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ABSTRACT

An environmental asseﬁithén; of the use of radioisotopes as interwell tracers in field
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 tracers and to members of the public were
estimated for normal and accidental exposure scenarios. On the basis of estimates
of the total quantity of tracer radionuclides injected in a year, the annual number of
projects, the average number of injections per prcject, and assumed values of
accident {requency, the collective dose equivalent is estimated to be 1.1 man-rem/y
to workers and 15 man-rem/y to members of the public. The national radiological
impact of the use of radioisotopes as interwell tracers in EOR projects is estimated

to be a total collec:ive dose equivalent of <16 man-rem/y. Accidental exposurcs
are estimated to contribute relatively little to the totai.
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ENVIRONMENTAL ASSESSMENT OF THE USE OF RADIONUCLIDES
AS TRACERS IN THE ENHANCED RECOVERY.OF OIL'AND GAS - -~ -

© e .3 EXECUTIVE SUMMARY " 77 0 o

OBJECTIVE ST e T

’

An envnronmental assessment was performed to evaluate the radlologlcal |mpacts of g
using radzoxsotopes as interwell tracers-in field lloodmg for the enhanced recovery.
of oil and gas. This assessment document is, intended to furnish'the U.S.. Nuclear:
Regulatory’ Commission “{NRC) - background - material _.to" produce a genenc
environmental impact statement..- The results of the assessment are presented in
terms of dose estimartes for workers who hanle the radronsotopes and Ior members,
of the public:’” =~ =" s oo, S I SR _ N

cvp A
AR AN B

ENHANCED OIL RECOVERY (EOR)

Oxl productlon from a: producmg well can be 1ncreased by m)ectlng fluids (liquids or
gases) 1o maintain reservoir pressure and. push the oil toward production wells, a

techmque called secondary recovery.. To:increase oil produrtnon beyond ‘the levels
obtainable by sccondary recovery, tertiary - methods are used. Tert:ary methods
.include miscible’ methods ‘aimed-at ‘reducing the vnterfacnal tensnon between the oil
;and the driving fluid,"and thermal methods-to reduce the viscosity 'of the oil -by
heating. In this report,-enhanced oil recovery, or EOR, refers to both secondary and
tertiary methods. It has-been estimated that about, 27. bllllon barrels of oil remain
-to be produced by primary and secondary methods in the U.S. and an additional
;,18-53 bxlhon barrels can be recovered by current and advanced tertxary techmques.

"USE OF RADIOISOTOPCS IN EOR h TR

S TR I s

Radnoar-twe tracers are. mjected lnto underground reservoirs’ with’ ltquxds and gases

""to ‘monitor ‘the movement .of the drlvmg fluids and the elflcxency of the recovery

rocess. lsotopes that have been used as gaseous tracers’in 'EOR operations include

H as HT or tritium-labelled hydrocarbons, MCOSZ and 85Kr. lsotopes used as liquid
lnterwell tracers include 14C, Z2Na, 355, 57Co, 38co, 60co, 63Ni,
65Zn ) 85sr, 90sr, l‘le‘\g 12’5; and ]3'l. Addmonal isotopes have been licensed
as tracers i underground onl/gas wells and reservoirs. The quantities injected vary
wndely.‘ For example, quantmes of :HTO varying from. .0.010 Ci t0.100 Ci have been

ln)ected nn a single well in: EOR" tracer, applncatnons conducted in the U.S. 1t is

.

" EXPOSURE SCENARIOS - e e

estzmated mat about: 100 EOR: pro;ects usmg:radloactlve tracers ‘are conducted
annually. E;ach tracer prO)ect involves an: average of, four or, lwe separate mjectmns
.of an xsotope mtoa well.n‘ O R T T T T A o

LA BN

oy T

c R -, ~" - : .
[ E . .. . . i
[RTRN Y Ja . . , oot . . v . . . -

[ PR

.~

Normal and accidental exposure scenanos are descrlbed for thréee d:stmct stages of
an injection operation:. (1) the aboveground stage. before, during, and immediately

. after, m)ectlon of the tracer, (2) the subsurface stage when the tracer traverses the

“wellbore . and ‘underground- reservoir, .and.;(3). the. recovery . and dlsposal stage
begmnmg wnth recovery of the lsotope at the productnon well S ,

(l) Aboveground Stage. ln the aboveground stage llcensee uorkers may’ be exposed
“to.radiation when the source is unpacked from a shlpplng conta ner, carrxed 1o the

it

. ( LS



welineau a:;cnun, e T C . : TossL T e

other post-injection operations are carried out. - o

During more than 20 years of experience, incidents or accidents xnvolvmg the
unplanned release of radioisotopes to the environment during EOR operations using
tracers have been rare. However, aboveground scenarios that could lead to
accidental exposures to workers can readily be postulated as a framework for dose

estimates. - 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 the atmosphere after accidental

dropping and breaking of the source container, (3) leakage of a radioactive liquid or’
gas through wellhead fittings durmg injection, "and: (4)’ leakage of a radioactive’

solution. from a wellhead through valves- inadvertently left open (hutnan ‘error).

Exposures that could result from the occurrence of these scenarios include external

doses (to workers) and doses from inhalation and submersion (to workers and to
meimbers of the public) from airborne radionuclides.

(2) Subsurface stage. Workers and members of the public are not subject to normal
exposures during the subsurface stage. Mermnbers of the public could be exposed if
the radioactive tracer should enter a freshwater aquifer-that serves as a water
supply. . The entry of EOR injection fluids into underground sources of drinking
water is unlikely, because of the strict. underground injection ‘control (UIC)
regulations. If the tracer-bearing injection fluid shouid enter a groundwater system,
members of the public could be exposed by drinking the. water, eating food crops
irrigated with the water, or ingesting milk and meat from animals that had ingested
the water or consumed vegetatnon lrrtgated wnth the water.

(3) Recover/ and dtsposal stage. The flunds recovercd at productlon wells contain
the tracer at very low concentration. Since these fluids are separated from the o
and either reinjected or stored in an impervious pond, radioactive tracers in solution

- do not deliver. exposures to workers or members of the public. However, members

of the publxc are subject to 'doses from inhalation and submersion due to the HTO
and 83Kr in the combustzon products of natural gas bearing residual tritium-labelled

g hydrocarbons and 85Kr. B

DOSE ESTIMATES

t

(l) Normal exposure. The annual dose: to a ‘worker from normal abovegr0und

-operations. is dependent on the’ type and amount of radioisotope xnjected and onthe
- number. of injections performed in"a year..:If a worker were to inject: all the

radioisotopes projected for the United States in & year, he would receive a dose
equivalent in the total body of about 470 mrem. - As a worker is unlikely to perform
more than !0 injection operattons in a year (10% of the: estnmated injections), the
annual dose equivalent in the worker is estimated to be less than 50 mrem.
Assummg an average of two workers per project, the collective dose equivalent in

: workers is estimated to be 0.93 man- rem/y.

s Normal exposures do not occur m the subsurface stage of operatnons.

,\'
¥

The dose to members’ of’ the publxc frorn normal exposures in the recovery and

disposal stage results' from- the residual: tracer radioactivity in natural gas. The
maximum dose equivalent in an individual is estimated to be 6 x 1072 mrem/y and is
attributed to the HTO in" the ‘'combustion products of gas. The collective dose
equivalent in the  general population, using the Los Angeles basin as a frame of
reference, was estimated to be about 15 man-rem/y. This dose estimate is much

2



concern than the entry.of a raduoactxve tracer.

less than the estimated 40, 000 man—rerrf[y collective dose equwazlf in the
bronchial epithelium of the sa g population from naturally occurring. 2Rn in gas

distribution lines, or the 1 x 10® man-rem/y collective eftectwe dose equtvalent in".
thls populatton Irom natural sources of radiation. .

(2) Accndental e:gposure. ,Tlse annual collectwe dose equwalent in workers Irom'
accidents occuring in the aboveground stage is estimated to be 0.13 man-rem/y,
which .is about one-seventh of that from.normal aboveground exposures. - Individual.
doses from accidents would depend on the ‘accident scenarios and ‘the "amount’ of
radioisotopes. involved. ' The collective . dose equwalent in members of the public
from the accidental : release of . gaseous rad:onsotopes ts estlmated to - be
0.034 man-rem/y. ‘ L eaLn

tn the subsurface stage, the annual dose equivalent in‘a member of the public ‘from
drinking -well. water. from a contaminated aquifer at | km from the well was
estimated .to:be, .about OOl mrcm/y._ The collectlve ‘dose equlva'ent Irom thns
accndent scenario is estlmated 10 be about l.7 x lO"" man-rem/y. SRA

Accndental exposures 'do not occur in the recovery and dlsposal stage of operatnons. E

-

eq.nvalent in - workers - from normal exposures thh the 0.13 man-rem/y from
-accidental exposures leads to .a total collective dose equwalent in workers .of
1.1 ' man-rem/fy. . It bears - ‘repeating that accndents are rare occurrences and that
conservatwe values of accndent frequency have been assumed in thls assessment. -

v

“For members of the pubhc, the total collectlve dose equxvalent from" normal
exposures . is estimated to be 15 man-—rem/y, derived mainly ‘rom HTO in 'the
combustion producis of “H-labelled gaseous hydrocarbons recovered 'in ‘natural ‘gas.
iThe collective :dose-equivalent. from the accidental surface release of gaseous
‘ radioisotopes .is estimated 1o be 0 034 man-rem/y, which is more than two orders ‘of
. magnitude fower., The collectxvc dose ‘equivalent from drmkmg water drawn from a
“contaminated. aqunfer is. 1.7 x 107% man- rem/y, which is less than 1/10,000 of the
collective dose to the general pubhc ‘from’ normal operattons. “The’ contamxnatzon of
the aquifer by salts, acids, alkali, and other ‘substances would ‘be ‘a ‘more pressing

- .. -
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Summlng the collectlve “dose to workers and members’ of the’ publxc yields a" total

> collective - dose . equwalent‘ of . 16 man-rem/y._ Because the calcutanons are

- conservative, our -estimate .of the natlonal radlologxcal xmpact of -the ‘use . of
“ radioisotopes-‘as mterwell» tracers m EOR pro;ects xs a total collectwe -dose

- equ:valent of <16 man-rem/y. T
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ALTERNAT!VES 10 RADIOACTIVE TRACERS 1}5’;;’} : "_ sl
Nonradioactive tracers have also been “ised to momtor the behavior: of lquldS and
gases in petroleum reservoirs. . Chemical tracers include ammoniutn thiocyanate,

potassium iodide, ammomum mtrate, and SF6 (gas).” From the standpomts of:.cost

.,,.

.complement radloactlve tracers in EOR projects - mvolvmg multxwell xn)ectnons of
. different tracers. “There‘have been .situations where a nonradxoactwe chemncal has
"been preferred over a radloact(ve tracer: - .. onoent el oy

~
T



~ R 1. INTRODUCTION
1. BACKGROUND - T T BT o

"

This project has been commissioned by" the U.S. Nuclear Regulatory Commnsston.

(NRC) to produce an environmental assessment of the use of radionuclides as tracers
in field flooding for the enhanced recovery of oil and natural gas, which is commonly
referred to as enhanced oil recovery (EOR). The assessment document is intended
to furnish. the NRC the background material to produce a generic environmental
impact statement on the use of radlonsotcpes as interwell tracers for EOR. The
NRC has commtsswned this project because a detailed assessment of the use of
radioisotopes as tracers in EOR operations has not previously been done. :

1.2 SCOPE AND OBJECTIVES

Thns pro;ect is. desngned to’ evaluate the consequences cf" usmg radno:sotopes as
interwell tracers when liquids or. gases are m;ected into underground reservoirs to-
maintain or increase the production of oil or gas. Individual doses and collective:
doses associated with both normal EOR operations and postulated accndents will be‘.

consndered.

Thxs study does not address exposures assocnated with. ‘the transportation of

radioactive tracers from a’packaging site to the mjectxon site 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 other 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 potentlal impacts from usmg radnoactwe sources in well logging or other

smgle-well tracer appl:catnons.

The study focuses on the radnologncal zmpacts assocnated with the use of
radioisotope tracers in EOR. The environmental risks assocnated with EOR methods
have been considered (Schumacher, 1978; Campbell, 1981). 'The radlologlcal impact
from the use of radnolsotopes as tracers in EOR will be exammed in the Ingln of the
other associated envnronmental concerns.

One goal of this project is to produce an environmenta! assessment of the usc of
radionuclides as interwell tracers in EOR. This assessment document will furnish
-the NRC:the bazkground material to" prepare a genernc environmental - impact
. statement. ‘A second goal of the project.is to draft a’ separate guidance document
after the environmental assessment has been completed. This guidance document
will specify the information that an applicant should furnish the NRC to obtain a
license to use radioactive tracers in EOR operations. The guidance document will
serve as a model in formulating guidelines to keep occupational doses as low as
reasonably achievable and to ensure the health ‘and safety of the public when
' radlonsotopes are used as interwell tracers in EOR operations.

Y 3 DESCRIPTION OF ENHANCED OIL RECOVERY (EOR)

N Methods for mcreasmg Detroleum productxon

Lt

The oil from a producmg well in a new reservoir mmally flows’ because of the
pressure exerted by water and gas in the reservoir. As oil production continues the

* Source: Schumacher (1978)
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reservoir pressure declines unless fluids are injected into ‘the reservoir to mamtann
the pressure. The average recovery from primary- producnon, wnth ano wnthout
pressure manntenance. is 20 to 30% of the ongmal oil in place. RERRI R

.,_,,,:.,.. o R . ’ o
Oil production can be mcreased beyond the levels achxeved by pressure - malntenance
through a ‘technique called waterflooding, which'is the injection of ‘water through
injection ‘vells to push the oil toward: productnon ‘wells.”” This technique has’ been
called secondary’ recovery. In. practice it ‘is often difficult 1o dnstmgunsh between
secondary recovery and pressure maintenance because it is now "ustomary to begm
the waterflood before the reduced -pressure results m an excessnve decllne in
production. R STES A N AT e
So-called tertiary recovery methods have been: used to' increase -oil" production
beyond the levels obtainable by secondary recovery methods, when some 60% or
more of the oil may still ‘be in place.  The tertiary methods. include miscible

‘methods, aimed at reducing interfacial tension between the oil and the driving fluid,

and thermal methods to'reduce the  viscosity of the oil by: heating. - The miscible

methods include the following types of ‘flood: surfactant polymer, polymer, alkaline,

carbon-dioxide, and miscible hydrocarbon.’ Thermal recovery methods include in situ
combustion and steam- floodii.g,~the Jatter accounting for most of the oil- recovered
by tertiary methods. _ B S SRS

In this document, enhanced oil ‘recovery or -EOR refers to ‘any of the: methods ‘to
increase 'oil (and gas) producnon beyond that: obtannable from prnmary productxon
alone. B T N A S P O TP S SO S
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'Tracers are used to defnne the movement oi lnqunds or gases m)ected mto an oxl and

gas reservoir to enhance recovery and to monitor reservoir performance. -:The
water-soluble or gaseous tracer is introduced into a reservoir with the 1n)ected

‘fluid. Both ‘radioactive and nonradioactive tracers ‘may ' be ‘used. :The ‘tracer is
‘placed in the m]ectxon well, -where it is'diluted and swept into the reservoir by
‘injection lquId or gas.” The diluted ‘tracer is subsequently recovered at producnon
'—‘wells and ns monntored by samplmg the recovered fluxds. PRSI A

VA . . R S O

In’ evaluatmg reservoir: perlormance, n is derxrable 'to determme the source - of the

‘injected fluid -being collected -at a productnon well. - 1t.is- frequently - desirable,
‘therefore, to employ several tracers, usnng a dlfferent tracer m each of a number of

injection wells. e A B N

1.3.3 Underground injection control

The potential contamination of a freshwater aquifer is a recognized hazard in oil
producuon technology. Ihe entry of EOR lnjecnon fluids into a freshwater aquifer
serving as a water supply could cause serious pollution problems. The injection
fluids used for secondary recovery are usually brines compatible with the
endogenous fluids in the reservoir. The composition of dissolved solids varies
greatly (Collins and Wright, 1982). Chemicals added to tertiary injection fluids
could also lead to pollutnon problems if they entered a freshwater supply.
Groundwater contamination is particularly bad because it is long lasting, difficult to
trace, and may be far reaching.
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Entry' of EOR: injection - fluids into underground sources of drmkmg"\\iater is,
however, extremely unlikely because of' the strict underground injection control
(UIC) regulations (Spears, 1980). Injection wells associated with EOR operations are
designated Class Il wells:and are subject to strir.gent construction, operating,. and
monitoring and - reporting requirements. - Federal - UIC regulations have been
established by the Environmental Protection Agency (EPA) as required by the Safe
Drinking Water Act (20 CFR.]22-124, 146). .Texas, Louisiana, and New Mexico-are
among the individual states that have achieved primacy for UIC by drawing up and
administering a detailed regulatory program that meets the technical and procedu'al
requirements estabiished by EPA.

3 &4 Estlmates of petroleum recovery by EOR methods .

>

Durmg l978 1981, rrude - oil> productlon in the U.S. held _level. at
8.6 - 8.7 x 106 bbl/d (IPAA, 1982)." Primary methods. accounted for 47% of the

production; enhanced recovery. methods:for 53% (Johnson,. 1982). Production by

EOR methods in: 1980 was about 90% recovery by waterflood, and- about. 10% by

tertiary methods (Matheny, 1980).- Steam. accounted for 77% of the U.S.. _tertiary
production--up from 67% in 1978--and CO, and other gases accounted for. 19%"

(Matheny, 1980).

Of the total of 460 billion barrels of oil discovered in the U.S., 12! billion barrels
have been produced and 27.billion barrels remain to be produced by primary and
secondary methods. Of the remaining 312 billion barrels that would remain in place,
an additional 18 to 53 billion barrels can be recovered by current and advanced
tertiary techniques (Johnson, 1982). It has been estimated that current tertiary
recovery techniques could produce }.] x 106 bbl/d by the zear 2000, and that more
advanced. techmques could account for another 2.7 x lO bbl/d of production by
then. ) .

Radloactlve-tracer pro;ects by service compames that perform mterwell tracmg for
EOR were estimated to number 50 to 60 per year (Bailey, 1982*). If we include
projects performed by the oil companies. themselves, the total number.could be ac
large as 100 (Bailey, 1982 *)... The environmental assessment presented in this report
is based on the assumpnon that the total number of EOR operations employing
radioactive tracers is 100 per year. Based on the experience of two licensees, each
tracer project invoives an average:- of four to five separate injections of an isotope
into a well. In this assessment:it is assumed that each tracer project on the average
involves four separate injections of an isotope.

* E.D. Bailey, Division of Licensing, Registration and Standards, Texas Department
of Health, Austin, Tex., private communication (1982).
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_As noted in Sec. |, tracers are used in EOR operations to trace the movement p_l_ the
“injected fluid through “the_reservoir, to evaluate sweep efficiency, and thus to
monitor - the - perlormance of the -flood. Radioactive ‘sources for tracing injected
_liquids are prepared as water-soluble material in aqueous solution; those for tracing

“injected gases are preparéd in gaseous form. >

Table 2.1 is a list of radlosnotopes that have been used as mterwell tracers in EOR
operations. The table was compiled from data furnished by one licensee for July 1,
1979, to November 16, 1982 and data for calendar-year (982 furnished by another
licensee. Table 2.1 shows the range.of the amounts typically injected into a single
well. As noted in the table, the injected amounts of 'some radioisotopes vary
greatly. - The range listed in Table 2.} reflects the practlce of only two licensees in
the' U.S. ‘over ‘a limited period of time; it is intended only to give a general
indication .of the quantities of radioactive materials used "in individual tracer
applications.” It does not imply that smaller or larger quantities have not been used
_or_will not be used. Specifically, Table 2.1 excludes_the large amounts of some
radionuclides that have been injected in foreign EOR operatlons.

