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GAS ANALYSIS RESULTS FOR PROJECT RULISON 

PRODUCTION T E S T I N G  S A M P L E S  

Abstract 

Results obtained by chemical and 

radiochemical gas  analysis  of samples  

taken f rom the flowing gas s t r eam during 

the Project  Rulison nuclear  gas stimula- 

tion experiment a r e  presented and dis - 
cussed. These  resu l t s  cover  the produc- 

tion testing period f rom October 26, 1970 

through Apri l  23, 197 1, when nearly 420 
3 million f t  of gas  were  f la red  in t h ree  

testing periods. The combined effects of 

production and dilution of the initial chim- 

ney gases  resulted in a reduction in the 

radionuclide concentrations present  in the 

produced gas  by about a factor  of 50. The 

most  significant radionuclide, tri t ium, 

decreased f rom 176 to 3.7 pCi/ml of 

produced gas,  while 8 5 ~ r  changed from 

150 to 2.9 pCi/ml. Throughout the testing 

period the distribution of t r i t ium among 

the gases  was  approximately 81Y0 in CH4, 

1 I.% in  H2, 670 in C2H6 and 1% in C3H8. 

T'tie chemical composition of the produced 

gas also changed significantly during pro- 

duction. Carbon dioxide concentration 

dropped f rom 4870 to 2270, and that of H2 
f rom 15.7% to 1.070. Concentrations of 

the components of formation gas increased 

through the t e s t  period by about a factor 

of 2. The methane concentration went 

f rom 32.8% to 7 1 .6YOo, that of ethane f rom 

1.7% to 3.6%, and that of propane f rom 

0.3% to 1%. The anomalous behavior of 

C 0 2  is due to la te- t ime introductioil of 

this mater ia l  f rom a t  l ea s t  two sources.  

One of these, containing 1 4 c  and account- 

ing for  a 1570 increase  in the total CO 2 
available, may  be  evidence fo r  the re lease  

of gas dissolved in chimney water. The 

second source  released C 0 2  which was 

f r e e  of 14c ,  and accounted for  an 8% 

increase  in  total C 0 2  in the chimney. 

This  mater ia l  could be  the resu l t  of 

continued decomposition of carbonate 

minerals .  A s imi l a r  ebullition effect, 

though to a considerably l e s s e r  extent, i s  

seen in the behavior of Hz.  The specific 

activity of hydrogen gas  i s  constant 

throughout the test, and is consistent with 

the maintenance of tri t ium exchange equili- 

brium between water and hydrogen gas. 

We have not observed any other tritiated 

species  in t r i t ium exchange reactions.  

Based upon an  assumed total quantity 

(1100 Ci) of " ~ r  in the preproduction 

chimney gas and the reasonably constant 

total gaseous t r i t i u m - t ~ - ~ ' ~ r  ratio, we 

infer that a total of 1300 Ci of tri t ium was 

present in the chimney gas before produc- 

tion. This is 13% of the total of l g  of this 

mater ial  which was predicted to be present 

following the d e t o n  a t  i o n .  The r e -  

maining 87% IS presumed to be bound 

in nonvolatile compounds, water and 

solidified melt .  



Introduction 

Project Rulison was the second joint 

Industry-Government experiment to 

establish the technology for stimulation of 

gas production in a low*- permeability, gas - 
bearing rock matrix using nuclear explo- 

sives. A nominal 40-kt explosive device 

was detonated 2573 m below the ground 

surface near  Rifle, Colorado, on September 

10, 1969. The f irs t  gas release from the 

nuclear chimney followed completion of the 

reentry well and occurred on August 1, 

1970. A limited quantity of gas was produced 

during August and October of 1970 to 

calibrate release monitoring equipment 

and to characterize the chimney gas 

composition a s  a part of the safety pro- 

gram. During these calibration flaring 

3 2 periods, a total of 11.3 million ft (M CF)  

of gas was released. 

Actual production testing of the 

nuclear chimney well began on October 

26, 1970. There were three distinct 

tes t  periods, s e p  a r a t  e d by temporary 

shut-in periods, and terminated on 

April 23, 197 1 by an extended shut-in 

for long-term pressure  buildup measure- 

ments. During these tests ,  a total of 

nearly 420 million ft3 of dry gas was 

flared. Twelve samples, obtained . 

during production, were analyzed at 

LLL a s  a part of our continuing Plow- 

sha re  gas quality program. The results  

of these analyses a re  presented and d i s -  

cussed in this report.  

Production Testing Operations 

Before presenting the gas analytical were obtained for  LLL analysis. Sampling 

results  we will briefly describe the gas information i s  summarized in the next 

production tests  which were conducted a t  section. 

Rulison. Although the following discussion The f irs t ,  o r  high-rate, production 

is adequate to provide the basic informa- test  was performed between October 26 

tion necessary to interpret the gas quality and November 3, 1970. It was designed 

results,  considerably more  detail is to investigate gas flow in the a reas  of 

available in the open literature, i f  such is highest permeability near  the nuclear 

desired. -4 The data summarized he re  chimney, and to obtain a measure of 

a r e  taken from the latest  available open chimney size. Gas flow ra tes  were 
3 file information, and have been corrected initially about 20 million ft per  day 

to a dry  gas basis. 2 (M CFD) and were allowed to decline 
2 Figure 1 shows the quantity of dry gas through the test to about 12 M CFD just 

withdrawn from the Rulison chimney a s  before shut-in. The total quantity, 104 

a function of time. The solid lines re- 2 M CF, of dry Gas produced caused a chim- 

present the three production test periods, ney pressure reduction from 3150 psig to 

and a r e  connected with horizontal dotted 2 120 psig. 

lines during shut-in periods. The c i rc les  The Rulison reentry well remained shut- 

represent conditions at the time samples in between November 3 and December 1, 
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Fig. 1. Pro jec t  Rulison production testing. D r y  gas produced is plotted a s  a function 
of time. 
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1 97 0, when the  second (intermediate- (long-term) production test .  I t  was intended 

rate)  production test  was  begun. This  to reduce the  chimney p re s su re  s o  that gas 

test  continued a t  a reasonably constant influx could be monitored. Accordingly, 
2 production r a t e  of 5 M CFD until we established an initial flow ra t e  of 10 

December 20, 1970 when the well was 2 M CFD. Gas  flows decreased rapidly a t  
2 again shut-in to  observe p re s su re  buildup. f i rs t ,  reaching 2 M CFD by ear ly March 

2 2 About 98 M C F  of dry gas  was f lared dur-  and about 1 M CFD by mid-April. The 
2 jng this  period. Chimney pressure ,  which well was flowing ~0.9 M CFD dry gas 

%- 
------- - High-rate - 

production test - 

loo-.I, , , , I , , , I I , , I , ! :  

---- 

-- 

had increased to 2330 psig before this test ,  when i t  was shut-in on April  23, 1971 to 

was 1485 psig when the tes t  was completed. begin an extended p re s su re  buildup 

'The intermediate-rate  production t e s t  p ro-  monitoring period. The  down-hole pres-  

12 22 31 11  21 30 1 1  21 31 10 20 31 9 19 28 1 1  21 31 10 20 30 

gram was  intended to measu re  the gas flow s u r e  a t  shut-in was about 250 psig. Total 
2 charac te r i s t ics  in  the formation beyond the gas  produced in this  tes t  was 212 M CF. 

:fracture region. The total  flow during the las t  t es t  has  
4 During the shut-in period following the been cor rec ted  by Montan for  noncritical 

second production test ,  the down-hole p re s -  flow through the flow prover.  The cor -  

su re  increased to about 1710 psig. F la r ing  rection is significant only for  the las t  two 
2 .again began on February  3, 1971 when the samples,  and i s  4.5 M C F  when applied 

r e e n t q -  well was  opened to s t a r t  the third to the total gas  production from Rulison. 



