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It is  likely that future act ivi t ies  adminis tered by the  USAEC Division 

of Peaccful Nuclear Explosives will be in  the area of underground engineering, 

I and particularly in the stimu1atio.n of deeply buried natural  gas  reserviorb 

The successful development of this  technology could of low pvrmeability. 

d o i ~ b l c  the proved recoverable resources  of natural  g a s  in the United Statee. 

Dur ing  the developmental s t a g e  of the technology, l a r g e  quantities of THO 

a r c  rclcascd to the enviroment as the gas  is withdrawn. 

Efforts to predict potential doees result ing f rom such re leases  have 

been sevcrely handicapped by the  lack of adequate data  to predict  the 

ecological movement of THO. 

conjunction with Pro jec t  Rulis on, the s econd nuclea r - stimulation experiment , 
to evaluate these pa rame te r s ;  controlled laboratory studies were  also initiated. 

T h e  results indicate that the enviromental re i idence  t ime of THO is a t  least  

a n  order of magnitude shor t e r  than h a s  been frequently a s sumed ,  and that 

this invalidates the commonly ueed depoeition velocity approach for the 

calculation of doses due to food chain contamination by THO vapor.  

A radioecological study w a s  conducted in 
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A simple but real is t ic  model i s  developed bascd o n  thcsc finclings to 

prcdict thc dose to man via  the forage-cow-milk,  forage-catt lc-bccf,  

vcgtation, and inhalation pathways. 

thc Rulison a r e a  residents  i s  13 to 10 lower than the prcflaring estimate6 

madc by a variety of organizations. Within the l imits  of thc environmental 

da ta ,  the dose of 3 X 10 

T h i  dose predicted by this model for 

3 4 

- 6  r e m  predicted f rom thc modcl for  the RtiliRon I 

hiJh-ratc: - production flaring is verified a8 an upper limit. 
v ’.* c c -  . 

r*’”,t,>, These  result~a~e.‘extra~ol~ated to predict  the dose to man if  a field of .. . .- - .  
L .- .. .. 4,-  .. - .. . 

n l 1 c l e a i f s t i m i # a 2 l ~ ~ ~ ~ r a l  gas wells were  to supply a 1000 MWe power 

station. The dose  via all pathways would be a n  o r d e r  of magnitude lower 

than’ the dose via inhalation alone if the  s a m e  natural  gas w e r e  to replace 

* I  ’ : . I  ’ \ ; t  4 ,.-;., ’,\ e, ;’*;- 

the natural gas supply delivered to the Los Angeles Basin or San Francieco 

Bay ‘Area. 
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INTRODUCTION 

It appears  likely that  the future  act ivi t ies  of the p rograms  adminis tered 

by the Division of Peaceful  Nuclear  Explosives of the U.S .  Atomic Energy 

Commission will be in the areas of "undergrolmd engineering," and m o r e  

spccifically in the st imulation of na tura l  g a s  r e s e r v o i r s  of low permeabili ty.  

Substantial evidence that  this will be t r u e  is provided by the fact  that only two 

cxpcrimcnts  involving nuclear  explosives haye been c a r r i e d  out with joint 

f r ind ing  hy private industr ia l  concerns ;  both have been experiments  in the 

stiiiirilation of natural  gas  r e s e r v o i r s  of low permeabili ty.  Both were  

sncccssful  in that st imulation was achieved (1-4), although i t  ie c lea r  that  

cos ts  m u s t  be substantially reduced to make  the  technology economically 

feasible ( 5 D 6 ) .  

The potential benefits of the successful  development of the 

nuclear-explosive gas-stimulation technology a r e  highly significant in 

t e r m s  of the na tura l  g a s  believed to  be  recoverable .  The Bureau  of Mines 

engineers  have est imated that m o r e  than 300 t r i l l ion cubic feet  of na tura l  

g a s  a r e  recoverable  by nuclear  st imulation in Rocky Mountain bas ins  alone 

( 6 ) .  This is m o r e  than the p re sen t  proved recoverable  r e s e r v o i r s  of 

natural  gas  in the United States  which a r e  now being used at the rate of 

20 t r i l l ion cubic fee t  'per y e a r  (6, 7). 

The basis f o r  the technology is not radical ly  different f r o m  what has  

. been practiced in the past  f o r  low permeabi l i ty  format ions .  

of natural  g a s  can  be  increased  by any mechanism' tha t  will i nc rease  the 

effective bore s i z e  of the well o r  i nc rease  the permeabi l i ty  of the medium 

around the well bore.  Chemical  explosives and hydraulic f rac tur ing  have 

been successful ly  used f o r  this  purpose, but are  not economically feas ib le  

The production 
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f o r  rlc:c:ply briricd formations of vcry low pcrmcability (5). 

anlount of encrgy available f rom a physically small nuclear device, 

howcver, would be expected to provide enough stimulation to make 

Thc vcry large 

recovery economically feasible, particularly if several  devices can be 

emplaced within a single d r i l l  hole to stimulate a grea te r  vertical 

thickness of the gas bearing zone (6,8): 

Many environmental aspects must be considered and carefully 

cvaluatcd d u r i n g  the technology development phase. These include 

containment during and immediately after the detonation, seismic effects, 

and potential problems of ground water contamination and natural gas 

contamination by the radionuclides produced by the nuclear explosion. 

Most of these environmental aspects a r e  not unique to gas stimulation, 

and considerable experience and expertise have been developed that can 

be applied to the potential problems of containment, seismic effects, and 

ground water contamination (9-16). 

of natural gas by explosion-produced radioactivities and the production . -  - of - 

Questions concerning the contamination 

_.__ - -  - - _ -  . _ - -  ._ - -  - 
contaminated water and condensable hydrocarbon compounds concomitant 

with the withdrawal of natural gas, however, a r e  unique. 

During the development stage, such as the experiments Gasbuggy 

and Rulison, the prqduced natural gas has  been flared (or burned) a t  the 

production site and any associated radioactivity has thereby been dispersed 

and released to the atmosphere. 

produced have been reinjected into the f lare  stack s t r eam and similarly 

dispersed.  1 Authority has not yet been granted to u s e  the natural gas 

produced in these and future applications for  any commercial  purpose, 

(Most of the separable liquids also 
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but among thc scvcral possibilities are thc gcneration of elcctrical  power 

at  rclmotc locations, the production of other hydrocarbon ~ ~ r n p o i r n d s ,  and 

the\ int .rot l~ict ion of the nattiral gas i n t o  rcet1Ia-r or  Rpccirzl r ~ i p v l i n f : ~  frlr 

rcgiihr or rcstrictcd commercial usage. 

Jacobs ct al. (17) havc considcrcd the la t tcr  two uscs i n  somc tlctail. - 
The prirpose of thc prcscnt papcr is to examinc the oniquc cnvironmcntal 

nslwcts of the cxpcrimeiits themselves where the natural gas is burned on- 

site, arid to extrapolate these results to the possible use of the produced 

natural gas to generate electricity a t  remote locations. 

Radioactivity from Nuclear Explosions to Stimulate Natural Gas Production 

The explosion of any nuclear device produces radioactivity from 

fission products, fusion products 6f a thermonuclear device i s  ;sed), and 

activation products. Fo r  a contained underground explosion, the majority 

o f  the radioactive species will  be contained in the melt  o r  scavenged by 

thc chimney rubble. 

m a y  be present in a volatile form that will be withdrawn with produced nat- 

ural gas. 

reactive nuclides that will form gaseous compounds such as 3H and 

In addition, other possibilities must be considered such as the possible 

formation of volatile organic compounds of such elements as antimony, 

tellurium, tin, ruthenium and iodine and the more improbable possibility that 

s o m e  particulate radioactivity (most likely radionuclides produced by the 

decay of short-lived fission product gases)  could be carr ied to  the surface 

by the flowing gas stream (18). 