Table 2.2 lists other radioisotopes that have been licensed as tracers in underground
oxl/gas wells and reservoirs througn radnoactnve matenal llcenses :ssued by.the -NRC

LA ' [ . . . LNt L T o - Do
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Table 2.l Radlolsotopes used as mterwell tracers m EOR operatnons.a L

[

- .- PRI -t [P SLwe -t
SN : . PN

T Rangeofamounts
"ttt Physical o Tt ot 0T T injected in'a '

LN
[

Isotope Half-life ‘form Chemical form single well, cib
TH-3(T) 123y ;c;as T, CH3T,C2H5T,C3H7T S 040 3007
“Liquid = HTO’ " '0.010 "Z100
C-14 . 5730y . . Gas ,,___“*coz o .~ 0.030 -0.80
S "' Liquid " Aniop oo .0.00625 "~ 0.0015
" Na-22 { ' 2 60 y - Liquid " ~“Cation’ LT 0020 - 0.040.
- S-35 T 87. 2d - 'Liquid’ Anjon T 07 R o.olp -
“Ca-45’' - 163d ' - Liquid © Cation " T T U ifg001 " U0,0)0
Co-57 . 271'd "~ Liquid' Anion (complex) T 0.005° -0.300
'Co-58 -~ "71.3d  “Liquid’- ‘ “Anion (complex) - K s TS LT 0,005 <i0.20
“'Co-60 5. 27y "Liquid ~ ‘Anion (complex) - * PETER 0,001 - 0,30
" Niz63' 7" 100y - Liquid "' “Anion (complex) e Y T0,020 ¢ (- 0.35
C Zn-65 2u4'd f‘"'L:qu:d ~'Arion (complex) _ e o020, 0 T
Kr-85 10.7y  Gas “Molecular” "t T T g 090" T Uy
_5r-85 . .65.2d Liquid . Anion {(complex) ... 0010  -0.040.
Sr-90, .29y ' . Liquid ~ Amon (complex) P / X 000014 ‘-O.IOO
. Ag- llOm 252d ,1';;‘anund "Amon (complex) ..o, 020 ,,,,,
A-1257 7 59.7d ., Liquid , " Anion " . 0 0 7 0.010 .-ooao
- 131 ‘3 ot_; d_ . Liquid Amon T 008,_ -0.050

a Based on data for. the pernod July I, l979, to. November 16 l98'2,'fr.6mi one
hcensee and for 1982 from another licensee. ..~ .., . e e

b The data pertain to EOR projects in the conterminous U.S. and Alaska.

7



Table 2.2 Other radioisctopes that have been licensed as tracers in underground
oil/gas wells and reservoirs.

.lsotope - © Half-life ., . - 7 Physical form . @ Chemical form
pP-32 16.3d Liquid Anion

Cl-36 ~-3.00x10%y: - Liquid - ¢ ** Anion

Ar-37 34,7 d. . - - Gas - 2 “Molecular
Ar-39- - . 269y - - .. o Gas - -Molecular
Cr-51 - o 22.7d. - - Liquid - -7 Anion -
‘Fe-55 - - . 27y ..~ . Liquig Anion (complex)
Fe-59 . 445d 7 . Liquid © - Anion (complex)
Se-39- - 50.5d - . .. . -.Liquid - Anion (complex)
Tc-99 - 213x10%y . i - Liquid - . Anion

Xe-133 . 5294 .- : Gas ©© Molecular

or the state departments of health:of California and Texas. These are two of the
principal agreement states that account for the major share of U.S. oil production
by EOR methods. Radioactive materials licenses sometimes cover a group of
unspecified isotopes over a wide. range of atomic numbers; they also sometimes
cover authorized uses other than interwell tracing . in_ petroleum reservoirs.
Table. 2.2 may therefore exclude some isotopes that are used as interwell tracers in
EOR operatlons, ‘and it may include isotopes that are not normally used as interwell
tracers in EOR.

Certain isotopes that-are authorized to be used for tracer studies in oil and gas
wells, such as Sc-46, Zr-95, and Ir-192, are not listed in Table 2.2 because they are
used in smgle-well applications rather than as interwell tracers.

The ‘actual ambunt of radioactivity injected in an operation is determined by the
licensee conducting the tracer operation in collaboration with reservoir engineers of
the oil company. The reservoir engineers supply the needed information on reservoir
characteristics and cperating conditions such as rate of fluid injection, reservoir
volume, and estxmatcd time to breakthrough. The amount of lsotope to be injected
is determmed ‘taking into account the reservoir characteristics and is established so
the expected concertration in the recovered fluid is suffxcxently above the detection
limits for accurate quantification but below the maximum concentration permissible
for release into an unrestricted area.. The amount of activity injected can be
expected to vary widely from operation to operatlon. ‘

The raonolsotopes used to trace m]ectlon llquxds in EOR are waler-soluble specxes
that do not distribute or ¢.xchange with the oil phase. The mjectnon procedure is
usually des:gned so the is>topes are stable anions in solution in the injection and
reservmr fluids.” As anions, tne isntopes are minimally absorbed and unretarded in

the reservoir. Soluble cationic species that are not adsorbed in geologic media are

~also used -as -tracers.- Radioisotepes in the form of gaseous hydrocarbons are .
- miscible with petroleun: and are scpzrated into the natural gas fraction. Inert gas

isotopes oi Ar, Kr, and Xr are thought to remain in the natural gas fraction.
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Tritium as HT is separated from the natural gas -frarction along \Vlth N2, and tritium
as HTO is separated from natural gas (and petroleum) when it is dried. 1°c02 is
separated from natural gas when itis processed. ;1_,':._ o R 5 C e

IR

The persons who m)ect tracers are employees of lncensees of the 'NRC ot agreement"'
states, who are well trained in the principles and practice of health physics. The °
radioisotopes for. injection are -transported to the job site in containers meeting
Department of Transportation (DOT) specnflcatnons. Typically ‘an in)ectnon is"
carried out as follows: The vial containing the radioactive tracer is 'carefully
removed “from: the shipping container .and checked for damage. It is carried thh,.‘
special tools to the wellhead and placeo inside a special assembly connected ‘to'the -
wellhead. The system is closed, the vial is crushed, and valves are opened allowmg
the injection liquid (or gas) to flush the. radlonsotope down the wellbore mto the,‘

reservoir. T




3. DESCRIPTION OF EXPOSURE SCENARIOS

This section describes realistic radiation exposure scenarios for EOR operations that
use radionuclides for interwell tracmg. lt is convement to consider three distinct

stages of operanon‘

(l)~ “The aboveground stage before, durmg, and xmmedzately after mjectxon of the
.. tracer,

(2) The subsurface stage when the tracer traverses the wellbore and underground

. reservmr, and . - :

(3) The recovery and disposal stage beginnihg with the retcvery of tlie-isotobe at
the production well.

Two categories of exposu.re pathways are considered: normal (Table 3.1) and’’

accidental (Table 3.2). The dose estimates for these scenarios are presented and
discussed in detail in Sec. 6.

5.1 ABOVEGROUND STAGE

3.1.1 Normal exposures

As nnted in Sec. 2, the persons who inject radioactive tracers in EOR operations are
licer,see employees who are well traired in health physics and are expected to
observe sound practices in the field. They routinely wear personnel monitoring
devict 5 such as thermoluminescent dosimeter (TLD) badges and other dosimeters.
Unshielded sources are handled at a distance using special tools, and exposure time
is kept short. To minimize leakage of radioactivity from the wellhead assembly, a
practice run may precede the actual injection as a check for leaks. Survey meter
readings are taken periodically to assure that the vial containing the radioisotope
has not been damaged in transit, that the isotope is not held up somewhere in the
wellhead assembly during flushing, and that [eaks that could release activity to the
environment are detected. To checx for the presence «f transferable radioactivity
on accessible surfaces, smears may be taken anc counted in the field or returned to

Table 3.1 Normal exposure pathways.

Stage Exposure pathway Exposed group

Aboveground  External irradiation Workers

Possible inhalation of low-leve! residual

HTO, 14C0o,
Subsurface None None
Recovery and Inhalaticn and submersion exposures to HTO, Members
dispc al 85Kr, and ll’COZ released at production of the
well sites and in combustion products of public

natural gas
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Table 3.2 - -Accidental exposure pathways.” - . . .i. . .
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‘ ‘Stag‘e Accident scenarios Eiposure 'pathway's - Exposedigr‘oup

'Reéovery andr Tt e Bl
*dnsposal None

v ' o - LTt e ey
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Aboveground Leaky source contaxner .. wExternal . . .- .Workers .
oo ~--Source spilled on ground: -~ : irradiation:. .. - --. .. Members of

- . .lor released to atmosphere "Inhalation . = - Y . _ the public:

- o " ..Leakage through wellhead .- Submersion .. -0 o o

-+ L. ~assembly - S R BT L S M T e
.-~ Leakage due to human . ““":‘z: T T P
zoe et - error T s BV A T R
Subsurface Leakage mto a freshwater 1:r.Ingestion of .the . , .. Members of
aquifer water, produce “the publxc
‘ irrigated with the - I RETA
water, and milk and oo
S TS U R St 4 ciatinn, o-meat from ammals,'; cnsir oo Lot
. R A PR TS: ';:&:'.‘: that drank the water_ ... .. -~ = - ..,
v e o Tt o s cnr oas b st and ingested forage -, RIS
' .. irrigated with the -~ - Ce
water

None = i ;- .. . . None
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.- #iithe laboratory for analysns. ‘Members of the public are not. present during injections,

.and. oil company :workers not: mvol\ed in . the. tracer injections are kept at a

dxstance-—partxcularly when there is a potentlal for.exposure to an unshielded source.

e ot
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'Occupatxonal doses . from,normal exposures durzng .an EOR radnoactlve tracer

operation ‘are ‘very :low.;  The -average ‘external whole-body.. occupatnonal dose to
workers handling radioactive tracers on an EOR project as determined from TLD's

L7 was reported by one licensee:as il 4 mrem with'a’ maxnmum oi 300 mrem. .Most doses
v were below the hmlts of detectlon.”? 3 Bt HN RS R S ;\. S
ERR A IO S LB 2 B Toval emolin

A careful reconstrucnon of ‘the aboveground stage of an mterwell radnoactxve tracer

operatlon for 'EOR reveals.a number:of defmmve activities when a worker is in
close proximity to the source: oL T SN P L S

.. - A.:+ Unloading the isotope -package.from the transport vehicle

e 5-i-0 Bass Unpacking theisotope container. .. ‘. e
< .C. ..-Removing the shielding and carrymg the 1sotope to the m)ectlon port
. .. D. .- Injecting the isotope and flushing- . '
:© .1 EJ - -Removing - the; isotope contalner s‘from zthe nwellhead and other
post-injection operatlonsl v N N L TR
F. Handling the tools bearing resndual actmty during clean vp
o < G. - Handling the waste materials bearing traces of radioactivity -
g S T E RS SRR TR S N R P U1 K AR R 7 P S P
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Activity C is potentially the most important because the worker may be then
exposed to an unshielded source. Activities A and B are potentially important

-because of the time spent close to.the isotope package. In the other activities the

worker is exposed to a partially shielded source or small amounts of a diluted

- radioisotope.

The injection process is subject to minor variations. The research division of one oil

company injects tracers intoc-wells by crushing the vials of radioactive material. into
the feed tank of a small chemical pump connected to the wellhead (D'Hooge et al.,
1981). ‘Repeated rinses and monitoring: for radioactive content ensure that no
contamination remains on the surface. The radioisotope division of another oil
company uses an injection method in which the radioactive  liquid or gas to be
injected is confined in a shielded stainless steel container. The container serves as a
fitting that is directly coupled into the wellhead assembly and becomes part of the
drive system. The shielding remains in place throughout the whole operation so that
external exposure to workers is essentially eliminated. ' o

-

3.1.2 Accidental exposures = .'*’

In more than 20 years of experience, incidents or accidents with unplanned release

of radioisotopes to the environment during interwell tracing in EOR have been rare. .
However, a number of scenarios that could lead to accidental exposures can readily

be postulated for the aboveground stage:

A. If a vial containing“a radioactive liquid were leaking, there could be

exposures from handling (repacking the leaky or broken vial for shipment
to a disposal site) and'a resultant external or internal dose to workers.
_This. scenario_ has occurred. Confinement of the source in a shielded
container similar to that described in Sec. 3.1.1 would virtually eliminate

this scenario.

B.. If a-vial containiny a radioactive liquid were accidentally dropped, spilling
its'contents on the ground- or:skin, there could be an exposure from the
. radionuclide on.'the ground or skin. There couldalso .be an exposure
associated with cleaning up the liquid. The exposures could lead to
~-external or internal doses to workers.” Only a small fraction of the glass
vials dropped can be expected to break and spill its.contents.

C. - If a glass vial-containing a radioactive .gas were accidentally dropped
releasing its contents, there could:.be: exposures from the airborne
radionuclide. The exposures could lead to inhalation and submersion doses

R 'to workers and to members of the public downwind. Only a small fraction
-of the -glass ‘vials: dropped -can be expected to break and -release

radionuclides to the atmosphere. o

D. If a tracer liquid or gas were to leak through wellhead fittings during

injection, there could be an exposure from the' isotope on the surface of

" the wellhead assembly, on the ground (or skin), or from contact with the

airborne isotope. External doses or inhalation and- submersion doses to

' workers would result. Occurrence of this scenario is unlikely if the
wellhead is checked for leaks before the tracer is injected.

E. If a port of an injection'wellhead were inadvertently left open by human

error, the nuclide solutior. could readily be transported to the surface of

the wellhead, the ground, or the skin with resultant external doses to

workers.
12



: In summary, an occurrence of ‘the’ above scenarios could lead to external doses - to
‘workers from radionuclides deposited on’the ground or wellhead surfaces, to doses to
the skin of workers from radionuclides deposited:on " the skin, or to- doses from
inhalation and submersron to, workers and members of the PUbllC from alrborne

‘radionuclides.~ "’ ', L

L5 ,‘_..,-,' ce R
’.". R . : <,

It is appropriate to mention the followmg incident that was reported to the NRC. A

“portion of the HTO lnjected as an EOR tracer durnng winter froze'inside- a special
devnce that was in piace in the aboveground portion of the wellhead assembly of the
“injection ‘well. The frozen water expanded, cracking the devzce, whlch leaked water
_to the grouhd when the device was thawed. ‘Additional water backflowed from the
‘well and spilled to the ground when the device was disconnected. Urine samples,
from the four ‘workers ‘who were ‘exposed to the ‘spilled water but were not present
during the tracer injection ranged ‘from 11 to 164 dpm/cm3--well ‘within regulatory
limits. The correspondmg range of dose commltments to the whole body was 0.00 to
0.5 mrem. ' :

e w0y ‘. ]

3.2 SUBSURFACE STAGE

3.2.1 Normal exposures B T T

. LR H -3 -
R TR \-'_» o - , .. . . . PETE
' w . i = , . i

'Exposures durmg the subsurface stage of an EOR operatlon usmg radxoactlve tracers
would ‘not occur if the tracer moved according to plan and remamed underground,

b

'3.2.2 ‘Accidental'exposures" oo

far removed from workers or members of the publlc. o P

A I

As noted in Sec. 1.3.3, entry of EOR injection’ fluids into underground sources of
drinking water is unlikely because of the strict underground’ injection ‘control (UIC)
regulations. The construction requirements for Class Il wells xnclude tne xollowxng

l.

B

Injections must be into zones that are free of known faults or fracture... .

‘ln)ectxon wells must ‘be- ‘cased and ‘cemented "to prevent movement of
‘fluids into or between underground sources of drinking water.

TN s

Approprlate logs and other tests must be ‘performed during constructton.g
The ln)ectlon must be descrlbed in terms of fluid pressure, temperature,

't " fracture pressure, physncal and chemncal character of the mjectlon zone

e and formatlon flunds.

The operator must lamlt the mj *ctnon pressure to ensure that new fractures do not

et onc tee ] ceewe o bt 4 el
Ser oLl -l .o - .

- (..: PRI

form in the confmxng strata,.and. he_must 'monitor 'the nature of the’ injected fluids
_and the’ pressure, flow_rate, ‘and volume. ,Because of the monitoring’ requnrements
the operator would know if mechanxcal mtegnty should 'fail and allow. a significant
“entry of ' ln)ectlon fluid 'into an underground source ‘of ‘drinking water. "He "would
cease injecting, take corrective measures, and report the ‘in¢ident 'to ‘the appropriate

RPN - . ol Y .. . PN P
N ,"‘.-,‘._.’.»..1 1Y S AT 'A, N e IS RENE

~As noted above, the entry of a radloactlve-tracer-beanng EOR m)ectnon fluid into a
freshw? *er aqunfer can’’be described-as an ‘event -associated’ with' a ‘very “low
“'probability. - Furthermore, ‘economic “incentives would ‘minimize “‘the amount - of
' leakage ‘that occurs. Leakage from" an injection 'well ‘not only could contaminate
underground water supplles wnth brlne and other chemlcals, lt could well reduce the

' . U
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effectiveness .of the. recovery process and. .result . in the .loss. of chemicals.
Nevertheless, it is lmportant in this study to evaluate the radlologlcal consequences
of such an event and to place them in perspectlve. . . :

Unplanned events that would allow entry ‘of tracer-bearm injection- fluid into a
groundwater system include the followlng (Schumacher, 1978):

'o“ Leakage through the tublng, the caslng, a'\d the cement surroundmg the
. casing into a freshwater aquifer,.
.. Vertical escape from the injection zone to a freshwater aqunfer outside the
' casing or the cement surroundmg the casing,
e Vertical escape from the  injection zone through confining beds to
. freshwater aqutfers via newly formed fractures and channels,
e _Entry into a freshwater aqurfer via badly plugged abandoned wells.

Fig. 3.l, trom Braxton et al. (1976), lllustrates the contammatron of freshwater
through bypass of the natural 1 filter system. ;

The exposure modes associated with contamination of underground freshwater ; .
supplies are the doses to members of the public from drinking the water, eating food -
crops irrigated with the water, and ingesting milk and meat from animals that drank
the water and ate vegetation that was irrigated with the water.. The potential doses
to members of the public will be estimated and the resultant radlologlcal hazard will.
be examined in the light of the other hazards that would ‘attend entry of injection
fluid into the aquifer. The radiological hazard will also be considered in the light of
:he concen)tratnons of naturally occurring radionuclides in brlnes and. water supphes
see Sec. 6

'3 3 RECOVERY AND DISPOSAL STAGE

3.3.1 Normal exposures

The lnqurds and gases recovered at productlon wells contain the radioactive tracer at
very low concentration.. As noted prevrously, the amount of injected tracer is
designed to yield concentrations. that are ‘measurable but below the maximum
permissible concentrations for release; to an 'unrestricted area. - The very low

concentrations necessitate no special requirements regarding handling, containers,

and shipping procedures; and external doses to workers who may be involved in
sample collection would be trivial. In practice, injection liquids are separated from

" the oil and, after appropriate chemical treatment, are reinjected into the reservoir.

Recovered liquids are ‘sometimes stored in an impervious storage pond. In any event
the radxorsotopes in' the recovered liquids are separated from the petroleum and
remain with the aqueous phase without further dispersion in’ the environment. The

'radrolsotopes used to trace injected lquldS in EOR operatrons are water-soluble

species that do not exchange with.oil. .

Gaseous radioactive tracers may be miscible in the injection fiuid or the oil. Thus
3H-labelled methane and other low molecular. weight 3H- -labelled hydrocarbons are

'soluble in. oil and would _appear. in the _recovernd petroleum.5 They are Jlater
,separated from the petroleum, however, -and . become part..of..the natural gas
fraction. ll‘COZ is miscible in oil but is separated from the oil.and removed from

ratural gas during processing.. The CO, recovered in CO, floods is sometimes
reused and sometimes released to the environment. The noble gas isotope, 85Kr,

14
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Figure 3.1 Contamination of fresh water through by-pass of the natural filter
system. (Source: Braxton et al., 1976.) ‘
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would remain in the natural gas fraction during the processing of the gas, but HT is
removed along with Np. The natural gas fraction may be reinjected or may be
processed and dxstnbuted to resxdences and industrial plants.