Gas Sampling 

The goal of the LLL Technical Gas 

Analysis program for  Rulison was to 

investigate gas quality as a function of 

t ime and production. Most information 

regarding the radionuclide concentration 

in the produced gas was  gathered for the 

Rulison safety program by on-site 

continuous monitors. 2s Our intent was 

to supplement these measurements  with 

a limited number of detailed analyses, and 

to examine the resu l t s  f rom a technical 

viewpoint. F o r  this purpose, 12 gas 

samples  were  collected and analyzed a t  

LLL. ~ u r i n ~  each of the f i r s t  two test  

periods, these collections occurred shortly 

a f t e r  the s t a r t  of production, about a t  the 

tes t  mid-point, and just before shut-in. 

Because of the extended and uncertain 

t ime period associated with the long-term 

production test ,  sample  collection was 

planned a t  1- to 2-week intervals.  As  a 

result ,  s i x  samples  were  obtained and 

analyzed during the long-term flow test. 

The relationship of each of these twelve 

samples  to  the total gas production is 

indicated in Fig. 1. Table 1 summar izes  

pertinent sampling information and pro- 

duction data  a s s o c i a t  e d '  with each of 

the production tes t  samples  analyzed 

a t  LLL. 

Table 1. Gas samples  for  analysis  a t  LLL? 

Cumulative total 
Flow r a t e  Production s ince gas  production 

L L L  sample Date Local t ime at sampling l a s t  shut-in a t  sampling t ime 
No. taken taken (M2 CFD) ( M ~ C F )  ( M ~ C F )  

High-rate tes t  

Intermediate-rate  tes t  

Long-term test  

2 1 2/3/71 0947 10 11 225 

22 2/10/71 1530 6 6 9 283 

2 3 3/4/71 0900 2.2 152 365 

24 3/19/71 1600 1.4 17 8 3 93 

2 5 4 P / 7 1  1215 1 .O 200 4 14 

3 0 4/23/71 1146 0.9 2 1 2  426 

a Gas flow ra t e s  and total production figures a r e  referenced to normal temperature 
and p re s su re  (60°F, 14.7 psig). 



Tlhe samples were collected downstream 

from the separator in 500-ml evacuated 

stainiless s teel  sample bottles which were 

opened to the flowing gas stream. Gas 

volwmes varied a s  a resul t  of the pressure  

decrease accompanying gas production. 

When testing began, samples were of the 

order  of 30 l i ters ,  corresponding to 

nearly 1000 psig. Sample volumes dur- 

ing ,the long-term tes t  were limited by 

the .available well- head pressure, and 

ranged from 15 l i te rs  (600 psig) to about 

2 l i te rs  (40 psig). In most cases, 1 l i t e r  

of sample was enough for  the analyses 

reported here. Note that, a s  indicated in 

Table 1, enough gas was produced be- 

fore each sample collection to  assure  

that gas samples were representative 

of existing down-hole conditions and 

composition. 

Analytical Results 

CHEMICAL COMPOSITION 

Mass spectrometry was used to 

chemically analyze e~ ch sample received. 

The results  a r e  presented in Table 2 and 

in Fig. 2. The average composition of 

six calibration flaring samples is included 

a s  ;a reference point. These analyses 

have been described in  some detail in a 

previous Oxygen is assumed not 

to be  a component of chimney gas, and 

therefore i t s  presence in a sample is 

taken a s  evidence of a i r  inclusion during 

sna,p sampling. Where this occurred the 

quantity of normal air, based on the ob- 

served oxygen, has been subtracted f rom 

the analysis. The remaining components 

(exclusive of a i r )  were  then renormalized 

to 10070 to obtain the resul t s  presented 

here. The percentage of each original 

sample which was assumed to be a i r  is 

given in Table 2. In most cases, the a i r  

correction is seen to be small.  

Figure 2 shows concentrations of the 

main components of the produced gas ' 

plotted a s  a function of gas production. 

The gradually increasing fraction of the 

gas produced, which i s  hydrocarbons, i s  

due to the influx of formation gases into 

the chimney as  production proceeds. Note 

that the C H concentration is about 5% 2 6 
of the CH4 and that C3H8 is about 1% of 

the CH4. These ratios a r e  reasonably 

6 3 Dry gas production - 10 ft 

Fig. 2. Chemical composition of gas 
produced at Project Rulison 
plotted as  a function of dry gas 
production. Data points at 

6 3 5 X 10 f t  a r e  the average of 
five samples collected during 
calibration flaring. Solid- 
line segments define the three 
production test  periods. 



constant throughout the production tes t  The concentrations of H2 and C02, the 

period, and a r e  in good agreement  with major  nonformation gas components of the 

s imi l a r  ra t ios  obtained from preshot gas  produced gas, a r e  also plotted in  Fig. 2. 
* 1. 

analyses.  If dilution of chimney gas by formation gas 

influx was  the only important factor  affect- 
.#. 
-'?Average of presho t analyses  from ing the H2 and C 0 2  concentrations, we 

Aust ra l  well 25-95-A (the Rulison em-  would expect these curves to be paral le l  
placement well) indicate the following 
rat ios:  C2H6/CH = 4.3% and C3H8/CH4= and to drop off a t  an increasing ra te ,  a s  

1.0% ( see  Table $1. determined by the amount of formation gas 

Table 2. Chemical composition - a i r  based on oxygen has been removed. a 

Air removed 
(TP of 

Pot N2 C02 H2 CH4 C2H8 C3H8 Other original sample)  

Formation gas composition b 

1.42 T r a c e  - 92.3 4 -0 0.93 0.96 - 

Calibration f lar ing C 

Av 0.87 48.4 15.7 32.8 1.73 0.28 0.23 - 

High-rate tes t  

Intermediate-rate  tes t  

18 0.59 39.4 12.7 44.4 2.23 0.48 0.24 0.143 

10 0.46 36.1 11.6 48.7 2.38 0.48 0.23 - 
20 0.30 32.2 9.8 54.0 2.67 0.66 0.36 - 

Long- t e r m  tes t  

a Resul ts  a r e  given in ~ 0 1 % .  The absolute uncertainty in the m a s s  spectrometr ic  
r e su l t s  i s  5 units in the l a s t  reported figure. 

b ~ v e r a g e  of five analyses  of samples  taken during March and April. 1960. f rom 
Austral  well 25-95-A (Rulison emplacement hole).  

C Ref. 5. 



influx and the total amount of these mate-  

r i a l s  removed f rom the chimney. As will 

be  seen,  nei ther  of these species  behaves 

in this manner, although the disparity i s  

mos t  obvious in  the C 0 2  concentration. 

Apparently, a source  of COZ was contrib- 

uting this  mater ia l  to the chimney gas a t  

l a te  t imes  to maintain i t s  concentration 

a't about 200Jo. The behavior of C 0 2  a t  

e,arly t imes  in the production testing i s  

a l so  a n o m a l ~ u s . ~  Note that an  apparent 

depression in  the C 0 2  content of the pro- 

duced gas occurred  in the high-rate tes t  

period. The decreased CO concentration 2 
i,s reflected by proportionate increases  in 

other  chimney gas components, a s  seen  

in Fig. 2. These  observations will be 

expanded and discussed in m o r e  detail 

following presentation of the radionuclide 

concentration resul ts .  

RADIOCHEMICAL ANALYSIS 

Radiochemical analysis was performed 

on each of the 12 samples  obtained during 

~xoduc t ion  testing. These analyses in- 

volved the separat ion of chemically and 

radiochemically pure fract ions of the gas  

by elution chromatography. Activity levels  

of these  fract ions were  measured e i ther  

by thin-window proportional counters o r  

by internal  be t a  proportional counters,  

depending upon the decay energy. Each  

sample  was a l so  counted by both tech- 

niques before separation to provide g r o s s  

activity level measurements  fo r  l a t e r  

comparison with the sum of the individual 

fractions.  Th i s  comparison provided an 

internal  check of the r e su l t s  and of 'the 

sample  handling technique employed. The 

absolute accuracy  of these measurements  

is unknown, but the uncertainty is most  

probably less than *lo% of the values 

reported. 

