
or about 6.5% of the assumed total 
chimney p re s su re . Since the degree 
of steam saturation is speculative, 
and the proper temperature of steam in 
the chimney is not known, the partial 
p res su re of steam has been ignored in 
these calculations. The calculated chim­
ney volume would increase slightly if 
these considerations were included. 

Table 5 shows that the totals of the 

various species calculated in this way, 

both chemical compounds and radionu­

clides, do not vary significantly through­

out these flaring tests , with one excep­

tion. The total quantity of COr, calculated 

from sample No. 8 is significantly lower 

than those calculated from the other sam­

ples (thus the total gas volume is also 

lower for No. 8). Therefore sample No. 8 

is excluded from the averages of total 

CO2 and total gas volume given in Table 5. 

Consistancy of these totals through 

the flaring periods of August 1 and early 

October is to be expected. Relatively 

small volumes of gas (compared to the 

amount of gas in the chimney) were r e ­

leased, so that composition changes r e ­

sulting from dilution should be negligible. 

Fur thermore after the year of shut-in 

following the detonation chemical and 

radiochemical interactions were not 

likely to be proceeding at a ra te which 

would produce significant changes in gas 

composition over the two-month observa­

tion period. Verification of these expec­

tations is an important result of the Gas 

Quality Program. Continued examination 

of the gas from full-scale production 

testing will help to define the extent, if 

any, of long-term changes in composition 

result ing from slow reactions among chim­

ney gas components. Ful l -scale produc­

tion testing will also allow experimental 

evaluation of the total gas volume. This 

will eliminate the uncertainties associated 

with our assumption of the total amount of 
85 

Kr present in the chimney, and will 

contribute to our understanding of the 

phenomena which determine gas quality. 

A detailed examination of these r e ­

sults with regard to their contribution to 
- 6 -



Tota l 5, Tota l of v a r i o u s s p e c i e s 
r e p r e s e n t a t i v e s a m p l i n g 

o c ft f̂  

mixed with Kr, a s s u m i n g (1) 960 Ci Kr to ta l , (2) uniform mixing, and (3) 

G a s 

Major componen t s 

CO2 

H2 
CH4 

•^2^6 

•^3^8 

To ta l 

, Rad ionuc l ides 

' T r i t i u m 

as HT 

a s CH3T 

a s C2H5T 

a s CgH^T 

To ta l t r i t i u m 

^'^Ar (10-4) 

39Ar 

^^C as COg 

8 

1.74 

1.01 

2.16 

0.113 

0.020 

5.11 

103 (1.9)^ 

956 (1.9) 

69.4 (1.6) 

10.1 (1.6) 

1140 (1.6) 

4,22 (10) 

9.42 (1.8) 

2.55 (3.5) 

9 

3.15 

1.00 

2,04 

0.109 

0.016 

6.39 

111 (15) 

936 (1.9) 

62.8 (1.6) 

11.1 (1.7) 

1120 (2.2) 

3.78 (15) 

9.31 (1.6) 

2.32 (3.2) 

LRL s a m p l e 

10 

G 

3,03 

0.985 

1.98 

0.105 

0.018 

6.19 

11 

No. 

12 

^as vo lumes (10^ l i t e r s 

3.16 

1.03 

2.20 

0.115 

0.020 

6.61 

3.06 

0.993 

2.12 

0,111 

0,016 

6.36 

13 

1 STP) 

3.12 

1.04 

2.14 

0.113 

0.016 

6.49 

C u r i e s (at t i m e of detonation) 

120 (1.6) 

912 (1.6) 

•66.6 (1.9) 

15.2 (2.1) 

1110 (1.3) 

4.46 (6,8) 

9.48 (3.2) 

2.45 (4.6) 

— 

— 

— 

— 

1360 (10) 

— 

— 

— 

119 (1.7) 

904 (4.3) 

69.7 (1.9) 

10.4 (4.8) 