The normal exposures to be evaluated for the recovery and dnsposal stage are the
doses to members of the public from inhalation and submersnon in the combustxon
products of natural gas contammg resxdual tracer actmty. g

3.3.2 Accndental e Josures |

Accidental exposures \vould not be expected in the recovery and dxsposal stage.

t6



l;. DESCRIPTION OF REFERENCE SlTES
Thns sectnon charactenzes the reference sxtes and presems the assumed data
needed to assess the dose for two of the accident scenarios:

e Collective dose’ to the general populatnon from exposures to an accidental

release of a gaseous radxonsotore
e Dose to members of the public from usmg water drawn from an aquifer

contaminated by a radioactive tracer

Three dnstmct reference sites are identified: (1) a rural slte, (2) an urban site, and
(3) a more or less typical site. The collective’ dose is calculated over a circular
region extending 80 km {50 mi) from the reference site. The collective dose
estimated for the "typical" site will serve as a reference for ‘calculating the-
_nationwide impact of the use of radioisotopes for interwell tracing in EOR. The
. collective dose estimates for the urban site are intended to represent the maximum
for the scenario mvolvmg an accidental release of a gaseous radxonsotope.

The characteristics of the freshwater aquifer that the m)ectxon ‘well traverses are
assumed to be: the same for all 'sites. Oil/gas reservoir. characterxsncs are not
. - specified as they are not needed for dose estimation.

.L~

T RURALSITE Co

The rural site |s located in a rural region characterlzed by a populatxon density of
 13.5/km2 (35/mi? ) uniformly distributed throughout the region. This corresponds to a
\ total population of 271,000 in the region.

.0.2 URBAN SITE

The urban site 1s in an urban region characterized by a populatnon density of-
695/km2 (1800/mi 2) uniformly distributed. throughout the reglon. This corresponds
to a total population of about 14,000, 000 in the reglon.

y l N

4.3 "TYPICAL" SITE

The "typncal" reference site is located 32 km upwind. of the center of a square urban
area that is 15 km on a side. The population density in this area is 695/km?
(1800/mi2), which corresponds to an urban populanon of .156,000. . The population
density elsewhere in the region is 13.5/km? (35/rm 2), for an addmonal 268 ,000, or a
total population in the region of 424,000 (see Fig. #.1).

4.4 FEATURES COMMO'NfT“o ALL SITES fia" s i roin

Based on several sources, parameter values considered to be reasonable were
..~ selected for the freshwater aquifer underlying each of the sxtes (Schumacher, 1982,
.., Freeze and Cherry, 1979; McWhorter and Sunada, 1977) ?'."ﬂ N e

Coee

Depth to base of aqunfer | 2130 m

wro : . - Depthof aquifer ., o ... . 8m
P ' Groundwater velocny T T e S 0.2 m/d
i Effective porosity =~~~ 77 T T TR © 0. 25
Longitudinal dispersivity R L 140 m:
Transverse dispersivity _ 8.0m



.Scale:l

"TYPICAL" REFERENCE SITE

Wind

Direction

3
,n

0 20 40 Km
Figure 4.1 Region surrounding the "typical” reference site.

’A well supplymg drmkmg water ‘is assumed to intersect ‘the aquifer 1.0 km

downgradient from the site on the centerline. The well draws water from the full
height of the aquuer.

L

Three meteorologxcal scenarios were chosen to cover, the range of conditions that
could occur at any reference site during daytime;’ separate calculatxons were made
for each (to be discussed in Sec. 6.1.2.3). : .
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~ 5. METHODS FOR ESTIMATING THE DOSE- ..

;’ " This sectnon briefly descrtbes the methods used to estimate the doses associated
;f\wth the exposure scenarios discussed in Sec. 3. More detarled descrlptlons of the
methods are presented in the Appendices.. C o o . .

5.1 EXTERNAL DOSES Lo e
External doses to workers from aboveground normal exposures were inferred
from personnel and other records obtained in the course of tracer-injection

operations (personnel-momtormg records, survey-meter readmgs, bloassays, etc.).

< These 'data are considered:in the light of the particular isotopes used and source
“strength. In addition, exposure rates were calculated for individual isotopes on the
" basis of source strength and conf:gurauon, distance from source to receptor, and the
_radlologncal properties of the isotope. Estimation of the exposure ‘rate in air at
- various distances from a point source.and from a distributed source is described in
- detail ‘in Appendlx A. The external exposure rate from a distributed source is of
._interest for scenarios in which some of the radronuchde is accrdentally spzlled on the
. ground or the m)ectlon wellhead surface. o SRR .

5.2 DOSES FROM AIRBORNE RADlONUCLlDES T ,'}ffi' M L

The potential dose to workers from exposure to a gaseous tracer released from
"-an accidentally broken vial requires an estimate of the integrated air. concentration
.{1AC) for individuals positioned at or near a ground-level release. ' The IAC was
- estimated using a Gaussian model. Dose estimates from inhalation and submersion
were then estimated using nucllde-specaflc dose factors from ICRP-30 (ICRP, 1979;
1980; 1982). The collective doses to "thé general ‘population- from a -gaseous
=~ ground-level release were determined using a partlcle-m-cell mode] to estimate the
: -IAC at distances up to 80 km from “the release. The atmosphenc transport *and
S dnffusxon calculatlons are descnbed in App:-\dnx B.

'-'f'5 3 DOSES FROM lNGESTlNG WATER FROM A CONTAMINATED AQUIFER

The dose to members of the publxc from usmv ‘well water drawn from an aquifer
? *acc'dentally .contaminated .by -a . pulse "of’ radlonuchdes was estimated using a
"three-dimensional hydrologlc advectxon-dxsperston model - to ' calculate the
r concentration-of-a nuchde in an aquifer at various distances from the point of entry

of the nuclide.. .The hydrologlc transport calculatlons and dose assessment are
described in Appendix C. - S

5.4 DOSES FROM THE COMBUSTION ‘OF ‘NATURAL-GAS:BEARING TRACER
ACTIVITY

"'u-u':-.-.'-.-",t.;' '

The collective dose to the general populatron from resxdual tracer activity in
natural gas is estimated by scaling te ~revious estxmates of . the ‘potential dose from
. the radionuclides .that would be pr_~:nt in natural gas produced from reservoirs
T ‘stnmulated by nuclear explosnves. Expertments that were performed to determine
: " the feasibility of stimulating gas reservonrs using nuclear: explosives include the
' Gasbuggy, Rulison,; and .Rio Blanco pro;ects, whxch were conducted during 1967-1973
: (Nordyke, 1971; Tewes, -1979). The dose estimates “assocCiated ‘with ‘the use of gas
from wells stxrnulated by nuclear explosnves are rev:ewed in Appendnx D.

g . . .,,‘
b Lo e ;“.»._,l_

e,
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6. DOSE ESTIMATES FOR EOR EXPOSURE SCENARIOS

This section presents the dose estimates assoclated with the use of radioisotopes as

‘interwell tracers in EOR operations. Dose estimates are presented for workers and

members of the public according to the normal and accidental exposure scenarios
described in Sec. 3.

6.1 ABOVEGROUND STAGE

‘6.1 I Normal mosures

. Routme exposures durmg “the aboveground stage of an EOR operanon using
_radioactive tracers could result in an external dose to the workers who handle the

radioisotopes. The annual dose io. workers could be expected to depend on both the

. number of operations carried out and the total activity injected. To evaluate these
situations we first evaluate the gotentlal external dose to workers from a typical

EOR waterflood using 20 mCij of 5“Co as an interwell tracer. We then calculate the
external dose per mCi of 0co injected. . Then using dose rate constants, T, and
exposure rates listed in Appendix A, we estimate the external dose per mCi injected
for the other radioactive tracers. The dose from each radioisotope is estimated
from the activities injected and the total dose is estimated as the sum of the doses

' assocxated wnth each radnoxsotope.

. 6.1 1. l Estnmatxon of the external dose to \vorkers from 60Co., Tﬁé - source

is assumed to be a solution of 20 mCi of 9UCo contained in a glass v:al. The dose to

. workers from normal operations is evaluated by estlmatmg the expo iures associated

thh each of the activities descnbed in Sec. 3.1. l.

l. We fnrst estxmate the combmed exposure that is assocxated wnth operatlons
A and B. Operation A is unloading the isotope package from the transport
vehicle; operatxon b is unpacking the isotope container. (see Sec. 3.1.1).
The package is assumed to be a 16-in. cube with a Transport Index (T1) of 3,
which signifies that the maximum exposure rate at- 3 ft' (36 in.) from the

. surface of the package is 3 mR/h. This assumption is based on information
. from a licensee who.advised us that the packaging of gamma-emxttmg
. isotopes for vehicular, transportation on land commonly results in a Tl of 2
. to 3., The source is at ine center ~f the package and thus is 8 in. from. the

surface. The worker is assumed to be at an average distance of 6 in. from
the sides of the package for a period of 5 minutes. The exposure rate is

~ ER(A,B) = (442/142)3 = 30 mR/h
and the total exposure is
E(A B) = (5/60)30 2.5 mR

2. We next consxder the. exposure during operatxon C, removing the shielding
and- carrymg the. isotope to’ the’ injection ‘port. The unshielded vial
- containing the radioisotope is’ assumed to remain at a distance of 2 ft
(~ 0.6 m) by means of a specxal handling tool and extending the arms. The
exposure time, based. on direct observation. and - information from a
lgﬁensee, is assumed to be 10's." The exposure ‘rate 0.6 m from a 1-mCi
Co source iz 3. 9 mR/h (see Table A.2 in Appendix A). The exposure
rate for a 20-mCi 60Co source would be
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lt lS fnstruct:ve to reexamme the four contrtbutnons 10’ the total exposure- -_;‘-‘ a “

E(tOtal)—E(A,B)+E(c)+s(o)+5(e,r G) I ',-2 ;_ N

The total exposure for a lO-s perxod would be : ,_;.;-"_;, -

20x3.49=70 mR[h REREIREt

E(©)= (10/3600)70 019 mR <. e e

)

:,Operatnon D, tn)ectmg and flushmg the radloxsotope down the ‘wellbore,
involves the presence of a’ ‘worker - close to the wellhead for a short time

while the tracer essenttally is-still' in"'the -aboveground . portion of the
wellbore. The exposure is calculated assuming that the exposure rate at
the surface of the wellhead is 3500 mR/h, that the surface is 5 cm from

 the’ source, and that ‘the worker is located at a distance .of 0.4 m from the

source for a period of 130 s.- The .exposure rate at the surface.of  the
wellhead is based on information from a licensee and is consistent with the
7000 mR/h exBosure rate measured at the surface of a glass vial contammg
20 mCiof a solution when attenuation by the source holder and wall

of the wellhead assembly is taken into account. - - - '~

S

The exposure rate at a distance nf 0.4 m, assuming the inverse square law,

- is

B R T M Y . toals .
B U8 T AR Cre rgo- She e

ER(0.4 m) = [(0.050)2/(0.4)2]3500 = 55 mR/h S
The total exposure for a 30-second period is

E(D) = (30/3600)(55) 0‘46 mR

e e - - ~aae A

The combined exposure assoexated wnth the post-m;ectnon operattons at the
wellhead, cleanup, and waste ' disposal’ (operatxons E,F,G) -is based on
measurements mdrcatmg that the exposure rate is <5 mR/h at the surface

"' of ‘waste residues. " We also assume that the worker spends .15 min.2-3 ft
~from ‘the waste resxdues where the exposure rate is 0.5 mR/n. The total

r(,‘ . 1

exposurels; SRRT R SR g - S

Y AN

E(E,F G) = (15/60) os 0.13 mR o ': S

- The total exposure to: workers for normal aboveground operatnons is
-l estlmated by summmg the four contrlbutlon5° e Y

h ; A
2R A i D tnITI

VE 2.5+019+“o.45+o.13 33mR . e e

[
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’E(A B) - results Irom handllng the oackage in, Wthh the “source - is

/ ‘ ;transported. Since in practice the Tl is faxrly constant for different
" “activities of a radioisotope, E(A,B):could be .expected to be constant” for

- :2.;3
e wellhead assembly of the injection’well; it :could be expected to. vary

“each’’ m)ectxon ‘operation. - The “total-:exposure from -operations A .and B

"~ would be expected to-vary directly with the number of separate m)ectxons

of the isotope and to be ind~pendent of the activities injected.. . » .. -

E(C) results trom broxnmlty to the unshielded source as it is carried to the

“direcCtly with the activity of the isotape. i it IRV
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3. E(D) resuits from proximity to the source in thc wellhead assembly before
and during its release and injection into the wellbore. E(D) could be
expzcted to vary directly with the activity of the isotope.

4. E(E,F,G) results from handling the waste residues during cleanup. E(E,F,G)

could be expected to be mdepcndent of the activity injected and to be

. constant as the activity of-the isotope varies. The total exposute from

. operations E, F, and G would be expected.to vary.directly with the number

of separate xn)ectlons of the 1sotope and to be mdependent of the activities
nnjected.. - : _ . S .

These consxderations leadito the conclusion -that a'portion of the total exposure to
workers from the injection of 20 mCi of a 60Co tracer is constant for each mjectlon
of the isotope and that a portion’ varies directly with the activity oi the isotope.
The portlon that is constant for each’ mjectnon, EC y is

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

Ec

H oun

The portion that varies directly with the activity, Ep, is

E(C) + E(D)
0.19 + 0.46
0.65 mR

Ep

"H U

Ep can be expressed asa normalnzed exposure, Ep.
Ep 0.65 mR/Z’) mCl = 0.033 mR/mf‘l A

It should be noted that thls approach for estnmanng the normahzed exposure for a
radioisotope used as an interwell tracer in EOR operations is only an approximation.
Because characteristics of injection sites, construction of ‘vellhead ‘assemblies,
procedures employed by licensees, operatmg conditions of EOR projects, and the
physical, chemical, and radlologzcal properties of radioactive tracers differ widely,
each injection operation is unique. Therefore, the dose to a licensee worker from
- handling a given quantity of an isotope could be expected to vary substantially. It is
also reasonable to antlcnpate that the. care and.attention exercised by licensee
workers in an injection operation will vary with the nature and quantity of the
radxolsotope that is handled. Thus, greater care may.be used in handling large
quantities of gamma-emlttmﬁ isotopes, and special procedures may be followed. In
22 separate 'injections of 6UCo performed by a licensee in which the activity
injected into a well varied from 10 to 200 mCi, the whole body dosimeter readings
for workers varied from 0 to 40 mR.”, The. mean exposure per _operation was
13 £ 16 mR. The mean normalized exposure was 0.12 £ 0.17 mR/mCi injected, but
‘the exposure was not strongly correlated with.the quantity injected (r = 0.56). The
‘same licensee reported that in'one foreign project, in which a total of 2.1 Ci of
~OYCo * was’ mjected and the largest single injection was:700 mCi, the highest
“exposure to any worker was 40 mR. Another licensee has estimated that the
““injection of 1 Ci of 60Co-is assoc:ated w1th an exposure of 50 to 150 mR to a
licensee worker. - o ~ 4 o

Despnte the associated uncertainties, this approach allows us to consider differences
'in" the radiological properties and quantities of the isotopes employed and yields
estimates tha* are consistent with exposures.that have been recorded in the field.
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“6.J.1.2 Estimation of external dose to workers from other water-soluble

radioisotopes. l1he external dose to workers from injecting- other:water-soluble:

radioactive tracers is estimated in the same manner as illustrated above for 60co,
A Tl valve of 3.0 was assumed for all gamma-emnttlng isotopes :in evaluating

operations A and B. (The gamma-enuttmg isotopes are those radionuclides in Table

A.l of Appendnx A lor \Vthh the dose-rate constant, I‘, ns greater than zero.) S

The exposures to workers from’ liquid gamma-emltters in’ operatlons A, B, E,‘ Fg and
0Co, -

G are assumed to be independent of the activity injected, as in the case of:
and to be the same_as that for Co, 2.6 mRfinjection. The exposure from

operatnons~ C and D are assumed 'to ' vary dzrectly with ‘the actmty injected. The -
normalized exposure for . .operations ' C ‘and D ' was - calculated "as that: for OCo, i

0.033 mR/mCi (from Sec. 6.1.1.1) times ‘the ratio of the dose-rate constants, T, of

the -particular . radioisotope and 60Co (I‘ values are hsted xn Table A. in

Appendix A.) Thus, o

EE N

Ec = E(A,B) + E(E,F,G)
, ... =.2.6mRfinjection = = . |
Ep- = E(C) + E(D) AT S S T R S TR TS
s 0.033[r(z A)/T(27,60)] .. e )
Where - » ; T‘ﬁ "1 ', u ':*l;";: T T P S U

I‘(Z A) dose-rate constant, I‘, for a radxolsotope of atomtc number - Z-and -

T T @SS A T e e i L e
The exposure from bremsstrahlung resulting from beta emission by 205r-90y was
estimated_assuming that the bremsstrahlung hazard for a 1-Ci source of 90sr is
approxnmately equal to that presented by the §2amma from 12 -m zg of radium (BRH,
1970). Since the dose-rate constant, T, of ‘426Ra is 8.25 cmZ-R/mCi-h and ‘the
specific activity of 226Ra is 1.0 Ci/g, the exposure to 90Sr from bremsstrahlung was
calculated assuminga T value of L RO

l\;.',f,‘('. . oo .
. o :

= (12/1000)3.25 0.1 cmZ-R JmCi-h-~

As noted in Sec. 6] l l, the normal exposure from operatnons A and B is
calculated assumnng a 5-min exposure at'a location 14 in. from a pomt source. : The
exposure. rate 14 in. from l mCx of 0sp: by the inverse square law is
ER(A;B) = (100 cm2-mR (2.5 cm/m-lu in)2 L B

S -‘?"9-7:-10’ -mR/h per mCi' A e

TS

and the normallzed exposure. from operatnons A and B is

—— S ey eire Sme o e e

E(A,B) = (5/60)7.9 x 102

= 6.6 x 10~3 mR per mCi A LRI O i

The above calculations are consérvative because they assume that the. 90sr source is
unshielded. If the quant:ty of 20Sr in the source were sufficiently hlgh, shielding
would have to be taken into account. The normal exposure from operations A ardB-
due to gamma-emxttmg sources is calculated assummg a Tl value oi 3 0 for the
source package and is estimated to be {see-Sec: 6.1.1.1)* :

E(A,B) = 2.5 mR
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The maxxmum amount of 90Sr that would not exceed a Tl value of - 3.0 would be
2.5/6.6 x 10-3 330 mCl

The exposures from operatxons c and D due to 90sr w were estimated in the samelf
manner as those due to gamma emitters. The exposure from operations E, F, and' G
is assumed to be zero because the resndual activity would be very low and contribute
a neghgnble exposure rate. W e : .

The exposure from bremsstrahlung ongmatnng m other beta emitters has not been -
included %cause the maximum beta energy for these radioisotopes is low relative to~
that for br so that the bremsstrahlung would be less hazardous. ‘

Table 6.1 summarizes the calculatxons for the normalized exposure of soluble ..
radioisotopes. .

S

Table 6.1 Estimation of external dose to workers from norma'l"aboveground
operations associated with injection of liquid tracers.?