Table 3 l i s t s  concentrations of the 

radioactive constituents of these samples,  

and Fig. 3 plots the concentrations a s  a 

function of gas production. Each resu l t  i s  

assigned a precision which i s  the standard 

deviation of the mean of the repl icate  

measurements  which constitute each 

determination. All resu l t s  have been 

decay-corrected to the t ime of detonation. 

I " "  " '  " ' " " "  I 

6 3 Dry gas production - 10 ft 

Fig. 3. Concentration of principal 
radionuclides during Project  
Rulison production testing 
plotted a s  a function of dry 
gas produced. Data points at 
5 X 106 f t 3  a r e  the average of 
five samples  collected during 
calibration flaring. Solid- 
l ine segments define the three 
production test periods. 



Table 3. Radionuclide concentrations: pCi/nl STP samplea after removal of normal 
a i r  based on oxygen. Corrected fo r  decay to the time of detonation (9/10/69). 

Pot Kr HT CH3T CZH5T C3H7T Total T 14c2 

Calibration flaring 

High-rate test 

Intermediate-rate test 

18 122 (4.7) 14.9 (3.7) 121 (5.7) 8.86 (3.7) 1.28 (3.7)  146 (6.1)  0 .275  (14) 

19 1 1  1 (2 .5)  14.3 (3.0) 101 (3.6) 7 .62  (2.4) 1.30 (6.2) 124 (5.8) 0.260 (20)  
20 94.7 (3.6) 11.5 (2.G) 81.0 (2.8)  6 .42 0 . 3 )  1.09 (9.4) 101 (7.6) 0.207 (18)  

Long-term test 

a Numbers in parenthesis are standard deviations of the mean of replicate determinations. The 
absolute accuracy of these measurements i s  unknown, but the uncertainty i s  most probably < rtlO'3'0 
of the values reported. 

Examination of Fig. 3 reveals a striking 

similari ty in shape of the radionuclide 

concentration curves. In particular, with 

regard to the tritiated species, this simi- 

la r i ty  is evidence that no compositional 

changes due to exchange interactions a r e  

occurring. This topic will be  discussed 

in grea ter  detail in the next section. The 

shape of the curves in Fig. 3 is determined 

by the amount of diluent gas influx from 

the formation and the fraction of these 

species which remain in the chimney a s  

production proceeds. These data a re ,  

therefore, useful in the interpretatioq of 

the results  of production testing, and 

have been used in this manner by Montan 

in h is  analysis of the Rulison experiment. 
4 

Based on the rapid decline of these curves 

near  the end of the long-term production 

tes t  and the declining down-hole pressure  

and the chemical composition of the pro- 

duced gas, i t  is reasonable to assume that 

essentially a l l  the original chimney gas 

components have been produced. 

SPECIFIC ACTIVITY 

It is often instructive when the radio- 

chemistry of trit ium o r  14c i s  considered 

to examine the ratio of the radioactive 

isotope to the total amount of the element 

in each of its various chemical compounds. 

This ratio, refer red  to a s  the specific 

activity, i s  conveniently expressed in 

units of picocuries of trit ium o r  14c per  

standard millil i ter of the chemical com- 

pound of interest. Defined in this way the 



spelcific a c t i v i  t i  e s of hydrogen, 

methane, ethane and propane would ex- 

hibit a 1:2:3:4 r a t i o  at a c o n s t a n t  

t r i t ium- to-hydrogen rat io .  Table 4 

l i s t s  specific activities of the compounds 

of ~ n t e r e s t ,  and Fig. 4 plots selected 

curves .  

'Three distinctly different c l a s se s  of 

behavior a r e  evident f rom the curves in 

Fig. 4. The  specific activity of methane 

is decreas ing  markedly, a s  would be the 

expected effect of dilution of chimney gas 

by influx of formation gas. Ethane and 

propane, though not shown in Fig. 4, 

exhibit the s a m e  behavior. Taking the 

r a t i o  of specific activities of e i ther  ethane 

o r  propane to that of methane, one obtains 

the relat ive tritium-to-hydrogen ra t ios  

indicated in  Table 5. Note f rom Table 5 

that the ethane-to-methane rat io  i s  slightly 

the shape of i t s  specific activity curve. 

However, a s  will  be seen la te r ,  the amount 

of 14c which is mixed with the chimney 

gas i s  essentially constant, implying the 

absence of exchange effects. Therefore,  

the pronounced deviation from a constant 

C02 specific activity, i l lustrated in Fig. 4, 

must be  due to dilution effects. Since 

carbon dioxide is not a major  component 

of formation gas, we must postulate a 

la te- t ime generation of C 0 2  which i s  avail-  

able to mix with and dilute the chimney 

gases  during the production testing. This  

subject will be  considered in the next s ec -  

tion of this  report .  

Although we made few analyses of 

tri t iated water  as a part  of the LLL study, 

daily determinations were made a s  a par t  

of the documentation of radionuclides 

l e s s  than the 3 :2 r a t i o  which would be  ,,, 
O F '  " "  , .  ' .  

, , 

expected f o r  an equal tri t ium-to-hydrogen ,: 1 

r a t i o  in t he  two c o m p  o u  n d  s .  Pro- 

pane contains only about half a s  much 
C J G . .  

t r i t ium a s  would be expected on the 

s a m e  bas is .  The constancy of the 

r a ~ i o s  l i s ted  in Table 5 indicates that 

no s i g n i f i c a n t t r i t ium exchange in- 

volving the  light hydrocarbons has  

occurred .  

Since hydrogen is not a component of 

fo~:mation gas, dilution is not important 

i n  effecting changes in i t s  specific activity. 0 100 200 300 400 500 

The mos t  l ikely such influence would be  

exchange with water  in the chimney. 

6 2  Dry gas production - 10 ft' 

Fig. 4 demonst ra tes  that th i s  effect is Fig. 4. Specific activity of selected 
chimney gas components during 

unimportant o r  that exchange equilibrium production testing a t  Project  
h a s  been established. This  i s  a lso Rulison plotted a s  a function of 

demonstrated by the constancy of th.e data 

in  Table 4.  

Carbon dioxide might a l so  be expected 

to  demonstrate  only exchange effects in 

d ry  gas  production. Data points 
at 5 X l o 6  ft3 a r e  the average of 
five samples  collected during 
calibration flaring. Solid-line 
segments  define the three 
production tes t  periods. 



Table 4. Specific activities of compounds containing tritium and 1 4 c :  pCiiml of 
isotopic species.  