1100 (3.5) 

— 

9.52 (1.9) 

2.98 (2.1) 

— 

— 

-

— 

1100 (10) 

— 

— 

— 

14 

3.08 

0.990 

2,13 

0.112 

0.020 

6.41 

118 (2.0) 

921 (1.8) 

66.1 (5) 

10.3 (5) 

1120 (1.5) 

— 

8.45 (1.9) 

2.61 (5) 

Ave rage 

3.08 (0.7)^'"^ 

1.00 (0,8) 

2.11 (1.4) 

0.111 (1.2) 

0.018 (4,3) 

6,41 (0 .9 )^ 

114 (1.2) 

926 (0.9) 

64.9 (1.8) 

11.4 (3,7) 

1120 (0.7) 

4.15 (2.7) 

9.24 (1.6) 

2.58 (2.5) 

N u m b e r s in p a r e n t h e s e s a r e p e r c e n t s t anda rd deviat ion of the m e a n of r e p l i c a t e d e t e r m i n a t i o n s o r of the ave raged 
s a m p l e s . 

A v e r a g e exc ludes s a m p l e s No. 8. 



our understanding of the phenomena 

which determine gas quality is beyond 

the scope of this paper. Such interpreta­

tion should properly await experimental 

evaluation of the total gas volume during 

production testing, so that the uncertain­

ties associated with the assumption of the 
85 total of 960 Ci of Kr can be eliminated. 

Specific Activity 

It is often instructive, when the radio-

chemistry of tri t ium and carbon-14 is 

considered, to examine the ratio of the 

radioactive isotope to the total amount of 

the element in each of its various chemi­

cal compounds. This ratio, referred to 

as the specific activity, is conveniently 

expressed in units of picocuries of tri t ium 

or carbon-14 per standard millil i ter of 

the chemical compound of interest . De­

fined in this way, the specific activity is 

related to the more conventional definition 

(based on atom ratios) according to the 

number of hydrogen or carbon atoms per 

molecule of the gas. Thus, at a constant 

tr i t ium-to-hydrogen-atom ratio, the 

specific activities of hydrogen, methane, 

ethane, and propane would exhibit a 

1:2:3:4 ra t io . 

Specific activities of some tri t ium and 

carbon-14 compounds a re listed in 

Table 6. Again, the COp fraction of 

sample No. 8 exhibits the only significant 

variation from the sample- to-sample 

norm. Therefore, the CO„ average 

given in the table excludes the first 
14 14 

C data point. Dilution of the CO„ 

observed in sample No. 8 with CO„ of 

much lower specific activity is the most 

probable explanation for this variation; 

this possibility is examined in the next 

section. The constancy of the specific 

activities of the trit iated species through 

the sampling period indicates a lack of 

significant exchange or dilution effects, 

and again, is not unexpected. 

Specific activities of methane and 

ethane exhibit the 2:3 ratio expected if 

a constant tr i t ium-to-hydrogen ratio is 

assumed. Other tritiated species are 

not consistent with this assumption,how-

ever. Since tr i t ium exchange equilibria 

Table 6. Specific activities of t r i t ium-and carbon-14-containing compounds: PCi per 
mil l i l i ter of isotopic species . 

Gas 

T r i t i u m 

HT in Ilg 

' • " 3 T in CH4 

' 2 " 5 ' ^ ^" ^"2"6 

( • . ^ I I . T i n C g n , 

'•'(•Og in CO2 

« 

102(2.1) '^ 

423(2.1) 

612(2.4) 

520(10) 

1.46(3.1) 

9 

111(15) 

459(2.0) 

577(24) 

692 (10) 

0.735 (2. 7) 

L R L 

10 

122(1.4) 

461 (1.4) 

636(3.2) 

846(12) 

0.810 (4. 

s a m p l e 

3) 

11 

-

-

-

-

-

No. 

