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ARSTHACT 

An environmental ass&mcnt of the UK of radioisotopes as interwell tracers in f ie ld  
flooding for the enhanced recovery of oil and natural  gas was performed. A typical 
operation using radioisotopes for interwell tracing was analyzed from the standpoint 
of three  stages of operation: aboveground, subsurface, and recoverv and disposal. 
Doses to workers who handle radioactive t racers  and to members  of the public were 
es t imated  fo r  normal and accidental  exposure scenarios. On the basis of e s t ima tes  
of t he  total quantity of t racer  radionuclides injected in a year, the annual number of 
projects,  the average number of injections per prcject, and assumed values of 
accident  frequency, t h e  collective dose equivalent is  es t imated to be 1.1 man-rem/y 
to uorke r s  and 15 man-rerra/y to mernbers of the public. The national radiological 
impact of t he  use of radioisotopes as interwell tracers in EOR projects  is es t imated  
to be a total c o l l e c i v e  dose equivalent of <I6 matt-rernjy. Accidental exposurcs 
a r e  es t imated  to contribute relatively l i t t le  to thc totar. 

... 
1 1 1  
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An environmental  assessment was performed to evallidte t h e  radiological impacts  of .. 
using iadioispi'dpes a s .  interwell - t racers . in  field floodiiig ~ for  ;the :enhanced recovery .~ 

of oil -and'gas.  This assessment document is; intended to furnish' the US.. Nuclear: 
Regulatory generic  
environmental  'impact  statement.^ ..The . resul ts .  of'  t h e  assessment .are presented . i n ,  
t e rms  of dose -est imates  .for. workers who, handle . . . .  the.  radioisotopes . . . . . . .  and .for members .  .. 

of the -public:' 

Commission ' (NRC) :. background J .material  ;.to" 'produce' a 

.. I 

1.. I _  : . . .  ' 2 & ,  ., , 
. _. 

. . .  . . . . . . .  . .,. .. - < ' ; I  ; , . , '  . . : I '  '. 
i:::jA:-: ::,- ',_ b ,  : ,-" ,; . _ .  _ '  

, .  I . ' .  , 

. .  ...... t ... .- . . . .  . . . . . . . . . . . . . . . .  ,.- i...% f : . :  ; ; ! . .  
. . .  . .  . . . . .  _ I  . I  . 

Oil  production'from a:producing well can be increased by'injecting fluids (liquids or 
ga-ses) :to .maintain reservoir pressure .an& push, t h e  oil' toward. production wells, ' a  
't&hnique'..called secondary recovery., To. increase..oil production'beyond . .  . . the  levels 
obtainable 'by s icondary recovery, ' tert iary-:  methods a r e ,  u d .  , :Tertiary methods 
]include ,miscib;le' methods 'aimed .at 'reducing .the interfacial  tension between the' oil 
; and .  t he  ,driving fltiid,!and thermal  methods.  to reduce,  t he  -viscosity 'of' t h e  oil ..by 
heaiing. ' In'this report,senhanced oil iecovery, .or .EO!, refers to both .secor,dary and 
te r t ia ry  methods. It hassbeen est imated tha t  about i  27. billion barrels 'of 'Oil remdin 
to, b e .  produced by .priniary and secondary methods in . the  U.S. and a n  'additional 

.'18-53 'billion bgrrds can  be  recovered by current  and advanced . . . . . .  ter t iary techniques. * . .  . . .  

. ... . . . . .  

Radioactive.  t r acc r s , a re .  injected in to ,  underground -'eservoirs'with'.liquids and.  gases 
'"to'.'nidnitor'.the ,movement :of . t h e  drivirlg I . .  fluids and i h e  eif ic iency of t h e  recovery 

rocess. Isotopes tha t  have been used DS gaseous t racers ' in  'EOR' operations'.include 
5I-i as HT or tritium-labelled hydrgcarbons, I4CO and 85Kri .Isotopes used as liquid 
interwell  t racers  include I4C LINa, 355, 4+Ca, 5 7 ~ 0 ,  58C0, 6Oc0, 63Ni, 

1 .  . .  .65fn,  .85Sr, 90Sr, jomAg, J %  and 131 1. Additional isotopes have' been licensed 
-. : . a s  .tracers i n  underground oil/gas wells and,reservoirs. The quantit ies injected vary 
. . I  widely.':.For example,'quantities of :HTO ,varying from . I .O:OI I ,  0 '  Ci to.. 100 Ci-have been 
, . . . .  injected.:in'.a ;single w e l l ' h .  EOR' tracer;. applications. conducted ;in t h e ;  US. I t  i s  
' .  - . , es t imated '  . that about  100' EOR : projects using !radioactive', t r ace r s  .are conducted 
,. annually. ', Each- t r ace r  'project -involves an, .average,of;four or , ' f ive 'separate  injections 
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Normal and accidental  exposure scenar'ios a r e  described 'for three dis t inct  .stages of 
an  injection ope-ration:. (1 )  t h e '  aboveground stage. before, . , , I  during, and immediately 

, .  - after, , iojection of the  t racer ,  (2) the  subsurface stake when the"tracer' t raverses  the  
. . . .  w e l l h i e ' :  and' underground, ... reservoir,. ..and : ; (3) :. the  recovery,  ' , , :!. and ;; J1 disposal . ,( ., . \  stage 

( 1 )  Aboveground .Stage. In ' the aboveground s t age  .licensee' u-orkers. may' .be :exposed 
'to .radiation ,when . t he  source is  unpacked from a shipping .contJ'.'n&r, carried : to the  

, . I . ,  

1. * . +  . . . . . . . .  
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other post-injection operations a r e  carried out. 

During more than  20 years of experience, incidents or accidents involving t h e  
unplanned re lease  of radioisotopes to the  environment during EOR operations using 
tracers have been rare. However, aboveground scenarios tha t  could lead to 
accidental exposures t o  workers can  readily be postulated as c1 frhniework for dose 
estimates. I These include: (1; leakage of a radioisotope solution from a container 
broken during shipment  to the  injection site, (2) spillage of a radioisotope solution on 
the ground or release of a gaseous radioisotope to t h e  atmosphere after accidental  
dropping and breaking of the  source container, (3) leakage of a radioactive liquid or 
g a s  through wellhead fi t t ings during injection, an3 (4)\ leakage of a radioactive 
solution from a wellhead through' valves inadvertently le f t  open (human error). 
Exposures tha t  could result from the  occurrence of these scenarios include external 
doses (to workers) and doses from inhalation and  submersion (to workers and to 
members of the  public) from airborne radionuclides. 

(2) Subsurface s t a E  Workers and members o! t h e  public a r e  not subject to normal 
exposures during t h e  subsurface stage. Mernbers of the  public could be exposed if 
t h e  radioactive tracer should en te r  a freshwater aquifer t ha t  serves as a water  
supply.. The e n t r y  of E W  injection fluids in to  underground sources of drin!cing 
water  is  unlikely, ' because of the s t r i c t  underground injection 'control (WC) 
regulations. If t h e  tracer-bearing injection fluid shouid e n t e r  a groundwater system, 
members of the  public could be exposed by drinking t h e  water, eat ing food crops 
irrigated with t h e  water, or ingesting milk and meat  f iom animals t h a t  had ingested 
the  water  or consumed vegetation irrigated with the  water. 

f 

d 

. .  
' . f ' .  

. , t- .>. - .. . ,  . 1 . .  , - - (3) Recovery 'and d ' i s p o d s t a g k .  The' fluids' recovered at  'production wells contain 
the  tracer at very low concentration. Since these fluids are separated from t h e  or1 
and e i ther  r e in j e i t ed  or stored in an  impervious pond, radioactive tracers in solution 
do no t  deliver exposures to workers or members  of the  public. However, members  
of t h e  public are subject to doses f iom inhalation and submersion d u e  to t h e  HTO 
arid 85Kr in t h e  -combustion products of na tura l  gas bearing residual tritium-labelled 
hydrocarbons and  85Kr. 

DOSE ESTIMATES 
. ,* 

- ,  
. C ! . i  ,. 

. .  

( I )  Normal exposure. The annual dose to a worker from normal aboveground 
operations, is dependent on ' the' type'  and amount  of radioisotope injected. and on ' the  
number. o f .  injections, performed in- a year.; : If a workpr were  to inject .  a l l  t h e  
radioisotopes projected for the  .United States in L. year; h e  would receive' .a dose 
equivalent in t h e  total  body of abo'ut 470. mrem. .. As:a .worker. is  unlikely to perform 
more than ! O  injection operations in k year (10% of the:est imated injections), t h e  
annual dose equivalent in the  worker i s  estimated to be less' than 50 mrem. 
Assuming a n  average of two workers per project, t he  collective dose equivalent in 
workers i s  es t imated to be G.93 man-rern/y. 

. .  . . .  . .  . .  
. Vorrnal exposures do no!.occur in the subsurface stage of operations, 

' . -  :. . ' ,  ;,. , -  i ,  -,, . ' I  
1 ' . , _  . ,  , 

. . .  
s . , .  , ' .  . . ~. 

The dose' to members '  of '  t he  public ' f rom, .  normal exposures in t h e  recovery and 
disposal stage resul ts '  from .. the  'residual:. tracer radioactivity , in  natural gas. The 
maximum dose.e,quivalent in an  individual i s  es t imated to be 6 x IO-3 mrem/y and is 

. L  ,' a t t r ibu ted  to the  -HTO in. the' -cornbusrion products.  of , gas. The collective dose 
equivalent in the,'general. population, using , the  Los Angeles basin as a ' f r ame  of 
reference,  was  estimated to be about 15 rnan-retn/y. This dose es t ima te  is much 

I 

i 

I 

2 
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l ess  than the est imated 40,000 man '. &ile&e dose! equiv 1 nt  iq the 
bronchial epithelium of t h e  Sam& population from naturally occurring>52Rn in gas 
distribution lines, or the 1 ,X,!o man-rem/y collective fect ive - .  do= ,equivalent in ' 

. . . . .  . . . . . . . . . . . .  

(2) Accidental exposure. mi? aniiual collective. ,dose -'equivalent in' workers .from' 
accidents :occuring+ in the  aboveground'. stage 'is es t imated  to' be 0.1 3 man-iem/y, 
which is about one-seventh of .that from .'normal aboveground .exp ' sures ;  Individual 
doses , f rom accidents '  would 'depend on'. t he  'accident  scenarios and  .the 'amount'. of 
radioisotopes.  involved. Tk, .collective. dose equivalent ,  in members of. t h e  public' 
f rom t h e  accidental  .: release.. of ;  ,,gasebus . . . . . .  radioisotopes, '  is' e s t ima ted '  . .  1 . . ,  to'. be . .  
0.034 man-rem/)'. 

. . .  
. . . . . .  . .  

this.population . .  from natural sourCes.of . .  , radiation. , .  i . .  . ,.,: ,. . , 
. I  I .  - . .  

. . . .  . . .  * -  - ? ,  . ;, . ~ _ .  
t ' . .  t , 

I . .  . _  I 

. . . .  . . . . .  1 .  .,,,-. . , , .  I .. 
. . . . . .  . . . . .  

In t h e  subsurface stage, the  annual dose equivalent in 'a-member o f  -the public .from 
drinking .wel l .  water .  ,from .a. contaminated aquifer .at I km a - from ' 2 .  t he  wel: w a s  
e s t ima ted  #to ..be , -about  .OOOl :mrcm/yj':: The collective 'dose equiva!ent f rom ,this 

Accidental exposures do'not occur in' the  recovery and disposal stagelof operations. : 

( 3 )  ,:Total radiological impact. Summing . t he  0.93 man-rem/y collective dose 
equivalent - in wor!:ers ;,from normal 'exposures. with.. 3 _ .  ' the  ' 0.1 3 man-rem/y. f fom 
eaccidenzal' exposures .leads to .a :total col lect ive :dose equivalent '  in' workers . .of  

I . I  -man-rem/y. I .It -bears.repeating iha t  'accidents a r e  ' rare ' .occurrences and : that  
'conservative values of accident 'frequency. have been assumed'in th i s  . . .  assessment. . . . . . . .  . .  ''. 1';. 

:For .members  'of.  t h e .  public, the  I total co l lec t ive .  dose. ' eq i j ik len t  "from norrna'l 
exposures . i s  es t imated to be 15; man-remyy, 'derived -,mainly :from" HTO' in 'the 
cornbust ion products of 3H-labelled gaseous hydrocarbons" recovered 'in ;na?ural 'gas. 

:The collective :dose.- equivalent. from , the  .accidental  sur face  release of gaseous 
; radioisotopes :is estimated to be* 0.034'man-remjy; which is  more than ' two orders 'of 
. magnitude .lowerr The collectivc"dose"equiva1ent . .  4 . _ I  frqm drinking wa te r  drawn f rom a 
: contaminated aquifer,! is .  1.7 :x 1 o-., man-remjy, which i s '  less than , l  / I  0,000 .'of the  
col lect ive dose ?o t he  general 'public ' from'normal .operations. . 'The;contamination of 
the  aqui fe r  by salts, acids, alkali, and o the r  'substances' would' be'-a :more pressing 

?.Summing the  colle,ctive' .doe; to 'workers and members.  o f  .the' public .yields ! a  -.total 
: col lect jve . dose , .  eequivalent,:'Oft ..'1,6,:man-rem/y. , - .!! 

' * 1 '-",Because .... ,, ' i h e '  "calcuiations * a r e  
:.. conservative,'Tour <estirn-ate- .;of : i the  ,national '.'radiological .i ,. 1 : .  : ' impact '  , o f  - t h e  'use of 
:. :.. radioisotopes:'as':interWell! tr?cers -....,. , i n  '1 EOK' :.: ,proje.c'ts: _. ...... / ::;. 'is 'a, ,total collective' . .  dose 

- . <  . . * .  
I .  . ,  

accident  scenario.is  estimated to- be abbut :1.7* x ' 1  0-4 'man&m/y. . . .  + 
. . . . . . .  . . .  . .  . .  i ,  

. . , ,  . .  .. I .  
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Nonradioactive t racers  have also 'been.  used to ';he betiavior.'of liquids and 
gases in petroleum reservoirs: r,Chcmical ;racers,  include ammoniurn thiocyanate, 
potassium iodide, ammonium nitrate,  znd SFg (gas). . From'  ttie"stand+ints of :.cost 
and ease of handling, radioisotopes, a r e  generally preferable to chemicals as  
interwell t racers  for EOR operatio.ns~~.'However;~chemicaI' -~ - . . . _ - . _  t r ace r s  a r e  o f t en  used to 
com?lerrlent radioactive t racers  in EOR projects .  involving rnultiwell . injections- of '1 I ,  : 'd i f ferent  t<acers.::There:;have .been -situations where a nonradioactive chemical I .  

. .  has 'been pr i fgr red  over a'iradioactive tracer: .!_ :,: c ' : . -  ... i ':: , ...... , * .  . 
. ~'.,.. - *  - .  

, .  , , .  



1. INTRODUCTION " .  

This project has  been commissioned by the  U.S. Nuclear Regulatory Commission 
(NRC) to produce an environmental assessment of t h e  use of radionuclides as tracers 
in field f l d i n g  for tMenhanced  recovery of oil and natural  gas, which i s  commonly 
referred to as enhanced oil recovery (EOR). The'  assessment document i s  intended 
to furnish. t he  NRC the. background material '  to produce a generic environmental 
impact  s t a t emen t  on the  use of radioisotcpes as interwel t '  tracers for EOR. The 
NRC has  commissioned this project because a detai led-assessment  of t h e  use  of 
radioisotopes as tracers in EOR operations has not  previously been done. 

. I  

1.2 SCOPE AND OBJECTIVES , 

This project> is .designed to '  evaluate ' t h e  consequences cf k i n g  radioisotopes a's 
interwell  tracers when liquids or  gases a r e  injected in to  underground reservoirs to- 
maintain o r  increase the  production of oil or gas. Individual doses and collective 
doses associated with both normal EOR operations and postulated accidents  will be. 
considered. 

This study does  not  address exposures associated'  with the  transportation of 
radioactive t racers  f rom a' packaging s i t e  to t h e  injection s i t e  or the  transportation 
of residual radioactive waste  from the  injection site to a disposal site. Regulations 
governing transportation of radioactive materials,  including tracers for  EOR 
projects  and o the r  applications, have been promulgated by the  NRC and the  
Department  of Transportation (10 CFR and 49 CFR). This study is  not  intended to 
address  the  potential  impacts from. using radioactive sources in well logging or o the r  
single-well t r ace r  applications. 

The study focuses on the  radiological impacts  associated with the  use of 
radioisotope tracers in EOR. The environmental risks associated with EOR methods 
have been considered (Schumacher, 1978; Campbell, 1981). The radiological impact  
f rom t h e  use of radioisotopes as t racers  in EOR will be examined in t h e  ligtr: of the  
other associated environmental concerns: 

One goal of th i s  project is to produce an environmental assessment of the  usc  of 
radionuclides as interwell t racers  in EOR. This assessment document will furnish 
the  N R C  t h e  background material  to prepare a generic  envirmmental  impact 
s ta tement .  A second goal o f r t h e  project i s  to d r a f t  a ' s e p a r a t e  guidance document 
after t h e  environmental assessment has  been completed. This guidance document 
will specify the  information that  a n  applicant should furnish the NRC to obtain a 
license to use radioactive t racers  in EOR operations. The guidance document will 
serve as a model in formulating guidelines io keep occupational doses as low as 
reasonably achievable and to ensure the  heal th  and safety of t h e  public when 
radioisotopes a r e  used as interwell t racers  in EOR operations. 

I .3 DESCRIPTION OF ENHANCED OIL RECOVERY (EOR) 

I . .  

* '  . .  
-,. ' . 1 .  . . . , ,  ', .. . : 1 :3.1; Methods- for increasing petroieum production 

The *oil  from a producing W e l l  in a. new reservoir initially f lows '  because of the  
press~rre  exer ted by water  and gas in t h e  reservoir. , As oil production continues the  

. , . .  * . . .  ; ,- , .  . , . . I  '' . . , ,  - . ( . I  ; , .  
i I: 

. .  

Source: Schumacher (1 978) 
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reservoir pressure declines unless fluids arc injected into 'the reservoir to maintain 
t h e  pressure.- The, average. recovery from. primary:: production, with' . .ana'  without  

Oil production c a n  be ,increased beyon3 t h e  levels achieved by.pr&ssure'.maintenance 
through a 'technique call& waterflooding, which:.js the injectiori of , .water '  through 
injection 'Grells'to push' the  oil ' toward ;production 'wells.;-. This technique has' been 
lcalled secondary 'recovery. In. pract ice  it '3s o f t en  difficult  to distinguish between 
' k o n c i a i y  recovery.  and 'pressure' maintenance :because 'it i s  -now "customary to begin 
'the waterflood ' before the  reduced . presswe ':results ... .in a n  :excessive decline 'in 

a - ;; .I _,  , .. 8 . .-. 1 production. .. , < - .  . ' *  ' , ?.. '  . . . .  ' / . . .  

. . . . . .  .: 
I ,  

._  ...... , . . . .  . .  
pressure maintenance, . . .  is 20 ' to  30% of t h e  original . .  oil in . . .  place. 

'. ': ' :  . j  I, . . .  . .  : . .  . . . . . .  ..! J ;  . C  . . .  I , : . , ; !  :.':. , '  , 
- ,., 

. .  
. -  

- _ *  , 

So-called te r t ia ry  recovery- methods have.:been: used.. to" increase--oiJ.  production 
beyond t h e  levels obtainable by secondary recovery methods, when some 60% or 
more' o f .  t h e  oil  may s t i l l . ' be  in place....The ter t iary '  methods,^include miscible 
,methods, a imed at reducing interfacial  . tension between the  o i l  and the  driving fluid, 
and thermal  methods to' reduck t h e  viscosity o f  t h e  oil' by !heating; ;..The'-.miscible 
m e t h d s  ,include t h e  following types of ,flood: surfactant  polymer,' polymer, alkaline; 
carbon-dioxide,-and miscible hydrocarbon.?. Thermal recovery methods -include in s i tu  
combustion-and s t e a m .  flwdii.g,-the la t te r ' account ing  for 'most of the  oil - recovered 

! I  , ,  . ,  by t e r t i a ry  methods. . .  ' '..,',* , ,. 

.In th i s  document, enhanced oil 'recovery. o r  -EOK ' refers to 'any 'of the::methods ..to 
increase $oil  (and gas) -.production :beyond i that  :obtainable from i primary production 
alone. I-. .' : . .  . : ' 

.i ~ ,;: ','I. ! . , .. ;--..,.. . . . . . .  . . . .  --I .3;2 Use of : t racers  in EOR . i L .  . . ? : 

,:Tracers a r e  used to define :the 'movement of .liquidstor gases injected into a n  oil and 
gas reservoir to enhance recovery and to monitor reservoir performance. .:,The 
water-soluble o r  gaseous tracer is  introduced into a reservoir with the  injected 
*fluid. ' Bbth 'radi0active"and ;nonradioactive t r ace r s  'may-' b e  :used. :The [ t r ace r  - is  
'placcd .in. t h e  injection',.well; .where i t  i s1  diluted and, 'swept into t h e  reservoir ). by 
. injection liquid or -gas.-" .The' diluted 'tracer 'is subsequently r ecove red ' a t  . productior, 

. . . . . .  , . .  : ,  ;- . . . . .  . . . . . . . . .  . .  . . ' . '  i. .- , . .  , 1 . .  . I . .  . . > -  . . e . . . ; * ;  : , . '  . 

In'evaluating. 'reservoir: performance,. i t '  is desirable 'to determine ' the  source 'of ' the  
' in jec ted  fluid .being collected :at - a  production. well. : I t . . i s -  frequently - desirable, 
! therefore , . to  employ several tracers,  using a ,d i f fe ren t  . t racer  in each  of a number of 

. . . .  5.;; . : . .  ....... ,,;., . . . .  . I .  I .  , I 

.J . . . . . . .  . . . . . . . . . . .  6 . .  . , . . . . .  . . . . . . . . .  
,' 0 : , , : '  . .  , I .  :.. . - -  

. . . . . .  . . . .  . .... . . . . .  . . . . .  . . :  . I  , , : : - ;  ;, ,. .,.: 1 , .  , J  i _, 

. .  

. . .  . . .  . . . . . . . . .  s. . ?  ! . . . . ,  . .  .. '. . . ,.; 

, ,  . - .  . . .  
. . . .  .... .. . . . . . . .  . . . . . . . .  . . . . . . . . . .  . . .  . . . . .  . .  ,.; . . . . . . . . . . . . . .  : :::: ' ! .- . . .  *,  - ,  , <. 5 .  ? >  I - , , _ _ .  . .  . I .  

. . . . .  . . .  - .  ' . .  I .  -wells and ' i s  monitored by sampling the  recovered fluids..' "i': . : . . . .  . ,  . 

. . .  .. . . . . . .  . ,- , ?.. * " ' 7 . :  . .  

. ... .. . . . .  *i . ,  . .  ; - ,  c 4 ; -  . I  ! 'I f -, , . . .  . -  . , I . _  . .  . . --, ,.. i)' , . ,  : .  inject  ion wells. 

1.3.3 Underground injection control 

The potential  contamination of a freshwater aquifer  is a recognized hazard in oil 
production technology. 1 he  entry of EO!? injection fluids into a freshwater aquifer  
serving as a water  supply could cause serious polltition problems. The injection 
fluids used f o r  secondary recovery a r e  usually brines compatible with t h e  
endogenous fluids in the  reservoir. The composition of dissolved solids var ies  
great ly  (Collins and Wright, 1982). Chemicals added to te r t ia ry  injection fluids 
could also lead to pollution problems i f  they entered a freshwater scpply. 
Groundwater contamination is particularly bad because i t  is long lasting, difficult  to 
t r ace ,  and may be far  reaching. . . . . . . . . .  

, I . .  ' . r ,  . . .  r .  , '  ... i . . .  .;; . L . -  . I '  . . .  : .,.. > K , . !  ' 
i I .  

. .  
. .  .., .5 . :  i , : , . . _ .  . I .  . -  * ,  . . _  . ' ! i ,  - ,  , I . '  L.  . _. . ?,.i, .;': ; ,%,' : . .. 

..... .. 
I 

I . r .  . (;: ' . 1 . ' , t , '  4 . ' ; . , . : ' . 1 . ;  :- . : ,' . -:. 
I .  . I . , _  

: I .: ; . I . . \.>, . < J 
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Entry of EOR. injection * fluids into ’underground k u r c e s  of d r i n k h g ”  w a t e r  is, 
however, ex t remely  unlikely because of t h e  strict underground injection control  
(UIC) regulations (Spears, 1980). Injection wells associated with EOR operations are 
designated Class I1 wells and are subject to strit.gent construction, operatingt, and 
monitoring and reporting requirements. Federal - UIC regulations have been 
established by the  Environmental Protection Agency (EPA) as required by t h e  Safe 
Drinking Water A c t  (20 CFR 122-1 24, 146). Texas, Louisiana, and New Mexico are 
among t h e  individual states t h a t  have achieved primacy fnr  UIC by drawing up and 
administering a detailed regulatory program tha t  meets  t h e  technical and procedural 
requirements estab:ished by EPA. 

1.3.4 Est imates  of petroleum recovery by EOR methods 

During 1978-1981, crude oil % production , in t he  U.S. held . level .  at 
8.6 - 8.7 x IO6 bbl/d (IPAA, 1982). Primary methods accounted fo r  47% of t h e  
production; enhanced recovery methods. fo r  53% (Johnson,. 1982). Production by 
EOK methods in .1980 was about 90% recovery by waterflood, andaabout 10% by 
te r t ia ry  methods (Matheny, 1980). Steam accounted fo r  77% of t h e  US. ter t iary.  
production-up from 67% in 1978--and C 0 2  and o ther  gases  accounted for 19%’ 
(Ma theny, 1 980). 

. I  : , 

Of the  total of 460 billion barrels of oil discovered in the  U.S., 121 billion barrels 
have been produced and 27.billion barrels remain to be produced by primary and 
secondary methods. Of the  remaining 312 billion barrels t ha t  would remain in place, 
an additional I8 to 53 billion barrels can  be recovered by current  and advanced 
te r t ia ry  techniques (Johnson, 1982). It has been est imated tha t  cur ren t  te r t ia ry  
recovery techniques could produce 1.1 x IO6 bbl/d by the  ear 2000, and tha t ’more  

then..  s. 

Radioactive-tracer projects by service companies thar perform interwell tracing for  
EOR were  es t imated  to number 50 to 60 per year  (Bai!ey,. 1982*). If we include 
projects  performed by t h 5 o i l  companies themselves, t he  total number could b e  as 
large as IO0 (Bailey, 1982 1- The environmental assessment presented in this report 
is  based on  t h e  assumption tha t  the  to ta l  number of EOR operations employing 
radioactive t r ace r s  is 100 per year. Based on the  experience of  two licensees, e a c h  
t r ace r  project  invoives a n  average of four to f ive separate  injections of a n  isotope 
into a well. In this assessment i t  is assumed tha t  eac3 t racer  project on the  average 
involves four separate injections of an  isotope. 

advanced techniques could account for another  2.7 x 10 I! bbl/d of production by 

. .  

. .  .. 
! .  . . i , /  ” , 

, .  

. :  
. . .  

. .  
8 . . ._  . .  

. I  
- .  . .  , . .  . ”  

, .  . .  . . .. 

. .  . .  . 

E.D. Bailey, Division of Licensing, Registration and Standards, Texas Department * 
of Health, Austin, Tex., private communication (1  982). 
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. . . . . .  . . . . . . .  

_ _ .  As noted in. Sec. I !racers-pre.u+ in EOR-operations. to trace t h e  movement of_the 
injected fluid through the. reservoir, to evaluate  ' sweep efficiency, and thus  to 
monitor :. t h e  - .performance'~of the  J flood. Radioactive .:'%urces for t racing injected 

- . -  liquids _ - - - . .  are prepared _ _  . . . . .  as -__. water-soluble .. --. . . .  material  _. .,__ in - aqueous . .- .solution; -.- . . . . . . . .  those for ._ tracing . . .  

Table 2.1 i; a list of radiosiotop&.that have been used 'as  interwell tracers in'EOR 
operations. ..The table was compiled.from data fcrnished by one  l icensee for July 4, 
1979, t3 .November 16, 1982 and data for calendar-year 1982 furnished by another  
licensee. Table 2.1 shows the rangesof  the  amounts  typically injected into atsingle 
well. . As, noted in the  table, t he  injected amounts  of ;some radioisotopes vary 
greatly. . The.range listed in Table 2.1 reflects the  practice of only two  licensees in 
the:  US. 'over  'a l imited.  period .of ' t ime; i t  is intended -only to give a general  
indication .of t h e  quantities of. radioactive mater ia ls  I used :in individual 'tracer 
applications.' It does not imply tha t  smaller o r  larger quantit ies have not been' used 

radionuclides tha t  have been injected in foreign EOR operations. 

r 
, I * . ^  . . . .  - . .  

* $ .  : ,i, 1 1 ..' .? 1 
, ., I .. .:: : ! <  '.. .L. KnUM13UIVrC3 Ujto A j  THACERS-IN EOR I >..i *,;:,.: 

. .  

injected gas& are prepared in gaseous form. 7 ,  . 
.... ..:, c 

, .  

. or.  .will ,not..-be used. - .. ..-- . .  Table 2.1 e%cludes-. the large amounts  . . .  of some . -  .. 

Table 2.2 l ists  other  radioisotopes tha t  have been licensed as tracers in underground 
:oil/gas wells and reservoirs 'througn radioactive mater ia l  licenses issued by. t he  .NRC 

. ; ;  . -  * ' , . < '  , ;- , . , .,;':': , . i . .  
. . . . . .  . . 5  I . . . . . . .  ;, ; . . . . .  . . . .  1 , : . , .  . . _ I  

': !\, ,;.. -.. , , , .. ' . . . > 1 :  T ; ,  

. .  
, . . . .  ' \  

. . . .  . .  . . I  

, . -  
. .  . .  

. . >: 9 ' .  ., , - 1  , , 
. ~ . . ,  . I  - I 

. I .  : Table' 2.1 Radioisotopes-used'as in te rwkl  tracers . .  in EOR 0perations.a . . 1 ;  . . , _  

. . . . . .  . . . .  . .  , .  , 
. .  . . , .  ,:*. , .. a - *  S I  , "  . . . . . . . . . .  

- 1  

8 . .  . . . . . . . .  -, . . . . . . . . . .  . .  . .  . . . . . . . . .  . .  Range o f  amounts 
'injected &;a .~ . 

. . , I  
. :  . -  

..: : . -  I .  ~ 

*.' . ' . . I .  
*.: ..- - .  . - : 

; *  . . , ,. 
L t .  

. 2 ;  - 
. ' S  . . . . . . . . .  , . . . . . . . . . .  ' . .  

, .  1 ,_ : - .. .. . . .  . . . . . . .  : .. Physical . . I . . . .  , _ I  ; ... : : : '. I .. * f , ,  

Isotope Hdf- l i fe  form Chemical form single well, ~ i b  

b The data pertain to EOK projects in the conterminous U.S. and Alaska. 
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l a b l e  2.2 Other radlolsctopes that have been licensed as tracers in urlderground 
oil/gas wells and reservoirs. 

e .  - . .  . 
~~ ~~ ~~ ~~ ~ ~- 

Is0 tope Half-life , ' physical form Chemical form 

I.'-32 
c1-36 
Ar-37 
Ar-39. 
Cr-51 * 

Fe-55 
Fe-59 
Sr-89 
Tc-99 
X t - I 3 3  

Liquid 
". Liquid ' . ~: . 

14.3 d 

.34.7 d -  

27.7 d , .  

2 7 ~  : . .  Liquid 
' 440iid' . * ' -  . Liquid 

S0.5 d' : :. . .. . . ..Liquid 
2 . 1 3 ~  1 0 5 y  . 

i .  

3.01 x 1 0 5 y  

269 y . . .  , e  4 
- . . . ' I '  Gas . . 

Gas ' 
. '  Liquid * 

' .  

, . .  1 Liquid I 

, .  . .. cas 5.29 d.. .,, - 

Anion 
Anion 
Molecular 

. Molecular 
Anion 
Anion (complex) 
Anion (complex) 
Anion (complex) 
Anion : 
Molecular 

, I  

or the  state departments  of healthlof California and Texas. These are two of the 
principal agreement  states that  account for the  major s h a r e  of U.S. oil production 
by EOH methods. Radioactive materials licenses somet imes  cover  a group of 
unspecified isotopes over  a wide range of a tomic  numbers; they also sometimes 
cover authorized uses ocher .than interwell tracing. in petroleum reservoirs. 
Table.2.2 may therefore  exclude some isotopes tha t  are used as interwell  tracers in 
€OH operations, and i t  may include isotopes tha t  are not  normally used as interwell 
t racers  in EOR. I 

I 
Certain isotopes tha t  a r e  authorized to be used for tracer s tudies  in oil  and gas 
wells, such as Sc-46, Zr-95, and lr-192, a r e  not  listed in Table 2 2  because they are 
used in single-well applications rather  than as interwell tracers. 

The actual  amount af radioactivity injected in aq operation is determined by t h e  
licensee conducting the t racer  operation in collabor3tion with reservoir engineers of 
the  ciil company. The reservoir engineers supply the  needed information on reservoir 
character is t ics  and cperating conditions such as r a t e  of fluid iajection, reservoir 
volume, and est imatcd t ime to breakthrough. The amount of isotope to be  injected 
is determined taking into account t he  reservoir character is t ics  and is established so 
the  exkcted concertrat ion in the  recovered fluid i s  suff ic ient ly  above the  detect ion 
limits for accu ra t e  quantification but  below t h e  maximum concentrat ion permissible 
for release into a n  unrestricted area. The amount of ac t iv i ty  injected can  b e  
expected to vary widely from operation to operation. 