Pot HT in H 2  CH3T in CH4 C2H5 in C2H6 C3H7 in C3H8 1 4 c 0 2  in 

Calibration f lar ing 

High-rate t e s t  

1 5  141 (3.0) 433  (0.8) 621 (0.2) 462 (0.7) 0.775 (4.2) 

1 6  1 4 2 ( 2 . 2 )  404 (1.0) 570 (5.0) 410 (4.0) 0.689 (5.9) 

17 137 (0.5) 322 (2.8) 460 (0.6) 339 (2.6) 0.703 (2.7) 

Intermediate-rate  tes t  

18  117 (1.2) 273 (4.5) 397 (1.2) 266 (1.1) 0.698 (13.5) 

Long-term tes t  

2 1 162 (6.2) 124 (1.8) 191 (1.0) 120 (0.1) 0.591 (1.4) 

2 2 127 (5.6) 86.1 (0.6) 132 (0.1) 75.5 (4.1) 0.509 (5.9) 

2 3 1 2 7 ( 1 . 4 )  31.4 (0.4) - 32.2 (2.3) 0.291 (30) 

24 131 (1.9) 13.7 (0.4) 24.4 (1.2) 14.3 (1.4) 0.201 (30) 

2 5 126 (3.1) 5.66 (2.4) 12.6 (2.3) 2.61 (4.6) 0.267 (29) 

3 0 140 (0.4) 2.83 (2.2) 6.88 (1.2) 6.62 (4.4) - 
A v  1 2 5  (2.1) - - - - 

a Numbers in parenthesis a r e  5 standard deviation of the mean of repl icate  determina-  
tions. 

re leased during Although to 320 i 80 pCi/ml vapor. Table 6 com- 

s o m e  variation in the measured concen- pares  the specific activities of the tri t iated 

t rat ions of t r i t ium in the produced water  

vapor was observed, i t  was  remarkably 
constant a s  compared to Gasbuggy experi-  

ence. The average  specific activity r e -  

ported during the production test  periods 
3 was  0.4 f 0.1 yCi/cm of liquid water. ' 

Converting to units comparable to those 

l is ted in Table 4, this average corresponds 

-,. -,. 
This average includes 257 determina- 

t ions involving both water recovered from 
the separa tor  and water trapped from the 
gas s t ream. 

species.  

If isotopic exchange equilibrium was 

established, the ra t io  of selected specific 

activities should approximate the equili- . 

brium constant for  the reaction. F o r  

example, the equilibrium constant f o r  the 

reaction 

HTO !H20 
k- = 

HT,H2 e q 



Table 5. Specific activity ra t ios  of 
ethane and propane to methane. 

Pot  

Calibration flaring - 

Av 1.37 

High-rate tes t  

1:ntermediate-rate tes t  

Long-term tes t  - 
2 1 1.54 0.961 

2 2 1.53 0.87 7 

23 - - 
24 1.78~ 1.04 

2 5 2 . ~ 3 ~  0.46~ 

30 2.43a 2.34a 

Av 1.44 (1.6) 1.19 (5.0) 

a Excluded from average. 

Using the specific activities measured in 

Rulison samples ,  the observed equilibrium 

constant i s  2.6. This value for  the equi- 

l ibrium constant is that expected for  an  

equilibrium established a t  21 0°C (4 10°F). 6 

Since the measured down-hole temperatures  

have, f o r  the most  part, been between 

400" and 430°F, we conclude that tritiated 

hydrogen is in exchange equilibrium with 

water in the chimney. Because of this 

evident maintenance of exchange equili- 

br ium a t  existing chimney temperatures  

and the constancy of the hydrogen specific 

activity throughout the production testing, 

there cannot have been significant incur- 

sion of water  into the Rulison chimney 

during this  period (such a s  that which 

occurred a t  Gasbuggy). 

A s imi l a r  calculation for  the tri t ium 

exchange between methane and hydrogen, 

reveals  an  apparent equilibrium constant 

of 3.5, corresponding to an equilibrium 

temperature of 31 5°C (~oooF) . '  No evi- 

dence ex is t s  for  maintenance of this 

Table 6. Comparison of tri t iated compounds - specific activities. 

Expected ratio, 
Specific activity Normalized assuming equal T/H 

Compound (pCi/ml) to CH3T/CH4 =2 (high-temperature) 

a Average of all  samples .  

b ~ v e r a g e  calibration f lar ing plus f i r s t  High-Rate test  sample. 



equilibrium during production testing. If 

significant tritiation of methane by ex- 

change with hydrogen occurred,  it was 

evidently limited to t imes when chimney 

tempera tures  were  above those observed 

following reentry. Note that the apparent 

tempera ture  of 315°C i s  a l o ~ r e r  l imit to 

the "quenchingv temperature for this 

reaction s ince continued exchange of HT 

with water  at  temperatures  lower than the 

actual quenching temperature reduces the 

specific activity of the hydrogen below that 

which would have existed a t  the t ime of 

quenching. 

The position of the exchange equilibrium 

between water and methane i s  not a 

strongly varying function of temperature. 

The initially observed ra t io  of specific 

activities of these species,  0.72, i s  not 

unreasonable. However, a s  will be seen 

in the l a s t  section, no evidence exists for  

an  increase  in the amount of tritiated 

methane mixed with the krypton, in spi te  

of the obser\-ed decrease  in methane 

specific activity of nearly two o r d e r s  of 

magnitude. Evidently, the observed 

specific ac t i i i ty  change is due only to 

dilution, and the ra te  of t r i t ium exchange 

react ions involving methane must be 

slow under conditions existing-in the 

chimney. 

Formation of ethane and propane dur-  

ing the gas  condensation phase in the 

cavity created by the nuclear  explosion 

is not favored by high-temperature 

thermodynamics. Any of these species  

which were  present were certainly diluted 

greatly by the influx of formation gases 

as the cavity cooled. Trit iation of these 

species  probably occurred through various 

high-temperature exchange mechanisms. 

If the concept of an effective quench 

tempera ture  for  exchange react ions i s  

extended to these species ,  the observed 

specific activities a r e  indicative of 

tempera tures  in excess  of that which was 

obtained by inference from the methane- 

hydrogen exchange reaction. 

Interpretation of the heavier  hydro- 

carbon specific activities i s  fur ther  

complicated by the effects of pyrolosis 

and/or radiolosis  of the chimney gases.  

Laboratory investigations indicate that 

e i ther  of these  effects can lead to the 

formation of ethane, propane and other  

polymerization products. The  extent to 

which such effects a r e  important in 

influencing gas composition and tri t ium 

distribution in a gas  stimulation environ- 

ment  i s  a subject of continuing study. 

STABLE GAS CONCENTRATION 
CHANGES 

Jus t  a s  the specific activity i s  used to 

observe  relat ive changes taking place in 

concentrations of radioactive species,  the 

ra t io  of the concentration of a s table  gas 

to some  unchanging component of the chim- 

ney gas  can be  used to identify dilution 

effects. Of the chimney gases ,  8 5 ~ r  i s  

perhaps the  most  useful s ince i t  appears  

to  r e s i d e  10070 in the gas, and i s  essen-  

t ia l ly  al l  present  within 10 min af te r  

detonation. In Fig. 5 these concentration 

r a t i o s  to 8 5 ~ r  a r e  plotted fo r  CH4, a 

typical component of formation gas, and 

C02 and Hz, typical cavity gas  components. 

A s  expected, influx of formation gases  

coupled with withdrawal of 8 5 ~ r  causes  a 

continuous, gradual increase  in the CH / 4 
8 5 ~ r  ratio. The observed increasing 

ra t ios  for C 0 2  and H2 deserve  fur ther  

consideration. In the absence of dilution 



100 .I which is expected to mix uniformly with 

the chimney gases,  and which is not sub- 

ject to chemical, radiochemical o r  

anomalous dilution effects. The  fission 

product gas 8 5 ~ r  is such a material .  

Assuming uniform mixing, the' total of a 

species,  S, remaining in the chimney a t  

any t ime i s  given by 

total X remaining = D 1 
[ 8 5 ~ r ]  

6 3 Dry gas production - 10 f t  X total 8 5 ~ r  remaining, (4) 

Fig. 5. Ratio of selected chimney gas 
components to 8 5 ~ r  during 

8 5 where [Xj and [ K r ]  a r e  measured con- 
production testing a t  Project centrations of these species  in a sample. 
Rulison plotted a s  a function of 
d r y  gas pro  uced. Data points (3 The problem is then reduced to one of 
a t  5 X lo6 f t  a r e  the average of estimating the total 8 5 ~ r  initially present, 
f ive samples  collected during 
calibration f lar ings.  and applying appropriate correct ions for  

the quantity removed a s  a resu l t  of pro- 

effects involving additional H2 or  C 0 2  duction testing. 

which was not initially mixed with the 8 5 ~ r ,  The total amount of 8 5 ~ r  produced by 

the curves should remain  flat. The fact a nuclear  explosive can be calculated if 

that they apparently do not i s  indicative of 

1a.tetime generation of these gases. One 

possible sou rce  is ebullition of dissolved 

CO, o r  Hg f rom water  in the chimney a s  - 
gas p re s su res  fell due to production. 