12 

120(1.4) 

426(4.0) 

620(2.8) 

653(15) 

0.976 (2. 2) 

13 

-

-

-

-

-

14 

119 (2.0) 

433 (1 .5) 

588 (6.0) 

518 (12) 

0.845 (5.2) 

Avera 

115 (3 

444 (1 

608 (1 

646 (9 

0.841 

ge 

.2) 

.0) 

.7) 

.0) 

(e.o)'' 

Numbers in fjarenthesis are standard deviation of the mean of replicate determinations or of the averaged samples 
expressed as percent. 

Average excludes sample \ o . 8. 



involving HT and e i t h e r w a t e r o r m e t h a n e 

favor the m o r e complex compounds , the 

d e p r e s s e d spec i f ic ac t iv i ty of the h y d r o ­

gen f rac t ion r e l a t i v e to m e t h a n e is an 

indica t ion that exchange did o c c u r . P r o ­

pane migh t not have p a r t i c i p a t e d ex tens ive ly 

in t r i t i u m exchange , and would not have b e e n 

a s ignif icant component of the e a r l y c h i m ­

ney g a s e s . The r e l a t i v e l y low speci f ic 

ac t iv i ty of p ropane is not unexpec ted . 

Carbon Dioxide 

Throughout the p r e c e e d i n g d i s c u s s i o n s 

the only s ignif icant d i f ference o b s e r v e d 

be tween s a m p l e s was r e l a t e d to the CO„ 

content of s a m p l e No. 8 a s c o m p a r e d to 

the l a t e r s a m p l e s . The o b s e r v e d dif­

f e r e n c e s can be expla ined by a s s u m i n g a 

di lut ion effect r e s u l t i n g f rom an a d m i x ­

t u r e of m o r e CO„ into the l a t e r s a m p l e s . 

To t e s t the di lut ion pos tu la te , ca lcu la t ions 
14 of the expec ted changes in C c o n c e n t r a -

14 t ion, to ta l CO™, and C spec i f ic ac t iv i ty 

have been m a d e . T h e s e ca lcu la t ions a r e 

b a s e d on the o b s e r v e d f r ac t iona l CO„ 

content of the s a m p l e s , and the o b s e r v a -
o c 

tion that the r a t i o of K r to s a m p l e c o m ­

ponents o t h e r than CO„ is cons tan t 

(Table 5). F o r s i m p l i c i t y the addi t ional 
14 CO„ is a s s u m e d to contain no C. The 

o b s e r v e d changed a r e c o m p a r e d to t h o s e 

ca lcu la ted in Table 7. 

The e x p r e s s i o n s for the changes 

expected f rom dilut ion of a un i fo rm m i x ­

t u r e of gas by inac t ive ca rbon dioxide 

a r e as fol lows: 

14 
pCi CO2 

m l s a m p l e 

A to ta l CO2 = 

( l -COg) 
9-14 

( l -COg) 
(1) 

(CO^) 
9-14 

( l -COg) 

Tcop" 
X ( l -COg) 

9-14-1 

•1 (2.) 

pCi ^^CO, 

m l CO„ 

(CO2) ( l -COg) 

° - X 9-14 
Tco^ 

9-14 
( l -COg) 

-1 (3) 

Table 7 shows that the o b s e r v e d 

changes a r e c o n s i s t e n t with the hypo thes i s 

that addi t ional inac t ive c a r b o n dioxide is 

the only s ignif icant d i f ference be tween 

t h e s e s a m p l e s . To expla in the appa ren t 

l ack of mix ing and the a p p e a r a n c e of 

addi t ional CO™ as p roduc t ion p r o c e e d e d , 

it i s n e c e s s a r y to examine the condi t ions 

l ike ly to ex i s t in the n u c l e a r ch imney 

following c o l l a p s e . We sugges t the fol low­

ing m o d e l . 