The radionuclides of pr imary concern a r e  those that 

These include radionuclides of the noble gases  and chemically 

14 
C .  

For the two experiment#, Gasbuggy and Rulison, considerable time 

\ 
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has  ctlnpsed betwecn the detonation and re-entry of the wcll which h a s  

g rcntly rcduccd by radioactive decay the amounts of short-livcd radio- 

nuclides. F o r  P ro jec t  Rulison, a n  inventory of the radionuclidcs prcsent 

i n  the cavity 180 days a f te r  the detonation was calcrllatcd (19). Thofir: 

radionuclides expected to be withdrawn w i t h  the natural gas a r c  listcd in 

T;lbl(: 1. Severa l  d-ifferent organizations u s c d  thcRc data to pr(:parc cstimatee , 
* 

of possible population radiation dose  via inhalation and food-chain contamination 

(19-22) .  

of possible concern,  with 

food -chain contamination. 

Conclusions were  that  only the radionuclides 3H and  85Kr would be 
3 H of substantially greater importance due to potential 

G r e a t e r  de ta i l s  of the sou rce  t e r m  da ta  fo r  these two radionuclides 

a r e  given in Table  2. 

acltial measu remen t s  as  opposed to the calculated predictions given for 

Riilison in Table 1. 

Data for both Casbuggy and Rulison a r e  based upon 

All of the produced 85Kr  i s  presumed to be in the gaeeoue 

phasc .  The t r i t ium producedo however, i s  not all  distributed in the gaeeoue - - _. 

phase,  but m o s t  of i t  i s  in-the f o r m  of wa te r .  

gaseous phase a s  HT, CHgT, C2H5T, and C3H7T(23,24). 

amounts  of t r i t i um in these compounds and water  depends upon chemical 

Tritium will  be present in the - 
_ -  

The relative 

react ions at  high tempera tures  and p r e s s u r e s  which a r e  influenced by the 

' composition of the rock at  the detonation point. Much of the knowledge needed 

to  accurately predict  the amount of t r i t i u m  that  would be in the gaseous phaee 

i s  not y e t  avai lable ,  but considerable  p r o g r e s s  has been made in constructing 

a predictive model  (l8,25). 

The Casbuggy experiment  employed a thermonuclear device whereas 

Rulison employed a larger-yield fiesion device. The tritium concentration 

is na tura l  gas  was  thereby significantly reduced with only a minor increase 
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in 851<r concentration. It should be noted that ncither .of thcse dcviccs  **as 

spccially dcsigncd for  this application, but werc spil lovcrs f rom thc weapons 

program (26).  

Ln1)oralory (LLL) that is specially tailorcd for  t h i s  application. 

A new device is  now under development a t  t h c  Lawrcnce Livermore  

Groscclose (26) 

has indicated that a reasonable lower l imit  for tr i t ium proc l r ic t ion  could bc 2 Ci/kt  

if an all fission device is used, and shielding i s  effcctivc! in kvcping prompt neutrons 

from reaching the soil  or producing t r i t ium in the shielding ma te r i a l s .  The '  

last column of Table 2 indicates what may be expected in the near  future with 

thc LLL device which i s  current ly  under t e s t  and development. These f igures  are  

estimated on the basis of the average  concentration over a one-year  period during 

which time about 5 billion cubic feet  a r e  withdrawn f rom a single well st imulated 

with folir 100 kt devices (6). 

Gasbuggy and Rulison data which are  for  ear ly  concentrations, but a reduction 

They a r e  not therefore directly comparable  with the 

in thc tritium concentration in gas  of about a factor  of 10 would be achieved even 

though it is conservatively assumed that 25%of the tr i t ium would be in the gae phaer 

A minor reduction in  85K concentration would also be achieved. ' 

I t  should be noted that the activity reporied in the gaseous phase does not 

include water vapor or  other condensable hydrocarbons. 

high-rate production testing about 30-35 bar re l s  of water  per 10 

produced, or  about 6 X 10 

During the Rulison 

6 3  f t  w e r e  

7 
mi/day. Thus large volumes of contaminated w a t e r  

a r e  produced which m u s t b e  disposed of in some manner .  F o r  Gasbuggy and 

Rulison most of the water (ahd o ther  condensates) was injected into the gas 

strcam and released to the a tmosphere .  

water did in fact contribute a l a r g e r  total re lease of tr i t ium to the environment 

than did the natural  gas. When the long-term production flaring operation w a s  

completed on 23 Apri l  1971, a total of 2800 Ci of t r i t ium had been re leased  

During the Rulison expcrimcnt,  the 
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(of which approxirnatcly 150'0 Ci  originated in  the water )  with the flaring 

of 4 .  6 X 10 ft of gas;  on the las t  day 9 Ci were  rcloascd with only 0 . 0 8  a 3  

Ci originating in thc natural gas  ( 2 9 ) .  

Extcnsive t e s t s  during thc production of thc Gasbuggy wcl l  failed to 

dc tcc t  any radionuclide of elements that  potentially could fo rm volatile 

organic COmpOUndsr o r  radionuclides that would be expected to be associated 

with particulates such as  137Cs or 90Sr (18, 23, 3 0 ) .  During flaring of the 

R ti 1 i != on g a s , how eve r , 

natural gas (2,3). Hg evidently originated from 

netitroii activation of stable "'Hg contained in rock at the detonation point 

e 

'03Hg was detected at levels of 10-13 pCi/m 3 of 

203 
This very l o w  level of 

(3)..4 reduction in the number of neutrons reaching the emplacement medium wil l  

substantially reduce the production of ' such products in future gae- 

stimulation events. 

Radioecological Aspects of the Release of Tri t ia ted Water 

The resu l t s  of our analysis of the potential biological hazards  due to 

the f lar ing of the Rulison gas  indicated that by far the g rea t e s t  potential 

hazard would be due to food chain contamination by tritiated water  (20 ) ;  

other  independent analyses  c a m e  to the same conclusion (19, 21, 22). All  

of these  analyses ,  however, were  based on s e v e r a l  pa rame te r s  for which 

._ - _. - - -- _ _  - _-  _ -  - - -- - _ _  - -  - -  

\ no solid data existed,  and used models m o r e  appropriate  fox the deposition 

of particulate fallout ra ther  than exposure to tri t iated water.  

W e  therefore  undertook a radioecological study a t  the Rulison s i te  to 

evaluate some  of these parameters  , and also initiated controlled laboratory 

studies.  

c l ea r ly  indicate that  the assumptione and models used to evaluate potential 

The resu l t s  of theee studies, while not definitive at this time, 



radiological hazards f rom Project  Rulison grossly overcFitimatcd the 

actiial cxposures: 

Thc radioecological study w a s  carr ied out in conjunction with the  

calibration flaring (short re leascs  over several  days) and the eight day 

high-rate production testing with gas flows of approxirnatcly 12 to 16 

million cubic feet per day ( 2 ) .  The study was divided into two operational 

phases.  

atmospcric moisture to rapidly locate a r e a s  where studies on ecological 

transport of tritiated water could be conducted, and the second phase 

was the actual conduction of such studies. 

by ficlding over an  a r e a  of about 60  square miles up to 58 very simple 

samplcrs consisting of a 3. 8 l i ter  tin can filled with crushed d ry  ice.  

condensed moisture w a s  analyzed rapidly in a field laboratory by liquid 

scintillation spectrometry to determine activity per ml  of a i r  moisture.  

Mcasurements of a i r  temperature and relative humidity were taken a t  

the  beginning and end of each sampling period so that absolute humidity 

could be calculated to convert activity per ml  of a i r  moisture to activity 

per m of air. 