I& ,raaioisoto'& used to t r x e  injection liquids in EOR ark water-soluble species 
tha t  do not distribute or fxchange with' the  oil phase. The injection procedure is 
usually designed so the i sxopes  a r e  stable anions in solution in the  injection and 
reservoir fluids. As anions, tne isotopes a r e  minimally absorbed and m r e t a r d e d  in 
the- reservoir. Soluble cat:onic species tha t  a r e  not adsorbed in geologic media are 

-also used as tracers- Radioisotwes in the  form of gaseous hydrocarbons a r e  
miscible with petroleunl and a re  separated into the  na turar  gas fraction. Inert gas 
isotojxs  oi Ar, Kr, and Xc a r e  thought' to remain in t h e  natural  gas fraction. 

! 
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Tritium as Hf is separated 
as HTO is separated from 
separated from natural gas 

f r o m . t h t  natural  gas(fract ion along with N2, and t r i t ium 
natural gas (and p e t k l e d  :%him it is dried. $CO2 is 

. , , :  

. .  

. ,  . :  .when it is proces~cd.,,~~ :.,,: ; . . ;.: . .  , . . .  . . .  
, . e  

J .  *. ' 
t . .  > .  

~ h c  persons who inject tracers are employees of ' l icenseesof  tk NRC or agreement 
states, who are well trained in the  principles and  pract ice  of health physics. The 
radioisotopes for injection a r e  -transported to t h e  job site in .containers meeting . 
Department of Transportation (DOT) specifications. Typically a n  injection is' 
carried o u t  as follows: The vial containing the radioactive tracer is *carefully 
removed f rom the shipping container and checked for damage. It is carried .with 
special tools to  the wellhead and placed inside a special assembly connected to' t h e  
wellhead. The system is closed, the  vial is  crushed, and valves are opened allowing 
the injection liquid (or gas) to flush t h e  radioisotope down the  wellbore . I  into the-. 
reservoir. . 

I 

.. . . . . - . .  . 
. 1  , _  . . . . . . . .  : ' .  . ( .  

. . . .  
,_ 

. . . . . .  . . - *  . . .  
i r;. 
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.. . 3.. DESCRIPTION. , . .  OF . EXPOSURE . .  ~ SCENARIOS , .  I .. . .  1 .  
1 . L .  .. 

. .  1 

. . e  
, ..: . ,  

This sect ion describes realist ic radiation exposure k e n a r i o s  f o r  EOR operations that 
use radionuclides for interwell tracing. I t  is convenient to consider t h r e e  d is t inc t  
stages of operation? ' . 

( I  1. The aboveground stage before; during, and immediately , . I  . a f t e r  injection of t h e  

> '  
. .  .. 

. .  
. .  

. .  . ,  

. .  . , .  . .  
. .  tracer, , .  . .  

(2) The subsurface stage when t h e  tracer traverses t h e  wellbore and underground 
reservoir, and 

(3)' The recovery and *disposal stage beginning with t h e  reccveiy of the  isotope at 

Two ca tegor ies  of exposure pathways a r e  considered: normaf (Table 3.1) and '  ' 
accidental  (Table 3.2). The dose est imates  for these scenarios are presented and 
discussed in de t a i l  in Sec. 6. 

. I  

t he  production well. - 

;.I ABOVEGROUNO STAGE 
I 

3.1.1 Normal exposures 

As m t e d  in Sec. 2, t he  persons who inject radioactive tracers in EOR operations are 
licer,see employees who are well trair?ed in health physics and are expected to 
observe sound pract ices  in t h e  field. They routinely wear  personnel monitoring 
devict 5 such as thermoluminescent dosimeter (TLD) badges 2nd o the r  dosimeters. 
Unshielded sources  are handled at a distance using special tools, and exposure t i m e  
i s  kept  short. To minimize leakage of radioactivity f rom t h e  wenhead assembly, a 
prac t ice  run may  precede t h e  ac tua l  injection a s  a check f o r  leaks. Survey m e t e r  
readings are taken periodically to assure tha t  t he  vial containing the  radioisotope 
has  not  been damaged in transit, t h a t  t he  isotope is not  held up somewhere in t h e  
wellhead assembly during flushing, and that  Ieaks tha t  could release ac t iv i ty  to t h e  
environment are detected.  Tc, checd for the  presence bf t ransferable  radioactivity 
on accessible surfaces,  smears  may be  taken and counted in the  field or returned to 

Table 3.1 Normal exposure pathways. 

Stage Exposure pathway Exposed group 

Aboveground External irradiation 
Possible inhalation of low-level residual 
HTO, 1 4 ~ 0 ~  

Workers 

Subsurface None None 

Recovery and InhalatiGn arid submersion exposures to STO, Members 
d i s p  31 %r, and 4C02 released at production of t h e  

public well s i tes  and in combustion products of 
natural  gas 

I 

!O 
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Stage Accident scenarios Exposure pathways ' Exposed group 

... ;i;rrhe . laboratory;for analysis.. .Members of the  public are ,not .present during injections, 
* . :  : , and .  o i l  company :workers not  :.involved.: in  ..the. tracer, injections are k e p t  at a 
. - .  - I distance-particularly. when t h e r e  .is a potential  for.exposure . .  $o,an unshielded source. 

-: : Occupationa-l doses : .from- .:normal, .'exposures ..during :!an .-EOR .-;radioactive tracer 
operat ion ' a r e  :very.  !low.+; ' The 'average 'external :whole-body. .occupational dose to 
workers  handling radioactive tracers on an  EOR project as 'determined from TLD's 

L-: ' was r e p j r t e d  by one'!icensee:as:l4 mrem with's; maximum o f . 3 0 0  mrem. .Most doses 
-.' . were  .below the  limits of detection;?> 5 12;:; t~ ?;i . .  ".--: : i '  !.. : , * _  . 

:, e -  ,- A carefu l  reconstruction of -the' aboveground ,stagerof a n  -interwell .radioactive tracer 
..... : . :operation:.for EOR revea1s:a number.iof :definitive act ivi t i  s when a worker is in  

, .  - .  \.;..:. r;;: c,.' :. . , .  ;..' , i * : , . .  ,. ,,*;.  > ' , .  ' 1 .  . ' 
~ .. :'e - a  . . . . . .  . ' . . ' T -  . . . . . . . . . . .  , : . : . .  

1 

.. . .  . . .... .. 
. , , ,  ,(_,. . , _ . / .  ,.  [if :;.L:'.i !;!t,c,:, ?:>;j:--,--< . ,,. ., . ~; ; ,=. ', i:?': . , '  . .  ,. . :;,;,;:,. - : , .  '.;. L + :  ;-.: , . .  _ .  

I , . . .  . . . . . .  close proximity to the  source: . . . . . . . . . . . . .  

, . . , . .  , I 

_.- ;  - .-f. .... ,c. . .,Kernoving t1te;shielding and carrying the  isotob:to,the.:injection . .  port  
. . . .  .... . . . . . . . .  . . . . . .  

_ .  . .  :.E;:- Removing - the  ; isotope .;..container.!i-from. ; the  &ellhead and o ther  . '. .:' 

. . I  .. ;: . , i .  ' .(.- ., , ;; ! .. r . 1 1 . : .  

Handling the  tools bearing residual act ivi ty  during clean itp 

c - . A.;;, Unloading the;isotope.package,from,the transport  . . . . . . . . . .  vehicle . !  . -1 : 
... ..i.. . r ; -  :,>.-:- :, B..,i: ,Unpacking thc,isotope container . :..: :,: .,.-, .,-, I . - I  ; 

' ~ \ _ _ _  , D: Injecting'the .isotope ,and flushing- : ; , -,;-: . ! ..t 

, .  

. .  I 
. . .  post-injection 0perations:i I .:?-, .. 

F. 
: . .  e - .  I . . L G. .:.. Handlins.the waste materials'bearing.traces of radioactivity 
. .  - . .  4 .  . . . . . . . .  I . . . . . e . .  . 

i . .  ! ,. -..,.. t i  r , .' 2 .  .;_ ;-;. . _ .  . . ^ .  . I .  

. .  . .:. .,. ~ . _ - I  . ; , .. . -.. : : ! . ; ! . .  . * /  ,,;;:, . .  . _  . .  . , . ,  
. I  
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Activity C is potentially the most important  because t h e  worker may be then 
exposed to an  unshielded source. Activit ies A and B are p t e n t i a l f y  important  
because of the t ime  spent close to . the.  isotope package.. In t h e  o the r  act ivi t ies  t h e  
worker is exposed to a partially shielded source or small  amounts  of a diluted 
radioisotope. 

- The inject ion process is subject to minor variatio& The research division ofok oil 
company injects  tracers into wells by crushing the  vials of radioactive mater ia l ,  in to  
t h e  feed tank of a small  chemical pump connected to t h e  wellhead (D’Hooge et al., 
1981). Repeated rinses and monitoring. for radioactive conten t  ensure t h a t  no 
contamination remains on the  surface. The radioisotope division of another  oil 
company uses an injection method in which t h e  radioactive liquid or gas to be 
injected is  confined in a shielded stainless s t ee l  container. Ttie container  serves  as a 
f i t t ing tha t  i s  direct ly  coupled in to  the  wellhead assembly and becomes part of t h e  
dr ive  system. The shielding remains in place throughout t he  whole operation so that 
external  exposure to workers is  essentially eliminated. 

3.1.2 Accidental exposures 

In more than 20 years  of  experience, incidents or accidents  with unplanned release 
of radioisotopes to t h e  environment during interwell  t racing in EOR have been rare. 
However, a number of scenarios tha t  could lead to accidental  exposures can  readily 
be  postulated for  the  aboveground stage: 

If a vial containing a radioactive liquid were  leaking, t he re  could be  
exposures f rom handling (repacking the  leaky or broken vial for shipment 
to a disposal s i te)  afid a resul tant  external or internal dose to workers. 
This scenario has occurred.. Confinement o f  t h e  source in a shielded 
container  similar to tha t  described in Sec. 3.1.1 would virtually e l iminate  
this scenario. 

1 -  

-*-- 

A. 

B. If a vial containink a radioactive liquid were  accidentally dropped, spilling 
i t s  conten ts  on t h e  ground or skin, there  could be an exposure from the  

. radionuclide o n .  t he  ground or skin. There cou!d also b e  a n  exposwe 
associated with cleaning up  t h e  liquid. The exposures could lead to 
external  or internal doses to workers. Only a small  f ract ion of t h e  glass 
vials dropped can  be expected to break and spill its contents. 

If a glass vial, containing a radioactive gas were  accidentally dropped 
releasing its contents,  t he re  could be  exposures from t h e  airborne 
radionuclide. The exposures codd lead to inhalation and submersion doses 
to workers and to members of t h e  public downwind. Only a small  f ract ion 
of t h e  glass vials dropped can  b e  expected to break and release 
radionuclides to the  atmosphere. 

I 

C. 

, I  

a d  . , c  * l  

D. If a t racer  liquidlor gas were  to leak through wellhead fi t t ings during 
injection, there  could be a n  exposure from t h e  isotope on t h e  sur face  of 
the  welltiead assembly, on t h e  ground (or skin),’ or from con tac t  with the  
airborne isotope. External doses or inhalation and submersion doses 40 
workers would result. Occurrence of this scenario i s  unlikely if t he  
wellhead i s  checked for  leaks before  the  t r a c e r  is  injected. 

If a port  of an injection wellhead were  inadvertently l e f t  open by human 
error,  the  nuclide solutior. could readily be transported to the  sur face  of 
t h e  wellhead, t h e  ground, or t h e  skin with resul tant  external  doses to 
workers. 

- .  
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:In summary; an  occurren& of 'the above sdenarios could lead to external doses *to 
workers f rom radionirdides deposited on'thc ground or wellhead surfaces,  to doxs to 
the skin o f  workers from radionuclides deposited-'on'the',skin, or t o  doxs  f rom 
inhalation and submersion to workers and members  of ' t h e  public f rom airborne 

I 
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lt.is appropkiate to mention the following incident t h a t  was reported to  t h e , N R C  A 
',portion .of t h e  "TO injected as an' EOR tracer, during 'winter, froze'. inside' .a special  
device t h a t ,  was ,in phce in the  aboveground 'portion o f . t h e  ,wellhead, assembly of t h e  

-injection 'well. "The frozen'water expanded, 'cracking' t h e  device,"which 'leaked 'water 
- to t h e  grouhd when the  device, was thawed. 'Additional ,'water back'flowed , f rom t h e  
'well  and spilled ' to th'e :ground;when the  -device 'was .disconnected. _L Urine'. samples, 
f ren t h e  four  workers'who were'exposed to"the ;spilled water ,but , .were not present  
during the' tracer injection ranged:from '1'1 'to 164 'dpm/cm3nweII 'within regulatory 
limits. The corresponding range of dose commitments  to t h e  whole.body was 0.04 . .  to 

j 
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3.2 SUBSURFACE STAGE . . .  * . . ,  .. _ . .  . . . . . . . . . .  

3.2.1 Normal exposures' 
r .  

- . . . . . . .  . -  

. . . . .  \ .  , i  . .  .- . . . . .  " , 
- ~. . .  i ,  . -  ._ , . '  I .-. ,: 
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. . . . . .  . . . . . . .  
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7Exbsure.c during ' the  subsurface'stage, . . . . . . .  of a n  'EOFi'bpkration using 'radioactive . . . .  t r ace r s  
' would 'no t .  occur if - the  tracer 'moved ' according .to- plan and 'remained . .  underground, 
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As noted in  Sec. 1.3.3, entry of EOR injection: fluids in to  underground sources of 
drinking water  is unlikely because of the  strict underground'injection con'trol (UIC) 
regulations. The construction requirements fo r  Class 11 wells include the following: 

7 ; '  .; , '  ; : . I . .  
. .  - . . . . . . . . .  . .  

1. 
. . . .  - Injection' 'wells 'must. be- cased . . . . . . . . . .  ;and ' cemen te3  "to prevent"m0vement  ........ , , , - .  'of - ' -  ' 2. 

. . . . .  . 
! 1 ' .3. ' Appropriate logs and o t h e r t e s t s  must be 'performed during construction. 

. . . .  4.. . .  .. 
.' ' 

Injections must be into.zones . . . . . . . . . . . . .  tha t  are f r e e  of known faul ts  or fractures.  . .  * .  . , '  . 
. 
- 5 '  

,..,: .. , ..- - .  . 

I .  ' 'fluids into',or between underground sources.of drinkirig'water. ..-' 

' . '  ' and , _ .  formation fluids ..- . .  , ~, , ,  ,: 7.t * 1 '  ' ' I  ,:: 

< .  : . 

The injection -must be  "described in .terms . . . . . .  of fluid pressure,  temperature ,  
, ' fracture:  pr-essure,', physi+l and 'chemical cha rac t e r  of t h e  injection . . . .  zone  :. .. 

:The , .  operator  .must'$ to* 'ensure  t h a t  newi'fractures do .no t  
; f o r m  in ' the-confinin to r  ' thq 'na ture  of the  . injected .fluids 
and t h e  'pressure,. f l  use of t h e  monitoring ' requirements  

: the i;deraior'would uld ' fail  and allow, a .significant 
. en t ry  .of 'injection' ' of .drinking' . . . . . .  'water.' - He  would 
cease injecting, take  correc ' the :incident "to ' the 'appropriate 

. . . . . .  , . f , - .  - . . -  . . ' , ! I +  . . . . . . . . . . . . . . . .  4. ., 
regulatory a, 5nc 

:.-. 7 : .  : : '  ::2., ' _  :-:,- ;i. t :.;:::::.- : : 

f r e s h w j ' ~ r . . - a q u i f e ~ -  cani :be described - as :an-!event' .associated'  with' a 'very ' low 
, '~yrobabiJity. ': Furthermore,  'economic '-incentives' would *minimize , ; i t he ,  . - -  , amoun t  of 
! 1eakage''that & c c u & ~  ;Leakage from'. a n  injection"wel1 -not  only could contaminate  
(' underground water  'supp1ies:with brine .an ther<!chemicals, it could . .  'well, reduce the 
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. .  
C As bot& abi;'ie, the 'e;t;y Gf a'~adioactive-tiacer-~=ring EOR inj&tioi fluid 'ihto'.a 
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ef fec t iveness  o f  t h e  recovery process and result  ,in t h e  loss of chemicals. 
Nevertheless, it is important in this study to evaluate  t h e  radiological cons&quences 
of such‘an even t  a d  to place them in perspective. . 

Unplanned even t s  t h a t  would allow ent ry  of tracer-bearin injection fluid into a 
groundwater sys tem include the  following (Schumacher, 19788: 

a Leakage through t h e  tubing, t he  casing, aad t h e  cement.  surrounding t h e  
casing in to  a freshwater aquifer, 

a Vertical escape from t h e  injection zone  to a freshwater  aquifer  outs ide t h e  
casing or t h e  cemen t  surrounding the casing, 

e Vertical escape from the  injection zone ‘ through,  confining beds to 
freshwater  aquifers via newly formed f rac tures  and channels, 

0 - Entry in to  a freshwater aquifer via badly plugged abandoned wells., 

, - ,  

. .  1 

Fig. 3.1, from Braxton et -- al. (19761, i l lustrates t h e  contamination of  f reshwater  
through bypass of t he  natural  f i l t e r  system. 

The exposure modes associated with contamination of  underground f reshwater  ~ 

supplies a r e  t h e  doses to members of the  public from drinking the  water ,  ea t ing  food 
crops  irrigated with t h e  water,  and ingesting milk and m e a t  from animals  t h a t  drank 
t h e  w a t e r  and ate vegetation t h a t  was irrigated with the  water.. The potential  doses 
to members  of the  public will b e  est imated and the.resul tant  radiological hazard will 
be examined in  the  light of the  o ther  hazards tha t  w o d d  a t t end  e n t r y  of injection 
fluid in to  the  aquifer. The radiological hazard will also be considered in t h e  l ight  o f  
t h e  concentrat ions of naturally occurring radionuclides in brines and. w a t e r  supplies 
(see Sec- 6). 

3.3 RECOVERY AND DISPOSAL SiACE 

3.3.1 Normal exposures ‘ 

The liquids and gases recovered at production wells contain the  radioact ive tracer at  
very’ low concentration. As noted previously, t h e  amount  of injected tracer i s  
designed to yield concentrations tha t  a r e  measurable but  below t h e  maximum 
permissible concentrations for release, to a n  unrestricted area. The very low 
concentrat ions necessi ta te  no special  requirements regarding handling, containers,  
and shipping procedures; and external  doses to workers who may b e  involved in 
sample  collection would be  trivial- in practice,  injection liquids a r e  separa ted  from 

* t h e  oil  and, a f t e r  appropriate chemical t reatment ,  a r e  reinjected in to  t h e  reservoir. 
Recovered liquids ate sometimes s tored in a n  impervious storage pond. In any  event  
t he  radioisotopes in t h e  recovered liquids a r e  separated-  from t h e  petroleum and 
remain with the-aqueous phase without fur ther  dispersion in the  environment. The 
‘radioisotopes used to t r a c e  injected liquids in EOR operations are water-soluble 
species  tha t  do not exchange with oil. 

Gaseous radioactive t racers  may b e  miscible in the  injection fluid or t h e  oil. ’ Thus 
3H-labelled methane and other low molecular weight 3H-labelled hydrocarbons are 
soluble in oil  . and  would appear, in t h e ,  recoverqd petroleum. They are l a t e r  
separa ted  from t h e  petroleum, however, and  become part  o f . , t h e  natural  gas 
fractiori. 14C02 is  miscible iri oil  but i s  separated from the  oil  and removed from 
r,atural gas  during processing.. The CO2 recovered in C02 floods is somet imes  
reused and sometimes released t o  the  environment. The noble gas isotope, 85Kr, 
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Figure 3.1 
system. (Source: Ikaxton et -- al., 1976.) 

Contalnination of fresh wate,r through b y-pass of the natural filter 
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I 
would remain in the natural gas fraction during the processing of  the gas, b u r  HI' is 
removed along with Np The natural gas f ract ion may be reinjected or may  be 
processed and distributed to residences and industrial plants. ,. 

. ,  . _  

The normal exposures to be evaluated for t h e  recovery and dispo&l stage are t h e  
doses to members of the public from inhalation and submersion in t h e  combustion 
products of natural gas containing residwJ tracer activity. 

3 - 3 2  Accidental exposures 
I 

Accidental 'exposures would not be expect& in t h e  recovery and disposal stage. 
" -  ' 
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4. DESCRIPTION OF REFERENCE SITES 
. ,  -. x :  < ' r  . , ? . '- 

This section charac'teii&'& reference  sites and presents the assumed data 

Collective dose t o - i h e  general  population f rom exposures to a n  accidental  
release of a gaseous radioiwto 
Dox to  members of t he  pub i c  f rom using wa te r  drawn f rom a n  aquifer  
contaminated by a radioactive t r a c e r  

needed to assess the dose for two of the acc ident  scehbdos: 
- - -  I 

0 

0 r 
\ 

, Three distinct reference sites are identified: (1) a rural  si te,  (2) a n  urban site,  and  
1 (3) a more  or less typical site. The col lect ive 'dose is calculated over a circular  

region extending 80 km (50 mi) from t h e  re ference  site. The collective dose 
es t ima ted  for the  "typical" s i t e  will s e rve  as a reference  fo r  .calculating t h e  

,nat ionwide impact of t h e  use of radioisotopes for  interwell  t racing in  EOR. The 
col lect ive dose est imates  for the  urban s i t e  are intended to represent t h e  maximum 
for the scenario involving a n  accidental  re lease of a gaseous radioisotope. 

The character is t ics  of the freshwater -aquifer t h a t  t he  injection 'well t raverses  are 
assumed to b e r t h e  same  for  a l l  s i tes .  Oil/gas reservoir character is t ics  are not 
specified as they are not needed for  dose estimation. 

i 

4.1: RURAL SITE : 
' \ .  . . \  .. . _  _ .  

, I .  , 
. ,  . . I .  . 
- .. _ -  - - -.1. 

The rural  s i t e  is located in a rural region characterized by a population density of 
1 3.5/km2 (35/mi2) uniformly distributed throughout t h e  region. This corresponds to a 
total population of 271,000 in the  region. 

& . ~ - U R B A I S  SITE 
i 

The urban s i t e  is in a n  urban region character ized by a population density of- 
695/km2 ( I  800/mi2) uniformly distributed throughout t h e  region. This corresponds 
to a to t a l  population of about 14,000,000 in t h e  'region. 

4.3 "TYPICAL" SITE 
I . I .  

I 1  

The "typical" reference site is located 32 km upwind of the cen te r  of a square urban 
a r e a  t h a t  is 15 km on a side. The population-density in  this a r e a  is 695/km2 
(1 800/mi2), which corresponds to a n  urban population of -I 56,003. . _The population 
density elsewhere in .the region is 1 3.5/km2 (35/mi2),'for a n  additional 268,000, or a 
total population in the  region of 424,000 (see FZ- '0.1 )e 

.- 
I '  

. -, 4.4 FEATURES COMMON-TO ALL SITES . I 4 ' t 1 .  - - ' 

Based on  several sources, parameter values considered to be reasonable were  
se lec ted ,  fo r  the freshwater aquifer underlying each of t he .  s i tes  (Schumacher, 1982; 

, .  
). . . 

' .  I...' Freeze . .  and Cherry,  11 .-  979; . .  .. . .  . > . . .  McWhorter'ana.sunada5_1977):!- . .  I .  . .  . . , . : *  . i .  I . -  '-.' . . . .  -,'. : - , . .  "., i- ' , . . , ! . .  ._ . .  . . . I .  . ., .:. 
. .  , 

. : I  , . .  . .  # Depth ,to base of aqvifer . 1 .  i.130 m'.. I I .  
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Figure 4. I Region surrounding the  tttypical't, re fe rence  site. 

. . . . . . .  . * .  - , . , .  . . .  - . .  . i , ,  . . . . .  
A well supplyir?g dr inking.  water '  is assumed ' to ' in te rsec t  ' '  t h e  aquifer  1.0 km 
downgradient from t h e  s i t e  on'  the  centerline. The well  draws w a t e r  from the  full 

Three meteorolbgical scenarios were chosen to cover, the. range of conditions tha t  
could occur at  any reference s i te  during daytime; ' s epa ra t e  calculations . .  were made 

. . . . . .  height of the  aqurrer. . I  

fcr each (to be discussed in Sec. 6.1.2.3). 

. : L  . 

, .  
' : 
* . . . . .  , .  
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. 5. METHODS FOR ESTIMATING THE DOSE . 
. . . . . .  . -  
;e, ' .. .This sect ion briefly describes the methods used.to estimate t h e  doses associated 
::with ' the  exposure scenarios discussed in Sec. 3. More: detailed - .  descriptions . .  of  t h e  
' methods are presented' in thc'Appendices.. - .  :. I ' .  ' ~. . 8 .  .. . . .  . . .  .. , .  I .  

- . . : ,  . . .  
. .  c .  ?. . -. . . . . .  :... :: ;. : ..' 

. ...... . . . . . . . . . . .  
7 .  

- . . . .  , - 
5.1 EXTERNAL DOSES 

External doses to workers f rom aboveground normal  exposures' w e r e '  inferred 
from personnel and other  records obtained i n  t h e  course of, tracer-injection 
operat ions (personnebmonitoring records, survey-meter readings,':bioassays,: 'etc.): 

I- ,. These"data . - .are considered :in t h e  l ight :of,  t h e  particular isotopes used and source 
strength.' 'In addition, exposure rates ,were 'calculated for individual isotopes on t h e  

I, basis'of source s t rength and configuration, -distance, f rom jdurce 'to receptor; and t h e  
I radiological :properties -of- the  isotope. Estimation :of t he  .exposure "rate in -air at 
'*various distances f rom 'a point source .and f rom'  a distributed source .is described in 

de ta i l  'in' Appendix A.. The external  exposure rate from: a diStr ibuted 'source. ' i s  of 
. interest  for scenarios. in which some of the  radionuclide is  accidentally , . .  : 'spilled. . . . .  -on ' the  

. . . .  

.. . . ~. * _  
, .  

. .  
. . .  

- .  1 . 
. . ~ .  - 

.. ground or.!he injection wellhead surface.  a '  '-.-: . +  . 

I ' 5 . 5  DOSES FROM .AIRBORNE RADIONUCLIDES : . . .  . . . .  , _. . . . . .  ,, 
. . . . .  . . . .  . . .  : -  . . . .  . ,  

. . . . .  
. .  . .  

, . I  - - .  
- .  . -,. 

. ,  , 
> _ I  * :  ,; ,.... -: . .  

. . , .  
I :  , I '  

. . . .  
i - '  ' . . .  . . .  

I. . . A  . . . . . . . .  r L  I ' . .  - , .  1s.; . ,  . 

Thepo ten t i a l  dose t o  workers f rom exposure to a gaseous t r a c e r  released from 
.an accidentally broken vial requires  a n  es t imate  of, the  integrated air .  concentrat ion 

r-: (IAC) ,for individuals. positioned :at. or- near a .  ground-level release. ' The -1AC; was  
es t imated  using a Gaussian ,model.. -Dose es t imates  f rom '  inhalation and submersion 
were  then est imated using nuclide-specific dose' factors from' ICRP-30 (ICRP; 1979; 
1980; 1982). The collective doses ' to - t h e  general  'population., f rom a .gaseous 

::,#-- .ground-level release were determined using a particle-in-cell model to e s t ima te  t h e  
,: . :IAC at ,dis tances  .up to 80 km from ' the '  release. ' Th?"atmospheric . . . .  ' t r anspor t  'and 

. ' 5.3 DOSES FROM lNCESTlNG-WATER'F,RO,M . . . . . . . .  ,A8 J : . .  CONTAMlNATED . .  , .  _ . .  AQUIFER 

; ' -  :. . ' . The  dose to members  :of the  public- from ushe well w a t e r  drawn from a n  aquifer 
r 'accidentally . .contaminated .,by :a , pulse ' of .. rad-ionuclides was' es t imated  using a 
:, I ' three-dimensional : hydrologic.. , advect iondispers ion '  model to ' calculate  t he  
r - i c  concent ra t ion%of ,a  nuclide in ,an -aquifer at .variou_s distances from t h e  point of en t ry  

of t h e  nuclide., .The ,hydrologic I transport  "calculations and':' dose. 'assessment a r e  
described in Appendix C. 

.. , , ._ . I . ,  

. >  . 

. . .  . . . . .  . . . . . .  ..' diffusion calculations,are described in  Appc7dix' BI ' ' . .' - .  , . _  , .  
. . . ;. . , .  I 

. . .  . . . .  . ' .  1 :.: , ' 
. .  . . .  I . . . .  . ::. . .  . . . . . . .  

I .  I / _  . . . . .  
.. - , ,, .. 

. - .  
. .  . . . . .  . . . . . .  1 ., .--. ; *, ' 

. .  . .  
~. . . .  

- .  
; r  t .  

* .  _ ,  . >  

L . '  / - $  . . .  . . a  - .  ; . - ' ,  t : ; .  : . ,. 

5.4 DOSES FROM THE COMBUSTION '.OF'.'NATUKAL-GAS-BEAKING TRACER 
@ 

;:,. 1.' , I  ' , . . .I. 
_ ,  

; I .  - .  

ACTIVITY 

The collective dose .to the  general  .population r . ; . . i . -  f rom ~ residual tracer ac t iv i ty  in 
natural  gas is es t imated by scaling tc -revidus es t imates  of : , thk:ptent ia l  dose from 

~ : the :  radionuclides . t h a t  . . .  .would b e .  pt - ::nt . . . . . . . .  in natural  gaj. produced from reservoirs 
.:I - .  -st imulated by nuclear explosiyk.. Ex+rim'ents : that  were  'performed to de termine  
: . _  . t h e  feasibility of stimulating gas reservoirs:using nuclear-  explosives include the  
' ,  Gasbuggy, Rulison; and ,Rio Blanco projects,  wh,ich were conducted during 1.967-1 973 

:., 1 (N&dyke,,,I 971;:Tewes, : I  979). The dose ,estimatesl'associated 'with % t h e  use of gas 
: 

. 

. -  
0 f rom wells st imulated by nuclear explosives are reviewed . .  in'Appendix . I .  

. .  .D. , -  . . . :: , !. :, , , . . . . .  . . . . . . .  ... . . . . . . .  . .  :., . . . . . . . . . .  . . .  . . .  - '  r ._, i , .  .. 
' ,I 
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6. DOSE.ESTMhATES FOR EOR EXPOSURE SCENARIOS . . .  

This s t i o n  'presents t h e  dose estimates associated with t h e  use of radioisotopes as 
interwell trace-rs in EOR operations. Dose estimates arc presented for workers and 
members  of t h e  public according to the  normal and accidental exposure scenarios 
described in Sec. 3. 

6.1 ABOVECHOUND STAGE 

6. I . 1 ' Normal exposures 

. Routine exposures during the  aboveground s tage  of an EOR operation w i n g  
radioactive tracers could result in a n  external dose to t h e  workers who handle the 
radioisotopes. The annval dose to workers could be expected to depend on both t h e  
number  of  operations carried o u t  and the total activity injected. To evaluate  these 
situations we first e v d u a t e  the  tential  external dose to workers from a typical 
EOR waterflood using 20 m i of  &o as an interwell tracer. we then calculate the 
external  dose per mCi of &o injected. Then using dose rate constants, I@, and' 
exposure rates listed in Appendix A, we e s t i m a t e  t h e  external dose per mCi injected 
f o r  t h e  o t h e r  radioactive tracers. The dose from each radioisotope is es t ima ted  
f rom t h e  act ivi t ies  injected and t h e  total dose is estimated as the  sum of t h e  doxs  
associated with each radioisotope. 

6.1.1.1 Estimation of t h e  external  dose to vorkers  from 60Q. The- source 
is assumed to be a solution of 20 mCi of buCo contained in a glau t a l .  The dose to 
workers from normal operations is evaluated by estimating t h e  expowres  associated 
with e a c h  of  t h e  activit ies described in Set. 3.1.1-. 

I .  

. .  _ .  

2. . .  

. . : t  . . . ,.. 

W e  f i r s t  es t imate  the combined 'exposure that is associated with operations 
A and €3. Operation A is unloading t h e  isotope package from t h e  t ransport  
vehicle; operation b is unpacking t h e  isotope container (see Sec. 3.1.1). 
The package is assumed to be a 16-in. cube with a Transport Index (TI) of 3, 
which signifies tha t  t h e  maximu'm exposure rate at  3 ft (36 in.) from t h e  
sur face  of the  package is  3 mR/h. This assumption is based on information 
from a licensee who advised us  t h a t  the' packaging of gamma-emitting 
isotopes for vehicular, transportation on land commonly results in a TI of 2 
to 3. The source is at tne  center  cf t h e  package and  thus is 8 in. from t h e  
surface. The worker i s  assumed to be at a n  average distance of 6 in. from 
the sides of the  package for a period of 5 minutes. The exposure rate is 

ER(A,B) = (44*/142)3 = 30 mR/h 

and t h e  total exposure is 

E(A,B) = (5/60)30 = 2.5 mR 
( .  