At s o m e finite t i m e s h o r t l y af ter c h i m ­

ney co l l apse the void s p a c e s would b e 

fil led to e s s e n t i a l l y fo rma t ion p r e s s u r e 

with a r e a s o n a b l y un i fo rm m i x t u r e of 

h y d r o c a r b o n g a s e s and p r o d u c t s of the 

n u c l e a r de tonat ion including CO„, H„, 

and the r a d i o n u c l i d e s . The d i s t r ibu t ion 

of hea t e n e r g y th rough the ch imney r u b ­

b l e would be fa r f rom uni form, and con-

vec t ive mix ing of t h e s e g a s e s i s p o s t u ­

l a t ed . However , a s the ava i l ab le h e a t 

e n e r g y s p r e a d s , addi t ional c a r b o n dioxide 
14 conta in ing l i t t l e o r no C would be 

l i b e r a t e d by the decompos i t i on of c a r b o ­

na te m i n e r a l s . Thus the g a s e s in the 

- 9 -



14, 
Table 7 . S u m m a r y of CO„ and C r e s u l t s 

% CO 2 

pCi ^^CO /ml s a m p l e 

Total CO2 (10^ l i t e r s ) 

Total ^^C as CO2 (Ci) 

pCi ^^COg/ml CO2 

Sample 
No. 8 

34.0 (1.7)^ 

0.50 (3.5) 

1.74 (2.3) 

2.55 (3.5) 

1.46 (3.9) 

Sample 
Nos . 9-14 

48.4 (1.3) 

0.41 (1.0) 

3.08 (0.7) 

2.58 (2.5) 

0.841 (6.0) 

% change 
to s ampl 

r e l a t i v e 
e No. 8 

O b s e r v e d Ca lcu la ted^ 

+ 42 

- 18 

+ 77 

0 

-42 

— 

- 2 2 

+ 82 

0 

- 4 4 

Ca lcu la ted changes a r e b a s e d on the o b s e r v e d f r ac t iona l CO2 content of the 
s a m p l e s and the o b s e r v a t i o n that the r a t i o of ^ ^ x r to s a m p l e componen ts o t h e r 
than CO2 is cons tan t . Inac t ive CO2 is a s s u m e d to be the di luant . 

N u m b e r s in p a r e n t h e s e s a r e p e r c e n t s t a n d a r d dev ia t ions of the m e a n of r ep l i ­
ca te m e a s u r e m e n t s o r of the s a m p l e s included in the a v e r a g e . 

ch imney could b e d r i v e n into the s u r ­

rounding f r a c t u r e zone by the i n c r e a s i n g 

COp p r e s s u r e , and effect ively r e m o v e d 

f rom the r eg ion w h e r e mix ing was p o s ­

s ib l e . L i b e r a t i o n of CO„ would be 

expec ted to r e a c h s o m e s o r t of equ i ­

l i b r i u m at the t e m p e r a t u r e and p a r t i a l 

p r e s s u r e ex i s t ing in the ch imney at l a te 

t i m e s . 

It i s pos s ib l e that continued gene ra t i on 

of COp c a u s e s expans ion of ch imney 

g a s e s into the fo rma t ion at l a te t i m e s . 

Then one would expect to o b s e r v e a 

g rad ien t in CO„ concen t ra t ion (and a l so 

in apparen t t o t a l s , spec i f ic ac t iv i ty , e t c ) 

a s a function of d i s t ance f rom the ch imney . 

Diffusion could eventua l ly d e s t r o y th is 

g rad ien t , but th i s p r o c e s s i s s low at the 

p r e s s u r e s o b s e r v e d . By d rawing gas 

f rom the r e - e n t r y well , which was con­

nec ted to the n u c l e a r ch imney th rough 

the f r a c t u r e reg ion , we w e r e able to 

o b s e r v e a g rad ien t in ca rbon dioxide 

content . Th i s i s cons i s t en t with ou r 

h y p o t h e s e s about condi t ions in the c h i m ­

ney following c o l l a p s e . 
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