The f i r s t  phase  involved extensive, broad-area sampling of 

The first phase was accompliehed 

The 

3 

Figure 1 is  a map of the Project Rulison area showing the locatione of 

the sampling sites.  

human habitation and meteorological predictio'ns which indicated that the 

greatest  ground-level, off-site air concentrations of tritium should occur 

These sites were selected on the basic of accessibility, 

under nighttime conditione and at a distance of about 5 km f rom the f l a r e  

I stack (19). The 90 feet high f la re  stack is located in Battlement Canyon 

I '  about 2200 feet above Morrisania Mesa, the location of a small  community 

of farmhouses at about 5 km. 

permitting radiative cooling, the plume was expected to be caught i n  the 

drainage winde down Battlement Canyon to Morrisania Mesa where i t  

During the nighttime under conditions 



would join t.hc dra inage  winds associated with the Colorado River  flowing to 

thc sorltliwrst. It w a s  not, however, a cer ta ini ty  that  such  would  be the  case.  

The t \ icr i i i ; \ l  boost to the plume caus.es the effective s tack  height to be substant- 

ially h i g l i c r  than the actual s tack height e o  that the plume could penetrate  

thc irivcrsion layer  and move with the upper level winde which generally 

blow Froin the southwest. 

nor thcas t  of the r e l e a s e  point. 

Severa l  sampling s i t e s  w e r e  therefore  located 

The highest  level of t r i t ium measured  off-site w a s  at location B15. 

During this t ime period a t  least, the plume rise was apparently high enough 

S O  that the plume moved with the upper level  winds over  Doghead Mountain. 

Vcrtical  mixing on the downwind side of the mountain then resulted in  t r ap -  

ping thc a c t i v i t y  in the drainage winds of the adjacent canyon. 

H c p rc s cnta t ive  r e s  ulte of the extens ive , broad -a rea t r i t ium mea s urementr  
3 arc shown in Table 3. The highest activity, 170 pCi/m ., is 4 0 0  t imes  l e e s  

than the USAEC Concentration Guidance ( C C )  for  off-site exposuree of a 

suitable sample  of the genera l  population (31); 

observed ove fwidesp read  areas on 28 and 29 October ,  but efforts to locate  

Low leve ls  of activity w e r e  
' 

- - -  _ -  - - -  
~ 

off-site a r e a s  for m o r e  detailed s tudies  w e r e  largely unsuccessful.  

to study food-web t ransfer  were  initiated a t  s i tes  B3 and B10 (s inglefami ly  

milk'cow locations), but the levels of air  activity w e r e  not sufficiently high 

Efforts 

* 

to pe rmi t  t ransfer  studies.  

Seve ra l  experiments .  were  ca r r i ed  out at locations within a few hundred 

feet  of the f l a r e  s tack.  Here,  as shown in Table 4,  t h e r e  was always significant 

activity above background levels. 

5 October 1970 were  due to a malfunctioning in the water  separator, and local 

The unusually high values observed on 

rainout was  occurr ing.  
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A t  scvcral locations shown in Tablc 4 attempts were madc to m c a e u r e  

tlir(*(* paratncte rs of thc movement of tritium through thc cnvironmcnt-the 

d ~ ~ l m s i t i o n  velocity of tritium on a forage-type Burfacc, the f r a c t i o n  of, 

tritiiim deposition that is retained on vegetation, and the mechanical 

res idcn~.c  time of tritium in o r  on vegetation. 

by bringing circular grass  plugs of 3 7/8 inches diameter X 5 inches d e e p  in 

from A noncxposed location, and placing them a t  various locations within 

scw(.ral.hundred fcct of the flare stack. 

Experiments were  accompliehed 

When removed, the samples  w e r e  

fr07.cn, shipped to Livermore, and the water extracted by lyophilization 

and measured for tritium activity. No results a r e  available for  the t r i t ium that 

may bc organically bound. The experiments were car r ied  out in October  

and November, and while the grass  w a s  still  green, i t  probably was not 

metabolizing a s  actively a s  it would ear l ier  in the growing seaeon. 

Results for two of the parameters a r e  shown in Table 5 .  The measured  

values a r e  segregated according to two exposure time per iods.  

is important to point out that the parameter referred to as a deposition 

-.relocity is really a rate  constant and has been defined (32) as the depoei- 

tion of activity per unit time per unit a r e a  divided by the a i r  activity per 

unit volume, o r  

It 

- 

c m  3 cm 
- 0 -  

pCi 
2 .  V =  

sec-cm pCi sec 

This is not ,  however, the way deposition velocities are usually measured ,  

but rather the integrated a i r  activity is  measured (pCi-sec/cm 3 ) and the 

2 total deposition (pCi/cm ): . 

cm 

cm ' pci-sec eec 

3 
P -  

v = c I c i *  cm 
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U s l l a l l y ,  the  twi, c x p r c s s i o n s  a r e  equivalent particrilarly when tlc:aling with 

p;irt icii latc fallorlt b c c i u s e  the residence t imc  o f  particrllatc fal lout  ( r a t e  of 

loss  cons t an t )  i s  long compared  to the t imc of mcasurcmcn t .  

shown in Table  5, however ,  indicate that this i s  not thc c a s e  f o r  the "dry 

Tho resu l t s  

deposi t ion" of t r i t i u m .  

e s t i m a t c d  by J a c o b s  (33) t o  be betw,ccn 0 . 4  and 1 c m / s e c .  

T h e  deposition velocity for  tritiu'm has becn 

Mcnsurements  

bascd  o n  a 1 day e x p o s u r e  period yielded a value of 0. 32 c m / s e c ,  approach-  

ing t h e  l ower  l i m i t  of J a c o b s  es t imate .  When exposures  continucd ove r  a 

s e ~ ~ n d  day,  however ,  the a v e r a g e  r e su l t  was halved -0.15 cm/sec .  This 

indicates tha t  the r e s idence  t ime  of t r i t ium on vegetation is shor t  compared  

to  thc t i m e s  of e x p o s u r e  used, .  and the residence t i m e s  frequently a s sumed  

(19- 2 2 ) .  

Mcas i i romcnts  of the f r ac t ion  of activity retained on g r a s s  a t  the end 

of t h e  e x p o s u r e  pe r iods  w e r e  much m o r e  var iab le  (Table 5 ) ,  and perhaps 

ii1,:reased with t ime .  Much of the variabil i ty was removed by dividing by 

L. 

m c a s i i r e m e n t s  is 2. 9cm /g.  I t '  6 interest ing,  but perhaps fortiutous,  that  

a p p r o x i m a t e l y  the same results were  observed by Mart in  (34)  fo r  the 

depos i t ion  of rad io iodine  and  radiostront ium following the Sedan Cra te r ing  

event  in Nevada .  A value  of 0.1 fo r  the f rac t ion  of t r i t ium intercepted by 

vege ta t ion  was  used in  o n e  ana lys i s  (191, whereas  m o s t  a s sumed  1.0. 

Some evidence  t h a t  the  res idence  t ime  of t r i t ium i n  vegetation may 

be s h o r t  (less than  1-2 d a y s )  h a s  a l ready been d iscussed  in connection with 

the  e x p e r i m e n t s  des igned  to m e a s u r e  deposition velocity. Pref la r ing  

e s t i m a t e s  a s s u m e d  va lues  for the half-residence time of 14 days (ZO), 20 

d a y s  (221, 2 8  d a y s  (191, and 85 days  (21). The l a t t e r  e s t ima te  was der ived 

.. 
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from data taken during Project Gasbuggy (351, but is based on only two 

nlcnsurements scparated by 260 days, during which time flaring and the 

rcleas e of additional tritiated water was continuing, 

I 
I 

1 .  