Normalized exposure E', mR per injection operation or mR per mCi injected
Operations A,B  Operation C Operation D  Operations E,F,G ~

Radioisotope - : mR/injection-- mR/mCi mR/mCi . mR/injection
‘H-3+ ... .0, .. o, . ] 0
Clg o070 S 00 0

Na-22. . - 25 . .. '0.0087 .~ . " 0.021 0.13
.S=35 ... .. - 0 - 0 o0 0
Ca-45--- .. .0 - . . .0 .0 0
Co-57 2.5 0.0007 = ' 0.0018 0.13
Co-58 2.5 0.0040 0.0097 - - 0.3
Co-60 2.5 0.0095 . . -0.023 . 013
Ni-63 0 0 o | ‘0

© Zn-65 ° -+ 25 - o ...0.0023 . . . 0.0055 _ . 013
1 Sr-85 .25 0.0047 . . 001l .~ 013
Sr-90 . ooossb . 0.00007. - 0.0002 . .0

Ag-110m 2.5 0.011 0.026 0.3
1-125 2.5 . -0.0013 .- T6.0030 . 0.3
1-131 2.5 o.0016 . . 0.0039 = 0.13

aThe operations, which are discussed in Sec. 3.1.1, include the following:

Unloading the isotope package
Unpacking the isotope container
Removing the shielding and carrying the isotope to the injection port
Injecting and flushing . , ‘
‘ Post-m;ectlon operatxons— S
: Cleaning up. , EERES
Packing residues for waste dxsposal

nmMmoO @>

b Normalized exposure expressed is mR /mCi.
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- 6.1.1.3 .Estimation of external dose to workers from gaseous radloisotoggis. The
external dose to workers trom. gaseous radiolsotopes 1s estimated in similar fashion.
. Only operatiors A, B, C, and-D need to be evaluated_because the exposures from
operations E, F, and G are zero. -Operations A ana B, combmed were evaluated using
" ‘the’ ésame assumptions- regardrng package geometry and. package handlmg descnbed
fot‘ COlnSeC 60]1 loox'.‘ . B R T . .. Lo > .

T

Oi the gaseous radroxsotopes used as mterwell tracers in EOR operatnons, only 85Kr
emits photons. If a glass vial containing 1 Ci of S5Kr were unshielded, the exposure
rate at | m, assuming point-source geometry, is 1.22 mR/m (from Table A.2 in
Appendnx A). The exposure rate -at 44:in. (1.12 m) is estimated from' the:inverse
s uare law .to be 0.97 mR/h, which.is approxnmately 1 mR/h.. -Accordingly, if the

85Kr source is 1" Ci or'more in activity, the Tl is-assumed to be 1.0 and E(A,B) is

assumed to .be mdepgb\dent of source actmty. E(A,B) for 85Kr is estxmated in the
. same mannerasfor mSec. Gelalode o it 2 rst L e e e v

. e e et .y L
AR LUt e -

E(A’B) 082 meaneCtlon ‘-.z-;-; ,'»;h - e

:

4_‘,‘(.- R £

lf the 85Kr source xs !ess than l Cl {in. actmty, the source is assumed to be
‘unshieldzd -and E(A,B) is assumed to be dxrectly proportxonal to. the source. act:v:ty
The normalized exposure, E'(A,B)is then. . = .. - . o oy o o o

E'(A B) 0.82 mR/lOOO mCx = 0.00082; mR/mCl e .‘-A;- oLl

-

To evaluate operatnon 'C for: gaseous radlonucudes, we assume, based on mformanon

operatnons assc"m*ndswrth the m)ecnon of gaseous tracers.

from a licensee, a 15-s exposure: to:an unshielded source at-a dnstance of 0.3 - m from
.the body.: Operatmn D is evaluated -in the same manner as forliquid: tracers.
. ‘Table 6.2 .summarizes - the calculatxons for the normallzed exposure of gaseous
radlolsotopes. S 2 VO S AU VS SRRSO IS SIS e

- - e - s . - .
R . v B O S R A N
T NPT AT I R B T RS N
: L e . -

Table 6.4. : Estlmatlon of exterual dose to workers from the normal aboveground

.'e. S T AN B L R ‘.,_:»,- e

T eea t b . .
v . N R SR TP . oL .
. IR I

Normahzed exposure E', mR per injection operation or mR per mCl mjected .
'3 le:. o Operations A,B i ,~:o:Operation C - . Operation D

" Radxoxsotope. Zeont " mR{finjection: MR /mCi: v MR/MCE o0 MR /mCi

2, ‘- el o= [T I L La, . . LTy
[N PSR R ST T A ! L ! .-

CHS3 e 0 i e e s 0
C-ll‘ R TN r_04‘1’= l‘"gf- ;r‘;'_-rv'.;v 0 " O - o0
- Kr-85, actrvrty >l C1 \;'.?"0.82 T RV LA S 3x 10'5 P 2x1072
"« Kr-85, activity. <l Ci- s 82X 101‘*; “3x 10-5 v 2x 1072
. -The operations include the following (see Sec. 3,1,)) . )
S 'Unloadmg the lsotnpe package SR "
B ‘Unpacking the isotope container ~ o SRR :
C Removing the shleldmg (if any) and carrylng the 1sotope tothe . .- ..
~.y.eit injection port:ii:ii cagen U DT
D . Injecting the 1sotope and flushmg _; B S S SO ISR S O
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3% 1072 WCi/L.

- 6.1.1.4 " Internal’ Dose to. Workers. ‘A limited amount:of health physics data was
‘acquired and used to evaluate whether or not normal aboveground operations of a
‘ radlonsotope injection could result in internal doses to workers. "Urinary bioassays
“for tritium of licensee workers who injected tritium were found' to vary over a

relatively narrow range in response to a. very wide range in the amount of HTO
injected (from a hundredth of a curie to tens of curies). The: urinary tritium level
was not correlated with the amount of HTO injected. Most urinary concentrations
were from 1 x 10'3 to l X 10‘2 qu/L. The hnghest concentrations- were about

1

A possnble explanatnon ior these observatlons is that tritium release to the
X environment is not a normal occurrence when HTO is injected as an interwell tracer

for EOR." As noted above, most concentrations: varied within a factor of "10.
Furthermore, the same narrow range of urinary concentrations was measured when- -
widely varying amounts of “H-labelled elemental hydrogen or hydrocarbon were™
injected as a gaseous tracer. The measured concentrations may be attributable to.
the tritium background in the workers' laboratory.» At the authors' laboratory,
urinary bioassays in the range of 1 x 1003 to I x 10-2 pr/L are mterpreted as.

evidence for the absence of: an enhanced exposure to HTO in the working area
(Myers and Dupzyk, 1983%). A concentration range an order of magnhude less would
indicate exposure to background environinental leve.s: :

Another explanation is that a ' fairly ‘constant release and uptake. of tritium
accompanies each HTO injection project regardless of the amount of 3H injected;

~ the dose would then be mdependent of the amount of: 3H injected: In the incident

described' in Sec. 3.1.2 in which HTO was spilled on the ground, the urine samples
from the four workers who were exposed.to a spill of 3 to 5 mCi of HTO but were
absent during the injection (5 %l), measured 5.0 x 10~3'to- 7.4 x 10-2 wCi/L. Using
the relationship that 1.0 x 10~2 uCi/L in urine is equivalent to a committed dose
equivalent of 7.14 x 10~3 mrem to the whoie body (ICRP, 1968), the range of
committed dose equivalents is 0.04 to 0.5 mrem. In this report we adopt the
hypothesis that each injection of HTO is associated with a dose equivalent of
0.02 mrem. We also assume that each injection of tritium as elemental hydrogen or
labelled hydrocarbon similarly’ leads to an:internal dose equivalent of 0.02 mrem to

_ workers. . A licensee indeed confirms that trace quantities of tritiated water are

invariably associated with other forms of tritium.

A few. bioassay data were  available on 1%4C in:urine from' workers who injected

C-labelled CO; in two pro;ects, which involved injections of 0.5 Ci and 0.1 Ci of
activity. Urinary bioassays were in the range of 2.9 x 1073 to 3.2 x 10-2 WCi/L for

the former and < 1.9 x 10=3 to 3. 5 x 10~3 uCi/L for the latter. In the metabolism

of 1%C as bicarbonate- -CO», a urinary 4C concentration of 1.0 uCi/L at one day is
equivalent to a commmit+ad dose equivalent of 0.16 mrem to the whole body (ICRP,
1968).  We provisionally adopt the hypothesis that the dose equwalent to workers
from the normal aboveground operations of "COZ injection is proportional to the
amount injected and that a 1-Ci injection of "COZ is associated with.a urine
concentration of 6.0 x 10°3 uCi/L at one day and a committed dose equivalent of

1.0 x 103 mrem to the whole body.

Table 6.3 summarizes the internal dose estimatés for the gaseous'radloisotopes. The
water soluble radioisotopes are considered not to be released in normal aboveground
operations and therefore do not yield resultant mternal doses to workers.

e u
‘ '_H

* D.S. Myers and LA. Dupzyk, Lawrence vaermore Natnonal Laboratory, Livermore,
Calif., private communication (1983). e
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“:Table 6.3 - F.stxmatnon of mternal dose to workers from . normal aboveground
operatnons. TR e T T » .

- T
- !

L o "Norm‘al‘iz'ed‘dose‘equiv'a'lent' .
" Isotope ' Physical form © i Chemical’for'm SRR in theyho_le'hody_‘ L

. H-3. . . Liquid . ‘'HTO' 107 N0,02 mrem per injection ¢
© H-3 .. . .Gas . . .. :HT, hydrocarbons ..0.02 mrem per injection -
~.-C-l4. . ;. Gas . ." ‘ l COz T 0.001 mrem per Cn m)ected

’ N . B N
‘ L IR SR LU . N
. - . - . [ . . .

" 6.1.1.5 Dose to individual workers from a typical operation. Tables ‘6.1, 6.2, and 6.3
-can be used to estimate the dose to workers’ from normal aboveground operatxons.
.. We _illustrate the procedure by evaluatmg a typxcal ‘EOR operation using
radnonsotopes as interwell tracers. In this ‘example the’ project consists_of three
separate injections: 10 curies of HTO, 2 mCi of 90Sr, and 20 mCi of 69Co. The

. calculations are straightforward and are summarized in Table 6.4 To simplify the
.- reporting without introducing substantial error, "the ratio of the dose ‘equivalent (in

g rems) or of the absorbed dose (in rad) to.the exposure (in‘R) is assumed to be 1.0
throughout this report. except when the dose lS dehvered by an. alpha-emntter,
. such as Rn. o

U e T . . .
P L M RS A S VI S T

ooy, HEE P
------ Cohee B LT T LT e ey, 0T e

Table 6. l; Example of estnmated dose to a worker from a typlcal EOR prolect with
radloactlve tracers. - ... .0 0 o

R N S N A T

:w.-:-.ri. Physicalor ., Amount .. Normalxzed dose equnvalenta - Total
1 lsotope. . - chemlcal — m)ected__. o _mrem per ! f ~ mrem per ' dose

form " mCi T xnjectnon' """ - mCx m)ected mrem

0.02b ' 0.02

e He3: 5 HTO -y 1 210,000, D KIS il
. j;CO'\GO o quu]d ’.;; .) ..:!.),,.;20_,,.:;,;,,,.,‘;_:? 1'206}c,:’,(u <l 0 OBBCP e . 303
o Sre90. T CLiUid D2, 08 L T0007S 001

"a To sumpllfy the reportmg thhout mtroducmg substantlal‘error, the’ ratno of the
dose equwalent in;rem;to the ‘wholé body and other’ organs 'to the exposure ‘in:R is

zzxgszumed to be 1. O except when the dore lS dehvered by an alpha-emntter, such as
Rn. -~ S AU YOl SN

oy -
. ; ¢

b value frorh:"l"a"hl‘e 6.3

C value from Table 6.1.



In this illustration the total dose to a'worker is estimated to be 3.3.mrem, which is
below the sensitivity of a TLD badge. Assuming that two licensee workers are
present at each operation, the collective dose equivalent tu workers in this example
is estimated to be 6.6 x 10-3 man-rem. ' '

6.1.1.6 Collective dose to workers. Data from- Tables 6.1, 6.2, and 6.3 can be used
to. estimate the collective dose to workers from normal aboveground operations.
Table 6.5 summarizes calculations to estimate the annual collective dose equivalent
in workers. from normal aboveground operations. The results hinge on the total
amount of radioisotopes injected (col.'2) and on the number of: injections (col. 3)
carried out annually. The amounts injected and the number of injections are based
on information for the period 1979 to 1983 from two licensees. The estimates of the
total amount injected annually were weighted toward the highest values and were
scaled upward to account for the amounts injected by all companies that perform

- tracer injections for EOR projects. The total number of injection operations is 400,
.which - is consi-tent with our basic assumption  that -100 EOR projects  using
-radioisotopes as interwell tracer are carried out annually and that each project on

the average involves four separate injections of an isotope into a well (see Sec.

1.3.4). - .

. Table 6.5 also lists the normalized dose equivalent expressed in'mrem per injection
- {col. %) and.the normalized dose équivalent expressed in mrem/mCi injected (col. 5).
. The sixth and last column, lists the total dose equivalent per nuclide, which is

calculated as the sum of two products: the product of the number of injections and
the dose equivalent per injection, and the product of the total activity injected and
the dose equivalent per mCi injected.

. The annual dose equivalent in a. worker over all the injected radionuclides is

470 mrem/y. This value is multiplied by 2, to account for the two workers engaged
per operaticn, to yield an annual collective dose equivalent in workers of 0.93

“man-rem/fy. " : -

Asjnoted previ6u§i§, 'wqueré of Té,oil,cdmbanies ‘remain at a distance of 10 meters
or_more from the wellhead and are not exposed. Members of the public would be at

a much greater distance.

6.1.2 Accidental exposures

‘ln’_vthis section we estimate doses. to workers andf members of the public that 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

‘when they are used as interwell tracers in EOR operations have been extremely rare.

6.1.2.1 Dose from a leaked source (Scenario A, Sec. 3.1.2). When a liquid source

" Teaks from a damaged container during transit, the leak Is readily-detected upon its
- arrival at the injection site where the package is surveyed with a detector. The
: liquid itself does not, drip outside the package but is absorbed in the absorbent

packing material that surrounds the source. The worker is exposed for a short time
to an unshielded source while he is repackaging the source for return shipment. - The
assumption that the worker is exposed to an unshielded source for 5 minutes at a
distance of 1 foot leads to the normalized dose estimates of Table 6.6.

28



» Table 6.5 Annual collective dose to wurkers from normal aboveground exposures.

()

T e e e = Normalized dose - equivalent
Total amount equivalent® per nuclide
cotoomo ot Vinjected, o .. Number of - mrem per -.mrem per . . per worker€,
Radioisotope ~ ~.  Ci/y injections injection’ mCi injected’ mrem/y
H-3 as) 1300 .. . 64 : 0.02 1.3
H- 3(!1 1800 7 7 128 0.02 S X -
C-14 ( '+co ) 1.6 507 14 1x10°6 ;" 0.002
C-14 (llqundf 0.10 - -+ 8 0 L0 L0
Na-22 ! 0.12-- - 2 2.6 © 0.030 DL 8.8
s-35 ! 0.02::--.. 2 0 - 0 REUR |
Ca-45 - 0.02.-: 2 0 :: O o0
Co-57 -- - 20 7.0 24 2.6 ;. 00025 - 67
Co-58 0.80 20 ' 2.6 ... 0.014 e ‘63
. Co-60. . ..o ......26_. . 43 26 0.033 200
Ni-63 ' 1.4 5 0 o 0
. Zm-65 OOl} 2 26 ‘ 0.0078 5.5
" Kr-85,activity <l Ci" B [ RS | PR 8.7 x107% - 8, 7
Kr-85,activity >1 Ci 290 32  os2 5x 1072 ST
Sr-85 0.12 5 2.6 0.016 15
Sr-90 0.40 22 0 0.0070 2.8
oL Ag=ll0m. . 0.0% . .2 , 2.6 10,037 6.7
DakI2s 0 Lo e J2e '0.,0043 . 300
IR 2 5] SO ¥ VAR 2.6 S 040055 0 T g
D I P st NS SUPECPI S PI f
Total ' Ut s ot o< 470 mremfy
Collective dose equivalent in workers, assummg two 0.93 man-rem/y
licensee workers per pro)ect T N S B UL P

POF R

-2 Values from Table 6 l Table 6. 2, or Table. 6 30 : 'i:: SRR

G b To srmplliy the reportmg thhout mtroducrng a. substantlal error, the ratro of ‘the dose
. equivalent-in rem to the whole .body- and mdwroual organs. to the exposure in R is
4 -l.assumed to be l 0, except in the case of alpha-emltters, surh as ~Rn

< L e

.....

o0 .,-radxoxsotope T _._p

g 1 [P RO N » :
b B JAR TR A A P A

.. .To:illustrate ‘the.use .of Table 6.6, the, normallzed exposure from a contamer that
- ;- teaks 60Co according to. the above scenano xs 1. 2 mR/mCx. The exposure from a
20 mCi 60Co source that leaked would be ) ..

20x1.2=24mR : AN

-::The exposure to the hands would exceed this value... =
L I - ST ; ‘:,1‘,._ PR IO ’ TR
29



Table 6.6 Normalnzed exposure to workers from handlmg a leaky source (scenarxo A,
* Sec. 3.1.22

Radloxsotope Normahzed exposure Radioisotope .: Normallzed exposure

" mR per mCi ‘ ‘ . mR per mCi -

H-3 0 Ni-63 o .
C-14 o+ . 0 Zn-65 - ... 0,29
‘Na-22 1.1 Sr-85 .. 0.56
- 5-35 - 0o - 5r-90 . 0.0l
" Ca-45 0 - Ag=110m.. 1.4
- Co=57 < 0.090 I-125 - - 0.16
Co-58 T 050 - 131 . 0.20

Co-60 L2

( a As;sumes a S-mm exposure to an unshlelded sourcm body at a distance of 12 in.
0.3m : _

This. scenario could also result in a dose via lngestlon. However, the worker would
probably be wearing gloves and after noting t leaka would likely take extra
precautions. Of the radzoxsotopes in Table 6.5, 90sr and 251 are associated with the

“highest committed dose equivalents per unit ingestion of activity. (Ingestion dose
: factors are listed in Appendix C.)

The dose to a leaking HTO source wt!l be dlscussed in Sec. 6.l 2.5.

6.1.2.2 Dose from a source spilled on the ground (Scenario-B, Sec. 3.1. 2) -If a

worker accidentally drops a glass vial containing a radioactive tracer in solution and

it breaks upon striking the ground, the worker would be subject to exposure from the
‘radioactivity spilled on the ground. - The' exposure would. continue during. the time

the worker performs cleanup measures on the spilled activity. We estimate the
resultant dose by assuming that the worker is exposed for 10 minutes to a source
uniformly loading a 15-cm disk on the ground surface. The worker is assumed to be
at a distance of 0.5 m from the center of the disk. Table 6.7 presents normalized
exposures for this scenario, computed from the tables of exposure rates of Appendix
A.2. The exposure rates are calculated for a height of 1 m.

| ;‘l‘To illustrate the use of Table 6. 7, the normahzed exposure from ¢0Co spilled on the

ground according to the above scenarlo is 0.17 mR/mCi. The exposure from a
spillage of 20 mCi 60Co would be :

20 X 0.17 = 30[‘ mR

This scenario could also result in radioactivity deposited on the skin with a resultant
local dose to skin if liquid should splash on the legs. However, it is likely that
clothing could intercept any splashed liquid before it would contact the skin.
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Table 6.7 Normalized exposure to workers Irom radloactmty spnllcd on the ground
(soenarno B, Sec. 3.1.2).@ - .- .. ) 7 o

- Radlolsotope " Normalized exposure Radioisotope . . Normalized exposure
I = = -mR per mCi ’ mR per mCi

_H-3 .. 0 . Ni-63 o 0 :
C-14 N Zn-65 IR (X 'Y .
Na-22 . 0.6 Sr-85 .. 0077
S-35 a 0 S Sr-90 T 0.001
Ca~y5 - - m oo e e e AEcllOm o T 0,20 T T
Co-57 0.013 1-125 0.022
Co-58 0.072 1-131 0.029

- Co60 07

.y PO - v L] . N P B
~ o N HEDEEEE I 1 e oa tie T

'@ Assumes a 10-min’ exposure t0 a. umformly loaded disk .on the ground ‘surface.
Radlus of disk-equals.15 cm. - Distance from center of disk equals 0.5 m. Exposure
is calculated for a height of 1 m. e

: A glass Vlal contalmng a radxoactlve tracer would be handled thh cares - Only a

.- small fraction of ‘the vials that are -handled ‘would ‘be dropped, and only a:small

. fraction of those dropped would break. Thus, a licensee has estimated that about |

.. -of 50 glass vials that are dropped from-a hexght of 4 ft onto a hard 'surfacé would

break. If the radioactive source is:confined in-a: ‘yessel  that - is not sub)ect to
breakage, thls scenano would not occur. .