W e  next consider the exposure during operation C, removing t h e  shielding 
and  carrying the  isotope to t h e  injection port. The unshielded vial 
containing the  radioibtope is assumed to remain at a distance of 2 f t  
(1. 0.6 m )  by means of a special handling tool and extending the arms. The 
exposure time, based on direct  observation and a information from a 
I' ensee, i s  assumed to be 10 S. ?he exposure ' ra te  0.6 m from a I-mCi 
bSCo source i: 3. 9 mR/h (see Table A.2 in Appendix A). The exposure 
rate for a 20-mCi 20 Co source would be 

20 
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,Opera;id;;. D,-:'injKting -and ' f Ibshing 2 t he .  radioisotope down . the _: wellbore, 
involves,'the presence p f  a :worker .-close to t h e  wellhead for a +short t i m e  
while the tracer .ewr i t ia l ly  . is ' .s t i l l '  in::the .aboveground ;-portion of t h e  
wellbore. The exposure is calculated assuming t h a t  t he  exposure rate at 
tbe,surface,of  the wellhead is 3500 mR/h, tha t  t h e  surface is 5 c m  from 
the. source, and tha t  - the worker is located at a .distance ,of .0.4 m from t h e  
source for.&: 'period of :)0 s; .'-'The ..exposure rate ,.at t h e .  su r f ace .  of t h e  
wellhead 'is' basec.on information :,from a licensee and is consistent,with . the  
7000 mR/h ex  sure rate..m+asured at . the surface of a.glass,$al containing 
20 mCi of a Sg"c0 solution when attenuation ,by t h e  source holder and wall 

The exposure rate at a distance n f  0.4 m, assuming the,  inverse square law, 
is 

~ t -  

. . . .  , - .  of t h e  wellhead assembly is taken into account* ,::. .:. ::' . , * .  
. '  . . . .  
I , .  

.... 
, -  ;;,-,, ,,.!. . * ' - .  ......... .. . . ?  ..,;,.: . . . .  .:. . . .  , , -  . .  ,;. 

- 1  . . . . . . .  . . _ . .  . : 

i : .. 
, .  i .  - 

. ,  
ER(0.4 m) = [(0.050)2/(0.4)~3500 = 55 mR/h 

i : - . : - ,  , 

, .  , , I: . . . . . . . . . .  The total exposure for a 30-second period is 
, i : . I' 

. - . . *  . , . . , \  < : -  -*,. E(D) = (30/3600)(55) = 0.46 mR 
. , I t; ., ! -, , :, . . - . ' . .- ., . , , 

1 - ' . .  - . < .  . L.: . . . .  . . .  . .  

The combined exposure associated with the  post-injection operations at the 
wellhead, cleanup, and waste!.disposal. '  (operations ' E,F,G) I is b s e d .  o n  
measurements indicating t h a t  t he  exposure rate is <5 mR/h at  the surface 

' . ,  of 'waste '  rcsidues.:a W e  also .assume tha t  the w o r k z  .spends .$I 5 min :2-3 f t  
'-from ' the waste residues'.where ' the exposure rate i s .  20.5 .mR/'n..-,. The , *  ,total 

4 : . . . I .  , i : . :  ! . .  ;- ,,. ; ;; ),. , 
... . . .  . . .  . . . .  + .,, . . . . .  I . .  . . .  . .  . r ; :  . ^  

. . . .  
. _  &xpqsure i i  1 5 '  . -  - : a . . . . . .  

. . .  I .  

. . ,  . . .  . .. .... , -  . < . .  . . . .  . I .  , - - .  : . . , . ,  1 _ . , ,  , ( ' ; ::- * ' 

,,, . . .  ' ; - .  ,E(E,F,C) 2-(15/60) 0.5 = 0.13 mR :::*. '. - . . . .  . . . . . . .  > I .  . . ' -  
, .  . 

I _  ,, . .  . .  . . . . . . . . . . . . . . . . . . . . . .  .. r. . , . . . . . .  , .  . . . .  , : ,  . .  ,. , 1  
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3. E(D) resu:ts from proximity to t h e  source  in t h c  wellhead assembly before 
and during i t s  release and injection into t h e  wellbore. E(D) could be 
expxted  to vary directly with t h e  ac t iv i ty  of the isotope. , 

E(E,F,G) results from handling t h e  w a s t e  residues during cleanup. E(E,F,C) 
could be expected to be  independent of t h e  act ivi ty  injected and to be 
constant as ?he activity o f , t h e  isotope v2ries. The total exposure from 
operations E, F, and G would b e  expected to vary direct ly  with the  number 
of separate injections of t he  isotope and to be independent of the ac t iv i t ies  
injected. 

These considerations lead to thg conclusion t h a t  a b r t i o n  of t h e  total exposure to 
workers f rom the  injection of 20 mCi of a 6oCo tracer is  constant fo r  each  injection 
of the  isotope and tha t  a portion varies d i rec t ly  with the  act ivi ty  of t h e  isotope. 
The portion tha t  is  constant for  each injection, EC , is  

4. 

3 .  

EC = E(A,B) + E(E,F,G) 
= 2.5 + 0.13 
= 2.6 mR/injection ' 

The portion tha t  varies directly with the  act ivi ty ,  Ep, i s  
. .  

E p  = E(C) + E(D) 
= 0.13 + 0.46 
= 0.65 mR 

, : 
h ~ 

E p  can be expressed as a normalized exposure, Ep: 
. .  , ' . I .  

. .  . . . .  , 
i :  . 

. .  ~. Eb = 0-65 mR/20 mCi = O.O33:mR/rnCi '., : . I 

. .  . ,  .~ 
, , .  , 

. . - .  . ,. I 
- ~. 

. , . .  1 .. . ' 1  

, I t  'should' be noted t h a t .  this approach for  es t imat ing the normalized exposure for a 
radioisotope. used 'as a n  interwell tracer in EOR ,operations is only an '  approximation. 
Because characterist ics of  injection sites, construction of t.vellhead 'assemblies, - 
procedures employed by licensees, operating conditions of EOR proj&ts, and  the  
physical, chemical, and radiological properties of radioactive tracers d i f fe r  widely, 
each  injection operation i s  unique. Therefore, t h e  dose to a licensee worker from 

- handling a given quantity of an  isotope could b e  expected to .vary substantially. I t  i s  
a lso reasonable t o  ant ic ipate  t h a t  t he .  c a r e  a n d .  a t ten t ion  exercised ' by l icensee 
workers in a n  injection operation will vary with the' na tu re  and quantity of t h e  
radioisotope tha t  is  handled. Thus,' g r ea t e r  care may.  be used- in  handling la rge  
quantit ies of gamma-emittin isotopes, and special  procedures 'may b e  followed. In 
22 separa te  ' injections of 6iCo performed by . a .  l icensee in which t h e  act ivi ty  
injected into a well varied from 10 to ZOO mCi, the  whole body dosimeter . readings 
for workers varied from 0 to 40 mR;-; The. mean exposure. per .operation was 

. I 3  f 16 mR. The mean normalized exposure was 0.12 f 0.17 mR/mCi injected, bu t  
' t he -  exposure' was not strongly correlated w i t h .  t he  quantity injected (r = 0.56). The 
' s  m e  licensee reported tha t  i n ' o n e  foreign project, in  which a t o t a l  of 2.1 Ci of 
': 6'Co '.was' injected and the largest  I 'single injection was 1 700 rnCi, t he  highest 
' ' exposure '  to' any worker was 40 mR, Another licensee , has  es t imated  t h a t  t h e  
- ' in jec t ion  of. 1.  Ci of 6oCo. is associated with a n  exposure of 50 to  150 mR to a 

. 1  . I 
... . . . .  : 

. 8 %  
l icensee worker. . .  

' Despite the  associated uncertainties, I this approach allows us  to consider differences 
in t h e  radiological properties and quantit ies of the  isotopes employed and yields 
es t imates  t h a t  a r e  consistent with exposures t h a t  have been recorded in t h e  field. 



6.1.1.2 Estimation of external dose to workers from o t h e r  water-soluble 
radioisotopes. I external dose to workers f rom injecting. other'; water-soluble 1 

radioactive traceFis estimated in the same manner as i l J u s t r a t 4  above for 6 0 a .  
A TI value of 3.0 was assymed for  a l l  gamma-ernitt/ng'. isotopes. :in .evaluating 
operations A and B. (The gamma-emitting isotopes are thos6 radionuclides in Table  
A.1 of Appcndix,A.for'which'the.dose-tate . . .  . . . .  . . . . .  'constant, l'; is greater.than zero.) . . .  *: : :  

The cxpsures.to workers'fror&'liq&d g a m m a e m i t t e r s .  in'dperatibns -A, 8, ~€, .F' and 1 

G ate assumed to be independent of t h e  act ivi ty  injected, as in t h e  -case of '(oca, 
and to be t h e  s a m e .  as that for, poco, 2.6 mR/injection. The exposure from 
opera t ions  C ,and .'D are. assumed '.to 'vary':directly 'with'ithe ac t iv i ty  injected. The ';- 
normalized e x k s u r e  for::operations"(= 'and :-D ' w a s  - 'calculated 'as:-that 1: for 60&, i j  

0.033 mR/rnCi (from Sec. 6.1'.1 . I )  times'. ' the. 'ratio of, t h e  'dose-rate constants, T, of 
the , -par t icu lar  .radioisotope . and  6oCo. ( r .  values .are listed . i n  TabIe A.1 . .  in 
Appendix A.) Thus,' 

. I  

I .  . .  X I  . -. , ,  . _' 2 ' . .I . , ~ ,  ,, : ., ..:.-.;. :-:; ': . -  '-,. . . .  : 
. .  _.. , I 

.... . . I  . . . .  
1' r 

~. . . . . . . . . . .  . _. . . . .  . I ,  .(.. :. I. 
, :.,, ., , c; '. - ? - . ; , , ' .  .. :,>; . c.-. - . -- I, , . 

L - . b - . . ,  

. .  : , , - , .  : 
~. . < . _  :. . : 

= E(A,B) + E(E,F,C) 
= 2.6 mR/injection* .. . . . .  . . . .  . .  , . .  1 f ' , '  , < :  . . .  -.. . .  i ' < .  

EC 

Ep- = E(C) + E(D) 

I *.. ;, ; :: .?P, , . ,. - , .  . . . , : "  !"; 

. * .  r .  . . . . . .  ": :",. I : ,  . . ;  . -  - 2 '  
i , . * . > :.:-::'?. , ; ;. : . . .  , < i  ;::::-, 

- -. -. - -  - . -  _- .=-0.033 [I'(Z,A)/r(27,60)] ..--- _ . _ . _ _ _ _ _ _ _ _ . - _ _ _ _ _ _ _ _ _ _  , . . . _ .  ... . . . . .  

The exposure from bremsstrahlung resulting "from beta emission by 9%r-90Y .was  
estimated. assuming tha t  the  bremsstrahlung 'hazard for a I-Ci source of 90Sr is 
approximately equal to that-presented by"the,  a m m a  from 12 .m of radium (BRH, 
1970). Since t h e  dose-rate constant, r, of :.&6Ra is 8.25 c m  -R/rnCi-h and  :the 
specific act ivi ty  of 226Ra.is 1;O Ci/g, t h e ' e x p s u r e  to Y0Sr from .> , . bremsstrahlung was  
calculated i . assuming a r va1ue"of , a:".,: 

8 
. . -I , \ i ! . . . : ;  

. . . . .  
' . ,  5 -  .: . - . . ,.: 

4. ! . ' :  

'_:_ , : 
1- .I 

1 ' . .  

, -  > 

i\ 4. :. f ' ,  .(I 

I' = (1.2/1000)8.25 = 0.1 cm?-R/n,Ci-h..-"-~-ii 

As" noted in Sec. 6.1~,1 .1~ t he  'norma1:'eXposure from 'operations A and .E3 is 
calculated assuming a 5-min exposure a t . a ' l oca t ion  14 in. f rom a point source. . ., -.The , 

. . .  < 0 :-. : I :. ? 

r. i .. 
. I  

- - .  

1 .: 1 exposure. T .  - rate 14 in. from':l. I- :. . mCi ' . ' of 9%r 'by, the 1 ;;:*<i inverse square c - .  *law is 
I .  . ,  . , , .-':', . .  

i'. i 

.; I ... 
>..: I ... 

- * -.q .. ! , .  

. .  
ER(A;B) = (100 cm2ARfijj i2.54 cm/iir*i4 in12 - .. ~ ~ o ~ 1 ~ - 2 ~ f i  per mCia 4 ;.':>,!! c: .>, i'.. 

. I . .  

. .  ..... . - .- .... --.- ._---_ ...... ._,_____ - . . . . . . .  - -  . . . , _ . _ _ _  ___.____,___ 

.. I . . .  . . .  .... ... < e  ; * '  - . I .. I 1 .  

and the normalized exposure,from operations A and B 
i: ,- I < , ,  r, ' ; . . I . ; c ' . . '  . I 

. .  
. .  1 .  . . .  , .  

. . . . . . . . . . . . . . .  . ,. .: , 
', 'i 

. t '  . . . .  . . . . . .  
E(A,B) = (5/60)7.9 x 

I . ' . '  ,. ; . : , , .  I .  

.. . .  ... , .  . . . .  , ' i , .  ).( 1 . .;: . : : i . , ; \ , ,  , .. ' !  .. = 6.6 x mR per mCi 
/ .  - ... , .  . ( .  .. , . . .  . :: !,' ,-. ,..:. . . .  

The above calculations a r e  conservative'because they  assume t h a t ,  t h e  .90Sr source is 
unshielded. If t h e  quantity of 9OSr in t h e  source were' sufficiently high, shielding 
would have to be taken into account. The normal exposure f rom o p e r a t i c n m -  
due to gamma-emitting sources i s  calculated assuming a TI,ivalue. of '3.0 for t h e  
Source package and is estimated to  be (see'-ScC. 6 ~ 1 ~ 1 . 1 ) ' ~ ~  I ': ; * ' - : ' . -  1 . .  
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. _ .  ..; . .  . .  . / 
.. . j .  J . . .... 

The maximum amount of 9oSr that'would . .  n0.t exce+ a TI value of -3"Owould be 

2.5/6.6x 10-3 = 380 mCi ' 
. .. . . 1  . .  . , .  I . . .  . .  

The exposures from.operations C'  and D due 'to g.%r .were estimated in ' the'same L: 
is assumed to be'tero because t h e  residual activity . .  would be, very low ~ . and . ,  contribute 

I manner as those due to gam'ma emitters. The exposure from operations E, F, and' C 

. .  ., : I.. 
I a negligible exposure rate. ;.. . '!': ., ' , I " . '  . .. 

. .  . ? I 

. .  . 
' . , :  . 

The. exposure 'from bremsstrahlung originating :in other' beta -emitters has not been 
included &cause the maximum beta.energy for these radioisotopes i s  low relative to.' 
that for . Sr so that the bremsstrahlung would be less hazardous. ' . . . 

Table 6. I summarizes the calculation5 ' for the normalized exhsure .. of soluble . . .  _ .  . 

_. . .  - t  . . -  . .  

radioisotopes. ... 

:: 

Table 6.1 
operations associated with injection of !iquid tracersOa 

Estimation of external dose to workers from- normal .aboveground 

. .  - .  . .> 

Normalized exposure E', mR per injection operation or mR per mCi injected 

Radioisotope 8 * mR/injection - 7  mR/mCi mR/mCi mR/injection 
Operations A,B Operation C Operation D Operations E,F,G - -.. 

0 0 , I - , .  :"o 
% O ? . '  . .  ~ 

: c-14 : .  . . .  , :  , ,  , .  0 '  " .  

. . 0 ;'.- ~ . . _  ' - 0 ;  ... ;s-35, ' - ,  , .  * '  , o  

- .  . .  ~ 
. .  0 :. H-3:. , . 4 

. .  Na-22. . .. .. .2;5 , , ,  , . '0.0087 , .  . . ,  0.021 
, .  

0' ' .  

' ' 0.0018 . 

. - ; .  

. . .  
ca-45- ~ . : . _  .o . .:. : I .  , 0 , .  

CO-57 2.5 0.0007 ' . .  
Co-58 2.5 0.0040 0.0097 .. 

CO-60 2.5 0.0095 : I .  0.023 
' 0 0 0 

I .. 0.0023 . , . 0.0055 2.5 - 1  ; I  : .  

Ni-63 
. . .  

: I  Zn-65 .> .. . .  . 
. :  Sr-85. . . 2.5. . :: . ,..: .' 0.0047 , .  . ,- 0.01'1' . , . . ' 

. \  . :  . Sr-90 . . . 0.006d'. - .: . : .  0.00007:,- ' ' 0.0002 
Ag-11 Om 2.5 0.01 I 0.026 
I-i 25 2.5 ! -  .0.0013 . . '-60030 
1-131 2.5 0.001 6. , , ' . .  0.0039 . '  , , 

',; ' ' 

0 
0 
0.1 3 
0 
0 
0.1 3 
0.13 - 
0.1 3 

' 0  
0.1 3 
0.1 3 

0.1 3 
0.1 3 
0.1 3 

* o  

. .  
aThe operations, which are discussed in' Sec. 3.1 .I, include the following: 

A Unloading the isotope package 
B Unpacking the isotope container 
C 
D ' Injecting and flushing 
E ' Post-injection operations 

G 

Removing the shieIding and carrying the isotope to the injection port 

. ,  F- . Cleaning up. ' I  

Packing residues for waste .disposal 

b Normalized exposure expressed is mRjmCi. 
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: .. 6.1.1.3 .Estimation of external  dose to  workers .  from ~aseous radioisotopes. The 
: externa l  dose to workers from.gaseous radioisotopes :is ,estimated in similar ,fashion. . .- Only 'operatio~s A, . B, a n d .  D need to .be evaluated, because the exposures from 
: operations E, F, and C are fero. . Operations ,A, ana  ,B. combined were  evaluated using 
::. :the' m e  assumptions. regarding package geometry and .  package handling described 

';,'Of'the .gaseous radioisotopes used'as interwell  'tracers 'in EOR operations, only. .85Kt 
e m i t s  photons. If a glass vial containing 1 Ci of %r were unshielded; t h e  exposure 
r a t e  at 1 m, assuming point-source geometry, is  1.22 mR/h (from Table A.2 in 

! . . '  Appendix A). The exposure rate -at. 44:in., (1.1 2 d i s  es t imated - f rom t h e  I inverse 
- : s uare  law .to -be 0.37- rnR/h,, which. is zipproximately: 1 mR/h. . ;Accordingly, - i f ,  t h e  
. :: 88Kr source is I '  Ci o r :more  in activity,  ;the TI .is :assumed to .be 1.0 and E(A,B) is 
I .  : assumed to  .be inde dent  of source act ivi ty .  -.E(A,B) for 85Kr is es t imated  . .  .in : t he  

9 in Sec. 6.1.1.1: : :,.I:. -I . :::I:  '; 

- -  . - . .~ . . . . . . .  . . .  . . . .  I .  . _ .  1 -. . , 
. .  for@Q,in~.6 ;1 .1 .1 . ;  .: I ; ' .  .I ,.. r .  . .  . . .  . . . . . . . . . . . .  . .  . . . . .  .. - .  . . I  - ~ . < ,  .., . , .  . , ,.- .. , ., ,.e. . I  . ._. :. .- .- , . .  ._, L- . < .  . ,, . - .  , -1': , .,I 

. . . . . . _ . . . . . . . .  < ' .  . . .  . .  . .  . . . . . .  . .  : 
. . . . . .  _ .  , , .  . . .  , .  ;', : * ,  ;. , ..;~ .,.:. ", I -.-a 

2.. same  mannef 'as for  p&6 
....... . . . . .  . . .  ! L . . . . . . .  1 . '  

, .  . .  
* . .  

' 3  . : , ,  

.. . . . . .  . - ; i t  ,.., i . . ! , , ; .  . I . . - . ,  . . - , i ' .  : r * .  

. . . . .  . . .  , . . . . . .  ,. ,, ' - .  .:. e . - .  

E(A,B)= 0.8Z.mRhnjection:i .-:.,.: I .  . f  " . ' ( .  . I  

. . . .  I .  . .  , .. . ' :  . .  .:; 1 ,.., . , I:.- . .f: ':,, , - a '  ' I, .- 

. .̂  

-. . _  . . , . - :  ,. , . '  - , 
5 8 . .  1 . 
. - .If  t h e  ' 85Kr :source 'is less . than . 1 ,  Ci'..in . activity;.:the.soutce, is assumed to - .  be  
: , unshielded and E(A,B) is. assumed t o  be directly proportional. to,%?he. source,  act ivi ty .  

. . -  , . .  , 
, ; ; . _  ' i ,  ; . : . - ., The normalized exposure, E'(A,B) is then , . , : ,.., , - - ,.. ,, , . .  . 

i 
' i  

. .  .... . , ,  : . .  
~ ., . . . .  . I . , . , ,  I . . I  . .  - : : .  , .  Et(A,€3) = 0.82 .mR/1000. mCi .= ,0.00082: rnR/m.Ci , .  

. . .  . ; , . :  .. , .  1 .  
. . ,  . 

. . ,  * . '  * I .  - . .  , * ,  . . . . .  . 1 . , ,  . . . . . . .  . . . . .  9 I <  
((. ,: _ . _  :.- . r . .  : .  : - 9  . .  

, . ~ .  . , : .  ; .. . ,  . .  . .  
.- To evaluate  operation C f o p  {Easeous' radionuciides', we assume, based -on information . -  . . .  

f rom a licensee,:a 15-s exposure, tojan unshielded source at :a distance..of -0.3 -m from 
. the  .body.'. Operation D i s  .evaluated . ir, , t h e  same ,manner.  as for,..liquid: tracers.  

.I 'Table 6.2. summarizes .: t ~ e  . calculations .,for t h e  normalized. ,exposure , of ,, .-gaseous 
I .  radioisotopes. : .. :-. ._ . . c .  . :  . . . .  , . .  : . . . . . .  -_ . . . .  ._ . -' : ,  I . .  . . . . .  . .  . . .  e .  

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

, .  ... . . . .  . .  . . . . . . . . .  I .  * .  I. . 
' I : < .  . _  . . T I '  

. .  . . . . . . . .  . . . .  . . . . . .  . , C ' i . \  . '  . : .  L ; . j  1 . _  - . . . .  - : .- * .  
. .  c .  .. , _ - . . -  , ,..,... 

.. , . I 

. .  . . . . . .  . . . . . .  . . . . . . . . . . . . .  
, .  . .  , I  . . . . .  . . ,.* , . . I -  . . .  . -  : , ' ,: . . . , , . # .  . . , 

< ,  

' -. . . . .  . . .  
' , . .  ( 1  

.. - , _ _  ,.. r . 1 .  . - , . _ -  : - .  _ _ _  .,,! . . . . . . . .  < : ! . ; y -  . . . . . . . . . .  . I . .  

. _.,. . .  % 
. *  - _  .. .. 

' I .  Table 6.2 . Estimation of. ,external  .:.dose .to : workers f r o m  t h e  normal.  aboveground 
. : . .'I . - .  1 

, - > ,  *;,.:. "!"" ' f ' . , . .  . . . . . . .  

. . . .  : ' . ,  ; - : , , t ,  I * ' :  : '  . . .  . I . . .  

$ 2 .  operations asscCi=*cd.with the  injection of gaseous tracersOa ;:.,. ' -  , . ' .  .,_ .; I 

. . .  . I . .  , ., * . -  ...;;-.,;i. ", , -  
I.,? . ~ . :. , . , '  . . . .  

. . . . .  ... . . . , _ I  . . _ . .  , .-.- f -.. .-,> .: 8 ,  , .  . .  ..., .: b . , .  . 

, . - .  . . . . . . . .  . - .  3 .  . .  .; . . . . . . . . . . .  :.. . . . . . .  . . _  . . . . . .  
, .  

- aThe operations.include t h e  following ,(see Sec. 3.1.1) 
, ! , .: 1'. . ' .  . \ ,  , . ' > * , :  >,. _ .  I .  

I *  

.. ' , ,;; .... . . .  I < , ; t . . .  . . . . .  . , . ;  . .-, . I.- :._ _ .  
. .  

the i50t~pe:p~ac~agej ' : ' --  < " ..... . f ,  I i. . 

'Unpacking t h e ' i b t o p e  container :- 
Removing the  shielding (if any) and carrying the isotope to t h e  ~ 

.,' ,:.;!a , ;  :: . + ~ . .  . . .  .. c ? ~ . .  : I .  

. e.' ' ' '  ' 

. -- .-. 

.ti::.. ' 

' I  . . .  * .  I \  . * ., 
. .  . ,  injection port;.  i::.:;: - . - , ; ~ , ~ ! ~ ,  , ( ,  ............+ . . .  ? , - .  . .  ,, . . . . . . . .  

Injecting the  isotope and flushing. 
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6.1.1.4 Internal' Ddse to Workers. A' l imited amoun t ' o f  health physics data was  
acquired and used to evaluate  whether or not normal aboveground operations o f  a 
radioisotope injection could resul t  in internal doses to workers. Urinary bioassays 
for tritium of licensee workers who injected t r i t ium were  found' to vary o v e r  a 
relat ively narrow range in response to a very wide range in t h e  amount  of HTO 
injected (from a hundredth of a cur ie  to tens of  curies). The urinary tritium level 
was  no t  correlated with the  amount  of HTO injected. Most urinary concentrat ions 
w e r e  f rom I x IT3 to I x 10-2 pCi/L. . The highest concentrations were about  
3 x 10-2 w i / L .  

A possible explanation for  ' these 'observations is t h a t  tr i t ium release to t h e  
environment  is not a normal occurrence when HTO is injected as a n  interwell  tracer 
for EOR.' As noted above, most concentrat ions varied within a fac tor  of IO. 
Furthermore,  t h e  same  narrow range of urinary concentrations was measured when 
widely varying amounts  of  3H-labelled elemental  hydrogen or hydrocarbon were? 
injected as a gaseous tracer. The measured concentrat ions may b e  a t t r ibu tab le  to. 
t h e  t r i t ium background in t h e  workers' l a h r a t o r y .  A t  t he  authors' laboratory, 
urinary bioassays in the  range of I x 10-3 to I x lO- 'Si /L are interpreted as- 
evidence for t h e  absense of an enhanced exposure to HTO in  t h e  working area 
(Myers and Dupzyk, 1983 ).. A concentration range a n  order  of magni:ude less would 
ind ica te  exposure to background environmental le, C.S. 

Another explanation is tha t  'a ' fa i r ly  cons tan t  re lease and uptake of t r i t ium 
accompanies  each  HTO injection project regardless of t h e  amount of  3H injected; 
t h e  dose' would then be  independent o f  the  amount  of' 3H injected. In the  incident  
descr ibed ' in  Sec. 3.1.2 in which HTO was spilled on  the ground, t h e  urine samples  
f rom t h e  four  workers who were exposed to a spill of  to 5 mCi of HTO but  w e r e  
absen t  during the injection (5 i),'measured 5.0 x to 7.4 x IO-* s i / L .  Using 

equivalent  of 7.14 x mrem to t h e  whoie body (ICRP, 19681, t he  range of 
commit ted  dose equivalents is 0.04 to 0.5 mrem. In this  report we adopt  t h e  
hypothesis t h a t  each  injection of  HTO i s  associated with a dose equivalent of 
0.02 mrem. W e  also assume t h a t  e a c h  injection of  tr i t ium as elemental  hydrogen or 
labelled hydrocarbon similarly Ieads to an  internal dose equivalent of 0.02 mrem to 
workers. A licensee indeed confirms tha t  trace quantit ies of t r i t i a ted  wa te r  are 
invariably associated with o ther  forms of tritium. 

A few bioassay d a t a  were  available on  1% in urine from workers who injected 
14C-labelled C 0 2  in two projects, which involved injections of 0.5 Ci and 0.1 Ci  of 
activity. Urinary bioassays were in t h e  r ange  of 2.9 X to 3.2 x \Ici/L for 

_- t h e  former  and c 1.9 x 1013- to 3.5 x 10-3 pCi/L for t h e  latter.  In t he  metabolism 
o f  l'IC as bicarbonate-C02, a urinary l 4 C  concentrat ion of 1.0 pCi/L at  one  d a y  is 
equivalent  to a commmi++:d dose equivalent of 0.16 mrem to t h e  whole body (ICRP, 
1968). W e  provisionally adopt t he  hypothesis t h a t  t h e  dose equivalent to workers  
f rom t h e  normal aboveground operations of  4C@2 injection i s  proportional to t h e  
amount  injected and t h a t  a I-Ci injection of 1 4 C 0 2  i s  associated with a urine 
concentrat ion of 6.0 x 10-3 pCi/L at one day  and a commit ted dose equivalent of 
I .O x 1 0'3 mrem to the  whole body. 

Table 6.3 summarizes the internal dose es t imates  for the  gaseous radioisotopes. The 
w a t e r  soluble radioisotopes are considered not  to be  released in normal aboveground 
operat ions and therefore  do not yield resultant a .  internal - doses to workers. 

I -  9 

1 .  

. 

a .  

t h e  relationship tha t  1.0 x 10' F K i / L  in  urine is equivalent to a commit ted dose 

.- 

I .  

i . ., I 1  * D.S. Myers and LA. Dupzyk, Lawrence Livermore National Laboratory, Livermore, 
Calif., private communication ( i  983). 
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.._ 
r . :  Table 6.3 :.Estimation o f .  ' in ternal  ~ dose: .to workers,  f rom normal aboveground . .  . . . .  . .  . . . . . .  

, . I  
! ' 4  ' ,: . - < > ,  

- .  . , . .  . ,: i . . '-4 2 .:..: . . I . . . .  . ' : .. , . t .  .: . 3.7. . . . . .  ( .  . . .  1:" ' I  : - , - . .  . . . . . . . . . . . . . . . . . . .  . . .  .;. . _.: . . . . . . . . . .  ,( . . . .  - .  . I 

Normalized dose equivalent ! 

. . . .  : 
. . . . .  ,..-,.,.: . . . .  , . . . .  I 

. . . . .  
operations. s . .  

. ,  * ,: 

I , . .  *. . . . . . . .  * .  . - . .:. . . . . . .  
. . .  . -  . : 

. k t o p e ' .  . . .  PhysiCal form 

. " - , .. H-3 . :, %-.. 

* .  . H-3 ?'  : ?  

. :*.. 
. . . . . . . . . .  . . . . . . . .  . ' .,: I .  . . . . .  I -  . -. 

Chemical 'form ; .. .;. . _ - . - .  . .:- in . . .  t he  whole ,._ 

. . . . . . . . . . .  ,'0.02 mrem per i n j k t i o n  +: 

body . .  -: .:.. . . . . . . . .  . - .. 
. I  

, .  . ,  . . 

. . . .  . I  . . .  :r  _i_, ,, f -.,.;, I .  

5 . .  . .  * . ''"T .h.> 
.... Gas . . . . . . .  , ydrocarbons., . . . . . . .  .. 0.02 mrem per .h jec t ior i  ;.: 

* .  q.4c** . . . . ' -  i . .. - L~.oO1 m i e m  per Ci injected 
* .  . .  - C - l 4  - . . i ,  ':.:Cas, . *  . ~ ., Z _ , ~  . .  . . I . ,  ; ' . . . ,  

. .  
* . HTO . ' '. ' " . .  . !  

i . . . . .  . . . .  . . . . . . .  
~ 

. . . . . . . . . . .  . e .  * .  , .. 
1 . , I  - . ~. . _. _ . _  ~. 

. -  . .  
,. : - .. . . . . .  L . . ,  . : .  :.. . . .  

. . . .  . . . .  . . .  . . . . . . . . . . . . . .  . ,.'':-. ; I S  , . . , ,  ' , '~ I .  ' ' .  , 

. :..: ,I . * - . i ::- .  .'.. ' . ' ,  

. 1 .  ,: 1 :  ?: . . . . . .  . . . .  . . . . .  . . . . . . . . . .  . , -  
.<- 1 . . . . .  . . .  

.. - . .  
, . _  

. 

. . I  

... 

, . ,. . .~ '  . . ,  

.a,. ! . .  . .  , . . I i /  . 
I . .  

. .I ,,:. 

- - .  

, 1 ,  . . .  - 
I .  

. .  
f '  

,. 6.1.1.5' Dose to individbal workers 'from a typical %peration. Tables '6.1;-6.2, and'6.3 
c a n  be ,used to es t ima te  . the dose. to workers' f rom normal aboveground operations. . .  

. . .  We . . i l lus t ra te  ' the  ':procedure"- by'. , - I  'evaluating ' . , a ,I . typical 'YEOR operation. ' using 
radioisotopes .as ' interwell  tracers, In this 'example' t h e '  project  consists of t n r e e  
separate injections: 10 curies of HTO, 2 mCi of g%r, and 20 mCi of 6oCo. The 

t ', calculations are straightforward and are summarized in . . . .  Table 6.4. To simplify,  !he 

. I rems) or, of t h e  absbrbed.d?se' (in .rad),  ,to. the.'exposure"(in''R) is assumed to 8 W l . O  

. .. . . . .  . . . . . . .  . ; such - . - as;??*Rn. . , , . . ..J , : i  : , - ; ,_ ., 

, 

.... reporting without introducing substantiai  error,' the: ratio of t h e  d ~ s e ' k q u i v a f e n t  ,.(in 

... throughout this report . . . . . . . . . . .  , except  .when, . the;"pose .is' . . <! > delivered by *an"a lphakmi t te r ,  . .  
F,., 1 ;-:-. Z ! . . '  . . F  1.. , . i :  ~ . - -  

. .  . . . . .  ........... . . . . .  . :: . ' i ' T : : , , ,  " , . '  ,,;;,; I . - . . . . . . . . . .  . .  ~ - - 4  ' ,  a .  
. .  - 1 ;  

. .  
. . . .  ..... _ .  :. . ' :  :, - 
. ., . 

1 .  , ;  :&, i'; ..'., , ;;.': t i .  . 1  :,A. ::- c i a  
. .  