An cxpcrimcnt was designed to dircctly measure thc half-rcsidcncc 

timc a t  Rulison. 

before the high-rate production test  ended, and were retrieved a t  various 

timcs following the well shut-in. 

two component curve with the equation 

Twenty-one grass  plugs were emplaced 4 4 .  7 hours 

The results (F ig .  2 )  a r e  best fit by a 

t l  A 1 -1'. 8 3 -0.01 t l  + 4 e x p [  &+ - = -  4 exp r- * 
hr hr 0 

A 

I 

I 

which corresponds to half-times of 0 .4  and 70 hour. Two factors may 

make these results atypical. F i r s t  is  the probable lack of metabolic 

activity, and second the plugs were placed in an environment that 

contained tritiated water with activity levels 4 times higher than that 
I 

4 obtained in the plugs. After exposure ceased there no doubt was some 
I 
I redeposition of tritium from the environment due to the loss f rom native 

I vegetation. * 

I Laboratory experiments on the half-residence time of tritium in vegetation 
1 

water have also been conducted a t  Livermore. 

through the use of a chamber containing THO. 

a r e  shown in Fig. 3 for two different plants. 

evident, 

additional longer component is evident. 

portion of the tritium in these samples is not yet available, but data on 

Here exposure was achieved 

Results for  0. 5 hour exposures 
I I 

\ 
Two components a r e  clearly 

I 
Results of a 1.0 hour exposure a r e  shown in Fig.  4 where an 

Data on the organically bound 

other short-term experiments indicate that the second component is \ 

associated with the organically bound tritium (36).  

application equivalent to a 2mm rain a r e  shown in Fig. 5 .  

Result8 following a liquid 

Sampling did 
c 

not begin soon enough to detect a-possible ,rapid component, but again . ,*  . L .  

~ 
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turnover was relatively rapid, 'and'a diurnal pattern is evident with 'peaks 

oc-ctirriiig in  the aftcrnoon indicating the cffccts of transpiration. 

. Bcst fit, multiple-exponential curves were derived for all  controlled 

expos\ircs using a CDC 6600 computer and a n  i terative,  least-squares * I  
program (37) .  These curves a r e  superimposed upon the data in  Figs ,  3-5, 

and the derived parameters a r e  summarized in Table 6 . .  The data indicate 
. .  
- .  

that the loss of activity following the exposure of vegetation to THO is  a 

complex process, but that nearly a l l  of the activity is lost vcry rapidly. 
I I 

I 
I 

I 
The second component may repre6ent organified tri t ium, and the relative 

magnitude of this component appears to increase as  the time of exposure . I  

increases ,  which is consistent with the field experiments conducted at 

Project Rulison. 
I 

Two important conclusions can be drawn f rom these controlled exposure 

One is that the residence time of tritium deposited upon 

I 

field experiments. 

vegetation is short ,  approximately a n  order  of magnitude shorter than valuee i 
frequently assumed. The second is that the concept of a deposition velocity-- - . - - 

.- ~ - - -  ._ _. - - -  I 

cannot be applied to the exposure of-THO, unless the deposition velocity is 

considered a s  a n  instantaneous rate constant in competition with high lose 

rates .  The indisc riminate application of the deposition velocity concept 

does, in fact, lead to vegetation water concentrations orders  of magnitude 

I 

I 
higher than the activity of the atmospheric m o i s t u r e a n  obvious impossibility - -  

unless isotopic fractionation Techanisme' higher than any yet reported w e r e  

to be discovered 
/. I 
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I ' l ' l r c *  r ( * s \ i l t s  prcRcntcd in thc  prcvioris section a r c  not t l c f i n i t  ivc. c.noiigh 
I 

I 
to  ccmstriict a highly accu ra t e  modcl o f  thc- movcmcnt o f  tritiiirn Lhroiigh 

hiininn food chains , but they d o  indicate that food chain contamination by I .  
I 

I THO is much l e s s  of a problem than h a s  been predicted.  Under condition8 

, of considerable  plume meandering,  i t  may perhaps be i n s i e i f i c a n t .  

pnrpose of this sect ion is to  develop a r ea l i s t i c ,  but s imple  model  to  

predict  the dose  to  man f r o m  the r e l e a s e  of THO vapor .  

The 
1 

Doses  a r i s i n g  

frorii c'xposure to 8 5 K r  will a l s o  be calculated.  Emphas i s  is .placed on 

si t t iat  ions s i m i l a r  to  the f lar ing a t  P ro jec t  Rulison. 

'l'li(> f i r s t  considerat ion in predicting d o s e s  due  to  the r e l e a s e  of radio-  

ac. t ivi ty  f r o m  a n  elevated s t ack  is the prediction of the max imum o r  a v e r a g e  

do\\ii\vind concentration of the effluent. 

nietcorological measu remen t s  at each location and use  th i s  a s  input to 

The usua l  approach  i s  to make  many 

diffusion equations. 

by E a r r y  (38) and by Bryant  (39) .  

a s  tiie weighted mean  d ispers ion  constant  (or dilution f ac to r )  to pred ic t  the 

ave rage  air  concentrat ion downwind using the equation 

A s i m p l e r  approach  to the problem has been suggested 

This  approach  uses  a p a r a m e t e r  known 

E = RQ 
3 'where E i s  the ave rage  concentrat ion in act ivi ty/m , 

dispers ion  constant  in s e c / m  , and Q the r e l e a s e  rate in ac t iv i ty / sec .  

the weighted h e a n  

3 If 

wc limit  ourse lves  to  the downwind d is tance  where  i s  max imum,  i t  has ' 

bccn shown that  the value of R d e p e n d s  to a signif icant  extent  only upon 

the effective s t ack  height of r e l e a s e .  

d i f fe rences  in geographical  location a re  relat ively h i m p o r t a n t  in the 

de te rmina t ion  of g, and introduce var ia t ions no g r e a t e r  than that  assoc ia ted  

with the accu racy  of the meteorological  models  themselves  (38, 39). 

The effect of prevail ing winds and 
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Val l lcs of K actually measured a t  the Rulison s i t e  in locations 

whcirc ni;ixirntim concentrations were  predictcd a r c  shown in 'Tnhlc 7. 

337 clctcrrninations wcre  made. 

a pnramr~tcr  csscnt ia l ly  s imi l i a r  to the weighted mcan difipcrsion 

coiistaiit, K .  

Thesc data  may ba iiscd to ~:;iIc:iilate 

- - 8  3 '  
Resul ts  give a value of E v a r y i n g  between 1 to 2 X 10 sec /m 

dc.pt-ii(Iiiig iipon how the values of K l e s s  than the detection l imi t  a r c  t reated.  

This is i n  good agreement  with the theoret ical  calculations of Bryant  (39) 

if t hc  effective s tack height is considered.  The effective s tack  height a t  
7 3  

R u l i s o n  was calculated to be 2700 f t  f o r  a f lar ing r a t e  of 2 X 10 f t  /day (21). 

Thc source  t e r m  a t  Rulison over  the eight-day, high-rate  production test 
9 3 

w a s  1 X 10 pCi of 3H/sec (2, 24). B y  using = 1. 5 X sec /m , an  

average a i r  activity of 15 pCi/m 
3 

may be calculated and used to  predict  

inhalation and submers ion  doses  and as a s ta r t ing  point for food chain dose  

calculations.  The K r  sou rce  t e r m  ove r  the same period was 6 X 10 pCi/sec,  

which gives an  average  air activity of 9 pCi/m . 