- .~

- The dose due to spxlled HTO wnll be dlscussed in Sec. 6.l 2.5

6.l 2.3 Dose from an accxdental release of a gaseous source (Scenano C,
Sec -3.1.2).-- A worker:who .accidentally drops a glass vial containing a- gaseous
radioicotope, causing the vial to break.and release its contents to the surface air,
could experience an exposure from inhalation and submersion in the gas. Similarly,
members of the public at locations downwind could be exposed to the expanding
cloud of gas. The doses to workers and the coll=ctive dose to members of the public
~were calculated from estimates of the IAC at.the exposure locations. The IACs for
" the workers' dose estimates were calculated by an-analytical Gaussian model; those
for the collective doses to members of the public were calculated to a distance of
80 'km~ usmg a partlcle-m-cell ‘model. " The methods are descrlbed m detall in
Appendlx B.. RIS ;,{ S B ,

z \v N - \ b

Although the hypothetncal accxdent could be expected to occur during daytlme
“working hours, ‘the range ‘of atmospheric stability and wind speeds is still larg= since
all seasons of the year must be considered for a wide variety of locations. The three
adopted scenarios are intended to yield results that reasonably bound the ‘range of
likely meteorologlcal conditions (see Table 6.8). bienr s oo

Scenano ! occurs most frequently during the afternoon in warm seasons. Scenario 2
“is"most likely in .any hlgh wind condition or when "the sky is overcast. At low wind
speeds, the stability ‘will move 'away from  neutral and ‘be governed by the

< T
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Table 6.3 Meteorological scenarios.

- SRR I - Wind speed (mfs) -~ -
Scenario” . - Stability class - - ’ Measured Extrapolated
ht=6 m ht=1.6 m

| Unstable A low 1.5 1.4
2 Neudtial D high 3.0 . 6.6
3 Stable F . low - LS5 0.7

near-surface temperature grrdient, i.e., stable when the surface is cooler than the
- overlying air, and unstable when the surface is warmer (often in the daytime).
. Scenario 3 covers most nighttime and early mormng low wind-speed conditions and

‘is. the scenario that yields the -highest concentranons near the surface after ‘a
surface release.

Table 6.9 (see Taple B.2 in Appendix B) presents IACs near the surface | meter
downwind from a surface release according to the three scenarios. The IAC values
are zero except'at a receptor height of 0.2 m. These estimates suggest that if the
worker remains in place after dropping and breakin éthe vial, at most there would be
a submersion dose to the lower extremities from ¢’Kr or a dose from absorption of
- HTO through skin of the lower extremities. A worker located upwind or who moves
immediately upwind of the release would not be exposed. : !

Table 6.10 (see Table B.l in Appendix B) presents the maximum lACs versus
downwind distance following a unit surface release. These estimates indicate that
the worker could be exposed from inhalation and submersion if he moves downwind
" into the cloud or traverses the cloud. This could occur if the worker instinctively
- moved to a vehicle for protection. Again, if the worker moves upwind |mmedlately
: aiter the accxdent, the exposure would be minimal or zero.

‘Table 6.9 lntegrated air concentratxons near the surface l meter downwmd from a
- --unit surface release (from Appendlx B)a .

Reeepfer ht !. Unstable | 2, l.\‘leurtral 3. Stable
m IAC, s/m3 IAC, s/m> IAC,'s/m?
N R N L o 0
1.0 1.9 x 10-11 SR S 0
0 3.4

02 32 0.75

a Thus, for a I 1Ci release, IAC wouid be expressed in 1Ci-s/m3.
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Table 6.10 Maximum integrated-air concentrations near the surface down\{rind from a unit
surface release (from Appendlx B), ior three meteorologlcal condmons. -

1. Unstable 2 Neutral 3. St'aole"
Receptor4?l»lex Dls- R g "'Max' N T b Max " D,is—f'“. c b
ht’ IAC_ tance? ' TimeP' IAC ‘' tance? . Time® IAC_ : tance?  Time
m sm3 mo s U smd me s Tsmdom s
1.6 0065 8. 6 _.0014 .22 . ,.3,,_; 0.13 36 ... .51
1.0 0.015 6 -5 T 0.035 a4 720 0337 za 0
0.27°73.2°0 S0 1 076 2 S04 &L 2.7 10

a“DiSt‘ancefre'fers to fhe dowm\}ind—'dis‘fénce alonﬁg:the'cent’erline of cloud travel. A

b Txme refers to the tlme maxnmum lACﬂ occurs at that dlstance and hexght. ,

To evaluate the consequence of thxs accndent scenarlo, doses were esnmated,.
assuming that the worker is exposed to the cloud under unstable conditions at a..
distance of 6 m from the release. The IAC at nostril height (1.6 m) calculated by
Eq. B-3 of Appendix B, is 4.0 x 10-2 Cl--s/m3 per curie released. The resulting doses
calculated using the dose-rate factors of Table B.3 (Appendix B) are presented in
TableG M ettt e o

L PO SR SR
v S o . S e At
oAb, o T Ty, U ;

— P A P

B R I it IR o Bt

Table 6.11 Normalized dose equivalent in a worker from an accidental surface
release of a gaseous radioisotope (scenario C, Sec. 3.1.2).2

Normalized dose
-7 equivalent

Radlmsotope Exposure mode Reference organ rem/Ci released
H-3 HT, hydrocarbon ~~ ‘Submersion ©f = *. Lungb =i =" g1 x 10~7 5

HTOC _ Inhalation _ Whole body 8.4 x 10~%
C-14 “‘COZ LA -~ Inhalation * "¢t I.Y Whole body - 3.2 x10-4
Kr-85 . . Submersion Skin - 1.9 x 1073
et T *Suomersuon {*i ¥ *.2 Whole body 4.7 x 1077
LN s T R ey e e

@ 'The worker is assumed to be exposed to the cloud downwind under unstable
conditions at a dnstance of 6 m from the release where the lAC at nostnl helght
(1. 6 m) 1s Q 0 X l') Cn-s/m3 per Cx released (see Sec. 6. 1. 2.3) ‘..;'”'

R TP R
HE ~ L . . - P

b The dose to the whole body via submersnon is zero.

€ The estimate for HTO gas is used to evaluate the consequences of leaks or spills
of liquid HTO.
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Tritium as HTO is- included in Table 6.11 because we have used this method. to -
estimate the dose from  HTO spilled on the ground. Estimation of the doses from'a.
lsiacky HTO source and. from HTO leaked or spilled from a wellhead is described in
N 6.1 2.5. ' o | )

lt should reassure the reader who is concerned that a worker may mhale 1251 or 1311

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 consxdered not to become alrborne
following an accidental spill.:

The collectnve dose estlmates out to 80 km’ for a l Ci release are shown in
Table 6.12 for the "typncal" site under the three representative meteorologlcal
conditions. (Table 6.12 is abstracted from Tables B.4, B.5, and B.6 in Appendix B;

the calculations are described in Sec. B.2).- As noted previously, the "typical" site -
impacts an urbarn.area 15 km x 15 km with its center approximately 32 km.

(~ 20 miles) downwind from' the site of the reléase. The urban population density ‘is
695/km? (1300/mi?d), and the rural population density is 13.5Ikm (35/m12) The
collective doses of Table 6.12 are upper-bound estimates for the "typical" 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

“typical" site under stable conditions are used to assess the accidental release of -
gaseous rad:oxsotopes as they are the hxghest for the three meteorological.

scenar:os. o

r
~y .,

ot

Table 6 12 Normahzed collective dose equivalent in members of the public from an
accidental surface release of a radioactive gas for the "typical” reference site.d

" "Man-rem per Ci released

Radioisotope Reference .. Meteorological conditions
organ Unstable Neutral Stable
H-3 HT, hydrocarbons  Lung. l.2x107 - 35x108  2ux107
HTO . . . Whole body. 2.5x 10°% - -7.1x107%  1.9x 1073
c-14 14co,” Whole body 9.3x 103  27x10-5  7.3x10°%
Kr-85 Skin. - .. 57x10°%  L.6x10°%  &5x10°3
‘Whole body 7.2x10°6  2.1x10°6  5.6x 107

a The regxon is assumed to extend 80 km from the sxte of release. The calculations:
are described in Sec. B.2 of Appendix B (see Tables B. l;, B.5, and B.6 in Appendxx B )
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.., As noted in Sec. 3.1.2, accidents involving the unplanned release of radioisotopes to
"‘the_environment in the course of interwell traclng with radioisotopes in- EOR
operations have been rare. One licensee states that a .once-a-year occurrence of an

' accidental release of a:gaseous radioisotope would ‘be;an overestimate ‘and *hat the

' " true frequency of ‘this accident scenario is perhaps ‘'once in 5 or 10 years. i this

- ‘report 'we have assumed conservatively that 0.0 is the probablllty that.a gascous

radioisotope (or HTO) will be released ‘because of “an’ accidentally dropped -and
broken container. This means that 1% of the operations involving the injection of a
gaseous radioisotope or HTO will be accompanied by the accidental release .of the
radioisotope. Since on an annual basis we have’ assumed 120 m)ectlons of gaseous
" radioisotopes . and 128 mjectlons of HTO (see Table 6.5), the irequency assumed for
. _this. accident scenarlo is about 2.5 per year, whxch overestlmates the expected
: frequency._ . , . :

‘The resultant collective dose estlmates for members of the publlc from accidental
releases of gaseous radioisotopes are summarized ‘in Table 6.13. The total
. collective dose equivalent in the whole body is estimated to be 0.034 man-rem/year.

- M . 3 . R .
- . - . . P Jroa o, P - . - . : Se:
Sl T Lo IR . B R L T L RIS SRR AR )

H

e e e e e b e L. L
. - ‘._.x«’l.‘ Lo .“r,

Table 6.l3 Col!ectlve dose ‘to ‘members of the publlc from accndental surface
releases of gaseous radioactive tracers for EOR (Scenario C, Sec. 3.1.2).2

defeanns v ang

gL red ot L. S e et Ve

Collectlve dose

P I e esd

el e ;A'?’_‘f-’j-'l'o:fa‘l amount = " .Reférence ... .. .equivalent .
“Radioisotope "~ "7 injeeted;;t;l[y:'{ ‘ organ R man-rem/y
_.H-3 HT, hydrocarbons - . 1300 = = Lungb . o ke2x l0'3
AU TYTEE i R T g ' Whole body"“ o3
C-14 14COy )6 Whole body . ..o ]2 X 10‘3
""‘KI’-_-S\S:\ .-j-'!‘.‘, LTl ‘BOo‘f *:-‘.-.'«'.'.‘:Skin‘ et T 1y .
R ‘Whole body 0.017
Total' i ¥+ e Whole body 3.4 man-rem/y
Total collectlve dose (P = 0.01)d Whole body 0.034 man-rem/y
SEPEK SRS 3

v

a Based on the normallzed man-rem values of Table 6 12.

L
4.

b The collective dose equnvalent in the whole body 'via submersion is zero.”
¢ The dose from the accndental release ol HTO is assessed in the same manner as
' ‘the dose from the accndental release of gaseous radlolsotopes (see Sec. 6 1. 2 5)
. T8y ST i 1. RN .-

d The occurrence of accndents has been very rare.” A' conservative ' accident
frequency of 0.01 has been used for dose estimation.
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mmmanm.
... through a faulty valve in the wellhead, or through a valve inadvertently left open-
(Scenario E of Sec. 3.1.2), a worker would be subject to exposure from radioisotopes

",_deposnted on the. ground, on the surface of the wellhead, or on the skin. As noted

previously, Scenario D is unllkely because the wellhead is checked for leaks before

. -, the tracer is injected. ~ ..

) For these scenanos, dose estimates to workers are made in the same manner as
“those for the scenario involving spillage of a source in solution (see Sec. 6.1.2.2). In

| :Scenarxos D and E, however, the’ radxonsotope released would be more dilute. The

" worker is assumed to be exposed for 10 minutes to a source uniformly loading a disk
on the grournd. The radius of the disk is assumed to be 15 cm, and the distance from
~ the center of the disk is assumed to be 0.5 m. Exposure rates were. calculated for a
height of | m (Appendix. A). o

’ Exposures‘ for’ thls combmed scenario, normalized to an injection of 1 mCi, are.
presented in Table 6.14. These values assume that 5% of the source activity leaks.
from the wellhead to the ground. The normalized exposures of Table £.14 are-
therefore 5% of the normalized exposures of Table 6.7, which are associated with
the spillage of an undiluted solution. : e

" The dose from HTO leaked from the wellhead is discussed in Sec. 6.1.2.5.

6.1.2.5 Dose from accidental releases of HTO. The dose from accidental releases
of HTO was estimated by the method described in Sec. 6.1.2.3 for. estimating the
dose from an accndental release of a gaseous radnonsotope.

Tab'e 6.14 Normalized exposures to workers from radloactwnty leaked from a
wellhead (Scenanos D, E; Sec. 3.1.2).3

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

CH-3 o Ni-63 3.6 x 10-3

.. C-l% | o . Zn-65 . 2.0x.10-3
Na-22 7.8 x 10-3 Sr-85 3.8x 103

- 8§-35 0 - -~ Sp-90 - - - 7 "x 1073
Ca-45 0 Ag-110m 9.8 x 10-3
Co-57 63x10°% 1125 1.1x10°3
Co-58 3.6x10°% =131 1.6 x 10-3
Co-60 .. . 8.6x1073, C S

o a Dose for an ln]ectmn of I mCx. 5% of the actnvnty (x.e., O 05 an) is assumed to
leak from the wellhead and umformly load a circular disk of radius equal to 15 cm
.. on the ground surface.. .. , P . e
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10 estimate the dose from a source that lsaks HTO (Scenario A, Sec. 3.1. 2), we
assume that the worker is exposed to 10% of the source activity. The IAC to which
the worker is exposed at nostril height is estimated as the IAC at a distance of 2 m

and a receptor height of 'i.0-m for unstable condmons. ‘A 1-m height was chosen’

because it approximates nostril: height to a source package ona tallgate. The 1AC
calculated by Eq: B-3 of ~ Appendix ‘B - is: 1.3 x 10~3 Ci-s/m> per curie’ released,
which leads to a normalized dose equivalent of 0.027 mrem in the whole body from
inhalation per Ci released when combined with' the dose-rate factor from Table B.3
(Appendnx B)." Since the worker :is:assumedto be exposed ‘to 10% of ‘the “original

source, the normalnzed dose equxvalent is 0.0027 mrem per Ci oi the orxgmal source.

As noted in’ Sec. 6.l 2 3, the dose from HTO that spxlls on the ground irom a broken‘

container is estimated using‘ the ‘appropriate’ normallzed dose equnvalent from

Table 6 ll 8 4 x lO " rem per Cl released.w“;

To estimate the dose from HTO that leaks or spxlls to the grour.d from the wellhead :

(Scenarios D and E, Sec. 3. -2), we assume that 5% of the source activity leaks. We
correct ‘the normalized dose in :Table -6.]1 by a factor'of 0.05, which leads to a
normahzed dose equxvalent in the whole body of 0.2 x 10’5 rem per Cl m)ected.

-¢~
I

6.1 2.6 Combmed dose to workers.‘ The annual dose to workers from the accndent
scenanos 1s estlmated as follows. The dose from scenano A is glven by N

75 ¢ 1 -
. . - PERITITS SR
T S R : : . E . RS

DA zPA"’\ EA:- PAZA;EAg - RS N

where ’ B SIS R R PN

Dp i: the arnual dose to a worker from scenario A (mrem/y),

A; is the Total amount of the ith nuclide that is injected annually (mCily), -

Eaj is the normallzed dose irom the lth nuchde by scenarxo A (mrem/mC1
-injected): ST “

Pp is the probabxhty that scenario’ A wnll occur (umtless, O < PA < 1.0}~

o~ s

It is assumed that P, is independent of the isotope injected. ... .-+ 1o . Dt

The ‘dose from each'of‘the other'scenaros is estimated-in thc same“manner anc the
total dose from all the scenarios, D in mrem/y. is then calculated as the sum oi the
doses from each of the scenarlos. o o ComeorUes e e
< : e '.;‘:"»_t';;"t
D PAZA EA, + PBZA EBl + PCZA F-Cl + PDZA EDl + PEZA EEI SRR
As noted in Sec. 31 2, accndents mvolvmg the release of radnousotopes ‘to the
environment while’ radloxsotopes -are .used asinterwell tracers-in 'EOR " operations
have been.very:rare. The frequency of accidents:has been estimated to be one per
year or-less. In the absens- of statistics on :the incidence.of accidents; we have
assumed very conservatively .for ‘dose. estimation’ that-0.05'is the probability of an
accident releasing radioactivity to the environment during the aboveground stage of
operations. Thus, in calculating the total dose from all the scenarios an accident is
assumed to occur on 5% of the injections. In addition, the five scenarios are
assumed to be equally probable and to occur independently, and the probability of an
accident is asumed to be independent of the radioactive tracer. These assumptions
greatly simplify the calculations, and the resultant dose estimates for accidents can
readily be compared with those for normal exposures and regarded in proper
perspective.
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Thus,

* -~

Pp=Pg=Pc=Pp=Pg=001 = . - - o
Since it is assumed that 100 EOR projects using radioactive tracers-are conducted
annually and that each project on the 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 workar per year is estimated
to be 6.4 man-rem/y. Correcting for the probabilities of an acciden. and allowing
for two workers per project leads to a collective dose equivalent of 0.130 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). . 5{",03 we
purposely overestimated the dosage from accidents, the average collective dose
equivalent.in workers is actually much less. - . =~ .-~ .-~ - :

It must be remembered - that the dose estimate. for. accidents is strictly. an
abstraction that: can never actually be realized. Within- the framework of. our
approach, the dose from an actual accident would depend upon the radioisotope
tracer, the amount used, and the occurrence of a specific scenario. - The collective
dose to workers would .vary from zero, for the occurrence of any of the scenarios
involving 355, "5Ca, or 6 Ni, to 0.72 man-rem for accident scenario A during an..
attempt to inject 300 mCi of 60co. o :

6.2 SUBSURFACE STAGE

6.2.1 Normal exposures B O

In view of the absence of éiposures to workers and members of the public, the dose
estimates for normal subsurface operations are zero. - '

€.2.2 Accidental exposures ..

Although . the . accidental contamination of a freshwater. aquifer by radioactive
tracers. used in-EOR operations.is unlikely, it is essential to evaluate the
consequences of such an occurrence. A hydrological:advection-dispersion model in
three dimensions was used to estimate the concentration at various downgradient
locations along the centerline: following a' pulse input-of unit 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
Appendix C). The maximum doses per \Ci released for the '1.0-km distance were
selected as the normalized dose factors to evaluate the dose. Leakage of the total
source-activity. into the aquifer is clearly unrealistic. We therefore assumed that
one-tenth of the injec .ed activity leaks-into the aquifer. S
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Tanie 6.IV5 »"Annual eolleeiiue dd;e'equi\valent in the whole uody of workers from accidental qbovekruu&i exiposune;.