. . .  .-.. 
I . I  

. .  
1 :. , ' . , 1  

. .  .. . . , , .  . *  

' ,.. Table 6.4 'Example':of,'estimated . .  .. :dose to . a ' korker  'from :a:typical: EOR project - .  'with 
. .  "radioactive tracers.. I ;  1 .  I .: _ . , . .  ' * / ,  2 -., ' :: ; , _ .  1 . '  ..-.:, 

. . . . . . . . . . . . . .  <.:, !, s ,  . . .  7 , - 7 , .  . . . . . . . . .  - 
. . . .  . . . .  . r  ,'. . . !  ... . . . .  . . . .  

I .  

I , i . I  I . :  ! :--.; '?-. '-. :: ,;,- . -  . _  . _ _  .: i 

.... . . . . . . .  . Total . _  - I r L ' .  .Physical-or ;, Amount :, ,Normalized 8 dose equivalenta . .  

. .  m i e m  
j Isotope. I I .>chemical , _ I . _  - . -  

. . . .  . . . . .  . . . .  . . . . . . .  : , .  . .  . 

. . . . .  i"j&t& : '  ' mrem'per  :',, .... mrem per, : . ; . . dose injection' . . : . ,  . .  .. -.-- r?.'.' ..' mCi,inj&cie'd . f , - ' 

''I';. ' . ! .  ,,;, . . . .  I . . .  > ;.. * .  
form mCi 

. , , : . ,  . . . . . . .  . .  . . . . . . . . .  I . . .  . .  . . - . .  --- .- - _  -... I._ . . . . .  ....-. .... 

.. . 3.3 .i'.> . ' i,' *:-.:: < , r ,  f ' ; . < - : ' ,  .-:.i,) ': I. : : ' . ;  . . + ,. 
. . .  , .  . . . . .  , I .  . I : :: I , ' . . . . . . . .  ' ... 

. .Total  
. . . .  . _  r. f.:''. 

-.. .-.--. - *  ....__.... - .  . I - .  - _  . . . . . . . . .  . . . . .  . . .  . . .  . . . . . . .  . J '  . ' '.> . ,  . -  : ~. . , , ' , . , *  . . .  ... ~ .._- . . .  .., . . . . . . .  . . I .  

, -  
I . ' I  - -  

, ~ * .  . . a ~. ..TO- . ~ .simplify the  . . . . . .  report ing without ;introducing substahtial Ierror, t he"  ratio of. the  
, - . ; -  ~dos~.equivalent~in~rem;to~ the':whole body,and o ther 'o rgans ' to  t h e  . .  , exposure < ' i n  .R i s  
I .  .J-;-  assumed . . . . . . . .  to be .O, . . . . . . . . . . .  except ,when, ' the  dose is delivered. by an'alpha-emitter, such as . -  - , ,  ' .;. , *;>-; ; ; '- . .  _ .  . . . . . . .  , _. 1 . 1  . .  - . .  ~ . . .  . . . . . . .  . . -  - . -  . . , . . , - ' I  . . . . . . . .  , . ' .  . -, .:- . ,  .: . ' ,  ,: . ; ;- ~ 

. - '  ' I  :; i .  , .,: - :  . _ 8 .  .222Rn;A,; ..'.*I ': 1 .. 
. . .  _ .  .. . . . . . . . . . . . . .  . , e'-  : ,. I '  .:,: .". 1 : : . : , (  

,';:-A ;-, <. . , . - .  -- : ..:.; . . -  , (  ? , . : . t  7 . . -  i, . . , .. ' . .  
b Value from Table 6.3 

C Value from Table 6.1. 
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1 

In th i s  illustration t k t o t a l  dose to a worker is es t imated  to be 3.3 mrem, which is 
k l o w  t h e  sensitivity of a TLD badge. Assuming t h a t  two licensee workers are 
present  at each operation, t h e  collective dose equivalent tu workers in this  example  
is estimGted to be 6.6 x 10-3 man-rem. - 

6.1.1.6 Collective dose to workers. Data  f rom Tables 6.1, 6.2, and 6.3 can  b e  used 
to es t ima te  the  collective dose to workers f rom normal aboveground operations. 
Table 6.5 summarizes calculations to e s t ima te  t h e  annual collective dose equivalent 
in  workers f rom norma1 aboveground operations. The resu l t s  hinge on  t h e  total 
amount  of radioi.wtopes i n j x t e d  (coL 2) and o n  t h e  number of injections (col. 3) 
carr ied ou t  annually. The amounts injected and t h e  number of injections are based 
o n  information for  t h e  period 1979 to 1983 from two  licensees. The es t imates  of t h e  
to t a l  amount injected annually were weighted toward t h e  highest values and w e r e  
scaled upward to account for  t he  amounts  injected by all companies tha t  perform 

- tracer injections for EOR projects. The to t a l  number of injection operations is 400, 
.which is consirtent with our  basic assumption tha t  100 EOR projects using 
radioisotopes as interwell tracer are carr ied ou t  annually and t h a t  each  project  o n  
the  average  involves- four separate injections of a n  isotope into a well (see Sec. 
1.3.4). . 

, Table 6.5 also l ists  t he  normalized dose equivalent expressed in mrem per injection 
- (col. 4) and t h e  normalized dose equivalent expressed i n  mrem/mCi injected (col. 5). 

Thz sixth and last column lists t h e  to t a l  dose  equivalent per nuclide, which is 
calculated as t h e  sum of two'products: the' product of the  number of injections and  
t h e  dose equivalent per injection, and the  product of the  tots1 activity injected and 
t h e  dose equivalent per mCi injected. 

The annual dose equivalent i n  a worker over  a l l  t he  injected radionuclides is 
470 mrem/y. This value i s  multiplied by 2, to 'account  for t h e  two workers engaged 
per  operaticn,  to yield a n  annual col lect ive dose equivalent in workers of 0.93 
man-rem/y. 

As'noted previously, workers of o i l  companies 'remain at a distance of 1.10 m e t e r s  
or more  from the  wellhead and a r e  not  exposed. Members of t h e  public would b e  at 
a much g rea t e r  distance. 

6.1.2 Accidental exposures 

In 'this section we est imate  doses to workers and.members of t h e  public t h a t  could 
result  from the  aboveground accident scenarios described in  Sec. 3.1.2. As noted 
previously, incidents or accidents involving the unplanned release of radioisotopes 
whec they a r e  used as interwell t r ace r s  in EOR operations have been extremely rare. 

6.1.2.1 Dose from a leaked source (Scenario A, Set. 3.1.2). When a liquid source 
leaks from a damaged container during transit ,  the  leak is readily-detected'  upon its 
arrival at the  injection site where t h e  package is surveyed with a detector.  The 
liquid itself does no t ,d r ip  outside the  package but  is absorbed in t h e  absorbent  
packing mater ia l  t ha t  surrounds t h e  source. The worker is  exposed for a ' sho r t  t i m e  
to a n  unshielded source while h e  is repackaging the  source' for return shipment. The 
assumptior? that the  worker is  exposed to a n  unshielded source for 5 minutes at a 
dis tance of 1 foot lezds to the norrnalized dose es t imates  of Table 6.6. 

J 
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Table.6.5 Annual collective dose to wurkers f rom normal aboveground exposures. . . .  . . . . . . . . . . .  .. . . . . . . . . . . . .  , . .  . .  . .  <: . ' - . a '  - j - .  ;, .: . . .  . . .  : . . . . . . . . . .  '..<. !, 
, .. .~ : .' - : . .  

.. . . .  4 .  

i . f  ; -4 '  _' "'.*Dose ' 
. . . .  . . .  .... . .  . ....... . 

._- -.-.. -Normalized dose . . equlvalen t 
equivalents ,b per nuclide 

.- _-_. --.. - -. * _.--.._ ___._ .._. 

Total amount . - .  . . . . . . . . . . .  . .  .. , . . .  ~ .:' . . '  . "injected, .: .:. Number of . ,mrem p$r .,:mrem per . . . .  per workerc, 
injections injection. , mCi injected mrem/y Radioisotope - . . ,  . -  

H-3 (gas) .. 
. . . . . . .  -.- ... .-._ ....... - .  -... - .... _ _ _  .- . . 

1300 ;. . 64 0.02 1.3 
1800 :" -, - 2.6 . 128 0.02 

0.10 ....... f 8 0 . c  9 ;  I 0 
Na-22 ' 

0.02; t .  *_  :, 2 0 .* 0 t '  '..._.~._ 0 s-35 I " -  

Q3-45 .: . . ' ., 0.02-.: i ' 2 0 :. , .... . *  0 ; I - f. -..: 0 
&-57 ;:.: ,'f 2.0 !:' .: 24 2.6 : * :  : '  0.0025 ; , i  --:6T 

, . . I ;>; 
1.6 '.!;:'. 14 1 x 10-6 ., 1 .l'' 0.002 

H-3( TO)( 
C-1474CO ) 
C-14 (liquid . . '  f 

0.12 .2' . ; '  2 2.6 . 8  0.030 .' . -  : 8.8 
:: 
. . .  

cO-S8 0.80 20 2.6 1. .: 0.014 t..., ... ' -63 
.. -.C0-60- - ... 2.6 0.033 200 .....- ......... ..2.6.. ........ 43-_ ........................... ___ ..... _ .  . . . .  

Ni-63 1.4 ~~ 
5 0 0 -0 '  

I :,: Kr-85,activity :ci ..+lo ; ;: . * ' .  ' .lo,:,.;: ': ,':; I,. I -(.: 8.7 x '10-4.. '8.7 
tn-65 0.04 2 2.6 ,0.0078 5.5 

Kr-85,activity > I  Ci 290 32 0.8 5~ 10-5 .::41'.:! 
Sr-85 0.1 2 5 2.6 0.01 6 15 
Sr-90 0.40 22 0 0.0070 2.8 

-' s:' 0.0043 ,. I 30 I . 
:I . .  '.. 0.0055 - . A  . . i i  ,14.:.: 

. . . .  i ' ,:. ,;,!;. - } 

.. . .  

- 
0.037 6.7 .. .. Ag-l I Om. ,. . ! . ~ , .  . ,  ,. 

' . , ' , 3 4 3 f  I *- 

. .  I e: 

. ~ .. 0 12.3. ... i '  .. 5 . . .  . . ?'. . .  
1 ..:1-125 . -  , . . . . . . . . . .  . . . . . . . . . .  , . , < , : . . -  . .  

. . . . . . . . .  .,,: -,.;.-,, ' ... .,.' . . .  p :  . , '.' ' 

. ,  
, .  1 -. * , . - ; . , .  .;..; 

.- ; 
. . . . . .  .., . . . .  ,_;. . . . . . . . . . .  

I _  , .  . t. 

. . . . . .  .. 1 .  . ... . ~ ... I .  . .  3 .  _ _  . ,470 mrem,'y : _. 
Total 

0.93 man-rem/y 
r . , .  :. . J :  

Collective dose equivalent in workers, assuming . . . . . . .  two  . . . .  . . .  . .  ...... .. r r  
', . - r  . . . . . .  . .  . . . . . .  l icensee worker; per project : * i ,  .5<,'" : ' . >  _ .  ~ . ,  \ . <  

. . n . _  . . _  
. . . . . . . .  . ; .' L. . . . .  . .--. . ~ _. . 

. I  : ' . .  . 
, .. * . .  . ' *  ,, , I . .'.. : I .  a Values from ;Table 6;1, Table'6.2,:'or~Table.6.3; . . .  : :  .., . . , . .  t 1 . .  

- . ' -  ' 

. .  ' . ,,;::. b -  , I.. ~ ~ . _  . '. i. ! . . ' . . ,  : ._ ; . . . .  I .  .,j.*;..,; _;_. . . . . . . .  < .. , ., . 
-,. .- ' :  To simp1ify:the reporting without introducing aisuhstantial  e r ror , ' the  r a i io ,o f  ' the  dose 
- . ' equivalent-.in rem to t h e  whole .body- and .indivioilal 'organs .'.to; ' the ]exposure' , . . ,, .. , _  in R is 

r.:.:: :C :A .worker - wquld receive these :doses "if :he . . .  were  , . .  to ' - injkct  t h e  -'t\?tal. ~. . .  ' amount  ;. of the  

' 1. .:-assumed ,to beT1.O, except  in  the  case of alpha-emitters,.such as-?22Rn. . . . . . . . .  
. e., . ; . .  . i . L .  

. .  . .  . . . . .  . . . . . . .  t __: 
. .- 

' -  i I -.. , :. ,- ; .* :!. - .  . , , . , . . - - . .  
4 .  . . <  I , . .  

. .  - 3 .  .,.....,.. , .  . , , .,. . 
_ . . , C  ; . , , .  

. . .  . . .  ,,-' .:radioisotope.: : , :  .-, 7.. . '. I. ~ . .  ,,;.*.., : ... I . . . . .  / 1 . _ .  I . . . . . .  
- ,  .. 3 -  

. c . ,  . . .  
... 

I .  . 
- - ,  , . 

5 .  

Q'. :' ' . . . .  I )  . . , . . ! *  _. i' : .  ' ' I :... :;:.;,.: :: .)r-.':, !' .., > . -  - .~. - 

. . .  ' ,To: iI lustrate-. the .use :of . -Table ...- . . .  !6.6, : the ,normali ted ,exposure from a container  t ha t  
- i .  leaks 6oCo accordingJto t . .  t h e  .. above,scenario~is"1.2 . . . . . . .  . s .  ;mR/mCi. t ? ,  { ' :  "The 1 . . . . .  expbsure' . . . . . . .  - .  f rom - . . a 

. 

. .  
. .  . .  ..'..i . . . . . . . . . . . .  . , .  i ' ,  .-. : . . .  20 mCi 6oCo source tha t  leaked would.be 

. . . .  

.. , . * -  20 x 1.2 = 24 rnR . . . .  1. ~. .' 1: 

. . : :The exposure to the  hands would exceed this.value. _ .  . 1 , i , ,  I. . a, - I , . . . . .  . . . .  . . . .  
. .  . . .  . . . . . . . .  . . . . .  . ,  - .  

* ,  . ,  . .  - . ,.., . .  
I .  , ; <;;; ::.,. , _  . , ., ' f  :,.-.; ' 

. . , .  
. .  , .  

. .  . - .  , .  I .  ' 

. . . . . . .  I _  , - - ., I. 

. . .  - . -  . . .  . .  . . . . . . .  ! , t .  ~ .. . i  . . ! - I  
I, I . , : . . ! ! , : ,  , : ,_ , : .., , - , ,  , 

. . .  

. .  
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Table 6.6 Normalized exposure to.workers f k m  handling'a'leaky 'SOU& (scenario A, 
- . . . . . - . . . .-_ - . - .  - . -  . -  . .  scc. 3L2l.a 

. ,  . . .  

. .  . .  
. . . .  . 

I L  

Radioisotope . 2 Normalized exposure 
* . :  mRper m C i '  

Radioisotope Normalized exposure 
mR per mCi . . .  . . . L  

. ~ -. .. - .  . 

, .  
0 Ni-63 0 .  

. ,  C-I 4 7. , : o  Zn-65 _ .  . I .. 0.29 
',Na-22 1.1 
s-35 0 

' .  ca-45 
a - 5 7  
Co-58 
Cod0 

H-3 

Sr-85 :, 0.56 
Sr-90 . .,.. 0.0 I 

0 '.. Ag-1 IOml; 1.4 . ~ 

0.16 
0.20 

'- 0.090 : 1-125' . -. 
3 , -  . 1-1 31 * -  

I .  

0.50 . .I 
1.2 

. .  
- .  

. . .  
. .  

I 

. , 

a Assumes a 5-min exposure to an unshielded s o u r o ? ; ' b d y  at  a distance of 1 2  in. 
(0.3 m). a .  

i 

Thi; scenar io  could also resul t  in a dose via  ingestion.. However, t he  worker would 
probably be wearing gloves and after noting t e lealca e would likely t a k e  e x t r a  
precautions. Of the  radioisotopes in Table 6.5, 9&r and g251 are associated with t h e  
highest  commit ted dose equivalents per uni t  ingestion of activity. (Ingestion dose 
factors are l isted in Appendix C) 

The dose to a Ieaking HTO source will be discussed in Sec. 6.1.2-5. 

6.1.2.2 dose from a source spilled on  t h e  ground (Scenario B, SC. 3.1.2). If a 
worker accidentally drops a glass vial containing a radioactive tracer in solution and  
i t  brcaks upon striking the  ground, the  worker would b e  subject to exposure f rom t h e  
radioactivity spilled on  the  ground. The'  exposure would continue during t h e  t i m e  
t h e  worker  performs cleanup measures on t h e  spilled activity. W e  e s t ima te  t h e  
resu l tan t  dose by assuming that the  worker is exposed for IO'minutes to a source  
uniformly loading a 15-cm disk on the  ground surface. The worker is assumed to be 
a t  a d is tance  of 0.5 m from' the  center  of  t h e  disk. Table 6.7 presents normalized 
exposures for this scenario, computed from t h e  tables of exposure rates of Appendix 
A.2. The exposure rates are calculated fo r  a height of I m. 

. 

a .  To i l lustrate  t he  use of Table 6.7? ?he normalized exposure f rom spilled on  t h e  
ground according to t h e  above scenario is 0.17 mR/mCi. The exposure f rom a 
spillage of 20 mCi 6oCo would be  

20 x 0.17 = 3.4 mR 

This scenario couJd also result in radioactintity d e b s i t e d  on the  skin with a'  resul tant  
local dose to skin if liquid should splash on  the  legs. However, i t  i s  likely t h a t  
clothing could intercept any spIashed liquid before  i t  would con tac t  the  skin. 
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. _  , .  . 
' Radio'botojx! . Normalked exposure Radioisotope .. I .  Normalized exposure 

. I  . .  .-.' 2. -mR per mCi mR per mCi 
.... 

, .  0 
~ a .  : ! .  :. 

Ni-63 
Zn-65 . .' 0.041 .: - 
Sr-85 
Sr-90 

. I .  , 
, . H-3 . .  0 

: . '  0 

0.00 1 

C-14 

, '  0 
,Na-22 
s-35 

CQ-57 0.01 3 1-1 25 0.022 
0.072 1-1 31 0.029 
0.1 7 

Co-58 

0 . , , 0.077 . 

.o - -. ~ _ _ _  Ag-llOm ~ * .  0.20 - ' 

. - . I  ..._ :. . . . .  
' 0 16 '':.'':; 

1- . 

. . . .  . . . . .  . . .  . . . . . . .  .- -. - G4> .I -.----..- - -  ...- 

. . . . .  ,:* , . .  . . .  ,. .. , , I - .  , ^  . ;  ! .:.'..--..; . ' , .  . . . . .  , . -  . ' .  . i. . . . .  
c0-60 , . '  , . .I> . . - I d . .  

.. 
- .. ' 

3 a Assumes a IO-& exposure 'to a uniformly loaded disk on the 'ground surface. 
_ I  Radius of disk equals 15 cm. Distance from center of disk equals 0.5 m. Exposure 

is cal&lated for a height of 1 m. - 1 

. >  . . . . . . .  . . .  . . .  , . .  . . . . . .  .. . . . . . . . .  . . . .  . I  . ., . .: . . . . . . . . .  , . .  . -  . -  . 
. . . .  . . . . .  , :  * . . . . . I .  

. -,. % .  1 .  4 . .  , .  

. . . . . . . . . . . . .  . . . . . . . . . .  : I  ,..!,, . . .  :. . . . . . . . . . .  : ....... -:: i . . . . . . .  

: . A'-'gia& vial  containing-a 'radioactive:,kacer would .be handled, with cdre. . Only a 
..' small  fraction -of * t h e .  vials' t h a t -  are ,handled -would :be  dropped, and only a :small 
: .; f r i c t i o n  of those dropped would break. ..Thus, a ' l icensee has es t imated tha t  about 1 

break. If t h e  radioactive "source is 1 confined in . a :.vessel that. is not  !subject to 
breakage, this scenario would not occur. 

~~ 

, .  ' . . . I  . .  

... .of -50 glass 'vials tha t ' a re :dropped  front-a .  height of 4 f t  onto 'a -hard  'surface 'would 

.- s t  . ;.. -; . . . .  . . . . . .  . . - , - . _ .  . . . . . . . . . . . .  - :  . . / .  . , . ' :  f , I  . :;;. : r ! .  i .  . . . . . . . . .  : >  '. :..I . 

. . . . . . . .  . . .  ' 1  . I . . . . . . . . . . . . . . . .  , ,  ; . '  ! :. . > . . . .  :. 

r .  ; 6.1.23 .. Dose ~ f rom a n  accidental  release of a gaseous source.  -.(Scenario ,: C 
,. ;- Sec. .3.1.2).-,.A worker: who ,accidentally drops a .glass vial containing a ' gaseouf  

. tadiokotope,  causing t h e  vial ,to -break , and ,  release its contents ,  to t h e  surface'  air ,  . could experience a n  exposure from inhalation and submersion in t h e  gas. Similarly, 
members of t h e  public at locations downwind could be exposed t o  t h e  expanding 
cloud of gas. The doses to workers a d  the  co!!xtive dose to members of t h e  public 

. .- . ,  were  calculated from est imates  ,of I t he  .lAC at .the exposure. locations. ' The IACs -for 
' t h e  workers' dose estimate's were calculated.  by ran -analytical Gaussian model; t hose  

for t he  collective doses t o  members of t h e  public were calculated to a d is tance  of '80.km.~' usi . .- ...*- ng a pdrt ic le - in~~lJ- 'mo;deJ."^ n e  methods -are 'described'-in -detai l  in 
Appendix B. .:.' 

Although the  hypothetical accident could be  expected t o  occur during. day t ime  
.. working hours,-the 'range.of atmospheric- stability-aKd..wind ' s p e d s '  is-still large s ince  

a l l  seasons of t h e  year must be considered fo r  a wide variety of locations. ?ne t h r e e  
adopted ,scenarios a r e  intended t o  yield results tha t  reasonably bound t h e  :range of 

Scenario 1 occurs most frequently during the  afternoon'in warm seasons. Scenario 2 
' ~ .  . - is-most 'likely. in ,any high' wind condition or when,'the sky'is-overcast: T:At-low,wind . 

speeds, the  stability 'will move'-'away from'' neutral .  and ' be  governed by t h e  

. . . .  
, _ _  . . *  

. -The dose 'duc to spilled HTO will be.discussed i C- 6.1.25.. - I >  ; . .  . I  . . . . . .  ' 

_ .  . .  . .1 . .: .- . .  , . : . * -  . .  . .  . . \ .  . - . . . . . . . .  . .  . I  , . .  , ' . ' &  ' 

.. 
. . .  ... . . . . .  . .  , . , .- . 

C ,  .-:!. - \  +:: , .  - , . I -  

. .  ._. ,'\ - - * * \.. I " ; . -  ' , * -  !,.' - . ..! 
' I .'. ' : : * : c  r. .'.'. .. 1 

1 : j  ., * .  
I ? ' < ' !  . likely meteorological conditions (see Tahle 6.8). ,'. , ' ,  .... .. . : "1  
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. .  . - .  , . *.. : ._, : .  TabIe.6.8 Meteorological . *  scenarios. , , , . - .  

. .  ~ .. 

Scenario.  Stability class 
Wind speed (m/s) - 

Measured Extrapolated 
h t = 6 m  h t  = 1.6 m 

1 Unstable A " 

2 heu% cll 0 
3 Stable F - _  

low 
high 
low 

1.5 1.4 
8.0 6.6 
1.5 0.7 

near-surface temperature  grpdient, i.e., s t a b l e  when t h e  surface is cooler than  t h e  
-. overlying air ,  and unstable when t h e  surface-  is warmer (often in  t h e  daytime). 

Scenario 3 covers  most nighttime and ear ly  morning low wind-speed conditions and  
is t h e  scenario t h a t  yields the  highest' concentrat ions near  the' surface a f t e r  d: 
sur face  release. 

Table  6.9 (see T a d e  B.2 in Appendix €3) presents  1ACs near  t he  surface 1 m e t e r  
downwind from a sur face  release according to t h e  th ree  scenarios. The IAC values 
are zero except  at a receptor height of 0.2 mi  These e s t ima tes  suggest t h a t  i f  t h e  
worker remains in place a f t e r  dropping and breakin t h e  vial, at  most  there  would be 
a submersion dose to t h e  lower ex t remi t ies  f rom h C c  or a dose f rom absorption of 
HTO through skin of the  lower extremities.  A worker located upwind or who moves 
immediately upwind of t h e  release would n o t  be exposed. 

Table 6.10 (see Table €3.1 in Appendix 8)  presents t h e  maximum IACs versus 
downwind dis tance following a uni t  su r f ace  release. These es t imates  indicate  t h a t  
t h e  worker could be exposed from inha1a:ion and submersion if he  moves downwind 
in to  the  cloud or t raverses  t h e  cloud. This could occur  if t h e  worker instinctively 
moved to a vehicle fo r  protection. Again, if t h e  worker moves upwind immediately 
a f t e r  t h e  accident,  t h e  exposure wouId be minimal or zero. 

'* 

* 

Table 6.9 Integrated air concentrations nea r  t he  sur face  1 me te r  downwind from a 
unit  sur face  release (from Appendix E1.a 

~~ 

. :  . -: , .. . .  i . ,,. . , 

Receptor  h t  1. Ucstable 2. Neutral 3. Stable 
m IAC, s/m3 IAC, s/m3 I A C, ' s /m . 

, ,  . . , L .  :. - .  .. 

, .  . . ( .  . .  . . .  

. .  
. ,  , / .  . . I .  . .  . . .  1 . .  

0 , * ~ 1.6 ;. . . ;: - .  ';.. . O  . : . . , . 0 ..:. 

1.0 1.9 x 10-1' * o  0 . .  . .  -. _ .  3 ' 

0.75 3.4 .. - .  , , ( >  

3.2 
. . .  , , _ . ,  > ' " ,  ) . .  . . 

. I  

. .  
0.2 

. .  < . l . - .  .. . , .  . . 

a Thus, for'a 1 d i ' r e l e a s e ,  IAC wouid be  expressed in  pCi-s/m3. . 
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Table 6.1 0 Maximum :integrated :air concentraiions'n&r the surface downwind from .. a ~ unit 
Surface release (from' Appendix B), for three.'&teorological conditions. ' .  .: . . . . .  . . . .  . . . .  . .  , .  . .  *:;!:'.:- _ - , ,  < ,  , !,.: . f  .I ; 5 ,  * ' . ' I  .: I. . , .  . ~ ' * .  i . '  . . . . .  I , -  

. . .  
,.. , ..: . , .  

I . .  .: 
. *  . . .  

1. Unstable 2. Neutral 3. Stable' 

. -  . . . . . . . . . . .  . . . .  1 .  , .  
. . r , .  

I ' ,  

a-Distance 'refers to-the downwind'djstance . . . .  &ng',the . . . . . . . . . . . .  centerline of 'cloud. . . . . .  travel. ;:' , .. 

b'Timc''refers to the.time maximum IAC occurs . . . . .  at'that distance and . . . .  hbight.'. . . .  . ,.. . . .  

. . . .  . . . . . .  
. . I .  . 

. . . . . .  . . .  . . . . . .  ' .  . I 

. . .  . . . . . . . . . . .  
, .  . .  . .  

, . . . . '  I ,  .; ':I ' . " ' ' .  
_ .  

. . . . . . .  . ,.:. :-, . 
. . .  ,- , . 1 .  " (  I . . _ .  . .  . . . . . . . . .  . . . . .  . . . .  . . . .  . . . . .  + *  < . . . :  I - .  ' . .  : , , , ;  

. .  , ' .  I . ' . '  . . . .  . .  
. . _  +. - . ,  . ' . . ' I  

. . . .  . , _  1 .  

. .  
. . . .  , .  . . . . . . .  . . .  : .  . .!- . . . . . . .  

! .  . . . .  .. :. . .  , . .  , . .  . . . . . . . . .  . . .  

. '. 
_ .  ,. 

I .  I 

. . .  
. .  ' . .  

. .  

. .  . _. . I 

. ., ._ .  . .  4 .  . I f  . ,,. * - . 
-,t ,  * _  . c: . :. . , , , . . 

. . . .  
TO ' evaluate t h e  consequence, ;of this  accident^ .scenario, .:doses .' were estiniated,d. 
assuming that t h e '  work& is exposed ' to ' t h e '  cloud under unstable conditions a t  a .. ,. 
distance of 6 m from t h e  release. The IAC at nostril height (1.6 m) calculated by 
Eq. €3-3 of Appendix B, is 4.0 x 10-2 Ci-s/rn3 per cmie released. The resulting doses 
calculated using the dose-rate factors of Table 8.3 (Appeqdix 8) are presented in 

. . .  . , j :  ;{:;,::..; 2:: .  : '.. , I  . . . ' '. !v-. -: . . . . . .  Table 6.1 I. ..,,. .. , ,  . ' . . . . . . . . . .  . .  . , I  - : 7 . ,  . I. 

~. . I .  

. i ,  ,- :  

~ . .  
.... . .  , .  . . . . . .  

. .  . . *  , .  

... ,;-,-:.*;; .;'., , -  1. . * . . . . .  . .  . .  
1: - . ' - a '  

I .  
.. . ,  - . II : ' .. . .  _ _  . .  . .  

- . . . . . . .  ... _ _  ...... - .. _ _ _ _ _ Z _ _ . . _ . _ _ _ _ .  ...__-_ .... - . . . . . . . . . . . . . . . . . . . . .  . 

Table 6.11 
release of a gaseous . .  radioisotope . . .  .(scenario . I .  C, Sec. 3.1 .2).a 

Normalized dose equivalent in  a worker from an accidental surface 

. . . . . . . . .  . .  . , ~ .  . .  . . . . . . . .  - .  , . .- . .,. . .  

Normalized dose 

..... .-. ^ . _ , , ~ _ _ _ _ . . _ . _ . _ . _ _ _ _ I _ _ _ . _ _ _ ^ _ _  . .-,- _ _  - .. - -  .. - . .  - - . . . . . .  -.- ....--.-- . --- . . . . .  

a The worker is assumed to be exposed to the cloud downwind under unstable 
conditions at a distance of 6 m from the release where the I A C  at nostril height 

, .  . . ,',! 1 ,,.. ' 1 . 1  . ' (1.6*rn) is'4.0 x .  I')'Z-Ci;s/m3 per . . .  Ci released (see' ' : Sec;' 6.1.2.3). . .  - ' . . . .  .'> .. I . , ,  ' : .  
? . ,c .... , . , . . .  . . . .  ! . "  . , \ .  . . .  * . ;  , , / . ,  .;,, , :, . . .  __i ,- . . . .  . -8  . , *  1 ._ 

, I  . . .  . .  . . . . . . . . . . .  ' .  . 
. . .  r . . . .  . . . . .  . .  
The dose to the whole body via submersion is zero. 

The estimate for HTO gas is used to  evaluate the consequences of leaks or spills 
of liquid HTO. 



Tritium as HTO is included in Table 6.11. b e c a w  we have used this method. to * 

estimate the  dose from HTO spilled on the ground. Estimation of the  doses from a 
leaky HTO source and. from HTO leaked or spilled from a wellhead is described in - 
Set. 6.1 m2.5. 

I t  should reassure the  reader who is concerned that a worker may inhale I251or I f 1 1  
-_ 

vapor following the accidental spilling of radioiodide that radioiodide solution 
sources are strongly alkaline (pH %12), which is very unfavorable for oxidation to 
free iodine. Other water-soluble tracers are also considered not to become airborne 
following an accidental spill. 

The collective dose estimates out to 80 km' for a I-Ci release are shown in 
Table 6.1 2 for the  "typicaln site under the three representative meteorological 
conditions. (Table 6.12 is abstracted from Tables 8.4, 6.5, and B.6 in Appendix 8; 
the calculations are described in Sec. B.3.. As noted previously, the "typical" site 
impacts an urbar: area 15 km x.15 km with its center approximately 32 km.  
(?. 20 miles) downwind from' the site of the  release. The urban population density is 
695/km2 (1800/mi2), and t h e  rural population density is 13.5/km2 (U/mi% The 
collective doses' of Table 6.12 are upperlbound estimates for the t'typicaltt site 
because the  urban area would not be  expected to' be  downwind from the  site of 
release all the  time since wind direction is variable. The collective doses for the  
"typicalt' site under stable conditions- are used to assess the accidental release of 
gaseous radioisotopes as they are the highest for the three meteorological. 
scenarios. 

- 

I '  
, 

, *  

Table 6.12 Normalized collective dose equivalent in members of the public from an 
accidental surface release of a radioactive gas for the  l?ypicaltl reference site.= 

, .  l . <  ' "  , ' . '  . .  I ,. . 
1 .  

I '  I 

. .  ' . " '  -Man-rei;l per Ci released 
Radioisotope . Reference. .- . . Meteorological conditions 

organ Unstable Neutral Stable 
. .  

e .  . . 
H-3 HT, hydrocarbons Lung 1.2 10-7 3.5 x 10-8 3.4 x 10-7 

HTO Whole body 2.5 x IO'4 7.1 x 1.9 x 

c-14 k o 2  . Whole body 9.3 x 10-5 2.7 x 7.3 x 

Whole body 7.2 x 2.1 x 5.6 x 
Kr-85 Skin , 5.7 x 10-4 1.6 x 10-4 4.5 x 10-3 

. .  , .  
, .. , . . ,  . I '  , .  , : .  

! . .  * .  . , , .  8 : ' .  " . 
a The region is assumed tolextend SO km from the'  site' of release. The calculations: 

are described in Sec. 8.2 of Appendix 8 (see Tables 8.4, 8.5, and 8.6 in Appendix 8.) 
. .  