Continued generation of C 0 2  by reactions 

between carbonate and s i l ica te  minerals  

has  a l so  been suggested as a possible 

la te- t ime sou rce  of this mater ial .  3 

the actual fission yield of the device is 

known. Such i s  not the case f o r  the 

Rulison explosive, and i t  i s  necessary  to 

infer the total from production testing 

information. Two different methods can 

be used: Estimation of the total amount of 

gas containing a known concentration of 

8 5 ~ r ,  and integration of the 8 5 ~ r  released 

during production testing. 

I t  is instruct ive to examine the abso- 4 Montan h a s  estimated a total  gas 

lute  quantities of these  g a s e s  which a r e  2 volume of 250 M CF(NTP)" of dry  gas in  

required to produce the observed changes the chimney before the s t a r t  of production 

in the g a s - t o - 8 5 ~ r  rat ios .  This can be  testing. Montan bases  his calculation on 

done by performing a regress ion  analysis observed flow, p re s su re  and temperature 

between the total 8 5 ~ r  and the total of the dataobtainedat Rulison. During calibration 

spec ies  in question which remain i n  the 

chimney at any given t ime.  Such an 
'Most  volume measurements  in engineer- analysis requi res  an assumed :ino\irledge ine units a r e  referenced t o  normal  temper-  - 

o f  the initial total of a gaseous species  a ture  and pressure ,  STP (60'F, l4.7 ~ . ; ia ) .  



testing, we obtained an average 8 5 ~ r  

concentration of 150 pCi/ml. The implied 

total 8 5 ~ r  a t  zero t ime i s  954 Ci. How- 

ever,  at  the s t a r t  of the high-rate produc- 

tion test, a 8 5 ~ r  concentration of 158 pCi/ 

ml  was observed, implying a total 8 5 ~ r  

of 1005 Ci a t  zero time. Because of 

possible dilution effects, the higher num- 

b e r  i s  preferred. 

Based on r e l ease  est imates  obtained 

f rom production monitors,  2-4 and using 
8 d ry  gas flow, Aamodt has  calculated 

that 1112 Ci of 8 5 ~ r  were  released a t  

zero  time. Since essentially all  the 

original chimney gas has been released 

from Rulison, this total can be compared 

directly with others.  Although the daily 

integration reported by Aamodt i s  con- 

sidered to be  the most reliable such result ,  

we can obtain a comparable value by inte- 

grating the 8 5 ~ r  versus  production curve 

shown in Fig. 4. This  integral i s  1080 Ci 

a t  zero  time. 

These est imates  of total zero- t ime 

8 5 ~ r  a r e  summarized in Table 7 .  It i s  

somewhat remarkable that the agreement 

between these est imates  i s  a s  good a s  it 

is. However, the integrated re lease  

estimates a r e  considered some~vhat  more  

reliable s ince they eliminate assumptions 

a s  to the extent and uniformity of mixing. 

. Table 7. Total cur ies  of krypton-85 a t  
ze ro  time. 

- - -- 

85 K r  monitor - daily flow 
integration (Aamodt) 1112 

85 Kr  concentration - smoothed 
flow integration (LLL) 1086 

85 Kr  maximum concentration - 
total gas  volume (Montan) 1005 

We shall  therefore adopt an assumed total 

of 1100 zero-t ime curies .  

The amount of 8 5 ~ r  remaining in  the 

chimney a t  any time i s ,  of course,  the 

1100-Ci initial total l e s s  that removed by 

previous production. F o r  the sake of 

consistency with our  measured  8 5 ~ r  con- 

centrations, we have chosen to obtain 

these produced quantities through integra-  

tion, by section, of the 8 5 ~ r  concentration 

curve versus  gas  production curve shown 

in Fig. 4. However, this  curve was f i r s t  

normalized to correspond to a total pro-  

duction of 1100 Ci, and to ag ree  with the  

fraction of the total r e l ea se  which occurred  

during each production period according 

to the daily flow integration reports.8 Thus, 

the obtained re lease  es t imates  a s  a function 

of gas production should be  both internally 

consistent and representat ive of the l a r g e r  

m a s s  of information available in the open 

files. 2 -4 

To get an est imate of the e r r o r s  

associated with the differencing technique 

used to obtain 8 5 ~ r  totals remaining in the 

chimney, we have assumed somewhat 

a rb i t ra r i ly  that the e r r o r  associated with 

the numerical integration and normaliza-a 

tion of the K r  production curve i s  f 5%. 

This  is compounded with the *2% 
1 I uncertainty1' in the total  initially present  

and with the precision of the 8 5 ~ r  concen- 

tration measurements  a s  indicated in  

Table 3. These  e r r o r s  and the calculated 

totals a r e  presented in Table 8. 

We have calculated the total C 0 2  and 

H remaining in the chimney by combining 2 
these  values fo r  8 5 ~ r  remaining and the  

data of Tables 2 and 3, and using Eq. (1). 

The data a r e  displayed in Fig. 6 ,  where  

total residual H2 is plotted a s  a function 
A v  1066 ? 20 

of 8 5 ~ r  remaining, and in Fig. 7 ,  which 



Table 8. Total 8 5 ~ r  remaining in the Rulison chimney during production. 
- 

LLL - -- Total previo y s producti 
( M  CF) 

on 8 5 ~ r  remaining 
sample No.  lea^ pci ~ U U  

- 
Shut-in 0 - 

9- 14 Calibration flaring 11.3 

15 High-rate production 

16 High-rate production 

17 High-rate production 

Shut-in - - 

18 ~ntermediate-rate production 121.2 

19 Intermediate-rate production 162.6 - - 
2 0 Intermediate-rate production 213.2 

Shut-in 214.1 

21 Long- t e rm production 

22 Long-term production 

23 Long- te rm production 

24 Long- te rm production - 

2 5 Long- te rm production 414.0 

3 0 Long- te rm.  production 425.6 

Shut-in 425.8 

8 5 ~ r  remaining in chimney 4 C i  8 5 ~ r  remaining in chimney - Ci 

5 
0 
I- 24 
Ln I I I I I n - ", I- 
L 

- * Calibration flaring average m al -= 2 0  - 0 High-rate production test 
- c - 4 -  - .- $ 

- IJ Intermediate-rate production test - 4- 
03 P 1= 
0 

a Long-term production test .- - - C o .  .- 

Fig, 6. Remaining H2 in the Rulison Fig. 7. Remaining C 0 2  in the Rulison 
chimney a s  a function of chimney a s  a function of 
remaining 8 5 ~ r .  remaining 8 5 ~ r .  

- 0 High-rate production test - 
0 Intermediate-rote production test 
n Long-term production test 

- 
* 

l 6  - 0 Integrated total release 0 - 0 I 3 -  - - - E 
X I 

- r 
U 

r 8- .- 0 - 
c - .- - 

- 

oi 2bo 4b0 6bo sdo lob0 1200 



is a similar correlat ion involving C02 .  

The l ines  through the data a r e  the resul t  

of a weighted regress ion  analysis ( l i nea r ,  

l eas t - squares)  involving only production 

test ing resul ts .  Data points were weighted 

according to 
, 

where 

w = weighting factor  for ith data 
i - 

point, 

o standard deviation of the ith 
xi - 

8 5 ~ r  data point a s  shown in 

Table 8, and 

o = standard deviation of the ith 
yi - 

data point f o r  the gas to be 

correlated,  obtained by combin- 

ing e r r o r s  in the gas measure-  

meet 1s-it!] those of Table 8. 