Total - 1 - . . L. N e

amount - Nurnb'e'r '_ ’ ’Annual dosc equivalent, mremfy® .. <

] L nn]ected, T of - " Scenario - Scenario Scenario i Scenario Scenario - - ;.
Radisisotope ~ ~ Ci lniectlons 'j:Ab R -CHENRCIY o JETEARN . Totall
H-J gas 1300 64 0 0 0 (1] 0 0. .
H-3 HTO 18300 123 4.98 15008 . 768 768 1700 ’
C-1% L N R | SN MR 0.51 0 0 031
C-lb(llqmdz)_ X1 3 D A Set g 0 T 0 e
Na-22 : 0.12 2 130 Lo 19 095 .- 0.9% lso_
5-35 002  : -2 ' I , 0 . -0 ' 0
Ca-35 '-,o.oz. wo2- 0. 0. 0 . 0 .0
Co-57 2.0 T24 180 - 26 1.3 . 1.3 - 210 .
Co-38 0.80 *% .20 " _&00. ' S8 . 29 29 460
Co-60 2.6 43 3100 1) 22 22 ‘3600
Ni-63 © .- L4 S L0 0 0. . . © 0
Zn65. . . - ..000 | T2 U120 1.6 . oos' T o.oa 14:
Kr-85+, . . 300" o427 % v titug 014 *+ --0- . i O-l"
Se85 T o2 AESTU UL 67T .92 e L. 0w | o.us 7
Sr90 - S040 22 - . & ... 0.4 T 003 . 003 4.5
Ag-110m - 008 . 2 "7 'se oo oo 039 T 0397 65,
1125 0, 07 Lo 16 - 160 T 22 0 L TT e Ul - 180 -
T LI B A & o7 . 047 T2
Totath ' EREE R 1L 2000 -1 065 to, . 110 . eaOOmreme
Collective dose equivalent in workers assummg two workers per m)ecuon' Sl O.IJO manorem/y :

o

3 A worker would receive these doses if the accndent scenario occurred whxle he handled tbe total amount ot the"

radioisotope.

b Calculated from the activities in col. 2 and the normalized doses in Table 6.6

-

€ Calculated from the activities in col. 2 and the normalized doses in Table 6.7; L
d"Calculated from the activities in col. 2 and the normalized doses in Table 6\,! 1. . .
€ Calculated from the activities in col. ? and the normalized duses m Tanie 6;10. E . , :- -
f Total from all scenarios. . . ,
) 8 $ee Sec. 6.1.2.5 lor estnmahon ol the dosc irom HTO. ‘ -
h Assumes PA = PB Pc PD PE =10, L , ‘” PR }'-;

Y Assumes PA : F PE’- 0.Cl. " The occurrence of acc:dents has been very rare. A conservatwe
accxdcnt lrequency ol 0.0 has been used for dose estimation.
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Table 6.16 is a summary of the resultant dose estimates. The estimates are
presented for the reference organ that receives the highest dose. If leakage of
radioactivity into the aquifer were a regular occurrence, the committed dose
equivalent in an individual from drinking of water for one year would be 7.6 mrem in
bone surface and 0.43 mrem in the lower large intestine. It should be remernbered
that the dose estimates in Table 6.16 are strongly biased toward high values because
of the unrealistic assumption that the water-supply . well is located on the

centerline. Furthermore, the assumed release. fraction of 0.1 is still conservative.

The doses would decrease as the-lateral distance of the .well from the centerline
increases. ‘ ' : ‘

Summing all the doses in the fourth column of Table 6.16 is not a valid procedure
because the reference organs differ. The fifth column lists gose estimﬁtes tg the
waole body for tl;e radionuclides found to be most important, “H (HTO), 4 'y zNa,‘ .
60Co, 63Ni, and 20Sr. Strontium-90 is singled out as potentially the most important ..
radionuclide. The sum of the doses to the whole body is 1.2 mrem/y. -

A rough estimate of the incidence of groundwater poilution via well failure can be.

obtained from the number of complaints of groundwater contamination filed with'
the Railroad Commission of Texas (RCT). During 1973, 1974, and the first half of .
1975, three complaints of groundwater contamination by brines were filed in
District 11l of the RCT (Braxton et al., 1976). .Because brine disposal in Texas since -
1973 has been permitted only into impervious subsurface pits, these complaints are
attributable to well" leaks rather- than seeps. From information on .regional
groundwater, hydrology and well locations; it was estimated that fluids from

40 percent of the oil wells that are breached could reach a water well within five
years. The incidence rate for well failures in District Illis thus

3
2.5 yr x (0.4

)=3peryeér .

Taking into account the producing wells in the area, which number some 8,000, the
incidence of well failureis .- . - -

3 per year /8000 = 4 x 10-%/year

The relatively low incidence of well failure leading to the contamination of an
underground water supply is in accord with current observations. It is estimated
that in the past five yeart in Texas no more than 10 documented cases of aquifer
contamination by brines are directly attributed to faulty injection or. disposal wells;
this is out of a total of 46,000 wells (Ginn, 1983%). In this report we have assumed
conservatively for dose estimation that the probabilitv associated with this accident
scenario is 0.0l, i.e., an average of 1% of the injections of a liquid radioisotope
tracer will result in the contamination of a freshwater aquifer by radioisotopes and
brine.

The collective_dose to members of the public was estimated assuming that the well
serves a 1-km? area about the well and that the population density is 14/km“. The
collective dose is then

* R. Ginn, Oil and Gas Division, Ra:lroad Commission of Texas, Austin, Tex., private
communication (1983).
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Table 6.16 Annual dose to an individual . via mgestlon of water from ‘an aquxfer
contammated by radnoactwe tracers for EOR. ‘ 4

P

SRSUIREY Total S At i e ey
amount " T T __‘Dose equwalent in -
injected, Reference Dose equwalentc whole body<’

Radioisotope - Cify. .. .iorgan® <. ..., . mrem/y, . o mremfy. -
H-3 (H‘I‘Q) 1300 .T Whole body " 0.68 . 0. 68 i
C-l4 . . - . 0.0 . Wholebody: .. 3.3x1073 . 3.3x 10'§d

Na-22 0.12 - :Bone surfacer-s,:‘ 1.8x1073 . .- 2 l2x 107 T
5-35 0.02  Whole body 9x 10713

Ca-45- i - '0.02 : _ Bonesurface ;.1 x: lO"8 T T S TR PR Eo

Co-57 ~ .. .. *2.0., . LLlwall-.. -, l.6x.l ey e

Co-58 ...+ -- 080 ., LLIwall. . .1x10" 1 Lo . .
Co-60 ... - 26 -, LlLlwall-.  0.36 .. c-. o.039d S e
Ni-63 1.4 LLI wall 0.070 "3.7 x 10-3d

Zn-65 0.04 LLI wall 6% 1077

Sr-85 . .. .. . 0.J2.. . Lliwall .. ,1x10743. ... . -

Sr-90 . 0.40 " Bone surface 7.6 o 0.479. . y
Ag-110m 0.04 Gonads 2x 1076 o o
125 LG~ - Thyroid <~ -Sx 1071l oo
I-131- . 042 Thyroid e

Total (P - 1. O) NE 1.2 mrem/fy ~c.
— - (P=0.01). . . ... ..0.012mremfy
Collective dose ec}uwalent in members of the pubhc 1.7 x 1074 man-rem/y'

assummg P = 0.01 . ST

1’
Ne s

a The accident scenariv assumes that 0.1 of the amount injected gains entry into
the aquifer. The well is Iocated I.O km downgradient from -the source along the
centerline.” . . :

b See Table C.1, Appendix C. (' v
C Based on the normalized dose” equivalent estimates of Table C.2, Appendix-C. A
person would receive these doses if the accident scenario occurred whxle the total
amount of the radioisotope was bemg injected. R
d ABased on whole bodyv dose factors (committed dose equnvalents) of
1.4 x IO', rem/uCi for 22Na (Dgnmng et al., 1981), 4.4 x 103 rem /uCi -for" 60co
(Dunnmg et al,, l98l)d 1.8 x-10"% rem/Ci for 63Ni (ICRP, 1982), and
9.5 x; 10'2 rem/uCu for 20sr (Dunmng et al., 1981). i

€ The dose equivalent from 1311 yould be very low (<10-20 mrem/y)
- ¥ Assumes the well serves a l km2 rural area where_the populatnon densnty is
ll;/kmz. The occurrence of accidents has been very rare. A conservanve accxdent
frequency of 0.0] has been used for dose estimation. N SRR
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0.17 man-mrem/y -

14 x 0.01 x l.2‘
27 x 107% man-reni/y

ll.ll

The dose from. eating vegetables that had. been xrngated thh the well water or.
ingasting milk or meat from cattle that had drunk the well water and consumed
forage that had been irrigated by the well water would be only a small fraction of
. that from dnnklng well water (see Appendlx C).

Ll

6.2.3 Comparison with dose estimates for naturally occurrmg radxolsotopes in water. -

The above estnmate of dose appears to be small in comparnson to that received from
the use of groundwater containing naturally occurring radicnuclides. As an examPle,
the radioactive noble gas, 222Rp, that results-from the decay of the 238y series,
frequently occurs at elevated levels in éroundwater. Table 6.17 contains data from
UNSCEAR (1982) on the occurrence of 2Rn in groundwater. S

As a specific example, Prichard and ‘Gesell (1981) have calculated the individual and
collective dose equivalents received by residents in Houston and twelve nearby +
suburban municipalities from 222Rn 'in their water. The sources of yater are about

evenly divided between wells and surface sources of much lower 22ZRn content."

Table 6.17 Radon concentratlon in well water’ from several areas of the world
(UNSCEAR, 1982). ..

Radon concentration (kBg/m3)3

Location. . @ " Average -~ Maximum
Austria -

_ Salzburg 1.5 7
Finland : - . e

" Helsinki and Vantaa , . 1200 . ; A ‘ L

Other areas 280 45,000

Italy 80
Sweden - . . i

19 S 150

United States , L : . ,
Aroostock, Maine 48 200

"9 Cumberland, Maine - - . .- ..o+ 1000 0 - 5800
.. Hancock, Maine" S i .- 1400 ... .. 4600
.- Lincoln, Maine e - 1560 o 1600 .
Penobscut, Maine L . 540 - , ‘ 2400
Waldo, Maine 1100 3100
York, Maine ... . - . . 670. ... . 2200.
North Carolina ' 100 1700

a'| kBq/m3 = 27 pCi/L.
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Dose is.delivered to the gastric -epithelium by ingestion and to -the bronchial
yses such as showering. For.

epithelium by inhalation of radon liberated during wate;

the 1,612,000 residents in 1975, the average level of 2 Rn in water was measured

and calculated to be 437 pCi/L. This results in a calculated average individual -
eéxposure to ‘the bronchial epithelium of 0.0024 Working -Level Months (WLM) per -
year and an average individual dose equivalent of between 14 and 34 mrem/y,
depending on the conversion factor used. - The average individual dose equivalent in .

gastric epithelium was calculated to be 2.6 mrem/y. For the Houston metropolitan
area, the .annual collective dose’'is 4200 man-rem in :the gastric epithelium and

between 20,000 and 60,000 man-rem “in the -bronchial epithelium. -The individual.
dose equivalents from natural 222Rn in the water supply (14-3% mrem/y in bronchial-
epithelium and 2.6 mrem/y in gastric epithelium), greatly exceed the dose:

equivalent from drinking well water contaminated by radioactive tracers used in

individual. - ...

EOR operations, . estimated -to ‘average ,0.012 -mrem/y: in: the whole .body of an-

- N

LY
R

The main concern, if 0.1 or any other fraction of the injected isotope were to gain’

entry into a freshwater aquifer, would be the entry of the accompanying salts and
other constituents of the injection fluids into the aquifer (Todd and McNulty, 1976).

6.3 RECOVERY. AND DISPOSAL STAGE S

e 1 R

6.3.1 Normal expés'uréé v

Gaseous tritium injactéd for interwell tracing” will be found in the natural gas’

fraction collected a,t*_p’roduc} on wells- whether ‘injécted ‘'as HTO, HT or gaseous

‘ ) | CO, are‘removed when the gas is processed into dry:
CO,-free gas. The separated CO; is either recovered and reinjected or vented to:
the atmosphere. The HT may be separated from the hydrocarbons along with No.-

hydrocarbons. The HTO and

Tritiated ethane and-propane are separated into a liquid natural gas _fraction and
noble gases remain in the gas fraction, =~ ' - Tt T T gt e oy

Because the radioisotope concentrations in the fluids collected at production wells
are below éxempt concentrations, and since there is ‘practically no direct or indirect
contact of workers with materials collected, doses to workers are assumed to be
negligible. P e s LTt T IR

ey

[RR TV

Doses to members of the ‘public ‘are’ estimated ‘on the basis of exposures to the
combustion products of the tracer-bearing gas after it is processed and distributed
to consumers. The background information and data are described in Appendix D.
The annual dose equivalent in the whole body of an individual from’ tritium per unit
concentration in the gas supply varies over a narrow range, and is estimated to be in
the range 2 x 10% to & x-10-% mrem/y ‘per pCi/L (Tables D!1* and -D.2)." If the
average concentration of 3H in gas.were 20 pCi/l., which is 10% of the limiting
value for release to an unrestricted area (16 CFR 20 Appendix B Table 1. Col. 1),
‘and the dose ‘equivalent rate’ per unit concentration in“gas were'3 x"10~% mrem/y
per pCi/L, the dose equivalent in an individual would be 6 x 10-3 mrem/y. If the °H
concentration in gas were 200 pCi/L, the limiting value, the dose equivalent in an
individual would be 6 x 1072 mrem.’- The ‘dosé estimate of ‘6 x:10~2 mrem/y is too
high because the maximum design concentration would probably be less than the
limiting value and the average concentration over a period of time is much Jess than
‘the ‘maximum. In addition “the  tracer-bearing gas from one "production well.in a
‘reservoir would be mixed with non-tracer-bearing gas from other production-wells in
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the reservoxr and from production wells that feed into' the distribution system from
other reservoirs. Therefore ‘the annual dose to an mdmdual xs estimated to be
< 6 x lO"3 mrem/y . o] _

The dose equwalent rate in skm per unit concentratxon of 85Kr in gas is esnmated~
to be 4 x 10~% mrem/y per gJCr/L (Table D.1). The ratio of the dose equivalent rate
per unit concentration for Kr and that for 3H is consistent with the ratio gf the.
dose factors for the two nsotopes (see Table B.3). If the concentration of 8Kr in
gas were 30 pCi/L; which is 10% of the limiting value for release to an unrestricted
area, the dose equivalent in the skin of an .exposed individual would. be:
ll .2 x 1072 mrem.. The dose equnvalent in the whole body would be about 80 times.
ess. : ‘

The Los’ Angeles basm is used‘ as a' frame‘ of reference to estlthate the collective. . .
dose to members of the public. The annual rate of gas consumption in the Los '
Angeles basxn from data prov:ded by Jacobs etal. (l972b) was

Resndennal IR o 1. '49 X 1010 3/y

Clndustrial - v 138 x lo“’m Iy
Steam plants - 0.73x 1010 m3/y
Total 3.60 x 1010 3/y

The total quantity:of 3H gas injected annually for interwell tracing in EOR is
estimated to-be 1300 Ci (Table 6.5). We assume that 20% of the 3H activity is
recovered at production. well sites and 'is contained in a volume of processed gas
equal to the anr}ual gas consumptxon of the Los Angeles basm. The resulting
concentration of - Hm the gas is:. L ’

7.2% 109 Cijm3 .

(o.zo % 1300 c:)/z.s x 1010 m3
7.2 x 10'3 pCl/cm3

The average dose equxvalent in an mdmdual in the Los Angeles basin would be

7. 2 X 10'3 pCl/cm X 0.29 mrem/y per pCl/cm3 2.1 X 10'3 mrem/y

(See Table D.2 in Appendix D for the dose eqmvalent rate per unit concentration in
the Los Angeles basin.). . , : oL

The total populatnon of the cnty and country ‘of Los Angeles is 7,000,000, which
leads to a collective dose equlvalent of . .

7 X 106 X 2.1 X 10'3 mrem/y =1 .5 x 10% man-mrem/y
R : = 15 man-rem/y

The resultmg collectnve dose equxva!ent from 3H per cune in gas for the Los
Angeles basin is .. S '

15 man- rem/y 260 Cl = 5.7 X IO' man-rem/Cx-y :

The estlmate of: the collectxve dose from 3H to the regxonal popula ion that would
be ‘served. by . gas from Rulison is a smaller value, 1.3 x 10~ man-rem/Cn-y
(Table D.1), which considers only the combustion of residential gas. The collective
dose estimate for the Los Angeles basin takes into account industrial and steam
generating sources as well as residential sources.
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The samie appeoach for the Los Angeles basin apphed to'8%Kr feads tor 17, T

Quantity m)ected annually 300 Ci
- --Activity in processed gas(20%). .. .. .. ... . 60Ci- -
. Concentration in gas . L7x 10‘3 an/cm

3

~Dose equivalent rate in skin " ** 0.4 mrem/y per pCifcm

rer unit concentration

_..Average dose equivalentinskin ... . . . 6.8x10~%mrem/fy. .. ...
Population of Los Angeles basin 7,000,000
Collective dose (skin) , 4.8 inan-rem/y
Collectave dose (whole body) R 0.06l man-rem/y

The dose to the. whole body is about 80 times less than that to skin.

The above mdlvxdual and collective dose estimates can be compared to those arising
from the presence of 222Rn in natural gas. - According to Johnson et al. (1973), the
concentration of 222Rn in natural gas distribution lines varies “from 0.5 to
100 pCi/L.” For‘the’ average concentration of 20° ‘pCi/L, they calculate a yearly dose
-equivalent of 15 mrem in the bronchial epithelium of an individual occupying a home
with an unvented kitchen range. To compare doses in_the Los Angeles Basin, we
note that the average 222Rn cuncentration on the ‘West Coast'is 15 pCl/L (Johnson
et al., 1973), and assume that half of the 7,000,000 people live in homes with
.unvented kitchen ranges. The average md:vxdual dose equivalent in the bronchial
epithelium would then be about 10 mrem/y’and the collective dose equwalent would
be about 40,000 man-rem/y. These estimates contrast with 'the ‘much “lower
estimates attributable to_residual tritium, which would deliver whole body dose
equivalents of 2.1 x 107 mrem/y to an individual and 15 man-rem/y to the
population.

In this report it is assumed that all injected CO, is recovered as a gas and after
separation from the natural gas, is vented to the atmosphere. The collective dose
equivalent from l"COZ is assumed to be the same collective dose that would result
from the accidental release of COZ, which is listed in Table 6.13 as
1.2 x 1'3’3. man-rem/fy. Since !4 COz is miscible with fluids, this estimate is
conservative.

In the case of HTO, we assume that 10% of the HTO recovered in fluids and gas at
production well sites will evaporate. From the estimates of the collective dose to
members of the pubhc from accidental releases of HTO in Table 6.13, the annual
release of 180 curies of HTO would lead to a collective dose equivalent of
0.34 man-rem/fy.

The values in Table 6.18 are used in this report as the annual collective dose
equivalent in members of the public from residual tracer activities in natural gas
and other atmospheric releases of radioactive tracers recovered in EOR operations.

6.3.2 Accidental exposures

Accidental exposures would not be expected in the fec°very and disposal stage.
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Table 6.18 Collective dose to members of the public from residual tracer activity in
natural gas and other atmospherlc releases of - radxonsotopes recovered in EOR
operations. . ..

Radioisotope_i:':‘ . Reference organ Annual colleétive dose eeinalent
' . man-rem/fy-.
3H(gas) . . ' Whole body s
3H (HTOR Whole body ‘ 0.34
lac (d4e az)b . Wholebody - ... . . 0.012
85Kr Skin 4.8
. . .. . .Whole body S ~0.06
Total . . . 7T '_Wh'o_;le body SEEE 15 rr{an;iéf;{ri)y{" L

a 10% of the HTO m)ected is assumed to be re"overed at productlon well sites and
evaporate.g, T .. . ) . o :

b All cf the l"COZ m)ected is assumed to. be recovered at productxon well sntes and’
vented to the atmosphere. . A
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7. TOTAL ENVIRONMENTAL IMPACT FROM THE USE OF
- RADIQISOTOPES AS INTERWELL TRACERS.

In this section we c?mbiné the dose estimates of Sec. 6, for workers and members of
the public, to estimate ‘the' total ‘national radiological impact from the use of
radioisotopes as interwell tracers'in EOR operations. CoLL T

[
t !