85 6 

3 

- - 
85 

Doses f rom K r  Exposure - - -  ' - -  - -  - 
_ _ .  - - -  - 

85 
The dose  result ing f r o m  immers ion  in K r  has recent ly  been considered 

in detai l  by Hendrickson (40), who has  pointed out that  previous e s t ima tes  

using methods (41) recommended by the International Commiss ion  on 

Radiological Protect ion (ICRP) have overest imated the 8 5 K r  whole body 

dose  by a factor  of 70. 
85 

Hendrickson calculates  that  immers ion  in air  with a n  K r  concentration 
3 

of 3 X 10-7pCi/cm 

whole body, lens  of the eye8 and gonads; 12 m r e m / y e a r  to  the internal  

will del iver  the following doses:  7 m r e m / y e a r  t o  the 

sur face  of the lung; 300 m r e m / y e a r  to the shal lowest  layer  of l ive skin; 

and 500 m r e m / y e a r  t o  the skin sur face .  These  values may be used to 
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c o ~ ~ ~ ~ ~ l t r a t i o i ~  of "Kr a i r  activity i s  known. . 
8 5  

E'ood chain contamination by Kr usually has  not bccn c o n s i t l c  rctl .  

Quantitative justification was recently provided by V o i l l c q u c ! ,  - crt L I (42)  

who incasrired thc t r ans fe r  of 8 5 K r  f r o m  a i r  to g r a s s .  They rcportc!d a 

dcposition velocity of 2.  3 X 

and statcd that a value of 10 

cm/sec  under the i r  experimental  conditione 

-10 cm/sec  can  be  used as a conservat ive upper 

l imit  under other  meteorological conditions. 

Doses f rom HTO Vapor Exposure 

Inhalation and immers ion  doses  for  exposure to HTO vapor a r e  a l s o  easily 

calctllatcd. 

than the immers ion  dose  to  the skin (41), so the l a t t e r  ie neglected. 

burtlcns during exposure a r e  calculated by 

The intcrnal dose i s  two o r d e r s  of magnitude 'more important  

Body 
I 

and af te r  exposure ceases  a t t i m e  T by 

where q ( t )  i s  the time-dependent body burden, 1 is the intake r a t e ,  1, is 

the effective elimination r a t e ,  and t '  is (t - T). 

product of the a i r  activity, the breathing rate, and a factor  to account f o r  

additional absorption through the skin.  

The intake r a t e  i s  the 

Doses a r i s ing  through food chain contamination a r e  much m o r e  difficult 

to evaluate;  the fai lure  of the usual approaches  has  a l ready  been d iscussed .  

As  a reasorable a l ternat ive based upon the data  presented above, the 

following model was developed. 

a substantial  improvement.  

It is not completely accu ra t e ,  but r ep resen t s  



- 18- 

'The first.nssrimption is that t h c  vegetation watcr instantantrotlsly 1 
reaclics .the same THO concentration a s  the atmospheric water. 

instantaneous uptake assumption is reasonable considering the rapid 

turnover rates demonstrated in Figs.  3 and 4 .  The assumption of equal 

Concentration a t  equilibration, however, is  probably quite conservative. 

T h c  

Once exposure ceases ,  THO in vegetation water is  assumed to be lost 

with a half-lime of one day. This is  probably also conservative, but 

only c l ; i tn  o n  sh'Lrt exposures a r e  now available. 

of 'TI10 

The relative magnitude 

ontained in the second and third components (Figs. 3 and 4 )  is 

very l i k c l y  a func.tion of exposure t ime, although this has yet to be . 

adeqiiatcly demonstrated. 

Tlic above provides sufficient input  to calculate doses'from ingestion of 

vegetables. For the forage-cow-milk pathway, the concentration of 3 H in 

milk for continuous exposure is given by 

f (MPD)A 

m 
m . ( 1 - e  -1mt) 

Cm(t) = A 

and af ter  exposure ceases a t  time T, assuming that th-eeadditional-intake of- - - - 
_ _ .  - -  - - _ .  _. - 

THO is negligible compared to the THO reservior  in the cow, by 

-1mt' C m (t ') = Cm(T)e 

where 
I 
I 

Cm(t) = Activity in milk, pCi/f 

fm  

(MPD)* Cow's daily intake of forage 

= Fraction of THO body burden secreted in milk, 1-1 

water, ml/day 

= Forage (and atmospheric) 5 H concentration during A 

exposure, pCi/ml 

= Rate constant of THO removal from milk, day-' m 
A 
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' I ' l i t * s t .  t w o  c?qti;\tionR provide thc nccessary inpiit  t o  c;\1<:11 

. to nmn v i i  the foragc-cow-milk pathway. €3ecause the THO 

i i t r  t h c  d o s e  

conccnt ration 
J 

in milk is the s a m e  in the cow's body water (43) ,  these equations may a l eo  

be riscd to calculate the dose via the forage-cattle-meat pathway. 

et a1 

essentially the same in lactating dairy C O W B ,  non-lactating dairy C O W B ,  

and in  yoting s t c c r s  and heifers .  The size of the body water  pool mayl 

ho\vc-vrr, be qiiitc different (44). For  THO, the parametersLf (or fraction 

secrctcrl 1x.r l i tcr  of milk) is obyiously the reciprocal of the cow's body 

watcr pool. 

body water  a s  a fraction of body weight (44, 45 )  it will be assumed that the 

value of ' I f  

Black ,  

( 4 4 )  have demonstrated that  the body water elimination rate is - 

m 

A s  beef cattle weigh less than dairy cows and also contain lese  

f o r  beef catt le i s  twice that of dairy cows. m 

T h e  numerical  values of the parameters necessary to make the THO dose  

calculations a r e  given in Table  8 .  

for 

recommendations (52).  

The relative biological effectiveness (RBE) 
3 H beta particles is taken to be 1.0 in accordance with the latest  ICRP 

The conservative assumptions a r e  made that cat t le  

a r c  always on f r e sh  forage; that  all  milk, meat, vegetables, and frui t  a r e  

produced in the exposed a r e a  and consumed immediately following harvest ;  

that a l l  such foods a r e  lOO%water; and that the dose is delivered only t o  the 

body water compartment.  This conservation is balanced by the neglect o f  

the organically bound t r i t ium in forage, milk, vegetablee, fruit ,  meat  and 

human t i s sne ;  and by neglecting that such organically bound tri t ium would 

have a much slower elimination rate (20). 

Results of Dose Calculations 

Dose potentials were calculated for the 8-day, high-rate production 

flaring for  P ro jec t  Rulieon using the models diecuseed, above. During 

this period the absolute humidity in the Rulison a rea  averaged 3 ml/m (53), 3 

r 
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- 6  
art -  s h o w i ~  i n  Tahlc 9. Thc total who la  body dosc to t h c  i n f a n t ,  3 Y IO rcm, 

is  Iowclr b y  a factor  of 10 

for;~gc-c-ow-milk pathway alone (20). 

4 
than.our praflaring prcdiction of Lhc close. via the 

Thc ac-ttial doses rcceivcd by residents in the Rulison a r c a  cannot, of I 

corirsc?, bc verified. It is u6eful~ however, to calculate thc levels o f  THO 

act i \* i ty  tha t  o u r  niodcl would predict and compare thesc to thc available 

observations. 

in man a r c  given in Table 10. 

bc cxpcctcd to vary widely due to variable meteorological conditions. 

Thc modcl predictions for 3H activity in thc food chains and 

The activity in a tmospher ic  mois ture  would 

The 

level of 5 pCi/ml is actually the average of many measu remen t s  as 

previously discussed.  

was 3 S pCi/ml, which was recorded during the cal ibrat ion flaring preceeding 

The highest atmospheric moi s tu re  level observed 

the 8-day, high-volume production flaring. During and immediately af ter  

the production flaring, the Environmental Protection Agency (EPA) collected 

samples  , and 14 vegetation samples (2, 54). The only samples  above background 

levels (9 pCi/ml) were 4 vegetation samples with the highest value 1. 9 pCi/ml 

above background. 