I 
I I 
I 
i 
I 
I 

I I 
I 

i 
I 

~ 

1 
1 

i 

. .  ' .. , . - .  
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. . . .  As noted in Sec. 3.1.2, accidents involving .the unplanmd,release of radioisotopes to 
- ,operations have been rare. '.One license states that ,a ,once*iyear' k c u r r e r i c e  of an 

~. ' : accidental  release of 'i?i:g&& radioisotopk .would 'be:an .overestimate 'and :bat t h e  
:. I .  . t r u e  frequency, of; ' this 'accident scenario is 'perhaps 'once in  5 or -1O.years. ;- th i s  

' ;report 'we ' have  k u m e d  c 6 k r v a t i v d y  ' t ha t  0.01 is' t h e  pr6bability that'.a gastaus ' . radioisotope (or HTO) will be .released *because‘ o f  ;.an' accidentally dropped .and 
broken container. This means t h a t  1% of t h e  operations involving the injection of  a 
gaseous radioisotope or HTO will .  be accompanied by t he  accidental .  release .of t h e  

I . ' - radioisotopes .and, 128 i n j k i o r k  'of HTO"(=. Table 6.51, ' the frequency assumed for 
-; . th i s .  accident  'scenario : i s  about 2.5,fper > .  ;.year,- which', overest imates ,  t h e  expected 

'. .. The resultant ioiiective' do&'estimates 'for 'members  of the '  public' f rom accidental  
releases of gaseous radioisotopes ' a r e  summarized "'in Table '6.1 3. The' ' total 
collective dose equivalent in the whole body is estimated_to be 0.034 man-rem/year. 

. ' c  .:the. envitonment in ' t he  ' -cdurse of. interivell '  t racing ' with radioisotopes ., in  EOR i 
' 

1 

. *  I I 

1. radioisotope.' Since'on 'an annual':&& 'we  ;have' assumed 120 'injections of .gaseous . ~ 

. . . . . . . . .  . . . . .  . . . . .  . . . . . . . .  . . . . . . .  !-.- . ' frequency. .... .I . 2 . ; -  
:... . . . .  . .  . .  . . . . . . . . . . . .  . , r s .  . . . . . . . . .  

. . . .  . . . . . .  . I  . . . . . . . . . . . .  I a n ,  . I  . . , . t  , 

- - .  . .  e .  . . . .  , . . >  . , _ .  . . . . . . .  . . * . .  , . .  . . . .  

. . .  . . . .  .. . . . .  . : . , _ .  . . . ,  .. - . - 2  . . . . . . . . . . . .  . .  ~ I .  

~ I .' . . . . .  . ,  .. . . . . .  : . . . .  h i;' . 
?. ' $ +,. -, ,..!,?' :..-, ,%._ :.:; I . : ._ . . . . . . . . . . . .  

I . ,  ' '  

. . ,  .': .._ . .  _ .  . ,  
. . I .  ;.*. ._. _. _. . _. . I * % , . : J  J :  . -. . . .  " . . . . .  : : .t ' : ! ' ,  .,. . . . .  : . . - .  , .  . . . . .  

. .  
I . - *  . - . r i  ~. . i ' . , i c . l , .  ^ I .  

, . ,- .- . I . ' . .  ' I :-,..: 
. .  : . .~ 

Table '6.1 3 Cdllective'. dose ' t o  'members . of ' the ' 'public -from , accidenial  sur face  
releases of gaseous radioactive t racers  for EOR (Scenario C,' Sed. ' 3.1 .2).a 1 . - ?. 

. . . . . .  "._' . . . . .  ~ ~ \ . ~ c . ' , , , ~ . ~ , - '  r i  . , i :  . . .  : . . . . . . . .  .J . % i  . ; .  , .  " . *  

% . Collective dose . . . . .  . . .  , . . 
I .  

. .  . ; :- .. , . . . . . .  , : :!- ' . . .  " ,  . . -... _. ,.:.:: 
. .  _-Total a'm&nt .si :' .': ~ Ref&nce' . . : .: ~ . eqGivalent ' . .~ 

' .  I man-iem/y ; iije&&j, 'aiy ;: *':'::;: - - . - ,  . 
. . .  i i  !,!: -. ~ " 

. . . . . . .  . organ '  *- . .I 

'. ' :R&dioisoidk '. ' I -  : , * ,I. - 
. .  

!.,,:I ~:--: .: ':; i . .  ., ; .:, ._. . . . . . . .  

Whole body 3.4 man-rem/y 1 . . I ' '  '. : 'I, : 
- .. Total ! : , F' . .', 

I Whole . ' I  body 0.034 , man-rem/y . <  
-: . - ., L .  

Totalkol lect ive dose (P = 0.0lF 
i ,  :> .-: ,: L - , t i  ., ........ 

. . . . .  . .  . .  . ,. . . . . . .  . . . . .  
1 . .  -1 

* > - .  
L - t  . _ 1  

[:! 
. I. # ., r ! .... . \.!..! ~, f -  .. 
a .Based,,on the  normalized ]man-rem values of TaMe 6.1 2. 

i - - r , :  .. L 1  t > -  -:I 
b The collective dose equivalent in  t he  whole body via submersion is zero.' 

' the  dose: fro.m'.the~ accidental re lease of gaseous'radioisotopes; (see &C. 6.1 i2.5). 

L - .; 8 , .. . , .  . . . . . . . . .  i r,: . ! - :  : 

, ,  
i ,_ . ,. < ,'. <,.', .. t . .  

' . ! .  2 . ;  A _ .  . 

..... _ _ _ _ _ _ . _ I  ~ - -_ ......__....._.__ ..-._..-.. . . .  ......... L. . .  

. .  C The dose from the-accidental release of HTO is assessed in t h e  same manner as 

The o c a r r e n c e  of' accidents has been very rare."- Ai conservative ' accident 

-.. 
. . . . . . . .  . .  . . . . . . .  i ,  , ' I i  I .  . . . .  ,.. . . * , I ,  ": .,-) ; '- ' . '  '..) i ,  . ' .- ;,c,..i -!:.! ' , (  ;.-;;;;- > f '-* ' ' .. f ,  a ,  : . *  _ *  

frequency of 0.01 has been used for  dose estimation. 
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' .  . I -;> , . , , 
O . i . k ~  uose I m m  activity ieama from t n e  wciineao \xeiwrrua'u, q -m A ~ . . L o ~ .  

Of SeC. 3.1 * P  
through a faul ty  valve in t h e  wellhead, or through a valve inadvertently l e f t  open 
(Scenario E o f  %c. 3.1.2), a worker would be subject to exposure from radioisotopes 
deposited on the ground,.on the  s u r f a c e b f  the wellhead, or on t h e  skin. As noted 
previously, Scenario D . .  is unlikely because t h e  wellhead is checked for  leaks be fo re  

For these  scenarios, dose es t i  tes to workers are made in t h e  same manner  as 
those for t h e  scenario involving spillage of a source in solution (see sec. 6.1.22h In 
Scenarios D and  E, however, the radioisotope released would b e  more  dilute. The 
worker is assumed t o  b e  exposed for 10 minutes to a source uniformly loading a disk 
o n  t h e  gr0ur.d. The radius of the  disk is assumed to be I5 cm, and t h e  distance f r o m  
t h e  center of t h e  disk is assumed to be  0.5 m. Exposure rates were  calculated f o r  a 
height of I m (Appendix A). 

Exposures for' this combined scenario, normalized to a n  injection of 1 mCi, are. 
presented in Table 6.14. These values assume t h a t  5% of t h e  source activity leaks.  
from t h e  wellhead to t h e  ground. The normalized exposures of Table 6.14 are- 
therefore  5% of t h e  normalized exposures of Table 6.7, which a r e  associated wi th  

. '- If a tracer solution were to leak through wellhead fittings (Scenario 
~ 

- 

, the tracer is injected. . .  
-, 

. 
. .. 
' 

* 

- .  t he  spillage of,an undiluted solution. -: 

- The dose f rom HTO leaked from t h e  wellhead is discussed in Sec. 6.1.25. 

6.1.2.5 Dose from accidental releases of HTO. The dose from accidental re leases  
of HTO w a s  est imated by the  method described in Sec. 6.1.2.3 for.estimating the  
dose f rom a n  accidental  release of a gaseous radioisotope. 

Tab!e' 6.1 4 '  Normalized expdsures to workers from radioactivity leaked f rom a 
wellhead (Scenarios D, E; Sec. 3.1.2).a 

Radioisotope Normalized exposure Radioisotope Normalized exposure 
mR per mCi mR per mCi 

s li-3 . 
, - _  c - I 4  , 

Na-22 

ca -45  
co-57 
a - 5 8  

- - s-35 

co-60 ~ 

0 '  ' Ni-63 
0 t -  Zn-65. . 

Sr-85 
Sr-90 -. . 0.. 

0 Ag-11 Om 

3:6i  10-3. 1-1 31 
.. 8.6 . - I .  x JO:3,i , 1 . 

. -  
7.8 10-3 

6.3 10-4. . . . 1-121 . , , .  . 

. -. .. 
, .  

8.6 x 10-3 
2.0 X ,  10-3 
3.8 x 10-3 
7 x 10-5- 
9.8 x 10-3 
1 .1  x 10-3 
1 . 4 ~  10-3 

I 
I 

- ,  . . I .,; . : , . -  ' , - a  I _ . . '  . . , : .  i 
-. . .. -. . I  ... 

' ,.a,l&se for an injection-of'l  'mCi. 5%'of t he  activity.(i.e., 0.05 mCi) is assumed to 
leak from t h e  wellhead and uniformly load a circular disk of 'radius equal to '15 c m  

> .  . .  .:.,. ~ on, t h e  ground surface.. . ? , :  : .  . .  ', . ' . L  , , '  . .  _. 
. . . , . . ,  . 

. .  
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I 

. " .  . -  , 1 ". 
10 estimate t h e  dose from a source t h a t  leaks HTO (Scenario A, %c. 3,1.2),.we 

assume that t h e  worker is exposed to 10% of t h e  Gurce. activity.' 'Ilk IAC to which 
the worker is exposed at.nostri1 height is es t imated  as t h e  IAC at a distance of  2 m 
and a. receptor height of .j.O;m';for:unstable conditio&...',A J-m height was dmsen 
because it approximates nostril :height to' a source package.  on a tailgate. ',The. IAC 
calculated by Eq: 8-3 of - I  Appendix ;B : is -1.3 x a 1  0-3 Ci-s/m3. per curie' released, 
which leads to a normalized dose equivalent of 0.027 mrem in  t h e  whole body f rom 
inhalation per Ci released when .'combined with '  t h e  'dose-rate 'factor from 'Table B.3 
(Appendix;Bk Since.-the worker-iis assumed':to be exposed :to 10% of - the 'original 
source,' t he  normalized 'dose equivalent is'0.0027-.mrem per Ci ,of t h e  original source. 

As noted4n:Sec. '6.1.2.3, t he  dose . f rom HTO t h a t  Spills o n  t h e  ground f rom a broken 
container  is est imated using: t he  appropriate  :.normalized 'dose -'equivalent -.  f rom 

To es t ima te  the  dose from HTO t h a t  leaks or spills to-'the ground f rom the-wel lhead.  
(Scenarios D and E, Sec. 3.1.2), we assume t h a t  5% of t h e  source ac t iv i ty  leaks. We 
correct ' the  normalized dose in :Table .6.1 I by a -  factor:of 0.05,. which leads to a 
normalized dose equivalent-in the whole body of 4.2 ;x -1 0'5 rem per Ci injected.' ' I~ ; 

6.1 2.6 ' .  Combined dose to ,workers. . '  The..annual :dose 1 to. .workers f rom the  .accident  
.: . - I .  

. .  . .  . . . . . . . . . . . .  - - I  :. . . . . . . . . .  . . . .  . . . . . . . . .  , z - . T :  , . . . . . .  . -  .. . .  
. .  I . .  , 1.. . .  . . -. . r . .  * .  

, a  I .. , .  . - .  

< , : .  , _ . : ,  , _ I  

.............. . . . . . . . . . . . .  . . . . . . . . . .  
. r  Table '  6.'1 I ,  8.4 x 10-4 rem per Ci released. : : : : '  . .-. .':. , ' 

. . .  . . . . . .  . .  . . . . .  _ .  - , .  
. * . ' _  - . 1 .  -' , ., . . ,. , ' 

, . , I. ". I I. 1 ,  .: r 
. .  . -  ~ ,_ . 

, . I.. 

I .  . . . . . . .  . . . . . . .  . . . . .  > , . . . . .  , ' ' . :  ! f , . . .  , . ... f .  : . :- . , , ,- , :> ' , - _  2 ' > .  : ! , , ,  I , . .  ~- . .  > .  . 

scenarios is est imated 3s follows: The dose from scenario A is given by : . !: .:. 
. . . . .  .... . . . .  . . . . .  * , . .  . I < - ' . . . . ,  i-,; 

. . . .  . . . .  ! .. .-.: I .  . . . . . . . . .  
. . . . . . .  ....... . , . t i  .;,:.;. . . . . . .  i ;  . . .  ( 5 .  . . . .  .!: 

I .. 7 .. ' I  
I . ,  

.. , _- . 
-1. 

I 

.; . ,  . . . .  
. . - .  , _ . .  

. , . . -  * .'.I DA = CPAAiEAi = PAZ'AiELi . .  ' 

. . . . .  . . , ! ,  . . . . . .  
1 '. where ' ' 1  , , , ' f ' ;::. ' . .  ,..',, 2 

DA i: t h e  amual dose to a worker from scenario A (mrem/y), 
Ai is  t he  rota1 amount of the  i th  nuclide t h a t  is injected.annuafly, (mCi/y), i:. - - . *  

EAi is  t h e  normalized dose from t h e  i t h  nuclide by scenario A. (mrem/mCi 

PA is t h e  probability that scenari0.A will occur (unitless, O-<~PA - - '< 1.0)'. ! c d .  

. . . .  . . . .  : . . .  . ..., .. . . - .,%)l ;. , , . . ,  .. . .  ? .. - 
I- ; , injected): ' . . . a  ;.,'* :;.;; , .  , .  . , . . -  , . . , . .  ~. - 3 , :  . '  : .  . _ . . I .  

I t  is assumed tha t  PA is  independent of t he  isotope injected. . , I ; -  ... -;:: ::.'.: . . . . . . . . . . . . . .  : !. . ' -  
_, 

The :dose 'from cach'of :the other:scenarlos'is'estimated*in thc'rsame-:imanner'anC t h e  
to ta l  dose 'from all the  scenarios, D, i n  mremjy. is then  calculated as khe:surn of. t h e  

*: ~ 1 ' .  , . I  doses frcjm each of the  scenarios. --::;.. . . . . . . . .  :; . .  I :: ,: . . . .  .'i .. . , > ,  .. . . ~, , .. , .~ 

. . . .  :. . . . .  - . . , _ . .  ... ; ,  . ' J ;  . . .  t - .  - . .  . .  - _  . *  . . .  . . .  . < - . : .  : . . . .  . . ; :, :;, :, f;;; , -  , , , :- ., <. ;4 C' ' 
( 1  .. ~. . ,.. , . _ .  ., ~ . . _ .  

. . . : I  D = PACAiEij  + PgCAiEbi + PCCAiEki + 'PD'CAiEbi:+-PECAiE~i  5 ; g  i '  : F ,  ..; . . . .  
. . . . .  . . . . . . . .  .. ,.;.; ; . . . . . . . . . . . .  $ + . . '  .. L '  d .  . L  r - 3  , . ; .  .-- -.! -: (.;! : :" . I ::.. 

As noted. in Sec. .3.1;2;* accidents.:involving.;-the release .of :-radioisotopes.: to t h e  
environment'..while 'radioisotopes .a re  :used 'las.::interwell . t r a c e r s  -.in :EOR 'operat ions 
have been.very:rare; The.'frequency of accidents:  has been es t imated-  to be 'one per 
year  or:-less; In : the .abseW. of :statist ics 'on .the ' incidence.  o f  accideritsj iwe have 
assumed very conservatively .for :dose. es t imat ion '  that.0.05 'is t he   probability :of . a n  
accident releasing radioactivity to t h e  environment during the  aboveground stage of 
operations. Thus, in calculating the total dose from all t h e  scenarios a n  accident is 
assumed t o  occur on 5 %  of t h e  injections. In addition, t h e  five scenarios are 
assumed to be equally probable and to occur independently, and the  probability of a n  
accident is asumed to be independent of t h e  radioactive tracer.  These assumptions 
greatly simplify the  calculations, and the  resultant dose es t imates  for accidents  can  
readily be compared with those for normal exposures and regarded in  proper 
perspective. 

. a i .  ...... . . . . . . . . . . . . . .  
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Sin- i t  is assumed that IOO'EOR projects using radioactive tracers are conducted 
annually and that each project on t h e  average consists of four tracer injections, an 
average of 20 aboveground accidents are assumed to occur each year. 

Table 6.15 summarizes the calculations for the collective dose' to workers from 
accidental aboveground exposures. If accidental exposures were a common 
occurrence, the average collective dose equivalent in a worker per year is estimated 
to be 6.4 man-rem/y. Correcting for the probabilities of an accideni and allowing 
for two workers per project leads to, a collective dose equivalent of 0.1 30 man-rem. 
The calculated collective dose. equivalent for accidents is about 14% of the 
0.93 man-rem to workers from normal operations (see Table 6.5). Since w e  
purposely overestimated t h e  dosage from accidents, the average collective dose 
equivalent in workers is actually much less. 

I t  must be remembered that ,the dose estimate, for accidents is strictly an 
abstraction that- can never actually be realized. Within t h e  framework of. our 
approach, the  dose from an actual accident would depend upon t h e  radioisotope 
tracer, the amount used, and the occurrence of a specific scenario. The collective 
dose to workers would var from zero, for the occurrence of any of the  scenarios 
involving 35S, 45Ca, or 6&i, to 0.72 man-rem for accident scenario A during an. 
attempt to inject 300 mCi of 6oCo. 

. 

6.2 SUBSURFACE STAGE 

6.2.1 Normal exposures + , 

In view of t h e  absence of exposures to workers and members of t h e  public, t h e  dose 
estimates for normal subsurface operations are zero. 

I -  

I .  I 

6.2.2 Accidental exposures . . I . I _  

Although the  ..accidental contamination of a , freshwater . .  aquifer. by radioactive 
tracers. used in - EOR operations ,. is unlikely, i t  is essential to evaluate ' the 
consequences of such an occurrence. A hydrological: advection-dispersion model in 
three dimensions was used to estimate the concentration a t  various downgradient 
locations along . t h e  .centerline. following a1 pulse input-.of uni t  activity into the 
aquifer underlying the reference site. The maximum annual dose via ingestion of 
water drawn -from the'aquifer at  these locations. was calculated (see Table .C.2 in 
Aopendix C). The maximum doses per s i  released for the:l.O-km distance were 
selected as the'normalized dose factors to evaluate t h e  dose. Leakage of the total 
source activity. into the:aquifer is clearly unrealistic. W e  therefore assumed that 
one-tenth of t h e  injec .ed activity leaksinto the  aquifer. ' p . '- 

. .  . .  . . .  . .,. . .  
. .  

I '  . . \  . ._  

_. . . . .  , . , . .  
, .  . .  , .  . . 

, . 9 .  ' : 

. .  . . ., . 
. .  . I  

I .  , .  . .  ..'. e * .  
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'd 'kalculated from the activities in,col. 2 and the normalized doses in Table 6:11. . . . . . . . .  ,.. , . .  . . .  . . .  . . . .  . . .  . ' \  a ,  ..-, . ,;;; . . . . . ' . . I  ~. . . . . .  - 1 .  > . . I .  < 

e Calculated from the activities in col. 1 and the normalized doses in Table 6.14. . . . .  j ' : . .  J ,  . !, - . .  s .  
- I_ . . . . . . .  

. . . .  . . . . .  . -. j .  . .. * :* ' 
. #  

. .  
I I . ! , . .  

f Total from all scenarios. 
. . . .  - . I . .  

T I  . . -  
I5 %e Sec. 6.1.2.5 for estimation of the dose from HTO. 

. ,  . . . . . .  * .  
, . I , .  

. . .  !,. . 
. . a : .  . 
.A co+crvative 

. . . . . .  .-* 1 : .  . .  . . .  
. . /  

1 .  : . .  
. . . . . .  i: * . J . " . ' .  , '  
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Table 6.16 is a summary of t h e  resultant dose estimates. The estimates are 
presented f o r  t h e  reference organ tha t  receives t h e  highest dose. If l eakage  of 
radioact ivi ty  in to  t h e  aquifer were  a regular Occurrence, the commit ted  dose 
equivalent  in a n  individual from drinking of water  fo r  one yea r  would be 7.6 mrcm in 
bone s u r f a c e  and 0.43 rnrem in t h e  lower large intestine. I t  should be remembered 
t h a t  t h e  dose es t ima tes  in Tablc 6.16 are strongly biased toward high values because  
of t h e  unreal is t ic  assumption t h a t  t he  water-supply well is loca ted  on t h e  
centerline.  Furthermore, t h e  assumed release fract ion of 0.1 is still conservative. 
The doses would decrease as t he  la teral  distance of t h e  well f rom t h e  center l ine  
increases. 

Summing a l l  t h e  doses in the  fourth column of Table 6.16 is not  a valid procedure 
because t h e  re ference  organs differ. The fif th column l i s t s  ose es t im  tes t t h e  
w o l e  b dy  for t e radionuclides found to b e  most  important, $14 ("TO), "111, k, 
radionuclide. T h e  sum of t h e  doses to the  whole body is I .2 mrem/y. 

A rough e s t i m a t e  of t he  incidence of groundwater pollution via well fa i lure  can be 
obtained f rom t h e  number of complaints of groundwater contamination fi led with 
t h e  Railroad Commission of Texas (RCT), During 1973, 1974;and t h e  first half of 
1975, t h r e e  complaints of groundwater contamination by brines w e r e  fi led in  
Distr ic t  111 of t h e  RCT (Braxton - et a1 1976). Because brine disposal in Texas since 
1973 has  been permit ted only into impervious subsurface pits, t hese  complaints are 
a t t r ibu tab le  to well leaks rather than seeps. From information on  regional 
groundwater  hydrology and well locations, it was  est imated t h a t  fluids f rom 
40 percent  of t h e  oil  wells that are breached could reach a wa te r  well  within f ive  
years. The incidence rate for  well failures in District III is thus 

6 6 3  Co, 6 Ni, and h r .  Strontium-90 is singled o u t  as potentially t h e  most  important  

._ 

= 3 per year ' 
3 

2.5 yr  x (0.4) 

Taking in to  account  the  producing wells in the  area, which number some 8,000, t h e  
incidence of well failure is  

3 per  year/8000 = 4 x 10'4/year 

The relat ively low incidence of well failure leading to t h e  contamination of an  
underground wa te r  supply is in accord with cur ren t  observations. I t  i s  es t imated  
that in t h e  pas t  f ive years in Texas no more than 10 documented cases of aqui fe r  
contaminat ion by brines a r e  directly attr ibuted to faulty injection or disposal wells; 
t h i s  i s  o u t  of a to ta l  of 46,000 wells (Cinn, 19837. In this report w e  have assumed 
conservatively for  dose estimation that the probabilitv associated with this  acc ident  
scenar io  i s  0.01, i.e., a n  average of 1% of t h e  injections of a liquid radioisotope 
tracer will resul t  in the contamination of a freshwater aquifer by radioisotopes and 
brine. 

The  col lect ive dose to members of the public was est imated assuming that t h e  well 
s e rves  & 1-km2 a r e a  about the  well  and that t h e  population density is 14/km2. The 
col lect ive dose is ther! 

R. Ginn, Oil and Gas Division, Railroad Commission of Texas, Amtin,  Tex., pr ivate  * 
communication (1 383). 
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Table 6.1 6 Annual dose t o  an individual I via -'ingestion . . ;  . I  of ' water" f rom -an aquifer  
contaminated by  radioactive tracers for E0R.a . . . .  , -- - .  ., 

. . * . . . . . .  'a ........ '!i . . .  :-,. 1 _ .  :.. > L .  . - - .  . .  
,.. 

, . i .C I '  & ' . , >  

. .  . . . . . . . . .  . . . . . . . . . . . .  .. , - 
., . . ' 
a .  

. . ,  . . .  -,., . .  ._ . . . I ..I , 

. . . . . .  . . . . . .  . .  
, > '  

' . . , .  - .: :;? . :: : 

. . .  

.. ._ ;- - . .;; '; ,- '. .,: ' _  _ '  , . .  
, . . .  L . ( I  . i . l . ,  . - s  ' i:. ; Dose e . . 

I .  quivalent in 
-Total  :; __Ii ;,;:! ; : - . : . a * -  : \ ,  

injected, Reference Dose equivalentC whole body=. ' 

. . . . .  
. - , .  

. . . . . . . . . . . . . .  amount  . . . . . .  ' . . ,  , _ . I  ' 

.. mrem/y, . ..: . . . .  :. . .  mrcm/y.,  ... :- .; . . .  - .  - .. -. -.__ , _._ . . 1  . . . . .  . .  .. . .  .. . - .___..,.__. ^... - -... * ._ - . . . .  
b Radioisotope - C i / y  , :, ,.;:r,organ . - I  r . -i :::;, , , 

- .  

.~ , . .  . . .. . . . . .  ~a-45.a; .;: : '0.02 .,.:.. ::Bone sur face  ;. ;!: .I  , x : ~ o - &  1 .  4 ::;'.' 8 \ ' .  '. ( 1 . .  . . . .  
Co-57 ".. i .  . .  

.... . . .  . . . .  . - .  . .  r ?  . .  . .  

Co-60 < .  . . . . . . . .  2.6. . .  ,: LLI wall -: .! 

Zn-65 0.04 LLI wall O X  10-7 

Sr-90 . 0.-40 Bone sur face  7.6 L . . .  ,:, 

Ag-11 Om 0.04 Gonads 2 x  10-6 

I . . , 9 ; '  ,: . . . -  , 2.0 . ;  . 2 LLI wall..' . .  .--: 1.6 x.19;' 
Co-58 ; .  -; . .  0.80, .; LLI wal l .  :: . I  x 10'; . . .  oio39d- 

. ! .. :.' . . . . . . . .  :: . . .  
' ..: . , . .  . . . . . . . . .  

. .  0.36 .':: . . . . .  r ' - .  ,, I ..... 3.7 : !. ' Z .  '% 2 
Ni -6 3 1.4 LLI wall 0.070 

1 3  I .  Sr-85 I :, :.. *0.12.--: ... LLIwall I .,_./ . I  : . . I  xtlOT. , - ! .  , > ;  :,.-, 

-1--125--. .' 1-131 .. 

. . .  .... . . .  1 .  
. r .  . 

0;47d,'.. . ' . , . _ .  . .  , I  :., 
, -  . 

. . . .  . . . . . l ; ~ . . . - . -  .-  n y r o i d  .. . 5 .x 10-1 1 . . . . . . . . .  -.- . . . . . . . . . . . . . . . . . .  

e 

Total  (P = 1.0) . . ,:. . . : . :  . 1.2 mrem/y -c-i 
-- . - -  (P.= 0.01) .............. .-.. . . . .  - .... ._..-.. ......... .~ . . . . . . . . . . . . .  0.01 2.mrem/y--. 

1.7 x 10-4 man-rem/y Collect ive dose e uivalent in members of the  public 

. . . .  . . . .  .. '., 0.1 2 
,. ,. , 

. . . . .  --__. . 

..: , 3 : ,  . . . . . .  - .  P I  . . . . . .  .. 1 
assuming P = 0.01 1 

a The accident  scenaric, assumes t h a t  0.1 of t h e  amount injected gains e n t r y  in to  
t h e  aquifer. The well is iocated'1,O krn downgradient f rom the ' sou rce  along t h e  
centerline." f *  . 

b See Table C.1, Appendix C. ' 

C Based on the  normalized dose'equivalent es t imates  of Table C.2, Appendix C. A 
person would receive these doses if t h e  accident scenario occurred while t h e  total 

-.Based on whole body 'dose f ac to r s  (committed Idose" equivalents) of 
1.4 x ' 1 , q 2  rem/pCi f o r  22Na (Dunning et aJ., 1981), 4.4 x 10-3*rem/pCi:for'60Co 
(Dunning. et a& 1981) 1.8 x-,,- 10-vrem/Ki  fo r  63Ni (ICRP, ~ .. ,1982); -' and 
9.5 x: 10 

- .  , ,  , -  , . . I  * I  . _. ' '1 . . .  . ,  . .  amoun t  of the  radioisotope was being injected. . . .  . . . . . . .  _ _  
* 1 .  

i ~ 1 -  ' . .? :, . . 3 . .  I .  . 
. ~ 

,. ,, 
,. . . . . .  ,. , 

. . . .  

-2 - :':.-:: . j ; :  k ; , .  ' ;  ;- 8 

. .  
I '  ' I .- 9 ._ , rern/pCi for 9dSr (Dunning et al., 1981). 

. .  . . ,  
I -: L ._' I 

.. <-*,. ..- 
i : , : ,  

, .  e The dose equivalent from I 3 l I  would be very low (<10-20 mrem/y):. . -'# ? .  ";" ,, 
' , ,. 

, -* ,.-: :. . . ,  . ' -  * . " I  
,. 

. -  L . .  , , . , I  

.. .Assumes. the  well .  serves .a - 1  krn2 rural area where.  t h e  .population -densLty...,is 
14/km2. The occurrence of accidents has been very rare. A . . . .  conservative acc ident  

. _ I  

: !  1 '. % . , , \ ,  , - - .  j :. 
~ * , !  ,I. frequency of 0.01 has been used for dose estimation. 
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.. - 14 x 0.01 x 1.2 = 0.17 man-mremjy . .  
= 1.7 x 1 0 " 4 m a t i ~ e ~ i / ) ;  . 

T h e  dose from ea t ing  vegetables t h a t  had been  irrigated with. t h e  well  water-  or- 
ingesting milk or m e a t  f rom c a t t l e  t ha t  had drunk t h e  well wa te r  and consumed 
forage  t h a t  had been irrigated by t h e  well w a t e r  would be only a small  f ract ion of 

. t h a t  f rom drinking well wa te r  (see Appendix C). 

6.23 Comparison with dose es t imates  for naturally occurring radioisotopes in  w a t e r  
c 

. .  . . . . . . . . . . .  . . . . . . . . . .  . . . . . . . . . . . . . .  . . - .  . . -. 

The above  e s t i m a t e  o f  dose appears to be  small  in comparison to t h a t  received f rom 
t h e  use  of groundwater containing naturally occurring radionuclides. AS a n  example, 
t h e  radioact ive noble gas, 222Rn, t h a t  results f rom t h e  decay  of t h e  238U series, 
frequent ly  occurs  a t  elevated levels in roundwater. Table 6.17 contains data f rom 

As a specif ic  example, Prichard and Cesell (1981) have calculated t h e  individual and 
col lect ive dose  equivalents received by residents in Houston and twelve nearby. 
suburban municipalities from 222Rn'in their water.  The sources of ater are a b o u t  
evenly divided between wells and sur face  sources  of much lower 

I 
I 

UNSCEAR (1982) on the  occurrence of A2Rn in groundwater. , . .  

Y22 Rn content. .. 
\ 

Table 6 . l t  
(UNSCEAR, 1982). 

Radon concentration in well w a t e r  from several  areas of t h e  world 

- 
e 

Radon concentrat ion (kBq/m3la 
Maximum Loca t ioi? Average 

Austria 

. .  

Salzburg - ._ . - 1.5 
.. 

Finlacd 
Helsinki and Vantaa 

I .. , 

, 1200 , 

Other  a r e a s  230 

Italy 80 

Sweden 

United States 
1) t ,  I . *  

Aroostock, Maine 
Cumberland, Maine 
Hancock, Maine 

- Lincoln, Maine 
Penobscut, Maine 
Waldo, Maine 
York, Maine 
North Carolina 

. ., . ' .  , ,  . . .  
i . .  . . .  

. ,  . . . .  . . .  - .  . 1 . :. . .  

.~ . .  . . . . . .  , .. 
.:. - . 

, 

19 

48 ' 

1000 
1400 
560 
540 

1100 
670 
100 

7 

45,000 

150 

200 
5800 

. 4600 
1600 
2400' 
3100 
2200, 
1700 

a I kBq/rn3 = 27 pCi/L. 
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Dose is . delivered to . the .  gastric :epithelium - :by ingestion and ;to .the bronchial . 
epithelium by  inhalation of ,radon liberated .during w a t e  , such as showering. For 
the  1,612,000 residents in.1975, the  average  level of 52y& i n - w a t e r  was measured 
and calculated to ,be 437 pb /L .  This resul ts  in a c a l 5 1 a t e d  average individual ' 

exposure . to  ' t he .  bronchial '.epithelium of 0.0024 Working .,Level Months (W JA) per - 
year  and a n  average individual ,dose equivalent , o f ,  between 14 and 34  mrem/y,' 
depending o n  t h e  conversion. factor ,used. ..The average  individual dose equivalent in .. 
gas t r ic  'epithelium was calculated to be 2.6 mrem/y.. For . the Houston-metropolitan 
area, t h e  .annual collective dose : is 4200 man-rem i n  : the gas t r ic  ,epithelium and  
betwekn 20,000 and ,60;000 man-rem '-in t h e  ,bronchial epithelium. .-The individual. 
dose equivalents from natural  ?2?Rn in  t h e  wa te r  supply (14-34 mrem/y in-bronchial.' 
epithelium and 2.6 mrem/y in gastr ic  epithelium), great ly  exceed the dose ; 
equivalent f rom drinking well water  ,contaminated by radioactive tracers used .in 
EOR operations,. es t imated ..to .average 0.012,mrem/y.. i n  : t h e .  whole - .body. of a n -  individual. ' .I.. - 

The main concern, if 0.1 or any other fract ion of the injected iktope w e r e  to gain 
entry into a freshwater ,aquifer,,would be  the  e n t r y  of t h e  accompanying sa l t s  and 
o ther  consti tuents of t he  injection fluids in to  t h e  aquifer  (Todd . . . .  and McNulty, 1976). 