Table 7.1 is a summary of the dose estimates for workers. Licensee’ employees are
exposed only during the aboveground stage of an operation. . As noted ‘in Sec. 6.1.1.6,
the collective dose to workers is estimated by applying a factor of 2 to the dose

- estimates for an iindividual ‘worker to account:for the average of two workers

. assumed to participate in each project. *° T " T oo T

. ¢ ' .

© The collective dose equivalent in workers from normal exposures is estimated to be

. 0.93 man-rem/y. The external dose from 60Co and other isotopes of :Co accounts

" for a major -fraction of this dose. Taking into account TLD data for licensee

' workers (reviewed:in Sec. &.1.1.1) and the fact that in some EOR operations the
radioactive tracer:is continuously sl.ielded, the dose estimate for normal exposures

+’is considered reasonzble. | - G D s

“The average. collective c}iose equivalent in workers from: accidental exposures is
‘estimated to be 0.13 man-rem/y, which is a factor of 7 lower than the collective
' dose equivalent to workers from normal exposures.: It is'important to remember
. that the actual dose associated with an‘accident .could be expected to vary widely,
fdepending on the radioisotope, the quantity handled and the particular accident
escenario. The major contributor to the dose from accidents is 60Co. ; :

-As noted previously, accidents leading to unplanned exposures have beén extremely
_rare or nonexistent when radioisotopes were used as interwell tracers in EOR, and
we regard the assumed accident frequency of 1% to be conservative.. However, the

" dose estimates for accident scenarios are highly: sensitive" to parameter values

.

~assumed in the calculation. ‘Thus, a very wide range of exposures and dose estimates
- would be possible for a given accident scenario. The total dose to an individual from
: an_actual accident ‘could be a substantial portion of the values listed in column 5 of
" Table 7.1 and may be comparable to the dose from normal exposures. The total
.collective cose equivalent in workers is 1.1 .man-rem/y.. - ! -+ - . -

ol

The dose to workers' skin has not been discussed. Personnel monitoring records of
one licensee -.lnd;lcate_; that the average external exposure to the hands is two times
. the average external exposu L s angs B
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Table 7.2 is;a summary jof the dose estimates for members of the ‘public. The
“accidental aboveground exposures are due to accidental surface releases of gaseous
- radionuclides (see Sec. 6.1.2.3). The accidental subsurface exposures. are due to
“drinking water from an aquifer contaminated by radioactive tracers (see Sec. 6.2.2).
{The normal exposures associated with recovery and disposal are due ito-combustion
jproducts of ithe B%H']abe:"ed»-hy¢f°ca"b°“5-TCCOVérédiin the ‘natural -gas and to
"atmospheric releases:of gaseous'tracers from 'the fluids recovered:at production
‘wells (see Sec. 6.3.1), "+ & - oo s o ST R SRR t

The total collective dose equivalent in the whole body of members of the public is
estimated to be |5 man-rem/fy, derived mainly from HTO formed by the combustion
of 3H-labelled gaseous hydrocarbons recovered in natural gas. This dose estimate is
exceeded by the collective dose equivalent in members of the public from the 222Rp
naturally occurring in natural gas. This is estimated to be 40,000 man-rem
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Table 7.1 Estimates of the dose equivalent in whovrke‘rs lrpm the use of radionuclides as mterwcll tracers in EOR.

T e e T - Normal aboveground exposures‘ ) - Accadenul aboweground exposures‘
LT ““ . - Total amount: ' Dose equivalent to Collectlve dose - Dose equivalent to, Assumed - .. Collective dose

Radioisotope :: tnjected® - Number of " an individual® - equjvalent? . an individuar®- probability 8! « sulrn

oL . UClly - wmjections - mremfy. . 1077 man-rem/y -  mee 'n/y .. occurrence man-rem[y
H-3 (gas) = - 1300 I B R X S 0. .- 0.00 - 0

(HTO) 1300 S ) R X 3.2 .= troe - .. - 008 - - . ™ L
c-1u(t¥cop) . 1.6 - 00020 - 0.004 - 0.31 - 0.001 - . 0.cl
C-lb(hquxd;'; Ll -8 e L R R o . - . 6.0l - ©. .0 e
Na.22 T 0.2 2 - s 88 . 18 L tso - .. 00l - 30 S
$-35 - - w020 27 e T 0 e 0 L, G0t o0
Ca-4s * - - 002 2 Y IO o - 0.0 .. 0
Co-57 A 20- - 2% - - 67 .. ." 136 ) 200 -, ° o0l . - 42
Co-38 - © 0.30 20 - 63 - - .. <130 460 , 001 - - ..9%2,
Co-60 ~ - 7 . 2.6 43 .. 200 - - o k00 B 3600 ... . 0.0l - - . 72 .
Ni-63 | T L S . - 0 v . =0 , 0 " 7 0.0l © 3 0 L
Zn-65. > 0.0% 2 ‘ 3.3 , N s . 0.0 - - o 0.28. 7.
Kr-83. - 300 -, 82 B 0. - 100 - , 0.14 o ool - 0.003
Sr-25" , 0.12 S, 15 S 30 - ) 77 D R X S 1 |
Sr=90 ~ ~ : 040 . - 220 . T8 - 56 - o.01 - | - 0.09 .
Ag-llom . - - 0.04 2 o 6 1 - € - -7 ‘000 . 1%
=12 . Lo . 10 - 3 ‘ 60 . 150 . _ oot .- -+ . “ 3.6
=3 7 T el - | B o 28 28 - 01 . - 0.56
Total ’ 470 ‘ 930 - %00 . 7 R 130
Total collectlve dose equlvalent in workers; 0.9300.1le lman-rem/y. » ' v Lo IR

‘a \Vorkers are rxposed only n the aboveground stage. ‘ o . ; . ' ', S .

b From Table 6.5. A worker would recelve thesc lndlvldual doses (and two worken these couectlve doses) it he were to !n]ect the xoul amount
of the radlolsotope. . ) .- I .

* € From Table 6.15. A worker would receive these {ndikual doses u acddents occun'gd whlle he were handllng thc total amount c( the
udlolsotope. .

d The occurtence o! accldems has been very rare. A conservatlvc accldent trequency of 0.01 hu been used for dose estimatlon.

" € Collective dose estimate assuming accldent I .requency of 0.01. 1t ls assumed that uch project lnvolves two workers.
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Table 7.2 Estimates of dose equivalent in the whole body of members of the public from the use of radionuchdes as interwell tracers in EOR,
[ \' P P . N v " - ’ I
Accidental aboveground exposures o T Acc:dental subsur!ace exposures AN Normal recovery o
Total amount Collective dose .-, | Collective =~ - Dose equlvalent "~ . 7 Collective dose Collective dose
Radioisotope injected equivalent? S dose equivalent . in lndividual R . < > equjvalent® . : equ valent® = -

Cily (P= l.O)man-rem/y Probabxlity 10‘3 man-rem/y_. 'mrem/y ;’ "Probablmyb‘ o107 man:rern/y 1077 man-rem/y

H-3 (gas) 1300 0 i oor : 0 e s e 0 o .aso00f - L
(HTO) 1800 34 001 Soo3e, Tou o8 w001 L, 0095 A 17, R

c-16 (14c0y) 1.6 t.2x 1003 L o001 ez 0 SRR X ] B R I

C- lla(llquxd)2 T Ty ¢ 3dx 103 . - 00l . b6x IO'° SRR

Na-22 7;‘ o ﬁgwd,”vi oel: .. Lrxiot¥ . o

.§-35 ,<|o AR X | B A0 7 -

.<|0- . O X ] SR A0 ST o

_ " e10°3. DEETEESE X | R Y B S,

R “ r'gw,“qr” ARSI ] BN T I oo
s a ST 00039 5 5 et 000 T SSX. 10-3;~ L -

: :. ‘.i e N . . - . 307! l°-3 . 0-01 - ' S 5.2x lO' i T e il«";“‘

NNONNO
]

Ca-4$
Co-57
Co-58
Co-60
Ni-63

o
>

.

OrNONOOOO:
QO&ENOOO = —
;

Zn-65 .0 ST R <10°6 L eeor a0 Lt Sonr
Kr-85 30 0.017 R X T 07 N 0,010 0 e -~ 60 .

Sr-85
Se-90

—~0O0 T -

2 Gl oM e T et a0 T Sl
0 T ST L0475 c001 - 0.066 ; e
4 . DRI . '

O"‘0.000

Ag-110m . RS A T SRR X} BECR DY DAY ‘
1-125 . ; oL e Q10712 0l e T A0 A -
1-131 .12 : ’ : -_»o T T L 10.01 :': Y B - S
Total 34 L SRR PR L2 Cl T ear T as000n < S
Total collective dose in members of the publlc: J.b x 10’2 + 17 x lO"‘ + l5 2 lS man-rem/y LN e R )

a3 Collective dose equivalent in the whole body from Table 6.l3 BN T S L K ’ ‘ -

b The occurrence of accidents has been very rare. A conservative accident frequency of 0.0l has been used {or dose estlmaﬂon. - C ‘

€ Dose equivalent in the whole body from Table 6.16. A person would recelve these doses It the accudent scenarlo occurred wh!le the total amount oi the
radioisotope was being injected. I o o T : . R S
d The collectlve dose equivalent assumes that the well provldes drlnking water toa l-km2 area that has a popu)atlon denslsy of l'c/km . . :
e Collective dose equivalent to the whole body from Tab|e6 18 .« : o - oo " Lo T SR IR >
{ The annual dose equivalent in an indlvidual ls estlmated to be 4 < 6 x l0‘3 mrem/y. T S - . L




in the bronchial epithelium of this population. The reader will note that the
collective effective dose equivaient in this population from natural sources of
radiation is about 106 man-rem (UNSCEAR, 1982). (The effective dose equivalent is
the dose equivalent in the whole body that is associated with the same total risk as
that resulting from ihe dose equivalents in individual organs.) - The collective dose
equivalent from the 3H in HTO evaporated from the fluids recovered in EOR is
estimated to be 0.34 man-rem/y. ‘

The collective dose equivalent from the accidental surface:' release of gaseous
radioisotopes is estimated to be 0.034 man-rem/y, which is more than two orders of
magnitude less than ‘the |5 man-rem/y ‘collective dose equivalent from the
combustion of natural gas. - - L ' * .

The accidental subsurface exposures are due to drinking water from an aquifer
contaminated by radioactive tracers (see Sec. 6.2.2). Based on cur approach, the
total dose equivalent in a member of the public from this accident scenario could be
as high as 1.2 mrem/y if the accident frequency were 100%. A dose of this
magnitude is less than 1% of the hypothetical normal dose to a worker who handles
all the radioisotope injected in a year (Table 7.1). The collective dose equivalent of
1.7 x lO'f"‘ man-rem, taking into account an assumed frequency of accidental leaks
into the aquifer and the number of persons who would be exposed, is about two
orders of magnitude less than the collective dose: equivalent from accidental
aboveground exposures. [t contributes less than 0.01% of the total collective dose
to members 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 1% value assumed. A more pressing concern than the
entry of a radionuclide into the aquifer would be the entry of salts, acids, alkali,
polymer, surfactants, or other substances with the potential to contaminate a water
supply. Furthermorez',2 the estiinated dose to an individual from the liberation of

naturally occurring an from a water supply derived from groundwater is atout
24 mrem/y in bronchial epithelium and 2.6 mrem/y in gastric epithelium (see Sec.

6.2.3).

A summation of the ‘collective doses to workers and members of the public leads to
a total collective dose equivalent of 16 man-rem/y (Table 7.3). A Because the
calculations are conservative our estimate of the average national radiological
impact of the.use of radioisotopes as interwell tracers in EOR projects is a total
collective dose equivalent of <16 man-rem/y.
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tapje /.3 LsumMate ol INC 101ai raciological IMpact Ol the use Ol raalolsolopes as

interwell tracers in EOR.2

2
R

Population group Stage of operation,

Collective dose equivalent
Scenario type man-rem/fy
Workers Aboveground, normal 0.93
Aboveground, accidental 0.13
Members of the public Aboveground, accidental 0.034
Subsurface, accidental 0.00017
Recovery and disposal, normal 15

Total

16 man-rem/y

a Symmarized 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 the behavior
of liquids and gases in petroleum reservoirs. Substances used to trace fluids should
be highly soluble and not be adsorbed as they traverse the reservoir with the
injected fluids. Tracer materials that have been considered include (Wagner, 1977):

ammonium thiocyanate
ammonium nitrate

sodium or potassium bromide
sodium or potassium iodide
sodium chloride

fluorescent dyes
water-soluble alcohols

Chemical tracers such as ammonium thiocyanate, potassium iodide, ammonium
nitrate, ;md Sl:-‘s (gas) have been used as interwell tracers. Following are some of
the considerations that may limit the applicability of chemical tracers:

a.  Water-soluble alcohols such as methyl and ethyl alcohol are biodegradable
and flammable.

b.  Fluorescent dyes tend to adsorb, and fluorescence is often quenched in the
presence of certain ions.

c. Relatively large amounts of chemicals must be used because chemical
analysis is usually less sensitive 1than nuclear measurement and because of
compensation for possible adsorption.

d. The large quantities aeeded lead to handling complications.

e. The large quantities needed could lead to alterations in chemistry with
injected fluids Lecoming incompatible with reservoir fluids.

1. Tracer applications become unfavorable in the presence of high
ccncentrations of carrier in the reservoir fluids.

g- The expense of using relatively large quantities of chemicals as tracers
may be great.

h.  The potential environmental impacts associated with the release of large
quantities of certain chemicals may be unfavorable.

As an example of the quantities of nonradioactive iracers that are injected for
interwell tracing, four cnemical tracers were employed in a multiple injection
project. Each of two wells received 10,000 pounds of ammonium nitrate, another
well received 1,400 pounds of potassium iodide and another 2,500 pounds of
ammonium thiocyanate (Wagner, 1977). By contrast, another well received 6 Ci of
HTO, which amounts to less than | g of undiluted HTO.

From the standpoint of cost and ease of handling, radioisotopes are generally
preferable to chemicals as interwell tracers for EOR operations. However, there
have been situations where nonradioactive chemicals have been preierred as
tracers. Nonradioactive chemical tracers are often used to complement radioactive
tracers in EOR projects where a different tracer is injected in each of a number of
wells.
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9. SUMMARY AND CONCLUSlONS

'An environmental assessment of the use of radloxsotopes in ﬁeld flooding for the
‘enhanced recovery ‘'ofoil and natural ‘gas (EOR) was performed. " To provide a
framework for evaluating the dose, three stages of operation were designated in an
EOR operation using tracers: the aboveground stage, the subsurface stage, and the
‘recovery ‘and disposal’ stage. ‘Scenarios ° ‘were -developed ‘for ‘each of 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
commntted dose equxvalents for one year of operatlon. .

A normahzed dose, expressed as the dose per Ci or mCi xnjected or as the dose per
xnjectlon of any amount of actmty, was estimated for each radlonsotope and
_scenario. The normalized dose for an lsotope and the amount of isotope m)ected, or
“the number of m)ectnons mvolvnng the 1sotope, 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
probabllnty that the accident will occur. Estimates of the total quantity of a tracer
injected in a year, the total number of injections in a year, and accident frequency
were then used to assess the ‘total national radiological ° umpact of ‘the 'use of
radioisotopes as interwell tracers in EOR. Accidental eexposures_in the course of
EOR tracer projects have ‘been extremely rare ’ or ‘nonexistent. - Therefore,
conservative values of accxdent frequencxes (generally l%) were assumed oy
The collective dose equxvalent m workers who handle the radlolsotopes is dellvered
in the aboveground stage of operation and ‘is estimated to be 0.93 man-rem/y for
normal exposures and 0.13 man-rem/y for accidental exposures. 6()Co would be_a
major contributor to the doses’ from both ‘normal and ‘accidental ‘aboveground
exposures.

R - . .
' - "l e .- . L . o
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Members of the public are sub)ect to accndental aboveground exposures, accxdental
subsurface exposures, and normal - recovery -and disposal expostres. ‘' Normal
_exposures associated with recovery and disposal account for essentially the total
collective dose equivalent in the public, estimated to be 15 man-rem/y. : The bulk of
“this total is attributable to"HTO formed by the coinbustion of - 3H-labelled gaseous
hydrocarbons recovered in natural gas. These dose estimates are much less than the
collectwe dose estnmates assocnated wnth the naturally occurrlng 222Rn in natural

gaS- e f-‘ ,'~ ,'. ’, "." A Do v . S
LU : . N 7. N ,-~.>~v-‘:' .

Ry Ve e s . s HER " MU S D -~ .
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. The collective "dose equnvalent from the  accidental surface release of gaseous
radxoxsotopes is estimated to’ be 0. 030 man-rem/y, which'is more than two’orders of
" magnitude lower -than the 15 man-rem/y" coliective :dose .equivalent ' from’ the
combustion of natural gas. Accidental subsurface exposures from ingesting water
. from .an aquifer contaminated by radioactive tracers lead to collective doses that
.are neghglble. The ‘doses ‘that 'could result from’ ‘this scenano are greatly ‘exceeded
- by- ‘the doses due to the liberation of naturally occurring Rn in ‘water supplles
derived from groundwater. A more pressing concern than radionuclide’ entry into an
.aquifer would be the entry of salts, acids, alkali, polymers, surfactants, or OThPr
" substances in the m;eetlon ilum wnn the potentxal to contammate a water supply. :
( .

‘Nonradioactive: chemlcalslare generally less suzted than radzonsotopes as mterwell
tracers for EOR but ‘are .used to cornplement radioisotopes as tracers : particularly in

multitracer appllcatnons. The total national radnologlcal impact of the use of
“‘radioisotopes’ ' as ‘interwell “tracers’in_EOR .projects;- estimated by summmg the
collective dose to workers and memters oi the public, is a collective dose “of
<16 man-rem/y-.
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APPENDIX A. CALCULATION OF EXPOSURE RATES FROM .AN EXTERNAL
SOURCE -~ - -~ . %

A.l Exposure rate from a point source

.The exposure rate | cm from a gamma-emitting point source of !-millicurie
activity is referred to as the dose-rate constant, I'. The T, in cm2-R/mCi-h, for an
isotope that emits one photon is given by (Loevinger et al., 1956)

I = 1.50x 10 wEy (A-1)
where .

Wy = true linear absorption coefficient in air (cm"l),

Ey = gamma energy (MeV)
The linear absorption coefficient, 3, varies with When gamma rays of different

energies are emitted, the T for the isotope is found by adding the contributions for
each energy.

r = 2,: Pi I'(E\)i (A-2)
where

P; = the abundance of the jth y-ray
The exposure rate at any distance from a point source can be determined by

ER = q I P T(Ey)jexp(-)/r2 (A-3)
j

where
ER = exposure rate (R/hr)
source activity (mCi)

q =3 . . 1
u = linear attenuation coefficient in air (cm~1)
I' = distance (cm)

The linear attenuation coefficient, 1, varies with gamma energy, EY

Because the source used as an interwell tracer in field flooding operations is
confined in a vessel or container, Eq. A-3, which applies to an unshielded source,
would overestimate the exposure rate. A shielding factor, F, can be used to correct
the T values for absorption of photons in the vesse: walls.

F = exp(-,d) (A-4)
where .

p, = linear attenuation coefficient for vessel wall material (em-)

d = thickness of vesse! wall (cm)

Table A.l presents T values for various EOR radionuclides (see Table 2.1) calculated
by Eys. A-l and A-2. In the calculations for T, (EY)i and P; were obtained from
Kocher (1981). The u, values for E, > 0.0] MeV are interpoiated values based -on
the mass energy-absorption coefficient (i, /o) for air at several energies as listed in
the Radivlogical Health Handbook (BRH, 1970). The density of air, p, was assumed
to be 0.001293 g/cm3. Characteristic L and K X-rays below 0.0l MeV in energy
were excluded from the calculations because these low-energy photons would not
penetrate clothing and the dead surface layer of skin. In Table A.l both published
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Table A.l Dose rate constants for radioisotope tracers used in EOR operations.