The data a r e  f i t  to the general equation. 

Gas = ~ r . ! ~ ~ ~ r )  + b (6) 

where m i s  the slope of the l ine and b i s  

the inrercept \*:hen 8 5 ~ r  is zero. r o t e  

that b i s  the quantity of the gas being co r -  

related which i s  not initially mixed with 

85Kr.  The intercept i s  thus a direct 

m e a s u r e  of the total volume of gas intro- 

duced to the chimney by  whatever late- 

t ime generation o r  ebullition mechanism 

is assumed.  Similarly,  the value obtained 
11 f o r  the gas remaining" in the chimney 

when 85Kr i s  taken as 1100 Ci  is equal to 

the quantity initially present. 

Resul ts  of the least-squares  fit to the 

data can  be expressed a s :  
a 

H2(10L l i t e r s  STP) = (1.07 5 0.01) 

C O ~ ( !  o9 l i t e r s  STP)  = (2.49 k 0.12) 

- 3  85 X 10 ( k'r Cil + (0.245 * 0.082). (S) 

I t  i s  seen that ( 3 . 3  It4.5) X lo6 l i t e r s  S T P  
8 

of H2 and (2.15 f 0.82) X 10 l i t e r s  STP  of 

CO, a r e  present  in excess  of that initially 
L 

mixed with 8 5 ~ r .  This amount of H2 i s  
n 

(0.3=0.4)9; of the 1.18 X 10' l i t e r s  of H2 

present before production, and i s  not 

s ta t is t ical ly  different f rom zero. The 

sma l l  upturn in the H / ' K ~  rat io  plotted 

in  Fig. 5 does lend credence to the idea 

that a slight increase  in total  H2, probably 

the resul t  of ebullition of dissolved gases  

f rom chimney water ,  did occur. The 

observed quantity of excess  C,02, (2.45 f 
8 0.82) X 10 l i t e r s  STP, i s  statistically 

different f rom zero, and amounts to ( 8 . 2  rt 
7 

0.4lr of that volume of C 0 2  (3.0 X 10 l i t e r s )  

obtained by extrapolation to the initial 8 5 ~ r  

total. The  significance of this and other 

observations relative to the observed be- 

havior of C o g  i s  discussed in detail in the 

next section of this  report .  

THE CARBON DIOXIDE ASOMALY 

Throughout previous discussions, we 

have called attention to observations per -  

taining to what might be te rmed anomalous 

behavior of C 0 2  and 14c02. In this  sec-  

tion we sha l l  attempt to examine this, and 

a l so  some  additional observations regard-  

ing these species.  

Even before beginning the high-rate 

tes t ,  it was  noted that C 0 2  was not follow- 

ing the general dilution pat terns  exhibited 

by other gases .  The f i r s t  samples  taken 

during calibration flaring were low i n  C 0 2  

relati i-e to those obtained la ter .  Ho~ i~eve r ,  
7 A 

the " ~ 0 ~ . ~ ~ 1 ( r  rat io  in these ear ly  



sarnples agreed with those measured 

l a t e r  in the calibration period. These 

obs;ervations, a s  well a s  other  composition 

cha.nges between the f i r s t  and la ter  samples,  

weire shown to be consistent with a volume 

dilution of gas  of the initially observed 

composition with C o p  containing li t t le o r  

no 14c. '  Based upon the observed 1 4 c 0 2 -  

to- 8 5 ~ r  ra t io  and an  assumed 1100-Ci 

851;r total, the indicated total " ~ 0 ~  f o r  

calibration f lar ing samples  was  2.96 Ci. 

A :fimilar calculation for  C 0 2  produces 
9 a total of 3.52 X 10 1 i t e r sSTP  of this 

material .  The C 0 2  present in la te r  s a m -  

ples exhibited a specific activity of 0.84 

pCi 1 4 ~ 0 2 / m l  STP C02, slightly m o r e  

than half that of the f i r s t  sample. 

The relationship between 8 5 ~ r  and 

C 0 2  for the production testing period has 

been discussed briefly in the preceding 

section. Using Eq. (4) and data from 

Table 3 and 8, we can construct a co r -  

relation between 8 5 ~ r  and 14c02 .  The 

resulting relationship i s  presented in 

Fig. 8. The following relationship i s  

obtained by performing a weighted leas t -  

sqca re s  fit, a s  previously described, to 

the production data only: 

x 1 0 - 3 ( 8 5 ~ r  Ci) - (7.3f 47) X 

The implied total number of curies  of 

14c;02 present  initially (when 8 5 ~ r  is 

1100 Ci) i s  2.2. No statistically signifi- 

cant excess  1 4 c 0 2  is observed at the 

85~;, 0 intercept. 

:Recalling from Fig. 7 that (2.45 f 0.82) 

X 19' l i t e rs  STP C 0 2  were apparently 

introduced to the chimney gas  dxring 

0 Colibrarlon flcr;ng somples 

J lntegrotec "CC? release e,tmmo:e 

: Prod~ction rerr 1 

- 2 Proouction test 2 

3 Production test 3 

- 

I 

Fig. 8. Remaining 1 4 ~ 0 2  in the Rulison 
chimney plotted a s  a function of 
the remaining 8 5 ~ r .  

production testing, we s e e  that the absence 

of a significant 1 4 c 0  excess  implies that 
2 

the diluent CO, was  relatively f r e e  of 1 4 c .  
L 

The decreasing specific activity of the CO, - 
throughout production testing (Fig. 4 )  i s  

consistent with this  conclusion. Fur ther -  
8 

more, if the 2.45 X 10 l i t e r s  of additional 

CO, introduced was of the specific activity - 
observed ea r ly  i n  the production period, the 

excess 1 4 c 0 2  obtained ~vould have been 

about 0.2 Ci, a quantity clear ly inconsistent 

with the observed ( - 7 . 3  f 47) X Ci. 

We conclude that the C 0 2  introduced dur-  

ing Rulison production testing was of 

significantly lower  (perhaps zero)  specific 

activity than that in the chimney gas. 

Let u s  now consider the c r o s s  correla- 

tion of 1 4 c 0 2  with C 0 2  a s  shown in Fig. 9 

which includes the production testing data 

points, the average of the la te r  five cali-  

bration f lar ing samples ,  and the 8 5 ~ r  = 0 

and 1100-Ci intercepts  f rom Figs. 7 and 8. 

Data points for  the severa l  sampling 

periods a r e  differentiated. Because of 

the nature of this  plot, the specific activity 

at  zny point i s  given by the slope of the 

line connecting that point and zero.  The 



I I I I I o 1 4 c 0 2  (curies  remaining) 

- 3 
3000 - - = (1.75 X 10 ) Pco (psia). (10) 

2 

- - 
YI 
I- Combining equations, we obtain 
0) 
C .- 
- 2000 - - 9 
0 - excess  C 0 2  released (10 l i t e r s )  

I - 

0" = -0.219 X PC02 + 0.25. (11) 
U 

0 IlW-C, u ~ r  ,rttercepo volucr - 
lot u p r o t e  rcg.uoon r * ~ h  

o Roduo~on test 1 - Thus, whatever the source  of CO2 contri-  
0 Productaon terl 2 

P.o~.~~,o. test 3 buting this excess  to the chimney gas, it 
I i s  inhibited by C 0 2  p re s su re  in the chim- 

0 1 2 3 
ney. This  behavior i s  expected f o r  sources  

14coi - ci 
such a s  equilibrium thermal  decomposition, 

Fig. 9. Remaining CO in  the Rulison chemical reaction, and ebullition f rom 
chimney plotte% as a function of water. Note, however, that if chimney 
the remaining 1 4 c 0 2 .  

water  i s  the source, then i t  is difficult to 

understand the quite low specific activity 

intercept  of the weighted leas t - squares  fit of the excess  C02. Solution equilibrium 

of the data i s  c lear ly nonzero, and c o r r e -  

lation of the data with a s traight  l ine i s  

quite good. The amount of excess  C 0 2  

thus appears  to be given by the difference .- 
between the regression l ine shown in Fig. 9 U 

and the line passing through ze ro  and the I 
X 

initial specific activity. The excess  C 0 2  Q) 
C 
t 
L 

released a t  anytime is ,  therefore,  a l inear  
I; u 

function of the l4c0, remaining a t  that .- c 
L - 

t ime. Since 1 4 c 0 2  appears  to be  a "good" m 
c .- 
c 

cavity gas,  a l inear  correlat ion s imi l a r  to .- 
0 
E 

that for  1 4 c 0 2  must  ex is t  between excess  E 
C 0 2  and the p re s su re  of C 0 2  in the chim- 0" 
ney. To emphasize this  point, in Fig. 10 u 

2 
we have plotted the remaining 1 4 c 0 2  versus 

the partial  p re s su re  of C 0 2  in the chimney. 