. . . . . . . .  . - . . . .  , ' .  ' 2  . . . . . . .  .' .! - .: . . .*  .:: . . .  . . .  . .  . .  , .  , - . , .*. . ,. : .: .: ' 5  ._ 
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L >  6.3 RECOVERY AND~DISPOSAL STAGE 
Z . '  

I . >  r. , :. 3 
\ ,  

6.3.1 Normal exposures' . - 
#- -1 

Gaskous t r i t ium injzctkd' -for i n t e r w e l 1 ' ' ~ r a c k ~ ~ :  will be found jn' i h e  natural  gas' 
f ract ion co l lec ted ,  at'..produc 'on wells.  whether ' injected ' a s  HTO, HT or gaseous 
hydrocarbons; The HTO and k O 2  are'.remoGed when the 'gas  is' procesjed into dry  
CO2-free gas. The .separated C02 is 'either recovered and reinjected or 'vented 'to 
t h e  atmosphere. The HT may be separated from the ,hydrocarbons'along .with Np 
Tritiated e thane  and -propane are. separated +into a liquid natural  . . . . . . .  gas fract ion and  
noble gases remain in the  gas fraction. .-  1 '  . . : . . j  ,'..' .' 1 

. , . *. .,;, . 3 
~ ' . - 

. ' I '  . . . . .  ~ -. . . . . . . . . . . . . . . .  

Because the  . . . . . .  radioisotope ~ . . .  . concentrations in t h e  fluids collected a t  production wells 
are below exempt concentrations, ',and since'  ttie&% 'practically no d i rec t  or indirect  
contac t  of workers with materials collected, doses to workers are assumed . ~. to be  

. . . . .  . .  ..+--., . * . - > . . . , . _  , ,  
. .  

., < . - #  4 ;' ,.\ : . .  ;:,.., ;:.. ;:*,' .......... ..i $...... ... ; . . I _ .  . ' .  . .  . 
. . . .  

Doses to members o f  'the''pub1ic 'are- est imated 'on' th'e basis of exposures. to the  
combustion products of the  tracer-bearing gas after it is processed and .distributed 

The annual dose equivalent in the whole body o f  -an individual from' tr i t ium' per unit 
concentration in t h e  gas supply varies over  a narrow range, and is est imated to  be in 
t h e  range 2 x 10 to 4 X.I(rc8 rhrerri/y 'per .pCi/L.:',(Tablks 'D!lF and -.D.2).'" If t h e  
average concentration of 3H in gas. .were ' 20 pCi/J,, which is 10% of t h e  limiting 
value for. release to a n  unrestricted a r e a  (10 CFR 20 Appendix B Table 11. Col. I), 
'and t h e  dose 'equivalent 'rate' per unit concentration in'igas ':were!3 x'.I 0'4 mremly 
per pCi/L, the  dose equivalent in an  individual would be 6 x 10-3 mrem/y. . I f  t h e  H 
concentration in gas were 200 pCi/L, t h e  limiting value, the  dose equivalent in a n  
individual would be 6 x 10- mrem. The 'dosc 'es t imate  of '6 .x:  mrem/y- is too 
high because . the maximum design concentrat ion would probably be less than t h e  
-limiting , -  value , . .  and the  average'concentration ove'r a' period 'of t i m e  is  much ;less than 
t h e  'maximum. In addition'36e' tracer-hearing 'gas,,from one  ':production' well - i n  a ': reservoi i  would be mixed with non-tracer-bearing gas 'from' o the r  p?oduction-wells 'in 

.. to.consumers.  I : The , ,  backgrou,nd 1 . . ~ ,  j ; . ,  information . , 
% . I , .  , . .  \ . and ._ . .  data .:: ', are . .. described . .  . . . . . . .  . , in . Appendix , . , -:- D. , >  . . - .  . " I 

. .  . .  ,. 

2 . - .  .: 
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t h e  reservoir and from production wells thgt 'feed into the distribution system f rom 
other reservoirs. Therefore t h e  annual dose to an  individual is estimated to be - < 6 x IOo3 mrem/y. , -  

The dose equivalent rate in skin per unit concentration of  85Kr in gas is es t imated ,  
to be 4- x IOo4 mrem/y per Ci/L (Table 0.1). The ratio of the dose equivalent rate 
per-unit concentration for  h r  and tha t  for 3H is consistent with t h e  ratio f t h e  
dose fac to r s  fo r  t h e  two  isotopes (see Table B.3). If the-concentrat ion of &r in 
gas w e r e  30 pCi/L; which is 10% of the  limiting value fo r  release to an unrestr ic ted 
area, t h e  dose equivalent in t h e  skin of an exposed individual would be. 
1.2 x mrem. The dose equivalent in t h e  whole body would b e  about  80 times 
less. 

The Los Angeles basin is used as a f rame of re ference  to es t ima te  t h e  collective. . 
dose to members  of the  public, The annual rate of gas corlsumption in  t h e  Los 
Angeles basin from data provided by Jacobs et al. (I 972b) was 

.. 
, - .  -- 

1.49 x 1O1O m3/y 
1.38 x 1 0 1 O d / y  
0.73 x 1010 m3/y 

Residential 
Industrial 
Steam plants 

Total  3.60 x 1O1O m3/y 

The total quant i ty;of  3H gas injected annually for interwel l  t racing in EOR is 
es t imated  t o - b e  1300 Ci (Table 6.5). W e  assume t h a t  20% -of t h e  3H act ivi ty  i s  
recovered at production well sites and ' i s  contained in a volume of processed gas 
equal to t h e  an uat gas consumption of t h e  Los Angeles basin. The result ing 
concentrat ion of 3 H in the  gas is: 

.- 
(0.20 x 1300 Ci)/3.6 x 1O1O m 3  = 7.2 x 10-9 Ci/m3 

= 7.2 x pCi/crn3 
, r .  I 

a i , .  
. .  . ~ . ,  . 

. 1  
. - .  . .  . .  

The average  dose.equivalent in an'individual in t h e  Los Angeles - -  basin wouid be 
. -  . i '  > ' .  " . I  

7.2 x I W3 pCi/cm3 x 0.'29' mrern/y per pCi/cmf = 2 . 1 ' ~  1 W3.mrem/y 

(See Table D-2 in Appendix D for the  dose,equivalent : ra te  per unit concentration in  
t h e  Los Angeles basin.) 

The to t a l  population of. t h e  c i ty  and count ry 'of  'Los Angeles is  -~7,000,000, which 

_ . .  7:x 1 0 6 x  2 : 1 : x ~ I 0 - 3 m r e m / y = ~ 1 . 5 ~  103man-mrem/y 

. '  , . 9 . .  

. <  .. . . '  . , . .  
, -  

, . . -  
. r  . . . . . .  . , : ! '  

leads to a col lect ive dose . .  eqliivalent . .  of , .  . .  

. I  I .  . .  . ,  I .  = I5 man-remjy . .  _ .  , '  * . .  . - ' _  
. .  ! .  . . .  < . '  . I  

The r e s u l t h g  col lect ive,  dose' equivalent from 3H 'per. . .  curie in gas for the  Los 
. , : Angeles basin i s  . : .  - I I . .1 

.. . 1 .  . .  

I . ,  
-. 15 man-rem/y-+ 260 Ci = 5.7. x 1 0 y 2  man-rem/Ci*y ~. . 

. .. . .  I .  . ' .  - . .  . .  

The estima-te of: the.col lect ive dose from ' 3 H  to the  regional popula ion t h a t  .would 
be  ' se rved . .  by gas , f rom Rulison is  a smaller value, 1.3 x 10-2 man-rem/Ci=y 
(Table .Dol), which considers, only, t h e  'combustion of residential gas. The col lect ive 
dose es t ima te  for the  Los -Angeles basin takes into accoun t  industrial and s t e a m  
generat ing sources as well as residential sources. 
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. ?  . . ,  . Quanti ty  injected ann@ly 300 Ci 
-..--_.__Activity in processed gas (20%).. . . . . , - _ _ _  -. -60 C; ._ ._ .. . _. - - . -  . . . _ .  . . 

1.7 x 10-3pCi/cm3 
. ?<  - r  f*:.!- -0.4 mrem/y per pCi/cm3 - ; i ;  ' . .  

. .  Concentration in gas 
' I t f  -"Dose equivalent 'ratein.skin ''a . .  

per uni t  concentration 
__.. .-..-..Average dose equivalent in skin-. .  .________. . . - 6 . 8 . ~  IOo4 mrem/y. ..-..--...._... .. 

Population of b s  Angeles basin 7,000,000 
. I  * . . .  . . .  

Collective dose (skin) . 4.8 ,man-rem/y 
Collective dose (whole body) ' .  . . _ _  OiO61 . man-rem/y I .' . \ .  

, ' .  . . 
" . , .  

a .  1 :. . , .  . f : 

. .  1 .  

- ' J  

The dose to the.whole body is about 80 t imes less than ' tha i  , ,  . . I  . to skin. 
. , *. i. 

The above individual and collective dose estirnates.&n be compared to those arising 
-from the .presence  of 2??Rn in natural  gas. .According to Johnson -L  e t - a l .  (19731, . the  
concentrat ion of ,222Rn in natural  gas distribution lines varies f rom 0.5 to 
I00 pCi/LeL'.For ' the  'average concentration of 2O'pCi/L,' they calculate  a yearly dose 

.equivalent of I5 .mrern in . the bronchial epithelium of a n  individual occupying a home 
,with a n  unvented kitchen range. To compare doses i n . t h e  Los Angeles Basin,, w e  
no te  ' that '  t h e  average 222Rn 'concentration' oh t h e  ( W e s t  Coast' is 15 -pCi/L.(Johnson 
et ai., 19731, a n d  assume tha t  half of the  7,000,OGC people l ive i n  homes'--with 
unvented kitchen ranges. The average individual dose equivalent i n ,  t he  bronchial 
'epithelium would then be'about -1 0 mrem/y;and t h e  coilective dose equivalent would 
be  about  40,000 man-rem/y. These est imates  contrast. with ' the  'much "lower 
cs t imates  a t t r ibutable  to residual tritium, which would deliver whole body dose 
equivalents of 2.1 x mrem/y to an individual and 15 man-rern/y to t h e  
population . 
In this  report it is assumed that  all  injected C02 is recovered as a gas and aftzr 
separation f rom the  natural  gas, is vented to the  atmosphere. The  collective dose 
equivalent f rom I4CO2 is  assumed to be the  same collective dose t h a t  would result  
f rom t h e  accidental  release of 14CO2, which is listed in Table 6.13 as 
1.2 x lT3 man-rem/y. Since I4CO2 is miscible with fluids, this es t imate  is 
conservative. 

In t h e  case of HTO, we assume tha t  10% of t he  HTO recovered in fluids and gas at 
production well s i tes  will evaporate. From the  es t imates  of t h e  col lect ive dose to 
members  of t h e  public from accidental releases of HTO in Table 6.13, the  annual 
re lease of 180 curies of H1'0 would lead t o ' a  collective dose equivalent of 
0.34 man-rem/y. 

The v a h e s  in Table 6.18 a r e  used in this report as t h e  annual collective dose 
equivalent in members of the  public from residual t racer  act ivi t ies  in natural gas 
and o ther  atmospheric releases of radioactive tracers recovered in EOR operations. 

6.3.2 Accidental exposures 

l 

Accidental  exposures would not be expected in t h e  recovery and disposal stage. 



Table 6.18 Collective dose to members of t h e  public f rom residual tracer activity. in 
natural gas and o t h e r  atmospheric ' releases of radioisotopes recovered in  EOR 
operptions. 

Radioisotope Reference organ Annual col lect ive dose equivalent 
man-rem/y ~ - 

, .  
15 3H (gas) Whole body 

3H (HTOP WhoIe body 

S5Kr Skin 

0.34 
14c (14f32P Whole body . 0.')012 

, .  4.8 
Whole body 0.06 , 

,. , 

. -. . I '  
. . . . . . . . . . . .  a .  : . . .  . .  . ; .  . . .  

- ,  . _  " .  

. .  15 man-rem/y. . .  . ,  
Whole body 1 , , _  
I _ _  3 

Total .. , 

. . .  - .  . - 2  \ . . .  . .  . .  
. .  . . .  . . .  . .  . ,. - , 

. . . .  10% of , t h e  HTO injected is assumedf to  be recovered at 'production wel l ' s i res .and 
. .  

. . .  . .  . .  . .  . >  . L '  . .  evaporate.  1 . .  . I  
I . .  . . .  . . .  . 

. . . . . .  * ' .  

: bl:AlI cf the :  4CO2. injected' is  assumed to.be'recovered'at'production well s i t e s  and '  ..". ... 
ven,ted to the' 'atmosphqre. 

. . . . .  . .  

. .  . _  . . 
~. 

, I  1 . I .  

. . . . .  . .  

. .  . .  

. . . . .  
... 

. , .  ' ,  

. .  . .  

. .  
8 .  

. , .  . .  

1 

, _  . , . . I. i '  
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7. TOTAL ENVIRONMENTAL IMPACT FROM THE USE OF 
RADIOISOTOPES AS INTERWELL TRACERS 

tn this  section w e  combine the-dose estimates of Sec. 6, for: workers and  members of 
t h e  public, :to es t imate  'the; t o t a l  ~national"radiologica1 impact  f rom t h e  use of 
radioisotopese as in!erwell, tracers in EOR operations. 

Table 7.1 is summary of the  dose es t imates  for  workers.! Liceisee'  employees are 
exposed'only during the  aboveground stage of an operation. As ,noted :in Sec. 6.1 .I .6, 
t h e  collective dose to workers is est imated by applying a' f ac to r  of 2 to t h e  dose 
es t imates  for a n  :individual 'worker to acc0un.t ' f o r  t h e  average of two workers 

,: The col lect ive dose equivalent in  workers from normal ex&sures.is  es t imated  to be 
:. 0.93 man-rem/y. The external dose ft-om 6oCo and o ther  : isotopes of  :Co accounts 
.' for  a major - f ract ion of, this dose. Taking in to  account  TLD, data :for licensee 
I .  .: workers (reviewediin sec. 6.1.1.1) and the  fact t h a t  in  some,  EOR :operations t h e  

radioactive t r ace r  iis continuously sldelded,; t h e  'dose :est imatk for  normal exposures 
: is considered ,reasonable. ; 

:.: Thee average., collective dose equivalent in workers f rom i accidental  exposures is 
: ect imated to be 0.13 man-rem/y, which is a fac to r  of 7 lower than  t h e  collective 
dose equivalent t o  workers f rom,  normal exposures:;. It i s '  important to remember 
tha t  the. ac tua l  dose associated with .an'accident .could 'be expected to vary widely, 

;'depending on t he  pd io imtope ,  t h e -  'quantity- handled a n d ,  t h e  particular accident  
cscenario+. The major contributor to t h e  dose from accidents  'is .a?&. \ ;: 

'. i : 
:.AS' note3 previously, accidents leading to unplanned exposures have been extremely 
rare o r  honexisten! when;radioisotopes were used as interwell tracers in EOR, and 

' ,weeregard t h e  assumed accident frequency of 1 % to be conservative.!, However, t h e  
:,dose es t imates  .for accident scenarios -.are ., highly - sensitive' to  parameter  values 
.. assumed in t h e  calculatione 'Thus, a very wide'range of exposures'.artd dose es t imates  
. would be possible for 3 given accident  scenario. The total dose to- an individual f rom 
t an ' ac tua l  accident  jcoyld be a substantial  portion of t h e  values listed in -'column 5 of 
' Table 7.l and msy be comparable to the  dose from normal'exposures. The t o t a l  

The dose to workers" skin has not been discussed. Personnel 'monitoring records of 
one  licensee :indicate, t h a t  the average exteimal exposure to the  hands is two t imes  

3 .  

I 
9 .  

. ,  
1 . ;'! 

: . I  I- . > . .- . . ; 

, ,  
; assumed to par t ic ipate  in each project. .,.> . .  - - (I : -. 

! 

.: y, , '  ' . .  . . -. 
: :  

. -  , I  

. .. 

L 
, 
' L 1  

. -  .. 

,. 

:..collective oose equivalent in workers is 1.1 .man-rem/y.:., ' I -;  .. > ,  -' , 
. . f .  - . .  . I .  . , .  . .  . .  -. , .  . ? ,  ., . .  , *. 

- *  

:: ! .. . ... 
1 t h e  average external  eXpoSure,,to i I . . .  I , .  t h e  - -  i whole - .  ~ . ,body:. . . . a -  :,-~:: ,- . .I: , ,.. . ..-;,-:<- I, \. < >  _. i- ,- ! _ _  '. - . . . . .  I _  -. ( 7  c:. : . r  -.. , I _  

' -  , . .  
i .  

._ 

I . . < .  a 
. 1 .  

Table 7,.2 i s l a  summary jof the  do;e es t imates  for  members:.of t h e  !public. The 
.;accidental aboveground exposures a r e  due to accidental  surface releases of gaseous 
:.radionuclides (see ,Set. 6.1 -2.3). The accidental  subsurface exposures.  are. due  to 
:'drinking wa te r  f rom a n  aquifer contaminated by radioactive t racers  (see' Sec. 6.2.2). 
;;The; normal eXpoSUres associated with recovery and disposal are due jto-combustion 
;.products of : t h e  3iH-labellecl .hydrocarbons. recovered :in the  'natural  ;gas and to 
'.atmospheric. 'releases -:of gaseous_iracers from ' t he -  - . -  fluids recovered j at I production 
.- 

, .. , _  : i , ,.* . . .. 'we]]s (see Sec. .6.3.1). ' ' 
- * ' '.* 

The total collective dose equivalent in the.whole body of members of the  public is 
est imated to be 15 man-rem/y, derived mainly from HTO formed by t h e  combustion 
of 3H-labelled gaseous hydrocarbons recovered in natural  gas. This dose es t ima te  is 
exceeded by the  collective dose equivalent in members of the  public f rom the  2*2Rn 
naturally occurring in natural gas. This is es t imated to  be 40,000 man-rem 

,.'. . 
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. .  Table 7.1 &mate;.of the dose equivalent In workers irog h e  use of radlonucl!des as mterwell tracerr'm €OR. 
. .  . .. . . . < .  ... 

, .' : , I. . .- 
I _, . Normal atoreground exposuresa . .  Accidental abovegrould expo&csa ' . 

Radiotrotom-:! I n J C C d  - , Number of: an rndlvidqlb .1 cqu volcntb , a an indivrdd: probabilitygf ' cqu volan6. 

.. . 
. > . .  , . 

. ,  
' Dose equivalent to @llectivc do'sc . Dose equivalent to , Auucned . . '  collective dose ' 

... . . : Total amount; 

. -. '. Cl/y : tnjectronr mrem/y. . l(r 1 mur-rem/y mrL.n/y . . , . txcurrence . I. IQ 5 w - r e m / y  ,: ._ . .. 
m .  . .  

* I  , .. 
I . ,  

I . .  

1 .  

I .  - .  - . . , -  

1.3, , :  . 12.6 , ?  . *  0 , :, . '  ' 0.01 0 
.. . . .  

H-3 (gdd , .. 1300 64 ' ,: , -. . 

C-ll(l!'CO )'. ' A  1.6 :: 

Na-22 : . " -' 011 2 2 .: / '  . . - & a '  . . 1 ... I1 '.: -: 

. .  0 .  ;- 
5-35 . .; ' -  ' 0.02 2 I.' . 
ca-45 ,'- ' .  

. -400 .: . 

5.2 . t  *: 1709 ' ' . . . 0.01 , ':, ': , 34 ' ' , . ' I,' 

. I  . ~ 

-: 0.004- dl1 0.01 . ' .  ' , aci 
150 1 .  . 0.01 :'. -. so. 

0.01 , 0 .  > 

0.01 : , ,., ' .  . o  . .  
13t ; " 210 " ~ - 0.01 - .  --, : . 6.2 . 

' (HTOJ 1100 ' 128 '. . ' * 2 6  * 

14 .: " 0.002 ' ' 

. 0 ,_, , '  ' 
< .  

I 

C-l~.( l iguidf~~,  . 1. 0.10 . a ' . .o , 7  : . o - + ,  0.01 * ';, . o  . I .  ,. 

.. 0 .. . 
. 1  

0 : .$ ;> : : o .  ' .. . ,';, 0 .  . 

. _ .  

, .  
Q' .-. . . 

' 0.02 _ .  2 I . '  

CO-37 2.0. - '  , 24 ' :  * , 67 . . . .- '  
CO-58 : . . : 0.110 20 ' 63-  - ; . .  - 130 ._. , . .  460 0.01 : ,  :~. ,': 902 , 0 - 6 0  , ( '  . .. ' 72 : -: 

0 ' ,  

2.6 43 . 100'. ' . 3600 ... . 0.01 . ' . ' 

0 . *  - ' , ~  - 0.01 A .: Ni-63. . . .  1.4. 5 5 ; '.  0 :. '' . :, : 0 
Zn-65. ;. 0.oq 2 1.5 ' 11 - . ~ 14 ' -  ' . :  0.01 . '  I .  :.: 0.21 .' . 8 . ! 

.. aoog .~ :. Kr-85, 300 ' , . 42 1 50 I '; 
Sr-85 0. I 2 5 IS . ' ,  

St-90 - -: . 0.40 . . 22'. . I 
Ag-l1Om I '  '..- 0.04 . '. 2 ' .  . 6.7 . . 

1-125 : :. , , . - 1.0' . 30 ' 60 .. 

<. I . .* 
7 .- 

, I  *.. ... . -  
0.01 ' , 

0.01 ': , : 1 0.09. 
. '  0.01 ; ; (.. -: 1.5 . .  

100 . 0.14 . ' 

.. * 

30 77 , :  . * 

Z t '  .- 1.6 . -. 4 4  ,.: : 
13 , . _ .  , .  6 5 ; ' .  '0.01 , . : I o 3  ; .  , , 

0.01 . '  . ' 3.6 
aoJ j .  , :  QX-': ' i ' 

. e .  i a o  . 
2a 1 _ .  . - .  

10: ; :- . .  

_. 0.12 . !. 5; . . J4  ' %8 , 
, .  

1-131 

I .. 

I .. 
13-0- 

. .  . .  
. . .  

.. , ' 6500 .' '.. * 470 930 . ' 

- . L  . . .  3 .  

. .  . .  
To tal 
Total collective dose equivaleni in workers: 0.93 + 0.13 8 1.1 mwem/y.  

. a  Workers arc axposed only in ?ty abovegrad stage. 

b From Table 6.51, A worker would receive these lndiv ldd doits bnd two work& these collective dosed if he were to inject the t o k  mount 
of the radlolsotopc. ' . .  

' C From Table' 6.1S.' A worker would receive thuc tndividkl doses 1f.acddtnts occurred wwe he were hndllng '&, total &t of the 
radlot~topc. I I .  

. . .  . .  , . I  3 . .. 
- 8  

- a  . I -  

I .  . . .  I 

* .  .. . .  

. .  . , 
J I.. . .  . I  

, -  
.. , 

.. - .  
. .  . . .  . .  . .  

d-,Thc Occurrence of accidents has been very-r&c. A conservative accident frequency of 0 .0I .h  been &.for dose cstlmotion. , . . 
' 

I .  .. . ..I - . .  * . I  . '  - 
. ,  

' e Collective hose erikate auumfng accldcnt irequency of 0.01. It 1s &mcd that each projkt involvu two w r k m .  ' 
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Table 7.2 Estimates of dose equivalent in the whole b d y  of members of the public from- t! - .  :?  ,.. - . I '  ...  * -  
' ,  . . .  . ,  , .  . .  . - .. 

. . . . .  ' ,Accidental subsur - Accidental aboveground exposures: :: . . _ .  

. . .  , . . -  . .  ( 1  \ . . . . . . . . . . . .  
-. . ; ).. , . 

. he use of radionuclides , a i  ... inrervell t racers  in  EOR, - ' < '  ~ 8 . .  ~ 

! \  
* ', 

. . . . . .  
_ _  .,. .* . . .  

- face expaiures : . I .  ;-. Normal recovery -: 
' ' Collective dose Collective do= , ' 

' - - ' e q u  vatentd . . equ valent= ' * - 

- . .  Total amount Collective dose . Collective ' ' . Dose equivalent - I , .  . . .  
-J .-. . ' .J . I , 5 dose equivalent . , in individualC 

10'3 . . .  man-rem/y . .  . mrem/y: : '; ' ',Probabilltyb' , .  . a  IO man-rem/y L .  

, . * -  . .  Radioisotope injected equivalenta 
Ci/Y (P=l.O)man-rem/y' Probabilityb 

10, man-tcm/y, 

H-3 (gas) 
(HTO) 

C-10 (liquidf 
Na-22 
.s-33 
Ca-4: 
Co-57 
co-58 
CO-60 
Ni -6 3 

-E Zn-63 
-a Kr-85 

Sr-85 . 
Sr-90 
Ag-1 lorn 

c-lb Q b C O  1 

1-1 25 
1-131 

.- 

. . . .  
* ~;sod..' ' ':. 1 . )  

, .. 
L ,  - _  340 . . :  

0 
. \  . 

\ .  
. ,: 0.01 * ' :;. . .  . .  _ .  .-- 

O ' . , , .  1 ; / o ,  .::; ., ' 0.01 . . . .  
< . ..., 0.095 

. 1  ;' 0.01': 
0.01 ; . .  . . .  ... . 0 , a ,  : ' % .  ' ,-I.2 , ,  : 34 .;: 0.68 

0 .', 

1300 0 
I800 3.4 -, 

# . . J  ' _  
' . .' ., 0.01 i ,, . ,  . .,. . . . . .  ' 3 ~ ' ~  10-3 ; . 0.01 I: ' ,  4.6 ~'10-4' .  1 .. . . . . .  

I i .  

1 . 2 ~  10-3 ,.:. ; 0.01 

. .  . . .. : 1.58  IO-^,.. .. : 0.01 : 1 . 7 ~  IO-4 . . . . . . . .  , .  

... ... ; - ,0,039 ::. . - ... ,.0.01 :: .... 5.5i.id-3j;. ... . . . . . . .  . .  . *  

' 0*!7 <lo-13 

. . . . . .  

I. - 1.6 
0.10 
0.1 2 
0.02 
0.02 
2.0 
0.80 
2.6 
1.1 
0.00 .. / .  ' -.. , 

0.12 
0.10 
0.04 
I .O 
0.1 2 

. ... 
, .  

' -  :;0.01 - ; : /- so ,i - 

. '0.01 . '  :- so - - ,  

.- 
. .  . . . . . .  . . :  

, 
. .  

<lo- . $? 
__. . . ,  .. 

' (  < 

. . .  ..: 1 . . .  , ,f.. I :' . '  . ;', ' 0.01:'. :,,;*' so i .  . .  . I  

. . . . .  I .  . 
. . . . . . .  . . . . . . .  . . , .  I f .  . 

. 3.7 ~ '10-3. '  i. , .  0.01 .-' , I .  

1'. , - .  . < I O T t : .  i l 0 - 5  ,, '1 :; . .  
, . , .  -.. 
. .  , ,  

/ . . '  .. .~. 
,:. -<10,-11 .:. I : . _ .  :..- -. 0.01 . .  

- 5.2 10-4 , '  
;. <lo-6 .; _ _  ^ .  , 

. . . . . .  ..- . 
. . . .  , 

~. 
~ --. 

. . . . . .  
. I  

. . . . . .  . . .  . , $  . . .  ,. 
' . ''0.0I :: ' so _ _  : . .- 1. ._ . . - . .  - . I . 
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in t h e  bronchial epithelium of this  population. The reader will note t h a t  t h e  
col lect ive e f f ec t ive  dose equivalent i n  th i s  population from natural  sources of 
radiation is about  IO6 man-rem (UNSCEAR, 1982). (The ef fec t ive  dose equivalent is 
t h e  dose equivalent il: t h e  whole body t h a t  is associated with ' the same. tota1 risk as 
t h a t  result ing from the  dose equivalents in individual organs.) The co!lective dose 
equivalent f rom t h e  3H in  HTO evaporated from t h e  fluids recovered in EOR i s  
es t imated  to + 0.34 man-rem/y. 

The col lect ive dose equivalent from t h e  accidental  sur face  release of gaseous 
radioisotopes is est imated to be 0.034 man-rem/y, which i s  more than  two  orders  of 
magnitude less  than ' t he  I5 man-rem/y -collective dose equivalent f rom t h e  
combustion of natural  gas. - 

The acc identa l  subsurface exposures are d u e  to drinking wa te r  from a n  aquifer 
contaminated by radioactive t racers  (see Sec. 6.2.2). Based on  cu r  approach, t he  
total dose equivalent in a member of t h e  public from th is  accident  scenario could be  
as high as 1.2 mrem/y if the accident  frequency were  100%. A dose o f  this 
magnitude is less-than I % of the.  hypothetical normal dose to a worker who handles 
a l l  t h e  radioisotope injected in a year  (Table 7.1). The collective dose equivalent of 
1.7 x man-rem, taking into account  a n  assumed frequency of accidental  leaks 
into t h e  aqui fe r  and t h e  number of persons who would be exposed, is about  two 
orders  of  magnitude less than t h e  col lect ive dose. equivalent f rom accidental  
aboveground exposuresI I t  contributes less , than 0.01 % of the  total collective dose 
to membitrs of the  public. The scenario'involving the  contamination of an aquifer  is  
thus associated with a negligible radiological impact  even after allowing for  a much 
higher frequency than the  I %  value assumed. A more  pressing concern than the  
en t ry  of a radionuclide into t h e  aquifer would be t h e  en t ry  of salts,  acids, alkali, 
polymer, surfactants ,  or o ther  substances- with the  potential  to contaminate  a water  
SUFP~Y. Furthermore the  est imated dose to a n  individuai f rom t h e  liberation of 
natural ly  occurring **Rn from a wa te r  supply derived from groundwater is  about  
24 mrem/y in  bronchial epithelium and 2.6 mrem/y in gas t r ic  epithelium (see Sec. 
6.2.3). 