(55); none contained tritium levels above background at  the 5 %  confidence 

level.  

We collected 6 vegetation samples  and 27 milk samples  
I 

Within the limits of the available data,  the conclusion can be made 

that the dose  efitimates in Table 9 ,  although very small, are  real is t ic  upper 

l imits  of the doses  actually received by residents in the vicinity of the Rulison 

wellhead. 

signified by readily detectable 

Doses much larger  than those predicted h e r e  would have been 

3 H concentrations in environmental  samples .  
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W;islwrit  of THO V a p o r  by R a i n  

I Thr potcntial  d o s e s  t h a t  m i g h t  a r i s e  from t h e  depos i t ion  r l f  T1iO in  a . 
I 

liquid form d u e  to t h e  washou t  of THO vapor  by r a i n  w e r e  not i n c l ~ ~ l c d  

i n  Tablc 9. C h a m b c r l a i n  and  Eggle ton  (56) ha t re  cons idc rcd  th i s  problem 

from a theore t ica l  viewpoint ,  and concluded  t h a t  a t  downwind cl is tnnccs 

cqrlal to a few effect ive stack he igh t s  t h e  s p e c i f i c  ac t iv i ty  of r a in  r each ing  

the ground i s  l e s s  than  t h e  s p e c i f i c  ac t iv i ty  of w a t e r  vapor  in  g round- l eve l  

a i r .  

very  rapidly l o s t  a s  is t h e  THO depos i t ed  by " d r y  deposi t ion".  

r e su l t s  have been  reported by K i r c h m a n n ,  et a1 (57). 

Thc da ta  shown in F ig .  5 d e m o n s t r a t e  t h a t  THO depos i ted  a s  r a inou t  is 

Similar 

Severa l  h m d  red p rec ip i t a t ion  s a m p l e s  w e r e  co l l ec t ed  d u r i n g  t h e  to t a l  
, 

Rulison f lar ing operation (2, 3, 29, 54,  55). 

thr: prcdictions of C h a m b e r l a i n  and  Eggleton.  High levels (up  to  5100 p C i / m l )  

W C I * C  observed o n - s i t e ;  at 0 . 2  miles t h e  h ighes t  r e p o r t e d  va lue  w a s  16 p C i / m l  

and a t  1 mile 5 . 0  pCi/ml.  

did not contain THO a b o v e  background l e v e l s .  

dose  potcntial d u e  to the  w a s h o u t  of THO v a p o r ,  t h e r e f o r e ,  'appears to  be of 

T h e  r e s u l t s  a r e  c o n s i s t e n t  with 

N e a r l y  all s a m p l e s  c o l l e c t e d  beyond 0. 5 miles 

The addi t iona l  ' poss ib l e  

minor  s ignif icance excep t  a t  d i s t a n c e s  v e r y  close to the wel lhead .  

Extrapolation of R e s u l t s  t o  a C o m m e r c i a l  Ut i l iza t ion  

Also shown i n  Tab le  9 a r e  the ca l cu la t ed  doses if it is a s s u m e d  t h a t  t he  

s a m e  r a t e  of rad ioac t iv i ty  r e l e a s e  o b s e r v e d  d u r i n g  the  Ru l i son  8 -day ,  

r a t c  production f l a r e  had  cont inued  f o r  one y e a r .  

high- 

I 1 T h i s  d id  not o c c u r  a t  

R \ t l i s o n ,  \,ut for t r i t i u m  it i e  a close a p p r o x i m a t i o n  to t h e  r e l e a s e  r a t c  t o  be 

expected during t h e  f irst  y e a r  if a f i e ld  of nuc lea r ly - s t imu la t ed  n a t u r a l  gas 

wells  were  used to provide  f u e l  for a 1000 MWe electrical g e n e r a t i n g  plant  (58 ) .  
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R 5 K r  would be abou t  7 t i m e s  h ighc r  than  o c c u r r c d  

i son  f l a r e .  T h c  quan t i ty .o f  n a t u r a l  gas rcq l i i rcd  ' 

p e r  day  would bc abou t  2 X lo8 f t3  - a n  o r d e r  of magnitr ide g r c a t c r  f l o w  

r n t c  th;xn s c h i c v c d  a t  Rulison. Under  t h e s c  c:onrJitions, t hr. c.ffcc.t.ivc 

F;~.nc-k hcight  woiild be sonicwhat  h i g h c r  t han  a t  Riilisrin, ;knt l  thf.  W h O l C  

body d o s c s  shown in Table  9 should  be u p p e r  l i m i t s  o f  t hc  c l o s c .  vxpcctcd 

f r o m  the  o p e r a t i o n  of such a power  p lan t .  

c c n t r a t i o n  of t r i t i u m  (lOpCi/cm ) d u r i n g  t h e  f i r s t  y e a r  would d c c l i n c  

o v e r  t h e  f i r s t  few y e a r s  and s t a b i l i z e  in t h e  s i x t h  y e a r  a t  l e v e l s  abou t  

T h e  cxpec tcd  avc rngr '  c o n -  

3 

a n  o r d e r  of rnagni tude ' lower  ( 5 8 ) .  

Lf n a t u r a l  g a s  with the same t r i t i u m  c o n c e n t r a t i o n  w e r e  t o  r e p l a c e  the 

n o r m a l  n a t u r a l  g a s  supply for t he  LOS Ange les  B a s i n  o r  t he  S a n  F r a n c i s c o  

B a y  A r e a ,  t h e  weighted a v e r a g e  d o s e  via inha la t ion  a n d  a b s o r p t i o n  a lone  

would bc 5 X r e m / y e a r  (17), compared t o  the v a l u e  of 2.1 X r e m / y e a r  

for thc infant  v i a  all pathwaye ' (Tab1e 9) if the n a t u r a l  gas is used  to produce 

i 

I 

I 

\ 
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FOOTNOTE 

This work wae perlormcd under the auapiccs  o f  thc U.S. 

Atomic  Energy Commission. 
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Table 1. Predicted inventory of radionuclides of noblc gascm or 

chemically reactive species that wil l  form gaseous specics for 

Project Rulison 180 days poet detonGtion. (From R e f .  19. ) 

~ 

Nuc 1 id e Half - Life Inventory (curies) 

3Ha 1 2 . 3  y lo3  to lo4 

14ca 

37Ara 

5770 y 

34.3 d 

to 

lo1 to lo2 

39Ara 260 y 2 t o 2 X  l o 1  

85Kr 1 0 . 8  y 9.  6 X 10' 

133Xe 5 . 3  d 8 . 6  X 

a Produced wholly o r  partly by neutron activation, and subject 

to greater e r r o r e  in prediction. 



-32- 

85 Table 2. Tr i t ium and Kr ac t iv i ty  in t h e  n a t u r a l  g a s  and w a t e r  

produced f rom the Gasbuggy and  Ru l i son  w e l l s ,  and  

predicted activity in n a t u r a l  g a s  b a s e d  upon the 

pa rame te r s  of a new n u c l e a r  d e v i c e  spec i f i ca l ly  

developed for gas  s t imu la t ion .  

a Gasbuggy R 111 i a on F u t u r e  (eet .  ) 
-~ 

Tri t ium 

Total in gas  (Ci) 

% in ga's 

Ea r ly  concentration 

in gas  (pCi/cc) 

Ea r ly  conc e nt ra tion 

in HzO (pCi/ml) 

8 5 ~ r y p t o n  (100%in g a s )  

Total  in gas  (Ci) 

2000b 

Sb 

1300f .  