The la t te r  data were calculated from r e -  

ported bottom-hole p re s su re  measurements  

I *Calibration flaring overage I 

and the C 0 2  concentrations given in Table2. 
Fig. 10. Remaining I4co7 in the Rulison The equation of the leas t - squares  fit to chimney a s  a function of the 

3 

these data i s  partial p re s su re  of C02.  

o H igh-rate production test 

- * - 
0 Intermediate-rate 

production test 

A Long-term production 

2 - test 

0 400 800 1200 1600 

CO pressure - psi 2 



with the gas would be  expected to d is t r i -  

bute 14c02 in very  nearly the same man- 

n e r  a s  C02.  Therefore,  of those mech- 

an i sms  which have been suggested, we 

tend to favor  equilibrium decomposition 

of carbonate minerals  through reactions 

with s i l icates  a s  the most  probable source  

of excess  C02.  

Returning to Fig. 9, note that the data 

f rom high-rate and intermediate-rate  tes ts  

overlap. As  has been mentioned previously, 

additional C 0 2  appears  to have been mixed 

with the chimney gas  during the shut-in 

period between these tests .  Since these 
14 overlapping points a r e  on the same C 0 2  

ve r sus  C o g  line, the additional C02  which 

mixed into the chimney gas  a t  that t ime 

was  of essent ial ly  the s a m e  specific 

activity a s  that previously present. Signi - 
fic:ant pressurizat ion of the chimney by 

any influx- of formation gas also occurred 

during this  shut-in, and quite possibly 

swept CO f rom the surrounding mat r ix  2 
into the chimney where i t  could mix with 

chimney gases.  However, if at  some  t ime 

before r een t ry  the chimney was pressurized 

to g rea t e r  than formation p re s su re  by 

continued generation of CO one might 2' 
expect the gas injected into the formation 

to have a significantly higher specific 

activity than that remaining behind to be 

dil.uted. The m o r e  probable source of 

th i s  mater ia l  i s  ebullition f rom chimney 

wa.ter. Cop swept into the formation 

would be  mixed with 8 5 ~ r J  while that 

coming f rom water  would not. The i r r e g -  

ular i t ies  in the data  shown in Fig. 8 
1 4 

( C 0 2  versus  8 5 ~ r 3  would appear to. 

support the la t te r  concept, although the 

uncertainties with the data preclude a 

definitive answer to this question. 

TOTALS OF GASEOUS SPECIES 

Knowledge of the presence of a unique 

total  of some gaseous mater ial  in the 

chimney gas permi ts  i t s  use to obtain 

totals of other species  with which it i s  
8 5 mixed. The fission product gas, Kr, 

is such a material .  I t  i s  not only unique 

to the chimney, but is also present at 

ea r ly  t imes  and can be  expected to mix 

with the chimney gases  in a reasonably 

uniform manner.  If uniform mixing i s  

assumed, then the total of a species, X ,  

is given by 

IXJ X total 8 5 ~ r ,  (12) Total X = ,85 

k'rl 

8 5 where [XI and [ Kr]  a r e  measured con- 

centrations of these species  in a sample 

(sample in units of ml  o r  pCi:ml). 

Table 9 l i s t s  the resu l t s  obtained for the 

production testing samples.  

Note that the total is, in fact, a concen- 

t ra t ion ratio, and would be  expected to 

r ema in  constant throughout production 

only in the absence of physical and chem- 

ical  phenomena which affect one o r  the 

other  concentrations. Thus, constancy in 

the ra t io  implies the absence of exchange 

reactions,  la te- t ime gas generation, and 

mixing anomalies. F o r  species  which do . 

change relat ive to 8 5 ~ r ,  a meaningful 

total  can be obtained by regression analysis 

with the actual total amount of 8 5 ~ r  r e -  

maining in the chimney. In the special 

c a s e  of Rulison, essentially a l l  the initial 

chimney gases  were produced. It is ,  

therefore,  possible to obtain an  estimate 

of the initial quantity of a chimney gas 

component by integration of the concentra- 

tion versus gas  production data. Totals 



a 
Table 9. Totals of chimney gases  mixed with 8 5 ~ r .  

(Curies at  detonation t ime) 10' l i t e r s  STP 

Pot HT CH3T 14 C2H5T C3H7T Total T C 0 2  H2 C02 

High-rate  production 

In te rmedia te - ra te  production 

Long- t e r m  production 

a Assumes 1100 Ci 8 5 ~ r  total, uniform mixing, and representa t ive  sampling. As  
descr ibed in the text, these  totals a r e  constant only in the absence of exchange effects 
o r  la te- t ime gas generation. The absolute uncertainty of these  measurements  i s  mos t  
probably < *15%. 

b ~ u m b e r s  in parenthesis a r e  min standard deviation of the mean of repl icate  determina- 
tions. 

of various spec ies  obtained by some o r  

a l l  of these  procedures  a r e  listed in  

Table 10 f o r  calibration f lar ing and for  

production testing. The est imate con- 

s idered  most  rel iable  is a l so  indicated. 

In most  instances this will be  the average 

values obtained using Eq. (12) and based 

on total 8 5 ~ r ,  s ince  these a r e  the most 

d i rec t  interpretation of the experimental 

data. Regression analysis resu l t s  and 

integrated r e l ea se  totals based on only 

1 2  samples  a r e  considered l e s s  reliable, 

but have been used for  those species which 

do not eshibit relatively constant rat ios  to 

"6r because of nonuniform mixing. 

Inspection of Table 10 revea ls  general 

good agreement  between calibration f la r -  

ing and production testing r e su l t s  based 

on total 8 5 ~ r ,  and between the three 

methods used to  calculate the total initial 

quantities. T h e r e  a re ,  however, obvious 

disagreements  in the totals obtained for  

C02' 
14 C02,  HT, and the hydrocarbon 

gases.  These  somewhat disparate  resu l t s  

mos t  likely a r e  rea l ,  and not a resu l t  of 

the calculational and experimental pro- 

cesses .  Because of continued evolution 

of C 0 2  in the Rulison chimney and environs, 

mixing phenomena a r e  expected to affect 

C o p  totals based on the total R 5 ~ r  assumed 



Table  10. To ta l s  of gaseous  s p e c i e s  - Pro jec t  " n i i l i ~ d  

Product testing Pre fe r red  values 
h'Iajor components Calibration 

Totals .  Based on (gas vol f laring Samples Regression Integrated 
d initial1 y average of 

X 1 0 "  l i t e r s  STP)  ' averageb High-rate testb 1 5  - 21b' analysis re leasee  nresent  columns 

Total  7.34 f 0.07 7.0 f 0.1 - 
Ilatlionuclide totals 

(Curies a t  detonation t ime) 
I 

h) ' i ' r i t i u ~ n a s T I T  130 f 2 163 f !I 150 1 20 

a s  CIIST 1060 f 10 1170 * 40  1070 f ' ) O  1140  f 50 1020 f 100 1065 f 5 1, 3 

a s  C ~ H ~ T  74 5 1 85  f 3 no * 5 114 f 5 7 5  * n 77 f 3 1, 3 

a s  C3M7T 1 3 5  1 1 1  3 . 1  1 1  f 1 11 .!) f 0.8 11 f 1 1 2 f  l 1 , 3  

Total tr i t ium 1280 f 10 1430 f 30 1340 f 100 1400 f 50 1280 f 120 1310 f 20 

3 7 ~ r  X 4.8 f 0.1 - - - - 4.8 i 0.1 1 

3 9 ~ r  10.6 f 0.1 11.1 f 0.6 - - - f 10.7 f 0.1 1, 2 

1 4 c  a s  14~0 , ,  2.96 f 0.07 2.2 f 0.1 2.2 f 0.2 2.2 f 0.1 2.3 f 0.2 2.2 f 0.2 3 .4 ,  5 
--- -- - - - -- - 

a Indicated uncertainties a r e  one standard deviation of the mean. 