A summation of the  collective doses to workers and members  of t h e  public-leads to 
a t o t a l  collective dose equivalent of 16 man-rem/y (Table 7.3). Because the  
calcidations a r e  conservativti our  e s t ima te  of t h e  average national radiological 
impact  of t h e  use of radioisotopes as interwell  t racers  in EOR projects i s  a total  
co1:ective dose equivalent of < I  6 man-rem/y. 
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laole 4.1 mtrrnate Of I M  rota1 raarorogrcar impact 02 me use 01 raaio&soropes as 
interwell tracers in EORea 

Population group Stage of operation, 
Scenario t y p e  

Collective dose equivalent 
man-remh) 

Workers Aboveground, normal 
Aboveground, accidental 

0.93 
0.1 3 

Mernbers of the public Aboveground, accidental 0.034 
Subsurface, accidental 0.0001 7 
Recovery and disposal, normal I5 

Total 16 man-rem/y 
~~~~~ ~~~~ 

a Summarized from Tables 7.1 and 7 . 2  
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8. ALTERNATIVES TO RADIOACTIVE TRACERS 

Nonradioactive substances have been considered as tracers to monitor t h e  behavior 
of liquids and gases in petroleum reservoirs. Substances used to trace fluids should 
be highly soluble and not be adsorbed as they  traverse t h e  reservoir with the  
injected fluids. Tracer materials that  have been considered include (Wagner, 1977): 1 

I 
ammonium thiocyanate 
ammonium nitrate 
sodium or potassium bromide 
sodium or potassium iodide 
sodium chloride 
f 1 uorexert  t dyes 
water-soluble alcohols 

I 

I 
I 

Chemical tracers such as ammonium thiocyanate, potassium iodide, ammonium 
ni t ra te ,  and SFg (gas) have been used as interwell  tracers. Following are some Of 
t h e  considerations tha t  may l imit  t h e  applicability of chemical  tracers: 

I 

a. 

b o  

C. 

d. 

e. 

, h. 

I Water-soluble alcohols such 2s Rethy1 and ethyl  alcohol are biodegradable 
and flammable. 

Fluorescent dyes tend to adsorb, and  fluorescence is o f t en  quenched in  the  
presence of certain ions. 

Relatively large amounts of  chemicals  must be used because chemical 
analysis is  usually less sensitive than  nuclear measurement and because of 
compensation for possible adsorption. 

The large quantit ies aeeded lead to handling complications. 

The large quantities needed could lead to a l te ra t ions  in chemistry with 
injected fluids becoming incompatible with reservoir fluids. 

Tracer applications become unfavorable in t h e  presence of high 
ccncentrations of car r ie r  in  t he  reservoir fluids. 

The expense of using relatively large quantit ies of chemicals as t r ace r s  
may be great.  

The potential environmental impacts  associated wi th  the  release of large 
quantit ies of certain chemicals may be unfavorable. 

As a n  example of the  quantit ies of nonradioactive t r ace r s  t h a t  are injected for 
interwell tracing, four cnemical t racers  were  employed in  a multiple injection 
project. Each of two wells received 10,000 pounds of ammonium ni t ra te ,  arlother 
well received 1,400 pounds of potassium iodide and another  2,500 pounds of 
ammonium thiocyanate (Wagner, 1977). By contrast ,  another  well received G Ci of 
HTO, which amounts to !ess than 1 g of undiluted HTO., 

. 

From the  standpoint of cost and ease of handling, radioisotopes are generally 
oreferable to chemicals as interwell t racers  for EOR operations. However, there  
have been situations where nonradioactive chemicals have been preferred as 
tracers.  Noriradioactive chemical t racers  a r e  of ten  used to complement radioactive 
t racers  in EOR projects where a different  t r ace r  i s  injected in each  of a number of 
wells. 

52 



3 .  . . . ,  . ., . . 1' : ~. 
- ,. . : .  . .  ,. .. . I .  

". 
.. .. . I 

, .  
. .  . . -  

. )  _ . I .  

, . .  , . : . .  . ' . .  

. .  . - ... 
. .  . . .~ 

.. 

- .  . _ . .  

: .  . I  
. .  . .  

. ,  . .  . . . .  .. , I .  
.. 



9. SUMMARY AND CONCLUSIONS 
. I  

, -  

An environmental assessment of the  use of radioisotopes in field flooding for the  
"enhanced recovery 'of.;'oll and natural 'gas (EOR) w a s  'performed. :: To provide a 
framework for evaluating the  dose, t h r k  -stages of operation'.were designated in a n  

. .  €OR operation, using tracers: the- aboveground stage, the subsurface stage, and the  
recovery .and .disposal 'stage. ' Scenarios ',were .developed 'for, 'each o f  the  stages -to 
characterize normal and accidental exposures, and doses 'to workers' and 'members of . .  

the public were estimated. The dose estimates presented in this'report are 50-year 
. .  committed. dose equivalents : - . , : .  for one. ,. year : 

. . . . . . . . . . . . . . . . . .  of operation. .. ,~ . . . . .  . . - ; ,  . . . . . . . . .  ..... :' . - I . ,  ..- , ' . . . . . .  _.. - . . . .  
< .  . .- . . , .  , ,  . .  - .  . . '. .. 

A'norm'a;lizkd dose,'expressed:as theldose per Ci 'dr;.mCi inject&'& as t h e  dose ,per 
injection of any amount of activity, was estimated for each radioisotope'-and 
scenario. ;rhe ndrm?lized dose for ,an isotope and the  amount of, isotope injected, or 
the number of injcict!qns'lnvolving the ,isotope, lead directly to a,  dose estimate .for a 
normal exposure -scenario. -The dose -estimate for an .accidental exposure' scenario is 
calculated in.  the >same manner but includes an .additional factor to express the 
probability that t h e  accident will occur. 6timates.of 'the total.quantity of '& tracer 
injected in a year, t h e  total number of injections in a year, and accident frequency 
were then used to assess the .total' national' radiological : im'pact of':the'. use of 
radioisotopes as interwell tracers in EOR. Accidental exposures. in t h e  course of 
EOK traccr projects have :&en extremely rare" or "nonexistent.: : Therefore, 
conservative values of accident, frequencies . I  (generally . ,  , . ' .  . 1 ' . .  %) were assumed. . .  . .  .. . .  : ,  . . . . .  . . . . . . .  -,!.. . . . . . . . . .  !: . -;: . ,  I 

The collective dose equivalent, jp workers who. handle t h e  radioisotopes is delivered 
in t h e  aboveground Stage Of operation and 'is'estimated -be 0.93 man-&/y for 
normal exposures and 0.13 man-remly for accidental exposures. 6OCo would be-,a 
major contributor to the  doses: from 'both "normal and 'accidental 'aboveground 
exposures. 

Members of the public are subject to accidental aboveground exposures, accidental 
subsurface exposures, and norma!' recovery ~ and 'disj&l . exposures. Normal 
exposures associated with recovery and disposal account for, essentially the total 

:i.&llective do'= equivalent jn .the'public;.estimated to  be 15 man-rem/y;' :The bulk of 
'.this. total is' attributable to'"TO 'formed by' the corribustion'-of. ?H-labelled gaseous 

hydrocarbons recovered in natural gas. These dose' cstimates'are much less than the 
collective .dose estimates associated .with the.,naturally . . . . . . .  occurring . . .  222Rn in natural 

: The collective . dose equivalent from the, . -,. accidental surface release of gaseous 
,-radioisotopes ' i b  -estimated 'to, 'bd:O.034 man-rem Iy,', w hi&' f 5 '  'more than two : orders' 0 f 

. magnitude lower than' the '1 5 man-rem/y ' collective": dose-. . equival&t 'from': -the 
combustion of natural gas. Accidental subsurface exposures from ingesting water 

, .  from .,an aquifer contaminated by radioactive traceis lead  to collective doses that 

derived from groundwater. A more pressing concern than radionuclidd'entry'into *an 
- .  aquifer. would be the en t ry  ,of salts, acids, alkali, urfactants, or other 
' s u ~ s : ~ ~ & ~  i n  -i;,e iujection fiuia'1wiih .the potential to c 

' Nonradioactive IchemicaIS iare.:generaIIy~_less suited --th ioisotopes as interwell 
tracers for EOK but 'are -used ' to 'complement :radioisotopes as'.traceis :particularly. in 
multitracer applications. The total national radiological impact of the use of 
r a d i o i ~ t o ~ & s ' ' ~ S  *'interwell ' tracers : in -:EOK' .projects,'-'estimated by .surn'ming . the 
collective dose to workers and members of the public, is a collective dosc"of 
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APPENDfX A. 
SOURCE 

CMKXJLATION OF EXPOSURE 'RATES FROM .AN EXTERNAL 

A.1 Exposure rate from a point source 
The exposure rate 1 c m  from a gamma-emitting point source of  I-millicurie 

actiGity is referred to as the  dose-rate constant,  r. The r, in cm*-R/mCih, for an 
isotope t h a t  e m i t s  one  photon is given by (Loevinger et al., 1956) 

r = 1 . 5 0 ~ 1 0 5 ~ ~ ~  
where  

= t r u e  linear absorption coeff ic ient  in a i r  (cm-I), 
= gamma energy (MeV) 

(A-1 I 

When gamma rays  of d i f fe ren t  
energies  are emitted,  the  I' for the  isotope is by adding t h e  contributions for ! 

1 
! 

The linear absorption coefficient, lg, varies with 

e a c h  energy. 

where  
Pj = t h c  abundance of the  jth - y-ray 

(A-2) 

The exposure rate at  any distance f rom a point source c a n  b e  determined by 

(A-3) 

where  
ER = exposure r a t e  (Rjhr) 
q = source act ivi ty  (mCi) 
p 
I' = distance (cm) 

= l inear  attenuation coeff ic ient  in a i r  (cm-1) 

T h e  l inear altenuatioii Coefficient, P, varies with gamma energy, Ey 

Because t h e  source used as an  interwell  tracer in field flooding operations is 
confined in  a vessel O r  container, Eq. A-3, which applies to an  unshielded source,  
would overes t imate  the  exposure rate.  A shielding factor ,  F, can be  used to correct 
t h e  I' values for  absorption of photons in t h e  vessei walls. 

F = exp(-kd)  (A-4) 

where 
p,, = l inear attenuation coeff ic ient  for vessel wall mater ia l  (cm-1) 
d = thickness of vesse! wall (cm) 

Table  A.l presents I' values for various EOR radionuclides (see Table 2.1) calculated 
by E+. A-1 and A-2- In t he  Cakulations for l', (Er)j and P a  were obtairred f rom 
Kocher (1981). The values for Ey > 0.01 MeV a r e  interpolated values based .on  
the  mass  energy-absorption c o e f f i C i e d b / P )  for  a i r  a t  several  energies as l isted in 
t h e  Radiological Health Handbook (BRH, 1970). The densi ty  of air ,  p, was assumed 
to be il.001293 g/cm3. Characterist ic 1, and i( X-rays below 0.01 M e V  in energy  
we: e excluded from the calculations because these fow-energy photons would no t  
pene t ra te  clothing and the  dead sur face  layer of skin. In Table A.l both published 
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Table A.1 Dose rate constants for radioisotope tracers used in EOR operations. 

Radionuclide, r, c m a / m C i - h  
i Radionuclide - r ,CmZR/!nah  ' I  

Calculated Published" Calculated Pub1 isheda 

. 
. c .  

$Source: Radiological Health Handbook (8R H, I 970). 
P . 7  . - r  

and calculated values of r are<presented. The two,se ts .of  valuek m a y  d i f fe r  sl ightly 
because the  calculated values are based on  t h e  recently updated photon abundances 
and intensit ies compiled by Kocher (1 981 1. 

Exposure rates at various distances from a point source were  ca lcu la ted 'by  Eq. A-3. 
In t h e  calculation of exposure rates, ER, t h e  linear a t tenuat ion coeff ic ients ,  1.1 f o r  
%. > 0.01 M e V  a r e  interpolated values.based on  t h e  mass a t tenuat ion  coeff ic ient  
( v / T i n  a i r  at several enzrgies as 1 i s t ed .h  t h e  .Radiological Heal th  Handboak (BRH, 
19,70)..,: ', :: . . : . I  . .  . I  . .. , . . . . I  . -  

To account  for gamma absorption in the  walls of the  vessel containing t h e  tracer, 
another  set of exposure-rate calculations was performed using .F f rom .Eq. A-4 as  a 
shielding fac tor  for Eq. A-3 (Table A.2). To simplify t h e  computat ions without 
introducing a substantial :error, .VP for a i r  'and g l a s s  were assumed to be equal. The  
density, p, of glass was assumed to be 2.1, and the  vessel wall thickness, d, was 
assumed to be 0.2 cm. 

A.2 Exposure rate from a distributed source 

'To evaluate-  accidental  'exposures from liquid t racers  accidental ly  spilled o n  t h e  
ground sur face  o r  on the  wellhead surface, exposure rates wcre  calculated for  a 
source that is assumed to be uniformly distributed on the  surface o f  a c i rcu lar  disk. 
The exposure r a t e  resulting from a uniformly loaded circular  disk i s  (Loevinger - et 
g., 1956) 

,> , . I :. +- , .: . .  . ,. . 7 .-, <. . .  , .. 
.I r -  . * 

I .  . .  . .  
, ,  

. . _  .. . . .  . . , . .  . .  , , '  . . .  
- .  -.  . ., ~ . .  

L .  

. .  . . I  

- -  - . L  

. . .  - - .  . L ,  . . . .  < , , .  

- - ,  . - - . .  ,_ ,_ . . . .  ~ 

. 1  .. . ,. .. ,. , 

.~' ' " '. 3. .. <.. . L.' c .  < ,  , . ,_ -. '-, . ,- ,. I "  i .  , . I . .  . 

< ,  . - .  - : < ' . . , _ , . . I . . , ,  .. F . I ., .. .- 
I . c . -  . 

2 2  2 4 - 2 2  = q I'exp(-vr) I n  a -b +h + (a -b +h ) +4b h 
0 - 2  2h2 

(A-5) 
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where 
a = radius of disk (d, 
b t distance from center of disk to receptor along the  plane of the disk (cm), 
h = hcight of receptor above plane of disk (cm), 
r = distance from receptor to center of disk (cm), 

r .  
, , .  . ., . 

! I / .  *. .. . . . . .  I .  
I , . ' %  

- .  
. ,  i. ,, . 1 .- 

: 'and t h e  other symbols are as previously defined. .: . .  .. - c :  
t ;  . .  ' . -  t .: , ,  

8 . ,  . . . . . . . . . . .  .., . .  , ? .  - - .  , , .  0 . ' ~ .  

, .  .Table :A.3 ,presents -exposure rates: from 'a.'disk uniformly. contaminated with a total 
of 1 mCi of-each of .the EOR radionuclides of 'Table A.1. Ihe estimates cover a 

1 range of distances (b) ahd assume a radius, r, of '15 c m  and a receptor height, h, of 
I m (100 cm). 
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APPENDIX B. CALCULATION OF EXPOSURES FROM THE ACCIDENTAL 
RELEASE OF GASEOUS TRACERS .:- .f 

I !  

1.: 
i i 

, ~ .. 8.1 Dose to workers from a ground-ievel re lease.  f s  _ .  ~ ! . , ~  ~ . 
I 

The time-integrated downwind concentrat ion of a gas within t h e  f i r s t  100 
mete r s  of cloud t ravel  following a ground-level re lease to t h e  atmosphere is 
es t imsted  using a Gaussian model. For an instantaneous release from an e leva ted  e 
point source under constant diffusion conditions (Le., constant  wind direction, wind 
speed,{and atmospheric stability) and allowing f o r  plume *reflection at ground level, 
t h e  concentration is given by (Slade, 1968) 

, 

where t h e  origin of ,the:coordinate'-system-q %'at ,':ground :level direct ly  .,below t h e .  ' 
release point, and 

, - .  : .  * .  . ;. 2 , . 
' ' (  . .  - 
I . - I  

. " .  . x (x,y,z) = a i r  concentration at point with coordinates , .  
, x,y,t .. (Ci/m3), - ,  I 2 

I I ,  . i  -' . \ : " .  1:: ' , : .  X = downwind distance (m? 
Y 
z 
Q 

. . . . . . . . . .  . .  
, _  - , 

I ,  . .  , I . .' . .  = crosswind.distance, (m! . . : 

= height above'ground'(rit,)- : _j 

= release amount (Ci) , -. ; , , , = mean wind speed (m,'s) " - ' i . '  . . ~ . , : ,  . 

. . . . . .  . .  , .  . 
I + ,!:: 1 ' ' - .  ~. . .  . .  . , . .  

. . . .  
- t  

. . . .  
.* 

, , , .  . , . '  . 
U 

. .  , u , ut = ,s tandard deviations of t h e  concentration distribution .along t h e  wind - 1  

. . . .  . . .  . . .  ~ . .direction'and'in;the crosswind :;and ver t ical  directions . .  c (m) . . * . -  . < -  .: : . .  I 
. . ' _ I  .. i , -: . e .  . - .  , 

Y -_ ., , . 
C . ' . .  . ., . 

. A \ .  .- 1 

H = ef fec i ive  release' height (m) . " -' ' 

J:  

The' time-integrated concentration or to t a l  exposure, 9, at sensor 'heig$t'.h ' i n  t h e  
. . . . . .  

*,; ; - - : ,  , , ;  : 'I : ' .  
, , I . .  ,- .. ,,,, . . . . . .  'downwind direction is,given by- ;.: = i  , ,: . ;.: -,::, L - . , . i s  

... ...... ..,,, .. I .  
'. . :\ , ': . .~ .... . * I  . . . . . . .  

x'iu . .  
t .  . , 

if t he  diffusion parameters (9 and ut!, wind velocity (u), and wind direction a r e  
considered to be constant over a period of t i m e  (At), the, ' t im'e%tegral of t h e  

.:concer:tration at height (h) in t h e  downwind direct ionnfor ' :a  grdund-level re lease 
(H = 0 )  can  be written, from Eqs. B-1 and B-2, as -_ L .  I . I  

' ,_. 
. t  
, . e . ; - ;  ... ',.-.. : 

(8-3) 
..4 . 

f. - , - c ,, 

. .  Jt  = Q ( I I U ~ ~ ) - ' ~ X P ( - Y ~ / ~ $  - h 2 / 2 4  s , . .  * 
, ,-,**.:. 9 I .' . , . :. : . . .  

1. : / :. . -. -. ' 
t '  

A crucial  part  of this approach is  t he  derivation of appropriate value; of uy and 
a, to character ize  turbulent diffusion. In this. , treatment ,we l e t  .s< = ,a  , = oz ,= Q and 

I. adopt Ba;chelor's approach f c r  es t imat ing t h e  rate:.,,of; relat ive dirfusion ' in  the  
inertial range. The rate of diffusion is  given by (Ham2 ---- k t  al., 11982) . - 4 >. - -. . , 

. - ... .. - 1 ,  

;'-. . . .  . .  . . .  . . . .  . . .  . . .  . . c., : ' 2  

. . . .  . .  (8-4) . .  , ' , C  ,.., ' , . :  % / ,  I .  , . .  . . . .  . : I  

I .- 
. . . . . . .  

. . .  . . . . .  .. 
, .  

,', . , . , . .  t . - . .  , :,I ,.:.'.',-,: : .  ;-: ;-- ~ { : ! ! 
. .dt - , . _  

c I : ; . .  1 . .  - -, I .  . 1 -  
. . ,  . 

-- . - . .  . . . .  
1 ' .  .- . .  1 

. . . . . .  . . . .  .... . .  . . . . .  . . . . . .  -'#; . . .  8 . . . . . .  . . . . . . . . . . . .  I < . .  . ,  . .  . . . .  
. .  : - . I .  ' - ,  ! ' '  ~ ?,.. - -  . . I .  .- , .  L. _; I 

- , ' I .  ._ . I , ' I :  



. .  
. I  

. .  . ~. 

where  

- = rate of relat ive diffusion !m2/s) 
dt 

e ' '  = eddy disjipation rate (m2/s3). 
initial size of puff (m) ' ' . 

duz ~. . .  

. ,. 
. .  
. .  - .  t . = t i h e  after release (s),. . .  . ' . . . ' ' .  

. . 

Integration of Eq. 0-4 yieldsan expression for t h e  dimensions of t h e  puff (a) in th'e 
iner t ia l  range 

. .  
. . _  

. . -  ,~ 
. . .  . .  .. . ,  , 

. .  . .  . .  . -  
' ' Cb'"= . .  

. / . .  , ,  . 

1 

E 

. .  (8-5) 

D a t a  from which to evaluate t h e  Constant C are not  abundant. I t  is of t h e  order of 
unity and  is h e r e  assumed to b e  1. Eq. B-5 applies only for  a few seconds following 
release, out to 3 seconds for these simulations. 

The  value of F: can  b e  obtained from boundary layer theory, 

, .  . I  . 
k =' von Karman's constant, which is assumed', to equal'0.4 . 
4 = t h e  d iaba t ic  influence function N(z/L) ,: ,'. . . 

L = t h e  Monin-Obukhov scaling length (m) ,., 

' 

. .  . .  . 

' .  , .  ..: - . I .  . .  r .  . - . 1.. 

One c a n  readily eva lua te '  E by considering a '  typicai' outdoor surface .(roughness 
length about ;O = 3 cm)  and an ex t reme range of atmospheric stabilities, and l e t t i ng  

!4, =.0.1 u/4 (0-7) 

Se t t ing  z = h, and using the  iollowing for t h e  t h r e e  meteorological scenarios, o n e  h a s  

(a) Very unstable atmosphere (z/L c 0) 

. .  L l e t  Z/L = -1 

(b) Neutral atmosphere (z/L = 0) 

F: = 2.5 x 10-3 u3/h 
I$= 1.0 

: : i  

F: = 5.6 x 10' 4 3  u /h 

(8-1 9) 

(8-1 1 

(B-I 2) 

For t r ave l  t imes greater than 3 seconds, t h e  diffusion parameter  a* 'becomes 
proportional to t 3  by 100 to 200 seconds of t ravel  (Hanna - et -*, a1 1982). Thus, with 
t h e  value a? obtained from Eq. 0-5 for t = 3 seconds, a2 for 3 to 150 seconds of 
travel is 

68 



where  
w = 3/(2t-3) 

and 
a = 2 + (t-3)/(150-3) 

. , ' .  (8-1 4) 

(B-I 5)  

Eq. 8-13 allows a smooth transition from u2 = t2 to cr2 = t3, over t h e  t i m e  period 

For t imes  from 150 seconds to I O 4  seconds,.and f o r  values of u l ess  : than 8 .: about  

. . f m m . 3  to.150seconds.  _ _ . .  . ~ ,  ~ _______.__-_---  -------.. ---...- . .  
\.. 

. ,  - .  -. - . , 1 ;  

j 
1 (8-1 6) 

:- three-tenths of. the  mixed layer depth, 

! a2 = , a 3  -..., ! 
7 .  

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

--.- .-. 
1 For longer t imes  and larger values of 'Eq. B-16 .would have to b e  modified. In th i s  
' study, ' interest  is confined to the  local (< IOO'm).exposure field for workers: 

Integrated air concentration (IAC) was calculated for'downwind dis tances  f rom t h e  
i source in  grid increments of 2 m, with t h e  f i rs t  cel l  surrounding t h e  source assigned 
i a dis tance  value of 1 m. Calculated IACs a r e  shov. in Figures'B.1. to 6.3 for t h e  
. t h ree  meteorological scenarios and a receptor  height of '. 1 "m. 'IAC values i'were 

f calculated for three receptor heights: '1.6 m (nostril height),--] .O :m (waist height), 
j and iO.2 m (boot-top height). Table B.1 shows t h e  maximum, .IAC "encountered f o r  
f t hese  th ree  receptor heights, along with t h e  d i s t ance .  and cloud t ravel  :time. 
I i Table B.2 also shows the  values at  1 m downwind,for , the  t h r e e  heights.: All 
! .. downwind . exposures and distances a r e  along' ..the centerline of cloud . .. travel.  
1 Exposure values decrease as one moves laterally 'from t h e  centerline. 

: I The dose via inhalation was est imated from the . iAC'as  follows: 

1 
-. - 

i 

i 

. .  . . -  . e' i 

1 j . (E-17) 
. ,. . _ -  

..- 
D = IAC 0.V DF 

. - - - .  . , ~ .  

/' where  . I 

.. - !. . _ _  -D- = dose equivalent via inhalation .(rem) . . . . . .. ._ . - 
' . : IAC = integrated a i r  concentration (Ki-s im3) !. 

.. .. 
V = minute volurne-(expressed in  m3/s) Y 

DF = inhalation dose ?actor (re'rnlici) 

The minute  volume for  adults under conditions of moderate: act ivi ty  is 
20 L/min, which is equivalent to 

Substitution of Eq. 8-18 in Eq. 8-17 leads to 

D = 3.33 x 10-4 IAC DF (8-1 9) 

The dose via submersion is directly obtainable f rom t h e  IAC using the  appropriate  
submersion dose factor. inhalation and submersion dose conversion fac tors  for the 
gaseous EOR radionuclides of interest  a r e  presented in Table 8.3. 

6 
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Figure B.I. Integrated air concentrations (Ci-s/m3) at I-m height from ground-level 
release of 1 Ci under meteorological scenario I (unstable; low wind'speed). 
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Figure 6 . 3 ,  Integrated air concentrations (Ci-s/rn 3, at I -m height from ground-level 
release of 1 Ci under 2 .. meteorologkal I -  1 .  scenario 3 (stable; low wind speed). 
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, .B.2 .,Dose to members of the  public 
. . . . . . .  . .  . . .  

;>::I ;f...: 
I .  

' ' - , . '  . ,:; I *. . * . % .  : . .,, . ~ ~ .., ,, , _ t  , , . . .  ' ! . '  ' _  :. ..... : . f i l l ; - .  . . .  . I * - . .  < 
I .  * ., , . I  .'., 
_. . 3 Dose .estimates to 'the' public involve consideration of a much greater. area- than t h e  

local field considered previously fo r  w r k e r s .  The PATRIC code '(Lange,':,l978), a 
calculate IACs at distances far  downwird ' ( tens  

of kilometers) from t h e  accident site. PATRIC es t ima tes  t h e  ;,transport a n 3  
diffusion of the  released airborne material by following a large number o f  marker  

. .particles., The  resultant, IAC over any t ime interval is  determined by t h e  cumulative , -  - . 

In t h e  
vertical  'direction, 'grid ' .cell ,reso.ution '"was' \a5,-m .. for  - . i  unstable ; . and  . ,neutral  
meteorological conditions and 7.5 m !or t h e  stable case. These ,,values for:  t h e  
ver t ical  direction were.  based on  est imates  of half t h e  depth of rhe  atmospheric 
surf& layer. ' IAC' 'values were estimated ' fo r .*a  receotor ;height. of. I .6 .r!: (nostril 

. , . -  . he,ight). A short  burst of partic!es of I-Ci activity was released to s i rnu la t e ' a  puff ,  
which was tracked unril it passed beyond 89 km downwind. A' steady .v:ind-dia cct ion 

;. :oarticle-in-cell model, was used 

- I  

8 .. , 
. .  . I '  spat ia l  d i s t r j h t i o n s  of the  particles over that'interval. ;-,:. ! . '. I. 

,;. 
e . _ .  ._ , '.* .\ , 8 - ,. ~ 

I . .  1 In.ourJsimulations, , ,a horizontal grid cell resolution of 2.5 km w a s  used. 

. 



Table B.3 Inhalation and rubmenion dose rate factors  for gaseous .. forms  of EOR 
tadionudides.a 

, .  
Exposure Reference Dose equivalent rate 

- Radioisotope. . mode ' organ r e m  per l.~i-s/m3 

, .  

1.0 x 10-11 
2.1 x IO'& 

H-1 HT, hydr&rboW Submersion L W b  
HTO Inhalation Whole body 

c -14  I 4 c 0 2  ... . ' 

At-37 

Inhalation Whole body 7.9 x lo-* 

' Submersion ' Lung 3.9 x 10-12 
- 

Submersion Skin 3.9 x Io-a 
Submersion Whole body 9.2 x 

Submersion. . Skin , 4.8 x IO-8d 
6.1 x Submersion Whole bodv 

At-39 

Kr-85 

. ,  Xe-133. . / .  

Submersion Skin 2.0 x 10-8d 
Submersion - Whole body 6.9 x 

- -  - _-  
a Source: ICRP Publication 30 (ICRP, 1979; ICRP, 1980; ICRP, 1982). 

b The dose equivalent in the  whole body via submersion is  zero. 

C The inhalation dose factor  for- the whole body is 6.3 x I ( r 5  rem/$i for HTO 

d The submersion doses assume submersion in a semi-infinite cloud. A finite-plume 

e Value from Soldat et al. (1973). 

? .  

(I'CRP, 1974) - 1  and 2.4 x 10'5rem/Ki for I4C02(ICRP, 1982). 

correct ion should be applied at distances close to the  source. 

was  ,used ( 2 7 0 O ) .  A steady wind-speed profile, using given -;slues a t  a- standard 
.. measurement, height (6 m), was constructed from parameters  based on atmospheric  

. .  
. . . .  . ,  1 ,  

. .  i . 
(€3-20) . ,  

. .  . .. 
' stability: * i  

' 

. - ,  

I .. 
1 . . .  . .  

. : 
: ' , : l  . . . .  

" .  -. , * > .  : .. . . 

,. wliere' . 
p = 0.07, 0.15, and 0.55 for unstable, neutral, and s t a b l e  . conditions, 

respectively. 
. 8 ,  , * , .  . , . .  r <- 

1 1  

. . - ,  ~ . .~ _ _  
. -. . , - plots of the '  [AC .for 'the - .  three' meteorological scenarios are shown in ,F /gures  ._  B.4, 

. ,  . . 0.5, and 0.6. .' . ;  
.~ 

a , .  

I -  - 
. I  

. .  , .  
-, .- - .  . .  , 8 

" .  The col lect ive dose is  the dose summed over all the  individuals in the  population: 

(B-21 I 
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where  
S = Collective dose (man-rem) 
D = Average dose to an individual in a population or population group 
d = Number of individuals in a population or population group. 

Collective doses fo r  t h ree  sites were  est imated ove r  a region extending o u t  to 
80 km from t h e  s i t e  for each  scenario. The sites consist  of 

( I )  A rural s i t e  sur romded by a uniform population densi ty  o f  13.5/km2 
(2) An urban s i t e  surrounded by a uniform population density of 695/km , and 
( 3 )  A Yypical site", surrounded mostly by a rural  population density of 13.5/km2 

, bu t  with a n  urban a r e a  centered 32 km downwind from t h e  site. The urban a r e a  
i s  a square 15 km on a side and has a population density of 695/km2. 

2 

The to t a l  collective dose for t he  region was est imated by calculating the  col lect ive 
dose for each of t h e  horizontal grid cells in  the  region and summing over  all  cells. 
The  average dose to a n  individual within a grid cel l  was  est imated using t h e  dose 
f ac to r s  of Table 8.3. The results are+ summarized in Tables B.4, 8.5, and 8.6. The 
urban and rural s i t e s  represent t h e  extremes of collective doses. A weighted sum of 
these  doses can  be formulated to give a rough e s t ima te  of col lect ive dose for  a 
specific-. siting- scenario, incorporating known - _ _  meteorological frequencies and 
population distributions. -- 

I t  mus t  be emphasized tha t  the length of t ime required for t h e  puff to travel 80 km 
is much longer than t h e  typical duration of the  low-wind-speed meteorological 
scenarios. Thus, a more  realist ic simulation would probably require a sequential  
combination of  these  three  meteorological scenarios, appropriate to conditions 
occurring during givzn segments of the  total  travel of t he  puff. 

Table 8.4. Collective dose es t imates  for t h e  region surrounding a reference site,  
meteorologicaf scenario 1 (unstable class A, low wind speed). 

Reference M a n - r e m / s i  released 
Radionuclide organ . Rural s i t e  Urban site Typical s i t ea  

H-3 (gas) Llll., ' I  2.9 x 10-8 5.7 x 
H-3 (HTO) Whole body 5.8 x 10-5 1.2 x 
C-14.(14C02) Whole body 2.2 x 4.4 x 

1.1 x 10-8 2.2 x 

Xe- 1 33 Skin 5.5 x 10-5 1.1 x 

2.2 x 
A r-37 
Ar-39 Skin 
Kr-85 Skin- ~ i . 4 ~  10-4 2.7 x * .  

' 1.1 x 10-4 
. . ,  Lung, 

e . .  

10-7 
I 0-3 
10-4 
10-7 

10-3 
10-3 

10-3 ; 

1.2 x 10-7 

9.3 x 10-5 

4.6 x 10-4  
5.7 I 0-4 
2.3 x 10-4 

2.5 x 1r4 
4.6 x 10-8 

a Based on a total population exposure of 1.2 x IO4 man-@-s/rn3. 
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c . . .  
I '  

. .  