1 3g 2 5  

62 0' 180h 11 

. 5J 
4 x 1 0  . 

6d > l X  10 

I 

350b 11 lok 

Ear ly  concentration 
in gas  (pCi/cc) looc 150h 7 1  

Yield (kt)  2 9e 4 gk 4 x 100 

a Ref. 6. These concentrat ions are a v e r a g e d  o v e r  a year ,  o r  5 X 10 9 3  f t  

bRef .  27 .  I 

,of gae. 
They a re  not therefore  d i r e c t l y  comparable to the Gasbuggy and Rulison f i g u r e e .  1 

C Ref. 23. 
(5 X 106 ft3/day). \ 

d R e f .  23. 

Ref .  1. e 

Based upon five samples t a k e n  d u r i n g  the f i r s t  f low test 

Calculated f r o m  Ref. 24 using c o r r e c t e d  85Kr va lue  from Ref. 28.  

Calculated assuming lo4 C i  w e r e  p roduced .  

i I h R e f .  24. Based on six eamplee  taken  during the c a l i b r a t i o n  flaring period. 

J Ref. 2. 
kRef .  28. I I 



'Table 3 .  Representative resu l t s  of oif-site t r i t ium activit ies measured during the Pro jec t  Rulison 

calibratir.ln aild high-rate production flaring per iods.  

in Fig. I .  Results a r e  expressed in pCi ,  171 of a i r .  

Al l  stations (1-15) a r e  on the B route shown 
3 

2 

~ 

Time 1 2 9 10 1 1  12 13 14 13 

a/ 22 

. O/ 04 

. 0 /05  

.0/07 

.O/ 28 

.O/ 28 

.O/ 29 

.0/30 

0/31 

0/31 

1/0 1 

1/02 

I/ 03 

0640- 1034 - 
0800-0935 - 
0615- 1028 - 
05 16- 1206 - 
0603-  1106 3 . 5  

1930-0 708 

0610- 1050 6. 5 

0608- 11 14 - 

1330- 1747 

1622 - 0 949 

0806- 1341 

0553- 1024 

0609-  1030 

- 
- 

9. 1 

5. 1 

- 

7. 1 

46 

- 
12 18 

7 . 8  

6 .  5 10 

- 
170 

- 
- .  . 

8. a 

5 . 1  

- Sampled, 3H not detected.  

I 
w 
c*, 
I 



I 

d T a b l e  4 .  T r i t i u m  ac t iv i ty  in pCi/rn of a i r  m e a s u r e d  on-site du r ing  t h e  Project  Rulison 

calibrati l . ln and h i g h - r a t e  product ioh  f l a r ing  p e r i o d s .  Al l  s t a t ions  (1-9) w e r e  within a few 
I 

I 

I 
hundred feet  of t h e  f l a r e  s tack .  

I 

Time 1 2 ' 3  4 5 6 7 8 9 
I 

10/04 0714-0916 

10/05 0602-0.930 
10/05 0845- 1100 

10/27 0842- 1200 
10/27 1145- 1503 
10/28 0719- 1036 
10/28 10 19- 1053 
10/29 0735- 1015 

10/29 13 15- 1100 
10/30 1100- 1358 

10/30 1350; 1528 
10/3 1 13 10-2005 

10/31 1945-0903 

11/01 0830- 1615 
11/0 1 1700-0940 

11/02 0930- 1645 
11/02 1640-0855 

11/03 0855- 1405 

79 
53 
2 90 

86 
84 
190 
86 
150 

21 

16 
15 

15 

20 

76 
1 1  
43 

2 20 

8/18 0712-0850 - 
8/22 1029- 1 1  18 I - 

i 

I - -  
170 

180 
2 90 
89 

220 

180 
53 
130 

I 
3! 000 

i 49 
I 37 
240 

2,i 000 
1 .  

I 

j 44 
'170 
i 
I 

I 

I 

I 

1 

I 

I 

I 

I 
I 

i 

I 
I 

43,000 

25 
27 
2 10 
77 
140 

94 
81 

120 
70 

180 

88 

50 

93 
53 

2 10 

11,000 

52 
47 
170 
58 
110 

36 
38 

35 
21 

56 
25 

- 170 

22,000 

. 20 
17 
190 
53 
120 

80 

35, 
12 2.1 
140 
26 5 60 

I 
w * 
I 

110 180 

18 

14 16 
14 14 

18 12 
73' 6 3  

8 5 

. .  
~ 

3 
- 

- Sampled, H not.detected. I 

j 
I 
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Table 5 .  Resul t s  of measu remen t s  a t  P ro jec t  Rulison of the f rac t ion  of t r i t i gm (THO) retained 

o n  vegtatation and the "d ry  depo_=ii;>n" uf t r i t ium (THt i ) .  

than "dt.position velocity" because a t rue  r a t e  constant was  not derivabl e f rom- the  da ta  (see text)  

Data d o  not include the t r i t i um that may be organically bound. 

T h e  t e r m  "deposition" i s  used r a the r  

DE POSIT 10 S :: EXPOSURE . INTEGRATED FRACTION FRACTION O N  GRASS 
TIME AIR ACTIVITY NUMBER ON DENSITY O F  GRASS 

(cm,' s ec ) 
2 

( c m  /R) 
3 . GRASS 

(hr 1 (pCi - sec /m ) _ _  - 
23 

271 

27 

7.7 

13. - 

3.6 

8 

2 

1 

0 . 2 9  3 . 0  

0.38 4.1 

0 . 3 7  

0 . 2 0  

0.21 

27 1.6 2 0.14 1. 7 0. 35 

27 1.5 2 0.14 1. 9 0 .47  

AVERAGE 7 OR 15 0 . 2 2  (0.02-0. 50) 2. 5 ( 0 . 5 - 2 .  9) 0. 3'(3. zo- 
0. 58) 

' 44.7 12. 

51 . 18. 

51 

51 

6 . 3  

6 . 4  

2 

2 

2 

2 

0 .30  

0. .32 

0.54 . 

0.19 

4 . 0  0. l a  

2 . 2  0.15 

0.16 

0.1' 

51 6.0 2 0 . 2 8  2 . 6  0.1; 
AVERAGE 8 0. 32(0.08-0.  85) 3 .  3(1. 3 -6 .  8) 0.15(0. !O- 

0. '0) -. 
5 cm WEPOSITION: pz X 2 pCi-sec c m  

I 
w 
y r '  
I 



. T a b l e  6.  

Magni tudes  of the  componen t s  for the l iquid appl ica t ion  w e r e  calculated a s s u m i n g  a s h o r t  

S u m m a r y  of the  p a r a m e t e r i s  d e r i v e d  from the' expe r imen t s  shown in Figs .  3 - 3 .  

I 
componen t  d o e s  not e x i s t .  

Condition 
- 1  
=1/2 

- 2  A 2  - 
0 

A 5 / 2  

* 3  - 
0 

A 
- 3  

112 

Vapor Expos ur e 
-- 

0.5 h r  Burclover  0.98 0 . 8  hr 0.02  25 h r  

0 . 5  hr  Fiddleneck 0.997 0 . 7  hr  0 . 0 0 3  24 hr 
I 

I 
. 1.0 hr Burclover  0 .908  0 . 9  hr  0 . 0 9 1  17 h r  0 . 0 0 2  270 h r  

Liquid Application 
1 
i 

Burclover (2 mm ra in)  ? '  'I (0.85) 10 h r  (0. 15) 100 h r  

j 

. .  

I 

I 
w 
o\ 
I 



. Table 7. 

and-high-rate  production f l a r e s .  

downwind concen t r a t ions  w e r e  expec ted .  