' ' ~ a s e d  on 1100 Ci 1 ' 5 ~ r  and uniform mixing assumetl. ('alibration samples  reported previously have been renormalizecl. (Ref. 5) 
C 

Average includes high- and in termedia te-ra te  ~lrotluction test  samples  and the f i r s t  long-term production tes t  sample.  - 

d ~ a l u e s  a r e  the 1100 Ci 8 5 ~ r  intercept of the weighted leas t -squares  fit to the total gas remaining in the chimney a s  a function 
of the total 8 5 ~ r  remaining. Uncertainties a r e  clcrived from the uncertainty in  the slope representing the bes t  fit to the data (see 
text). 

e Integrated volume re leased during all ~:rorluction. Assumes no resitlunl in the chimney and i s  based on I.L,I.. experimental resul ts .  
A somewhat a r b i t r a r y  f 10% uncertainty has  been applied. 

f ~ n i t i a l  high-rate production t e s t  sample  only. 



present, and dilution of the gas with C 0 2  tion tests .  This  incursion was probably 

will change the experimental totals obtained not the only such influx of C 0 2 .  Taking 

for  components of formation gas. It is the integrated r e l ea se  value of (3.7 rt: 0.4) 
9 believed that the disparity between cal ibra-  X 10 l i t e r s  a t  face value, i t  is tempting 

tion and production samples  for both total 

C 0 2  and total 1 4 c 0 2  can be  ascribed to 

mixing problems. Tru ly  representat ive 

chimney gas obtained until high-flow-rate ' 

production was  sustained in the f i r s t  t es t -  

ing period. Note that the extrapolation of 

the chimney CO specific activity l ine 2 
(Fig. 9 )  is in reasonable agreement with 

the calibration flaring average. I t  would 

appear that the calibration flaring gas was 

enriched in C 0 2  relat ive to 8 5 ~ r  a s  com- 

pared to the production tes t  gas. Thus 

for  both of these species  the preferred 

initial total, a s  indicated in  Table 10, i s  

that obtained during the high-rate testing. 

Since it i s  likely that the calibration flar- 

ing samples  will be diluted with C 0 2 ,  the 

preferred totals of formation gases  a r e  

also the f i r s t  mea'surements made during 

high-rate testing. Since H2 is not a com- 

ponent of formation gas, i t s  concentration 

relative to 8 5 ~ r  is unaffected by dilution, 

and the totals obtained by all methods 

agree  well. 

The disparity between the integrated 

re lease  total of C 0 2  and that observed 

during high-rate  testing very  likely 

represents  the total incremental C 0 2  

introduced to the chimney during produc- 

tion testing. We have estimated that - 
9 0.245 X 10 l i t e r s  STP C 0 2  which was 

f r e e  of 1 4 c 0  were  s o  introduced, and 
2 

have mentioned the evident ebullition of 

to est imate an overall  total C 0 2  contribu- 

tion from the surroundings of (0.7 rt 0.4) 
9 

X 10 l i t e r s  STP of which 35% was f r e e  

of 1 4 c 0 2 .  It  was not possible to observe  

the few tenths of a cur ie  of 1 4 c 0 2  which 

could have been introduced if the maximum 

observed specific activity character ized 
9 the remaining (0.45 * 0.4) X 10 l i t e r s  of 

C 0 2 .  This  is not surpris ing,  in view of 

the uncertainties involved in the measu re -  

ments  of totals and the decreasing specific 

activity observed in the produced COZ. 

The increased  apparent total HT during 

production testing a s  compared to cal ibra-  

tion test  samples  i s  probably due to ex- 

change effects. Recall that the specific 

activity of the H gas was also significantly 2 
lower  in the calibration samples.  The 

higher  values observed throughout produc- 

tion testing were  charac te r i s t ic  of the 

equilibrium exchange between HT and H20. 

We a r e  thus led to conclude that the 

t r i t ium content of the hydrogen sampled 

during calibration flaring was l e s s  than 

would b e  expected, while the hydrogen 
11 gas  itself was  typical." The  most  prob- 

ab le  mechanism fo r  removing tri t ium 

f r o m  hydrogen i s  by exchange, possibly 

with water  a t  a lower tempera ture  than 

existed in  the chimney. The  ea r ly  produc- 

tion testing totals a r e  therefore preferred.  

Note that the integrated r e l ea se  of HT 

appears  slightly higher than the total 

C 0 2  from water into the .chimney gas: initially present.  Because of the uncer- 
9 About 0.2 X 10 l i t e r s  of C 0 2  containing tainties involved, it i s  not possible to 

14c were added to the chimney between identify an incremental introduction of H T  

the high- and intermediate-rate  produc- to the chimney. 



Recal l  a l so  that the regress ion  analysis  

r e su l t  for  incremental  H2 was  (3.3 f 4.5) 
6 

X 10 l i t e r s  STP.  Assuming the incremen- 

ta l  H, is nonzero, the incremental  H T  - 
would be of the o rde r  of 1 Ci, and would 

not have been observable. It  is therefore 

not .possible to  quantize the la te - t ime 

generation of hydrogen gas because of 

experimental  uncertainties, even though 

an inc rease  in the HT/*'K~ and the Ha/ 

8 5 ~ r  ra t ios  was  observed. The  incremen- 

ta l  H:, i s  cer tainly no m o r e  than 1% of the 
- 9 

1.1 5 X 10 l i t e r s  initially present. 

Table  10 summar izes  the available 

information f o r  the total amount of gaseous 

t r i t ium which was present  in the Rulison 

chimney gas  just before production. At 

z e r o  time, a total of 1300 Ci of gaseous 

t r i t ium i s  obtained, corresponding to 13% 

of the 1 g of this  radionuclide expected to 

be present  in the chimney. We as sume  

the r ema inde r  of the tri t ium i s  bound in 

chimney water  o r  nonvolatile compounds 

not measured in this  study, and tied up 

in solidified melt .  We cannot verify this 

assumption without knowledge of the total 

amount of available water in the chimney 

and analyses  of representat ive samples  

of the solidified melt. 

The total  of the preferred values in 

Table 10 fo r  ma jo r  constituents i s  

7 X 10' 1 i t e r s S T P  dry  gas  (270 M ~ C F  a t  
2 

NTP). The  agreement  with the 250 M C F  

a t  XTP obtained by fitting the production 

tes t  data  is satisfactory, especially s ince 

chimney gases  could have been driven into 

the formation by pressurization of the 

chimney above formation pressure  a s  a 

resul t  of c o n t i n u  e d C 0 2  generation 

o r  by s imple  diffusion. The gases  

could then occupy a somewhat l a rge r  

volume than the high p e r m e a b i l i t y  

void ( the "chimneyu) measured by pro- 

duction testing. 
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