. . . .  . r  - . . . . . . . .  * ... . . . .  ... 
'Table ,B.S s. C d l e c t i v e  .dose es t imates  for' t he ,  ' region. 'surrouding . . .  a prefei;encC kite, 

, .  , , .  : .  . meteorological scenario 2 (neutral class D, high wind speed). ::. . ' :  . . . . . . . . . . . . . .  

I .  t - 1  

, . . e. Ma,&e,,& a relk&ea I : - . . . .  
, .  ; . 1 .  . 

1 .  . , ..:. . L ;.,. ! . < 1 :. 

.. . .  Reference . ... . ,~ ... .  . .  . .  
.-.. . . , ~  ; 

r-' - . . 
Rural s i t e  . . . .  Urban s i t e  . :, . Typical  sitea .' Radion,&l-ide. . .  .: I organ . . .  . r ._ - . . .  . I . _  

I 

. .  . . . . . . . . . .  
~ 

....... . . . .  
I.: * . . - 7 / '  ~ <..:' ':- - ,.,.* .- - . . . . . .  

'H-3(&) ._'.i. ~ . ,,., 'Lung: ,: ..,..' .', 1.0; 

Ar-39 Skin ' 4  : . .  . 

. .  . j . O  j; '1 0- 4 .  305 x 10'8'. : 
Whole body' . 2.1 'x.'I 0-5 4 . r ' ~  10-6. L .'7.1 x 10-5 ,. 'H-3;HTO) ' 

C-14 ( I  4C09 Whole body 7.8 x 1.5 x 10-4 
Ar-37 Lung 

Kr-85 Skin 4.8 10-3 9.5 x 10- 1 . 6 ~  10-4 . 

_ I  . . .  

' \  . 

2.7 x 
3.9 10-9 . .  7.7 x 10-8 1.3 x 
3.9 10-5 v ? .  17-7.7 x 10-4. :- : q.3 x:10-4 

Xe-133 Skin 1.9 x 10-5 3.8 x 10-4 6.6 X 

' 

. . '. . . .  . . . . .  . . - . _ .  . . . . .  ' 1 . .  ._. ~ . . . . . . . .  . . . . .  . . .  . . .  . . . . . .  . . I .; . .. - , .:. ? ' -  . . . . . . . . .  

a Based o n  a to t a l  population exposure of 3.4'x :I O3 . . . . . .  man-Ki-s/m3. . .  
. . . I ,  *.; , . . :: f : 

8 . :. , \ - . .  , , * .  ' .  

... " -  - . . . . .  
I . ,  - .  - 

. ~ . . . . . . . . . .  - .  . :. .. ,, - .  I 5 .  I 
\ . '  

. .  . . .  , . , . .  _ .  

Table 8.6 
meteorological scenario 3 (stable class F, low wind speed). ' i .' . . 

Collective dose es t imates  for the  region surrounding a reference  s i te ,  
: - 0': 

Man-rem/pCi released. '  I 
' .  . *  ' .  : i  . I i .  .- . ' ' I  ' I : 

. _  
. .  , .  

. . . .  1 ,  

Rural . si te .  . . . . . .  . - .. Urban s i t e  . . . . . . .  ' 'Typical s i t ea  . . ' ._. . .  * . . .  . .  Radionuclide, . I  _.' , . . :  I 

. . .  . .  . .  
..... . . . . . .  . . .  

. .. L - .  9.b<X1o+7 '.;.: 
4-.;: 

9.7 x 10:8,,::.,. - -., J.9 x - . .  .,3.6 x 10-7 . -  

., . . . .  . .  . .  L '  , . ' .  . ,,& (' . .: t 

2.5 '10'7 ' ; -. #- . . .  IH-3'igaS) . . . . . .  .Lung,.. . . . . . . . . . .  ~. I "  . , . -  . I  5.0 x 10-6 
E-3 (HTO). . . .  Whole body .. i1,,$2 x lor4 . . . . . .  .1.0 x . I O ' ~  . .:' 
C-14( j 4  C02 . Whole body ' '  .. 2.0 x J'O-4 - - -  3.9'i'lo-3 ' :  ; . . 7.3 x:10- 

. ,. ' 
i .  

1.9 x 10-3: t .  
- 8  . 

1.9 I L - ' ~ ; ~  I 0-3 a' o-2 . - .  .'., 
At-3 7 Lung 

Kr-85 
Ar-39 Skin 9.7 x 10-4 

Xe-133 Skin 4.8 x 10-4 
Skin 1.2 x 10-3 2.4 x 4.4 10-3 

.~ 
3 9.6x.10- .., ':, ,. . 1.8 ~ - 1 0 ' ~  

. , -. . , /  I .. , ,  , .  
. : ! .  ) .  

I .  , . 
. . . . . . .  

, -  . 1 
. . . . . .  . , , . . , . .  : - . .  , _ .  . . . . . . .  . . . . . . . .  . . I  . . . .  ~, . .  . . ' .  I * . _  . . . . .  . . . .  *. ' . , , . .  . I  . .  
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APPENDIX C. F T l M A T I m  .OF THE. DOSAGE FROM *.THE ENTRY OF 
RADIONUCLIDES INTO AN W l F E R  

T h e  exposures f rom the  entry of radioacthe' traces in to  a freshwater  aquifer  are 
evaluated by est imat ing t h e  dbc t h a t  could resul t  f rom ingesting w a t e r  drawn from 
t h e  aquifer. The  aquifer is asrslumed to b e  a homogeneous, isotropic, porous medium 
of inf ini te  la terat  (x,y) extemt. M u t i o n  of t h e  aavect ion dispersion equation in  
three dimensions leads to an  UWresSh for  t h e  concentration as a function of t i m e  
following a n  instantaneous release in a homogeneous isotropic medium (Melt et al., 
1982): , - .  

. .  
(c-1) 1 C(x,y,z,t) = - x(x,t)Y(y,r)z(z,t) 

nt? 

where 
C(x,y,z,t) - -= concentraticjn for an  instantaneous release-of 1 p ~ i ( p ~ i / m 3 !  

t = t ime  after release (d) . 
x = distance in d i rec t ion  of flow (m) 
y = transverse &stance (m) 
z = vertical  d i s tance  (rn) 

I _  ne = ef fec t jve  porosity 
B = retardation factor 

The waterisupply well i s  assumed to be 1.0 km' downgradie::t from t h e  injection well 
and i s  assumed to draw water  kom t h e  full height of t h e  aquifer. To ca lcu la te  t h e  
concentration in t h e  aquifer at Some point downgradient from t h e  release, w e  
assume tha t  t h e  source is  a poiW at (O,O,Z& .We then  ca l cu la t e  t h e  vertically 
averaged concentration, whicR is equivalent to a vertical  l ine source of length, h, 
t h e  height of t h e  aquifer. The, resulting concentrations then satisfy t h e  conditions 
tha t  the  water-supply well d raws  wz.tzr from t h e  fin!! height of t h e  aquifer, 

The sofution of Eq. C-1. for t h w  conditions i s  

. *  
. .  < .  . .  . 

Zi = ~b 
X = radioactive decay cons tan t  (d-I) 
% = longitudinal d i s g r s i v i t y  (m) 

9 = transverse dispersivisy (m) 
h 

The r a t e  of ingestion of aC'tiVitY Via ingestion of well  wafer  is given by 

I(x,t) = JC(x,t)/1O3 

= inters t i t ia l  water  f l c w  velocity (m/d) 

= height of aquifer (m)! 

where 
t = daily intake of activity (pCi/d) 
J = r a t e  of intake of w a t e r  (Ljd) 

(c-2) 

(c-3) 
(c-4) 
(c-5) 

(C-6) 
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. . ,  _ _  .. ;::: 
. , f .  ., . 

, I  . .  

The annual intake of act ivi ty  via ingestion of well w a t e r  i s  given by summlnp, the . . . . . . .  . . .  . . . . . .  ' . .  ~ -. , . . , :: .,: . ~ - -  , . , . +:y ? 
;f , :- . ;- . , ; . , . ' : ,  <.. .. daily intakes over a year. ' . \  . . ,  , , ~. , I  + . '  . 

. . .  .... 
....... .. . . . .  . ... .... .__. _ _  .- -.- - .__._ . . . .  . . . . . . . . .  

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

. . . . . .  
. .  . . .  lA(x,t) .=':' l' Jc(i , i*+ ' i )  :.: - . .  ..... _ .  ~, . I , . . . . .  (c-7) 

lA!x,t) - = :annual ' intake of activity ',t. <pci/i.> ' .': I I . :  .;_ 

The dose rate-vj, . . . .  i&estion of well water  . . ,I.-... - 4s - 8 1  given . , . . . . .  by : 

DA = committed dose equivalent from' a ,year's intake (rem&) 

. . 364 

i=o 
. . .  . 8 .  . .  , .  ........... 

I .  
I. 

2' : .. , . . . . . . . .  . ) i  

- ?*A&--. - '  . . . .  ......... 
_ .  a .  I ._ _' , I .  

. .  ----. ........ _ _ _  . . . . . . . . . . .  _ _  __ . .  - ~. 

. . . . . .  
L * 1  

I .  
. . I  . 

' .  , I ,  . L ,  

where 
* I .  . 

. . . .  .. I - . .  
, . I  

. .  ..I . 
c . . . .  

. - .- _ e  . . . . ~ .  - !* :. . .  
. ,- . \  i v- * . . . . .  . , .  (C-8) 

I .  . 
: . - . . . . .  

.. ,. . 
. -  

. <  I .  
= 1A(x;t) . DF:. . .  

. . . . . .  , , .I , ' . '  4 

. . . .  
, _ . i _ .  

. . . .  
, * , I  

. . .  ; 
',; . . ' .  . 

, , *  . 
C' A 

.. , <  .: 
where , '  

. .  .. , , . , .I . 

. . . , 1.- _. 

Doses via ingestion'of - 1 .  . well water were  est imated by t h e  above approach assuming--; 
entry of 1 K i ' o f  ,'.EOR'radionuclides into the .aquifer. Parameter  -values Essumed I . .  ,fo;r '. :. ! 
the  calculations were 1.' - 

DF = committed'dose equivalent per unit ac t iv i ty  ingested . .  ( r e m / S i j  
! ' , : . : , ! .  i. . L 

- - .._ . . . . .  
" , T ) \  , 

. ,. 
. . I  

I. -. .t .. . -; i :;<.: 1 ' 1  

. .  ... ,, . ; 3 -: .,* 
L .:.: , 

, . .  . .  . *  

. . . .  
. , . ,  . . * .  

. l  - - .  
. . .  

1 . ., v = 0.'2 m/d (240 ft /y) B = 11 .O, I . I  .: 
/. . ~ 

a x  = 40.m , .> -'I. h = . 8 0 r n : :  . .  r 
a y  = 8.0'rn , . ., . : 

. . - '  . , \ .  i r  

. -  '. . 
' .' -7 , '  

'.,!- ..,+ 
. _  .. J = !2.O L/d - .  

. - .  
. . r. 8 . , . . . . '  ,.< . . - . .  . . .  

The radionuclides,'dose factors, and reference,crgans are shown, in  ?able C. I & k s  
were est imated for various distances of t h e :  well downgradient from the.,point o,f 
release on the  'centerline. The resul ts  are presented in Tsble C.2. Detailed 'results . . .  

It is also of interest to est imate  t h e  dosage irom.-other -uses of- t he  .contaminated 
well water. In this report we consider the. .dosage fro!? ingesting fresh,  praduce 
irrigated with t h e y a t e r ,  and . ,  . , . ,  milk and meat  f rom c a t t l e  tha t  drank 'the water. 'and 

The dosage from ingestion of produce. and! animal 1 products, is ,compared with . .  thdt 
from ingestion of water  by comparing t h e  daily intakes via these pathways.' The 
concentrations in produce and animal products were calculated using tlle terrestr ia l  
-foodchain model published in Regulatory Guide 1 . I  09 (USNRC, 1977). The basic 
e{uati& for estiinat'ing t r a i s f e i  intc've'getation i s - : .  

1 , :  { ' 
. .  . . . . .  for  H T 0  and 9oSr a r e  presented in Tables C:3 and C.4. 

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

. . . .  ! ,  . 
. I .  

i n k e s t d  f0rage"that'Was irrig5ted with'.the'wateri::~: * ,:;. I :  , ; .  , , . . ,  * -  , 

.., ~ 

. -  ., . ;  I ,  .; : ,. - , , .. 

.* (c-91 

, t i  -..' , , . . . .  
: . . . . . . .  

* .  .. . . . . .  , 
' , I . .  + X")t;\ ?.;:*'BV . -... w r e  + 

P(X + x 1 
* .  , s;. r L-G: ; i f . : . . .  

:<, ;-,,.::, , ,~, ' . ' ,  .. I ' 

.. , 
+ ' C : : : r : : : . : : i y  ;:..,.:,: .. ,:;- ,,,, i ,  .- r . . .  . . . . . . . . . . .  * .  , .  . q . :  > . . - ,  I I ,  1.:. .::..: . ,  . , I  ' . . .  ,, . -::; . . . . . .  

Cv' = concentratton of radionuclide'in 'vegetation'(vCi/kg), ['.-.;-. : 
6 = deposition r a t e  ($i/m2 *d) ,  

. ,  *;r;7: ,.., , 

1 -  
- I !  

I _ t : c . .  
_ .  . . I  

...  where:^; ; : - j  :::, . . . . . . .  ;, 
8 . . I > ) . _  . , .: ' .. ' 

: i :" .  .,.,, : :.'. . .  I, 

... . . r  , '=, fraction .of thc,deposit ing . . .  ,radionuclide :na: ... is _. , I  intercepted by standing . .  ! Y ' .  . I .  ."';;, . . . . . . . . . .  , .  ) ' . . , ! $ : > !  . . ( ,  : 
:: ? . -  . . . . .  . . .  . . . . . . . . . . .  I .  

. . f!:. ,.; 2 ,  . . .  . ' ,  
I .. ., . -  . vegetation (unitless),,: 

, . . < . . - .  . / .  . Y, = standing crop biomass-(kg/rnq, . , , _ I  ,._' ' ' I  

I 



. .  * .. ' , , / .  I .  ' .. . .  I ,  

. .  . .  . . - .  _ .  

. I  . . a I .,:.,:.. < , . ( .  

Table CI Dosimetric data for EOR r ad ionu~k~des .  , 

I 

Half l i fea  Referenceb Committed dose equivalentb 
Radionuclide (d) organ ( r e r n w i  ingested) 

I 

H-3 c.5 103 
C-14 2.09 x I O 6  

Na-22 949 
P-32 14.3 
s-35 87.2 

ca-45  163 

9s 6 
Cr-5 I 
Fe-5 5 

27 I 
Fe-59 
ca-57 
CO-58 ' 71.3 
CO-60 I920 
Ni-63 3.65 x 10' 
Zn-65 24 ' 
Sr-85 65.2 
SI-89 50.5 
Si-90 1.06 x 10' 

Ag-I IO m ' 2 5 2 -  

1-1 31 8.04 

C1-36 1.: x 108 

27.7 

44.6 

Te-99 ' . I  a .7.78 x 107 

1-1 25 59.7 

Total body  
Total body 
Bone surfxc: 
Bone n-arrcw 
Tota: bady 
Gonads 
Bone surface 
LLI wal: 
5pleen . 
LLf wall 
LLl wall 

- LLI wall 
LLI wall 
LLI wall 
L t l  wall 
L t l  wall . 
LL1 wall , 

Bone rurfacc 
Stomach wall 
Gonads 
Thyroid 
Thyroid 

6.29 x 10-5 

2.04 x 10-2 

2.11 x 10-3 
2.96 x 10-3 

. .2.07 x 10-3 

4.07 x 10-3 

2.07 x IO-% 

" ' 3.00 x 10-2 

1.92 x 
9.25 x I 0'2 

3.1 I x 

. -  l .48.x 
' 4.07 x 

, . 1.85 x 

3 .  

3.40'X I 0-3 
. .  

5.55 x 10-3 
7.77 x 10-2; 

4.97 X '  10-2 
. .  i . 2 6 ~  io0 

1.55 x IOo 
1.26 x 

1.07 x ! O o  

* -  
I .  

~- 
- - _ .  , 

a -Source:, Char; of &e Fuclides ( I  973). .i ,. . 

. '  . . I .  
. . . .  . ' .  ; 

tz Source: ICR F Publication 30 (ICR P,' 'I 979;.ICR P, 1980; ICR P, 1982). 

c,'Dose factor for l a t e k d  organic compounds. 
I . .  

, .  , .  . ,  

:! 

j :  . -  . . !  , .  

X, = rate constant ior the '  removal o f  surface deposited material  from 

X, 
t, = growing season, ' during which: vegetation is exposed to -depositing 

B, 
P 
$ 
t5 

vegetation (d' I 

rad ionuc I iue 5 (d) 

= radioactive decay ,constant (d-l), 

= plant!Eoil concentration ratio ' ' 

= der- .. . t f  surface soil layer assuming root zone of 15 c m  (kg/m2) 
= r a t e  constant !x migration of radionuclide out of root zone (d-l), 
= period over, u hich t h e ,  depositing radionuclide acciimuiates in surface 

In the evaluation o f  q, 'we  distinguish between C,) *: ' the concentrhtion in fresh 
produce expressed on a w e t  weight basis and C;?. tlie concentration in forage crops 
PxpresFcd on  a dry weight basis. 

- .  

- . .  
. .  layer of soil (d). 

i .  I 

. I  

,, . . . .  * :  . .  . 

. .  . , .  
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Table C.2 Maximum annual dose equivalent via ingestion of water  f rom a n  aqu i f e r  
contaminated by a release of I Kiea 
- 

- -. , 8 .  i . l  mrem/y per vCi releasedb 
Radioisotope Reference Distance of well from source ' * 

organ 0.5 km 1.0 km 3.0 km ' 5.0 km 
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. .  
* .  
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. .  .- .. ' TABLE C:$ .- -. - . . .  

DOSE FROU DRINKING WATER F R W  A'W€LL THAT INTERSECTS AN AOUIFER 
THAT RECEIVES A PULSE OF 1 MICROCURIE. 

. RADIONUCLIDE:- .H3 - . 
. .  . .  

CROWNOWATER VELOCITY.. , 

AOUIFER tlEICHT 
LONGITUDINAL OISPCRSIVITY 
TRANSVERSC DISPERSIVITY 

0 . 2  M/D 
80.0 M ' 

4 0 . 0  M 
8 . 0  M. 

:. DOSE RATE (MILL IRAD/YR PER MICROCURIE RELEASED) 13 TOTAL BODY . .  . .  . .  . ' I  . 

TIME ( 0 )  'CISTANCE (KM) . 

. .  ' I  0.5. .l .o  2.0 .' 3.0 5.0 
,. + 

200 ' 2.27E-12 2.77E-28 , 1.39E-95 9-96-21 1 0. 
400 8.83E-11 5'. 56E-22~. , 2.06E-70 4.21-1 54 0 . .  
600 7.14E-10 2.56E-18. , !.O4E-55 5.45-121 0. 

2.59E-09 6.17E-16 4.43E-46 2-.81E-99 .2.42-275 
1000 5.8 1 E-09 2.83E- 14' 2.68E-39 5'. 90E-84 ' . 1 .10-232 
1500 c1.41f-08 9.17E-12 8.59E-29. 4.07E-60 3.60-166 
2000 1.57E-08 1.93E-10'. 7.90E-23 1.84f-46 , 6.87'128 
3000 8.21E-09 2.'68E-09 1.92E-16 1.49E-31 1.08E-85 
4000 '2.77f-09 5 i 23E-09 2.98E-13 , I . O2E-23 4 .:45E-63 
5000 . 7:89E-10 414OE-09, 1.7lE-11 5.16E-19 4.2SE-49 
6000 '2':g8E-10 2.41E-09 , 1.69E-10 . 5.59E-16 ' 1.09E-39 
7000 "5.24E-11 1.03E-09 5.91f-10 6.085-14 5.47E-33 
8000 1.29E-11 3.79E-tQ ' 1.07E-09 1.5lE-12 4.98E-28 
9000 3.13E-12 1.26E-10 1.23E-09 1.37E-11 . 2.94E-24 
10000 7.SSE-13 3.9OE-11 1.04E-09 6.08E-11 2.47E-21 
11000. . 1.81E-I3 . i.15E-11 6.98E-lC 1.60E-10 4.92E-19 
12000 4.32E-14 3.26E-12- 3.94E-10 2.84E-10 3.29E-17 
13000 1;03E-14 --'8.98E-13 1 95E-10 3.7lE-10 9.43E-16 
14000 2.45E-15 2.42E-13 8.7lE-11 3.8ZE-10 1.38E-14 
.15003 5.82E-16 6.43E-14, 3.57E-11 3.23E-10 1.18E-13 
16000 1.39E-16 1.68E-14 I .37E-ll 2.34E-10 6.50E-13 
17COO 3.30E-17 4.36r'-15 4.97E-12 1.49E-IC! 2.48E-12 

, . 180CO.. 7.84E-18 1.12E-15 t.72E-12 8.52E-11 7.01E-12 
19000' -1:87€-18 2.85€-16 5.74E-13 4.45E-11 1.53E-11 
20000 4.45E-19 7.2lE-17 1.85E-13 2.15E-11 2.68E-11 

22000 2.53E-20 4.55E-18 1.78E-14 4.15E-12 4.83E-11 
23090 6.03E-21 1.14E-18 5.33E-15 1,.68€-12 5.18E-11 
2 4 000 1.44E-21 2.83E-19 1.57E-15 6.55E-13 4.92E-11 
25000 3.44E-22 7.02E-20 4.54E-16 ',2.45E-13 4.18E-11 
26009 8 22~-23 1.74E-20 1.3OE-16 8'.88E-14 3.23E-11 
2 7000 1.97E-23 4.30E-21 3.666-17 3.12E-14 2.29E-11 

29900 1 13E.-24 . 2.61E-22 2'.82E-18 3.57E-15 9.25E-12 
50000 2 706-25 6.'43E-23 7.71E-19, 1.17E-15 5.33E-12 
3 IOOrJ 6 47E-26 ; .58E-23, ' 2:.096-19 3:74€-16 2.91E-12 
5 i r j f X  i 55E-26 ' 3'.88E-24: . 5.65E-20 I 1.18E-16 1.51E-12 

' 55559, ' ,J 72E-27 . 9'.52E-25 ',:t.51E-20 3.656-17 7.47E-13 
54tJOG 5.94E-28 2.33E -25 4.03E-21 1 SIZE-1 7. 3.55E- 13 
:sfJGrJ 2 15E-28 5.71c-26 1' 07E-21 3.36f-18 1.62E-13 

, 2lOOO 1.06~-19 i.ai~-i7 s.ei~-is 9.71~-12 3.90~-11 

ie6QO 4.71E-24 1..,06E-21: 1 .O2E-17 1.07E-14 1.51E-11 - 

. .  

. *  . . .  
. .  

i 

i 
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I'he quantity of radionuclide ingested daily i s  calculated as the  product o! , the  
concentration in food and t h e  appropriate usage factor, U, expressed in kg/d or L/d. 
Usage fac tors  -for leafy vegetables (Ui), milk (Urn), and beef (1Jf). are listed in 
Tab!e C.5. Thus, t he  intake from ingestion of leafy vegetables, milk and meat are 
given, respcc t ivel y , by 

where 
11 
UI 
Il l ,  
U, : intake of milk (L/d), 
I f  
U t  

= intake of radionuclide 'frorn ingestion of leafy vegetables (crCi/d), 
= intake of leafy vegetables (kg/d), 
: intake of radionuclide lrorn ingestion of milk (crCi/d), 

= intake of radionulcidc fro= ingestion of beef ,  
= intake of beef (kg/d). 

The radionuclide-independent parameter values for the calculations are listed in 
l a b l e  C.5. Tbe values are mean, median, or midrange values as listed by Hoffman -- et  al. (1982). Because r and Yv are correlated, they have been combined into a 
single parameter,  r/Y, t he  normalized interception fraction. 

Strontium-90 was selected as the most, suitable r-f erence radionuclide for 
comparing t h e  intakes through water  and foods contaminated by radionuclides 
originating in well  water. Sr-90 was singled ou; because it was identified as the  
radionuclide tha t  could contribute most to the  dose from drinking contaminated well  
water. In addition, i t  is sufficiently lorig lived that  transfer f rom water  tc foods 
takes place .without substantial losses from radioactive decav; and t h e  transfer 
factors ,  i.e., plant/soil concentration ratio, transfer coefficient t o  milk, and 
transfer coefficient to meat  are relatively high among t h e  radioisotope t r ace r s  of 
Table C. I .  Transfer fac tors  and other  radionuclidedependent parameter  values fo r  
90Sr a r e  presented in Table C.6. 

The concentrations in foods were calculated i if ter sett ing Cw = 1.0 6i /m3.  The 
soil buildup time, tb, wa5 set equal to the t ime t'rat radionuclides are depositing o n  
vegetation, tea The deposition,rate, 6, corresponchg t o  a concentration of I K i / m 3  
in iirigation water  was calculated assuking a water usage of 180 L/m2 mo, a n  
irrigation r a t e  associated with crop cultivation in Eastern Washington (Baker, 
1983'). It is implicit in the  calculations tha t  irrigation water is applied by sprinkler 
and tha t  the same values of r/Yv and X, apply to the  depositioij of radionuclides on  
vegetatic.,i whether the  radionuclides are in solution or in or on particulates. Since 

I80 L/m2 rno = 6 x lW3m3/m* d, 

the  deposition ra te ,  6, associated with a C, of I K i / n i 3  is 

' D.A. Baker ,  Personal communication, IJatteIle Pacific Northwest Laboratory, 
Richland, Wash. ( 1  983). 
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Table cs .; I Rad innucl ide&&pnd& .paran& values. for. estimating thC dose . from _ .  

. - 1  . i  ,; . . .  . : , _ ; .  . . . ,  . . : . .  . ..- , .  I , : ... _. !;,: 
' ig r icb l tura l  pt%ductsP . .  c-. 2 .  ~ .: 2 . . <  , . , .  

. -. . 

, .  
. .  \ .  ~ I ,  . . - .  ~ : .  . ' 

i' ' 
, .  ,. . e . . -  .,, . ~ _ _  . 

. .. . 
. . , .  . . __ . .  _ . .  

. 
, '. . ,  ... , .  . . : .  . . 

. . .  , 
S i . . ! ,  : .  . ._ I .Pa&metei.. .r, .  .: . , _  ' -,  . . .  . ... Value . ..- :, .,.:: . , . 

_ .  ~ . I ( .  

. < . - .  . , .' . , .  - I - '  ,. " .  : _'. _ .  . , I  . -, - ' -  . . * <  ., . 1 8  !,.' : ? '  .-, a ;  ,_ :.. . . .  .. . 
. .  

' .  
'- - .' . . . .  ( . .  

O ~ I  'mZ/kg w e t  w t  
' ' . . . 2 ' ! ;  . .. , . 8 , .  . . _  . _ .  I . .  . .  Normalized interception 'fraction . .  . . . , , * .- " . ,  .. .- - . I  1 I '  f&leafy vegetables > d  i > ' , ' -  . ' I . .  ,.. , . ., . 

q v  ' , 

Weathering r a t e  for particulates b 
te 

p '  . , a '  ...,De'nsity'of.surface wjl-..::: : . ; : , I *  

Qm 
. -Qwl-. 
Qf 

''I 

. 
\ ,  . -.lei m /kg d r y  w t  I -  . . . I _  

,0.0>7 .d-I , . . . . : .  , , 

75 d 
30 d 
4Od ' 

.. * : : Normalized interception fraction :L- ': : - : e  . . .  I. , *  ;!-'.. ' - 5 . '  , for'iorage ::.:: I- . ,  . . . . : , ,  

~, ,. 

' ' 1 '  ,,' . ... ,..;. , . ' < . ! . '  , . '  . , , ' . ,  . . , .  .. , .  . ' ,. I .  

_ .  . -  . -. 

. 'i :: - ':',:% - .  - ) , .  
Crowing season, leafy vegetables 
Crowing season, dairy forage 
Growing season, forage for beef c a t t l e  

Dry forage intake, dairy cows 

Dry forage intake, beef cattle 

. .. .. . . .  ~, 
2 r , I  .. - p i  . _  . ;, . .._ .:. I ,  . 213 kg/m.  

75 L/d 

0.049 kg/d 
0.26 Lid . - - [ J , ~ -  .- - - Ingestion r a t e  of-milk _ _ _  .. . _ _  - . _ _  . . 

~. 

11.0k /d , r . ; :  . . _  . . - .  ._ '' 

..\ . 
% Waterintake,  .dairy..cattle._. -...- _ _  _____________.- . _ _  8*.3 kg.,d .. - ... .- ~ . .. . 

. *  45 L/db . .  
. . , .  

: Water intake, beef c a t t l e  
Qw2 ''. ' .'Ingestion 'rate of leafy vegetables 

1!f ..Ingestion r a t e  of beef 0.'26' kg/d . . .  . .  * .. 
<. - , I .- 

. .  .; . , .  . .  , . i . ,  

a Source:'Hotfman .. I . . - -  et al. (1982). 
1 , s  * .  

I -  * 

Table C.6 
products.a 

Strontium-90 parameter values for estimating the  dose from agricultural 

Para meter  Value 

Radioactive decay rate 
Plant /soil concentration r a t  io, 

Plant /soil concen t ra  .ion ra t io  

Migration r a t e  from root zone 
Transfer cop!!: ,ient to milk 

F l  Transfer coefiicient to beef 

6.64 x 10-5 d-1 
8.5 x I 0'2 (wet  vegetation/ 

1.4 (dry vegetation/dry soi l )  

5 1  6.7 x 10' d' 
1 . 2 ~  1 T 3 d / L  
5.8 x I O e 4  d /kg  

x, 
fiv I 

uv2  

x5 
L 

leafy vegetables dry soil) 

pastiire vegetation 

Source: Hoffman -0 et al. (1992). 

Table C.7 compares the  daily intake of 9% from drinking well water ,  ea t ing  leafy 
vegetables irrigated with the  well water,  and ingesting milk and beef from cattle 
that drank the well water and consumed forage tha t  was irrigated w i t h  t h e  well 
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water. The intake from'drinking water  is  t h ree  to four t imes greater than t h a t  from 
ingesting leafy vegetables and milk and about  10 t imes greater t h a n  t h a t  f rom 
e a t i n g  beef. In t h e  case of the  o the r  radionuclides of Table C.1, t h e  intake from 
drinking water  could b e  expected t o  exceed t h a t  from ingesting leafy vegetables and  
milk by a comparable factor or more. This i s  attr ibutable to the  greater importance 
of t h e  deposition. of radiowclides on plant surfaces compared with plant up take  
f rom soil and to the  relatively high values of th; transfer factors for 

In t h e  case of HTO, cornparing the  daily intake of water  from ingestion of drinking 
wa te r  and from ingestion of t h e  water  content  of vegetables, milk, and m e a t  will 
readily lead to the  conclusion t h a t  t he  intake of HTO from drinking wa te r  will 
similarly exceed tha t  via vegetables, milk, and meat. 

Table C.7 Intake 'of Strontium-90 originating in well water  drawn from a 
contaminated aquifer.: 

Path way , Intake 
s i / d  F r  pCi/m3 

.. ' 

Drinking water  2.0 x 10-3 
Leafy  vegetables 5.1 x 10-4 

Bce f 2.2 x 10-4 
Milk 1.6 x IO'$ 

I 
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APPENDIX 0. 
NATURAL GAS ~, , 

Dose e s t ima tes -  for- hypothetical .exposures ~ to natural ' . -gas from,.  reservoirs 
developed with nuclear explosives a r e , u k d  .in this report to e s t i m a t e  the  dose :from 
t h e  radioactive t racers  recovered _.__. in natural gas during a n  EOR operation. Barton et 
systems:fed by the'Rulison.wel1, which ,was developed,by use of ,nuclear  explosives in , , 

1971. Estimating. I040 Ci of tri t ium in the  

dore from inhalation and *skin.absorption of HTO in ground level releases of Rulison 
combustion products was est imated tc be 20.6 mrem in various communities served 
by"the"system. Unvented gas ranges were considered to be the  source of the  most 
likely -'home exposures :to combustion products f rom gas appliances. The dose 
e s t ima te  for exposure.to the  HTO in unvented combustion products f rom a gas range 
was 1.3 mrem for the  szme  conditions above. The collective dose tc the  population 
served by' . the :local ldistribution system, assuming total combustion of t h e  tr i t ium 
produced (1040 Ci),-was est imated . . ,  to be ' 4  man-rem. 

Jacobs et al., (1972a) assessed the  potential dose to workers and members  of the  
public ' from processing, :distribution, and combustion of the  gas produced by the , 

Project Gasbuggy 'nuclear device. It was est:mated that the total gas  tha t  could be' ' :  
yroduced in ' the  well would.yield 2350 Ci of tritium, 368 Ci of 85Kr, and  10.5 Ci O f  

4C.. Most o f ' t h e s e  act ivi t ies  (i.e., 2330 Ci of. tr i t i i tm, 360 Ci of 85Krr and 10 Ci of 
14C) were ' removcd from - the cav i ty  in a total gas volume of 251 million f t 3  during 
t h e  major tes t ing and 'f laring program lasting about 14 months. The total gas 
produced would be processed a t  t h e  Blanco processing plant where a sma!l f ract ion 
would be used 'a t  ihe.plant.  '.The dilution f ac to r  for  Gasbuggy gas at the Blanco plant . .  . . 
was est imated to be.576. : : .  

A small  f rac t ion  o f . t h e  gas  entering the  Blanc0 plant would b e  used as fuel at the  
2 plant and ' the ' resul tant  ..average concentrations in Blanco gas  would be 5.69 x 10 

pCi/l. for 3H, and 88 pCi/L. fo r  85Kr. Residents of the  c a m p  would be subject to a n  
exposure.from.the combustion --. - - .  _ _  products of the  fue l  used to opera te  the  plant and to 
a household exposure which -we -assume- results -only -from - unvented. gas ranges.. 
Estimates of the dose from unvented gas;ranges ar.2 based on those of &moil et L L  al. 
(1973).  A summary of t h e  dose es t imates  for  Rulison and Cas6Uggy. is shown ' in  
Table D. I. 

ESTlhlATlON OF THE DOSAGE ~FROM'~'RADlO~~UCLlDES.'~lN . . . . .  .. . . . . . . .  : ' '  '; 
~ . . , A ,  ., . .  

. .  _: ?.:'., ' .  

. . . .  .. . ....... -"--- ._ . . -  __._._ . _ _  . . .  
.,- 

r -  ...--. ~ - -  
. . . . . . . . . . . . . . . . . . .  . . . . .  

': 

a$ (1973) es t imated doses to memb;ers-.of"'the public- s e rved .  by gas distribution . . . . .  

s delivered in the  first  ' year  and a n  ' ' .  
average  t r i t ium concentration of 210 pCi/crn gP in t he  local distribution system, t h e  

>. : ' , .  
, .  . .  .. 

. -  I 
- . _ _  ' . . - .  ! . < , , , '  ; . 

7 .': . *  . .  , .  

. . . . . . . . . . . . . .  
. .  I :.' , , I  

The act ivi t ies  In the  dry gas produced at the Blanco plant would be 2180 Ci of 3H, 
and 360 Ci of g5Kr. This gas would en te r  a gas distribution system and be  sent  to 
population centers  in California. En route  to California, Blanco gas would be 
fur ther  diluted by a factor  of 3 to 16. (The total dilution factor  for  Casbuggy gas at 
points of consumption would vary from 1840 to 9220.) Dose es t imates  per unit 
concentration of tr i t ium in natural gas are summarized in Table D.2 f o r  thc  10s 
Angeles Uasin and h n  Francisco t3dy area.  The dose es t imates  a r e  shown for t w o  
sources o f  exposure: HTO in combustion products dispersed in t h e  atmosphere,  and 
HTO in combustion products f rom urrvented kitchen ranges in residences. 

SS 



Table 0.1 Estimates of t h e  dose from radionuclides in natural gaS from wells 
developed by nuclear  explo-sives.a 

.. Total 
Radionuclide Source . amount Diht ion Concentration Dose es t ima te  

Ci fac tor  pCi/L 

3H Hulison 1040 z IG z 10,000 z 0.6 mrem/y via inhalation 
and skin absorption of the 
HTO in the ground level 
release of combustion 

I . 3 mremjy from heusehold 
exposures t o  unvented 
kitchen ranges 

' products 

3 tl Hu!ison 1040 

3 H Casbuggy 

S5Kr Gasbuggy 

IS man-rem to population 
(22,000) served by regional 
distribution sys t e m  

5 76 570 0.15 rnrem/y to residents of 
. Blanco camp from plant 

combustion products 
0.07 mrem/y from household 
exposures to unvented 
kitchen. range 

5 76 88 0.022 rnrem/y to residents' 
skin from combustion 
products of Blanco plant 
0.013 rnrem to residents' 
skin from unvented kitchen 
range 

a Sources: Darton -- et al. (1973). Jacobs -- et al. (1972a). 

I 

I 

! 
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Table D.2 Est imates  of t h e  dose from t he  hyk the t i ca !  use of natural  gas containing 
1 pCi/cm3 of tr i t ium in t h e  10s Angeles Basin and San Francisco Bay area.= 

Source 
Annual dose, rnremly 

< ‘ I 1  Los Angeles Basin San Francisco Bay Area 

i 

Atmosphere 
Population weighted average 0.024 

Domestic use 
All appliances vented 
except  gas range 

0.27b 

0.007 

0.27b 

, .. 

Total 0.29 
I .  0.28 

a Source: Jacobs -- et al. (1972a). 

If gas heaters  and appliances a r e  all unvented, t he  annual dose would be  
2.0 mrem/y in the  Los Angeles Basin and 2.5 mrem/y in the  San Francisco Bay 
Area. 
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