Distribution of d i spers ion  constants measured during Pro jec t  Rulison cal ibrat ion 

A l l  mcasl.:rements were made a t  dis tances  where  maximum 

Number of observations falling within interval:  

Detection L ess than I X  s x  1 x 5~ 1 x IO-' 5 x IO-' 

to to to to to to Limit for K W  Detection 
Date (sec/m 1 Limit 5 x 10-9 1 x 5 x 1 x 5 x 1 x 3 

. -9  
- 

5 1 - 1 x  10 

10/04/70 . 

10/0 5/ 70 

10/0 7/ 70 

10/2 7/ 70 
10/ 2 8/ 70 

10/ 2 9/ 70 

10/ 3 O/ 70 

10/3 1/ 70 

11/0 1/70 
1 1/02/ 70 

11/03/70 

Totals 

- 5  x 

- 1 x -10-8 

- 1  x 10-8 

- 1 x 
- 1 x 10-9 

- 1 x 10-9 
- 2 'x' 10-9 

- 3  x 10-9 

- 3  x 10-9 
- 2 x 10-9 

- 1 x 10-9 

- 8  - 2 x  10 

17 xx 

24 xx 

51 xx 

43 XH. 

13 

5 10 

14 1s  

10 4 

28 

14 

14 

14 - - 
252 30 

10 

xx 6 
xx 

xx 

2 
a 
. I  
1 

- - 
12 34 

- 
4 

3 1 

1 

I 
w 

Interval below detection limit. xx 4 
I 
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' I * , i l ) l t -  H.  

c*.ilc.iilatc d o s c s  f rom the exposure to  THO. 

Niii~~c-ricnl V;\II;CR o f  lhc  paratiic*Lcrs ticcc.s;R;iry L C J  - 3 8 -  , 

PARAMETERS 

Breathing rate  
. Ad t i l t  
'Infant 

Skin absorption factor 

Mass of body water 
Ad i l l  t 
Infant  

Ha If - 1. i I i i t %  s o f  c: 1 im i na tion 
V c 
Cnt l l c ,  dairy and  bccf 
Adrilt 
.Infant 

I a t  i (1 11 

VALUE REF.  - 
41 3 20 m /day 

5 m3/day 21 

2 21.46 

4 3  kg 
6 . 1  kg 

41 
a 

1 day See  text 
3 .5  days  43.44.47 
10 days 46 
3 .2  days 21.48 

Fraction of THO body burden secre ted  in m i l k  

Fraction of body water in  beef 0 .  004/kg See text 

0 . 0 0 2 / 1  4 3.44.47 

Water intake via f r e sh  forage 
Dairy cow 
Beef cow 

3 Average H decay energy 

30 kg/day b 
15 kg/day b 

0 .  0063 MeV/dis 49  
C Food intake 

~ . _ _  . ~~ -_ ~- M i l k  
~ . -. . ~~. - .. .. ~- ~ .- 

A d u l t  (20-34 y e a r s )  ' . 260 g / d a y '  so 

Infant (<1 year)  5 0  g/day 

Adult (20-34 y e a r s )  400 g/day 
Infant (<I year )  I 2 2 0  g/day so 

Infant (<1 year )  700 g/day 50 

50 
50 

Adult (20-34 y e a r s )  270 g/day 

50 

Meat, poultry, f ish 

-- .-__ 

Vegetables, fruit ,  potatoes 

I 

l a A s s u m e s  a 10 kg body weight with the s a m e  ra t io  of body wa te r  t o  body weight 
a s  ihat of an adult. 

I b .4ssiinies that a dairy cow needs  14 kg of d r y  forage  p e r  day (Sl) ,  
forage is 70%water ;  a s s u m e s  beef cat t le  r equ i r e  half this  amount .  

It is assumed for  the purpoee of dose calculat ions that  each food ca tegory  is 
freshly harvested in the exposed area, and ie )00%water .  

and that  f r e e h  
I 
I 
I \ 

I c 
I 



Table 9. 

production f lar ing and projected dose  potentials over  a one-year  period. 

Calculated dose  poten t ia l s  fo r  the 8-day Project  Rulison high-rate  

INFANT ADULT 

High-rate One -year  High- rate One -year  
f lar ing f lzr ing f la r ing  f lar ing 

Pro jec  teda Projected" 

Krypton 85 

Inhalation and submers ign  

Whole body 
b S kiri 

Tritium 
Inhalation and submers ion  

Milk 
Vegetables,  f ru i t ,  potatoes 

Meat 

Sum (whole body) 

4 . 6  X rem 2.1 X rem 4 . 6  X IOm9 rem 

2.0 X 9.0 X 2.0 x 

2 . 9  x 1 .3  x 5.2 x 
5 . 5  x 9 . 2  x loo5 1.1 x 
2.1 x 9 .7  x 1.7 x loo6 
4 . 0  x 6.6 X 1.1 x 

3 .0  X 2.1 x 2 .4  X . 1 . 3 ~  

- - 
~~ 

a Assumes  f la r ing  would continue with the s a m e  r a t e  of re lease  in Ci/sec as  w a s  observed during the  

8-day, high-rate  production testing. 

b Dose calculated fo r  t h e  shallowest l a y e r  of l ive skin. 
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Tab le  10. 

t h e  food cha ins  to man. 

T r i t i u m  ac t iv i ty  l e v e l s  pred ic ted  by t h e  mod;] through 

R e s u l t s  a r c  ca lcu la ted  f o r  t he  end of the  

8-day, h igh- ra te  product ion f l a r i n g  of the  Rulison w c l l .  

T r i t i u m  Act iv i ty  

A v c r ; ~ g c  a t m o s p h e r i c  m o i s t u r e  5 pCi/ml 

F o r a g e ,  vege ta t ion ,  f r u i t s ,  potatoee 5 pCi /ml  

Milk 1.2 pCi /ml  

Beef : I  1,2 pCi/ml 

M a n  In fant Adult  

8 

* .  

Via inhalat ion and  s u b m e r s i o n  0.093 pCi/ml 0 .086  pCi /ml  

0 .  40 0 .029  

0; 028 0.031 

Via milk 

Via m e a t  
. 6, 

Via vegetat ion,  f r u i t ,  potatoee 0 .  69 0 . 2 9  
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FIGURE LEGENDS 

. Fig. 1 Off-site locations a t  P ro jec t  Rulison where atmospheric 

moi s tu re  was collected and assayed for tritium. 

Fig.  2 Tr i t ium (THO) loss curve  from watcr of vcgctation 

measured  a t  the termination of the Projcct  R u l i s o n  high- 

F i g .  3 

Fig.  4 

r a t e  production flaring. Graee pluge (3 7 / R "  diameter X 

4" deep)  were  brought to the s i te  44. 7 hours before flaring 

stopped. The curve is a two component expontial fit with 

half-times of 0.4  and 70  hours ,  with 2 5 %  of the activity 

associated with the short  half-time. 

Tr i t ium (THO) loss curve  for  two species following a 

controlled vapor exposure of 0 . 5  hours. Results a r e  very 

similar except that  the magnitude of the second component 

i s  near ly  a n  o r d e r  of magnitude grea te r  for burclover I 

T r i t ium (THO) loss curve  following a n  one hour controlled 

vapor exposure.  The first two components have essentially 

the same ra t e  constants as  following the 0 .  5 hr.  exposurer ' 

but the magnitude of the  second component is 4.  5 times 

l a r g e r  and a third component is also evident. 

F ig .  5. Tr i t ium (THO) loss curve following a liquid application 

equivalent to a 2mm rain.  Sampling did not begin soon 

enough to detect  a n  ear ly  component, but rapid turnover 

is  again demonstrated.  A diurnal pattern is evident with 

peaks occurr ing i n  the afternoon indicating the effects of 

t ranspirat ion.  
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