Radionuclide - Tycm%R/mCi-h Radionuclide. T, cm?R/mCi-h
Calculated Published® Calculated _ Published®

H-3 @ n o100 S oY Co-600 129 13.2

C-14" - =~ TO T e Ly s e Ni-63. - L e 0

Na-22 ~ "11.8 - 120 - Zn-65- - - - - -3.09 © 27

Cl-36 ~ . "L 407 5 ti:oic s Kr-85- - - - 0.013 ~0.04

Ar<37 5 0 0 o 0 xsoconre o Sr-85 0 0 0 b 76435 3.0

Ar-39 - O A S R B Sr"89 i : t‘ OGOOI

Ca-45 0 Sr-90 0

Cr-51 0.18 0.16 Tc-99 0

Fe-55 - .. 0. ..., . . Ag-tloOm 1438

Fe-59 : » . .- 622 .. 6. . 125 7 170 0.7

Co-57° ° L LLOI 1090 Y iiiIel3l L 209 2.2

Co-58 . .~ 1. 545 _ 55 “%7 Xe-133 - .0.53 0.l

3Source: Radiological Health Handbook (BRH, 1970). . ,_ ..

and calculated values of T are presented. The two sets of values may differ slightly

because the calculated values are based on the recently updated photon abundances

and mtensmes compxled by Kocher (1981).

Exposure rates at various dxstances from a pomt source were calculated by Eq. A-3.

ln the calculation of exposure rates, ER, the linear attenuation coefficients, u, for
"> 0.0] MeV are mterpolated values based on the mass attenuation coefficient

(u/pr in alr at several en*rg:es as hsted m the Radxologncal Health Handbook (BRH,

1970) ,

To account Ior gamma absorptxon in the walls of the vessel contammg the tracer,
another set of exposure-rate calculations was performed using F from Eq. A-4 as a
shielding factor for Eq. A-3 (Table A.2). To simplify the computations without
introducing a substantial error, W/p for air ‘and ‘glass were assumed to be equal. The
density, p, of glass was assumed to be 2.1, and the vessel wall thlckness, d, was

'assumed to be 0.2 cm.

A 2 Exposure rate from a dxstrnbuted source

"‘To evaluate accxdental exposures from lxqund tracers accndentally spxlled on the
ground surface or on the wellhead surface, exposure rates were calculated for a
source that is assumed to be uniformly distributed on the surface of a circular disk.
The exposure rate resulting from a uniformly loaded circular disk is (Loevinger et

al., 1956)

R- G Texp(-pr) In a2t2eh2e N (a 262D e u 1P (A-5)
- 2 2
a 2h
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where

TTow
wnnnn

r

v

B -

radius of disk (cm),

distance from center of disk to receptor along the plane of the disk (cm),
height of receptor above plane of disk (cm); -

distance from receptor to center of disk (cm),
J b2 +h?

and the other symbols are as prevnously defmed. -: g
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, Table A.3 presents exposure rates: from ‘a‘disk umformly contaminated wnth a total
- of 1 mCi of-each of the EOR radionuclides of ‘Table A.l. The estimates cover a

. range of distances (b) and assume a radius, r, of 15 cm and a receptor height, h, of
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, APPENDIX B. CALCULATION OF EXPOSURES FROM THE ACCIDENTAL
‘ RELEASE OF GASEOUS TRACERS o

B.l Dose to workers from a ground-ievel release. - . " - ¢ .o

AL N o

-

The time-integrated downwind concentration of a gas within the fnrst 100
meters of cloud travel following a ground-level release: to the ‘atmosphere is
estimated using a Gaussian model. For an instantaneous. release. from an elevated’
point source under constant diffusion conditions (i.e., constant wind direction, wind
‘speed,‘and atmospherlc stability) and allowing for plume reflertnon at ground level,
the concentration is given by (Slade, 1968) o
3/2(

73 xlx,y,z) = Q(2n) oxoycxz)'l exp[-(x—ut)2/20’2(] exp(-y2/2:13) S T ;'(B-l)

. M R . .. -

;:.éxp['.'(z;H)z/'égg -(z+H)2/2dz] PR

4 LAl

st

-~

where the origin of the':coordinate - system™is at“ground :level directly below the:’
release point, and

X (x,y,z) = air concentration at point with coordmates x,y,z (C:/m3), o
; X = downwind distance (m} RN T S
A y = crosswind distance (m} = . e \,
‘ z = height above ground’ (m) SR e
Q = release amount (Ci) T .,. i »; ’
u = mean wind speed (m/s)" e et gt s
y . . Oy Oyy O, = standard deviations of the concentration distribution along the wmd
| R .,._-.dlrectmn and in the crosswind and vertxcal dlrectxons (m) DR
4 H = effective release height (m) = " T
[ J.; -
q
- The nmc-xntegrated concentratnon or total exposure, q:, at sensor henght ‘h in the
‘downwind direction is given by_ .. S S N O v e a et
all 7
VT Fia I
b o= g x{x-utyy,h)de (B-2)
vooi x/u
. If the aiffusion paramcters (oy and o0,), wind velocity (u), and -vmd direction are

considered to be constant over a period of time (At), the tlme “integral of the
‘concertration at height (h) in the downwind direction-for.a ground-level release
(H = 0) can be written, from Eqs. B-1 and B- 2, as

oyt T S

¥ = Qinoyo,)-lexp(-y2/20f - h2/203) " “,:: ey

* .-

1t e

A crucial part of this approach is the derivation of appropnate ‘values of Oy and

0, to characterize turbulent diffusion. In this treatment we let o, = 0y = 0, = 0 and

_adopt Baichelor's approach fer est:mdtmg the rate. of relative dlfyfusnon in the
inertial range. The rate of diffusion is given by (Hanna et al., 1982)

- N
-~ - o
i I

T

- 2 ‘ R H B . o :
‘ :jj_to- _ct(guo)2/3 D S L A S T S TS e Re e (B-Q)

17 exni
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where

2
d—:— = rate of relative diffusion (m?2/s)

-t = time after release (s). . -
¢ = eddy dissipation rate (m2/s3). -
&~ = initial size of puff (m) =~

Integration of Eq. B-4 yields.an expression for 'the':4dimensions of the puff‘ (@ fn the
inertial range e , L
" g2=z0g+ Ct2Aep)23 o o _ (B-5)

Data from which to evaluate the constant C are not abundant. It is of the order of
unity and is here assumed to be 1. Eq. B-5 applies only for a few seconds following
release, out to 3 seconds for these simulations.

The value of €can be obtained from boundary layer theory,

€= ‘(uz/kz)(tb-z/ L) (B;é)
wher§ - friction velocity (m/s) | ) a "
k = von Karman's constant, which is assumed to equal 0.4 °
¢ = the diabatic influence function ¢(z/L) ... . -
L = the Monin-Obukhov scaling length (m) -~

One can readily evaluate € by considering a typical outdoor surface (roughness
length about z, = 3 cm) and an extreme range of atmospheric stabilities, and letting

”'..[*z..O.I-UM) . o o L . (B-7)

Setting z = h, and using the iollowing for the three meteorological scéﬁarios, 6né hés

(a) Very unstable atmosphere (z/L < 0)

oz/L) = (1 - 15 z/L)1/4 (B-3)
Y.‘ letz/L=-~1
’ ti ¢"» = O.5 : 2 ’ 3 V‘ ‘-> 1 R ' V
€ =3x102u3mp (B-9)

(b) Neutral atmosphere (z/L = 0)
$=1.0

€ =.-2’51 )E !0-—3 U3/h (B-19)
""" (c)". Very stable atmosphere (z/L > 0) o
: SalL) =beSzL : (B-11)
letz/L=02 ' 4
¢ = 2
e = 5.6x10°%udn | (B-12)

For travel times greater than 3 seconds, the diffusion paraméter a? ‘bécomes
proportional to t3 by 100 to 200 seconds of travel (Hanna et al., 1982). Thus, with

the value g2 obtained from Eq. B-5 for t = 3 seconds, gz for 3 to 150 seconds of
travel is

68
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P

o2 = wa? + (1-w) &%, (B-13)

where

w = 3/(2t-3) ‘ e . (B-14)
and :

a= 2 + (t-3)/(150-3) (B-15)

Eq. B-13 allows a smooth transition from 02 « 12 too2 « t3, over the time period

from .3 to l50$econds.--.4 e e s e e

\

* For times from 150 seconds to 104 seconds, and for values of o less than about
“three-tenths of the mixed layer depth, . e

R2 = a3 » (B-16)

For longer times and larger values of 0, ‘Eq. B-16 would have to be modified. In this

' study, interest is confined to the local (< 100 m). exposure fleld for workers.

Integrated air concentratlon (IAC) was calculated for downwind dxstances from the
source in grid increments of 2 m, with the first cell surrounding the source assigned
a distance value of | m. Calculated 1ACs are showr. in Figures B.1 to B.3 for the

| three meteorological scenarios and a receptor height of "1 m.” IAC: values  were

calculated for three receptor heights: 1.6 m (nostril height),--1.0-m (waist height),
and :0.2 m (boot-top height). Table B.l shows the maximum IAC encountered for
these three receptor heights, along with the distance. and cloud travel time.
Table 8.2 also shows the values at 1 m downwind.for the three heights.. All

. downwind exposures and distances are along _the centerline of cloud travel.

Exposure values decrease as one moves laterally from the centerline. i

The dose via inhalation was estnmated from the IAC as follows: ;

D=IAC+V+DF .~ . = . G (e
~where . o :
. _..D.. = dose equwalent via inhalation (rem) _ . . - .. .

IAC = integrated air conceéntration (LCi-s/m 3) it
V = minute volume (expressed in m3/s)N
DF = inhalation dose factor (rem/uCi)

The minute volume for adults under conditions of moderate activity is
20 L/min, which is equivalent to

i, -

S ys 20 (L/mm) 1 m3ll"3L) (l mm/60 s) f A le , o
Vv £ 3.33% 1074 m3f< ) o “(B-18)
Substitution of Eq. B-18 in Eq. B-17 leads to
D = 3.33x 10-4 IAC * DF . (B-19)

The dose via submersion is directly obtainable from the IAC using the appropriate
submersion dose factor. Inhalation and submersion dose conversion factors for the
gaseous EOR radionuclides of interest are presented in Table B.3.

¢
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Figure B.l. Integrated air concentrations (Ci-s/m}) at 1-m height from ground-level
" release of 1 Ci under meteorological scenario | (unstable; low wind speed).

- 70



Distance crosswind (m) -

. - : 1 L L | ;
‘...0 _ . ... .2 __ 4 60 . 8 i 100
' - ' Distance downwind (m)

3

I S P N B T GE T T I R N
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Figure B.3. Integrated air concentrations (Ci-s/m 3) at 1-m height from ground-level
release of | Ci under mgteorzologica'l.s.c'i‘:nariq 3 (stable; low wind speed).
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Table B.] Maxnmum mtegrated axr concentrations near the surface downwtnd from a unji*
_surface release. : ,

e R

1. Unstable . 2.Neutral - . 3. Stable

-Receptor Max-- Dis-. . _ ... .. Max  Dis- Max Dis-
ht . IAC tancca Time® 1AC. ‘tance? Time® ~ JAC_ tance? -— TimeP
m sfmd s oosmd omos o osmd mo s
1.6 0.065 ‘'8 60016 22-: . 3 0.13 .3 . . 5l
1.0 :0.0l5 6 5 0.035 14 2 0.33 ~ 24 40
0.2 |

T 3.2 ;30,76 2 . 0.4 8.11 2. 10

a Distance refers to the downwind distance along the centerline of cloud trav}el. -

b Time refers to the time mwxlmum 1AC occurs at that distance and height. ;

i

A .
PO S [T )

Table B.2 Integrated air concentrations near- the surface I meter downwind from a
--unit surface release. .

Receptor ht 1 Unstable ST gl Neuteal . T T 30 Stable
m AAG s/m3 JAG, s/m3 . .. 1AG s/m3
1.0 N 9 x 10-“ 0 S
S 0.2 ) T

3 2 ) ":- {I. .r:"‘\]f__', .'":'_" 0.75 ol

. ..B.2 . Dose to members of the publxc ‘

"Dose ‘estimates to the publxc involve consnderanon oI a much greater area than ‘the

local field considered previously for workers. The PATRIC code (Lange, 1978}, a

" particle-in-cell model, was used * calculate IACs at distances far downwird (tens
of kilometers) from the accident site. PATRIC estimates the ‘transport and
diffusion of the released airborne material by following a large number of marker

..-particles. The resultant. IAC over any time interval is determmed by the cumulative
spatial distributions of the particles over that'interval. ... | ; oy

..~ In_our;simulations, a horizontal grid cell resolution of 2., km ‘was used In the
‘vertical 'diréction, “grid  cell ‘reso.ution “was \25:m - for -:unstable ;-and .neutral
meteorological conditions and 7.5 m for the stable case. These,values for the
vertical direction were based on estimates of half the depth of the atmospherzc
surface layer. 1AC values were estimated for-a receotor: height.of. 1.6 rt (nostril
. ..hexght) A short burst of particles of 1-Ci activity was released to simulate a puff,
which was tracked until it passed beyond 80 km downwind. A’ steady vind-diiection
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Table B.3 Inhalation and subm=rsion dose frate factors for gaseous forms of EOR
radionuclides.? !

. - Exposure Reference Dosc equivalent rate

- Radioisotope. . mode organ - rem per uCn-s/m
H-1 HT, hydrocarbons Submersion Lungd U daxionl)
HTO - .. . Inhalation ~ Whole body 2.1 x 10°8¢
c-14 léco, © " Inhalation Whole body 7.9 x 10~9¢
Ar-37 " Submersion ' Lung 3.9 x 10-12
Al’-39- i  Submersion  Skin - 3,9x 10-3d

' Submersion . Whole body '9.2x 10-11de
Kr-85 “Submersion. . © Skin . ; 4.8 x. 10'&’

Submersion Whole body 6.1 x 10-10de
Xe-133 Submersion Skin 2.0 x 10~

I Submersion -~ Whole body 6.9 x 10-2de

2 Source: ICRP Publication 30 (ICRP, 1979; ICRP, 1980; ICRP, 1982).
b The dose equxvalent in the whole body via submersion is zero.

C The mhalatxon dose factor for the whole body is 6.3 x 100 rem/iCi for HTO
(iCRP, 1974) and 2.4 x 10’5rem/tC1 for 14CO2 (ICRP, 1982).

d The submersion doses assume submersion in a semx-mﬁmte cloud. A flmte-plume
correction should be applied at dlstances close to the source.

€ Value from Soldat et al. (1973).
‘was used (270°). A steady wind-speed profile, txsihg given values at a’ standard

 measurement height (6 m), was constructed from parameters based on atmospheric
stabxlnty- R oo C :

(-)P o ' (B-20)
’ ':'where BRI o T S : o T
p = 0.07, 0.15, and 0.55 for unstable, neutral, and Sstable conditions,
respectwely. B

-~ Plots of the IAC for the three’ meteorologxcal scenarios are shown in" Flgures B.4,
B 5, and B. 6. - : :

. The collectnve dose is the dose summed over all the individuals in the populatxon°

"s < DN - (B-21)
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where

S = Collective dose (man-rem) _ '
D = Average dose to an individual in a population or population group
‘N = Number of individuals in a population or population group.

Collective doses for three sites were estimated over a region extending out to
80 km from the site for each scenario. The sites consist of

(1) A rural site surrounded by a uniform population density of 13.5/km2

(2) An urban site surrounded by a uniform population density of 695/km2 and

(3) A “typical site", surrounded mostly by a rural population density of 13.5/km?2
. but with an urban area centered 32 km downwind from the site. The urban area

_is a square 15 km on a side and has a population density of 695/km?2.

The total collective dose for the region was estimated by calculating the collective
dose for each of the horizontal grid cells in the region and summing over all cells.
The average dose to an individual within a grid cell was estimated using the dose
factors of Table B.3. The results are summarized in Tables B.4, B.5, and B.6. The
urban and rural sites represent the extremes of collective doses. A weighted sum of
these doses can be formulated to give a rough estimate of collective dose for a
specific.. siting. scenario, incorporating known meteorologlcal frequencies and

population dnstnbutlons. ‘

It must be emphas:zed that the length of time required for the puff to travel 80 km
is much longer than the ‘typical duration of the low-wmd-speed meteorological
scenarios. Thus, a more realistic simulation would probably require a sequential
combination of these three meteorological scenarios, appropriate to conditions
occurring during given segments of the total travel of the puff.

Table B.4. Collective dose estimates for the region surrounding a reference site,
meteorological scenario | (unstable class A, low wind speed).

, Reference Man-rem/iCi released

Radionuclide organ - - Rural site . Urban site Typical sited
H-3 (gas) Lu,  29x108  57x10-7 1.2 x 10-7
H-3 (HTO) Whole body 5.8 x 10~ 1.2 x 10-3 2.5x 10°%
14 (! coz) - Whole body ~ 2.2x 107 4.4 x 10~4 9.3x 10~3
Ar-37. . Lung " LIx108 2.2 x 1077 4.6 x 10-8
Ar-39 Skin Lix1o% 22x1073 . - wex10°
Kr-85 Skin’ - L4 x 10-% 2.7 x 1073 5.7 x 1074
Xe-133 Skin 5.5x 107 1.1 x 103 2.3x 10~

a Based on a total population exposure of 1.2 x 104 man-LCi-s/m3.
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o - - -

[ Reference ‘- Man-rem/pCireleased -

“Table B.5' Collective ‘dose estimates for the reglon surroundmg a reference site,
meteorological scenario 2 (neutral class D, high wind speed). * S

LR

Radronuchde .organ . Rural site ... . Urbansite . | -Typicalsite?"

'H3(gas) -, . Lung. .o 10x10°8 7 20%107 7 35x 1078
'H-B(HTO) " Whole body ~ 2.1'x“10-3 G.1'x10°% = T71x10°0

C-14 (! coz) Whole body 7.8 x 10~6 1.5x 1074 2.7 x 10~3
Ar-37 Lung 3.9x109  77x10°% | 1.3x 10-8
Ar-39 Skin 3.9x 1070 .7 7x107% - 13 x007Y
Kr-85 Skin 4.8 x 102 9.5x10°% " l.exl10% .
Xe-133 Skin 1.9 x 10~7 3.8 x 10°% 6.6 x 10-5

R B A TN

2 Based on a totel population exposure of 3'¢x 103 _rn.an;LCi-s[m?;.

AREE . o TR S -
T, T
{5

Table B.6 Collective dose estimates for the regxon surroundlng a reference site,
meteorological scenario 3 (stable class F, low wind speed). - -

o Reference "‘_‘j“ o U - Man-remfjiCireleased -

‘Radionuclide, organ “Ruralsite . . Urbansite . = Typicalsite?
"H-3 (gas) ,:.“.;Lung U 25x107 LT U5.0x1078 T 9 x 10-7 -
H- 3(HTO) "“Whole body - .., 5.2% 107 . "10x102 . 1.9 10-3]
C-14 (! coz) " Whole body ~ " 2.0%107% 7 3.9%10°3 - 7.3x10°% "
Ar-37 Lung 9.7x1078 .. . .1.9x1076 .. . 3.6x1077 .
Ar-39 Skin 9.7 x 1074 1.9x10°2 7 T3lex 1073
Kr-85 Skin 1.2x10-3 2.4 x 10~2 4.4 x 10-3
Xe-133 Skin 4.8 x 10~ 9.6x1073. - .. . 1.8x10-3

4 Based on a total population exposure of 3.4 x 103 man-pCi-S/mB,
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APPENDIX C. ESTIMATION.-OF THE - DOSAGE. FROM.-.THE -
RADIONUCLIDES INTO AN AQUIFER A S _E)EWRY,O_F

The exposures from the entry of radioactive traces into a” freshwater aquifer are
evaluated by estimating the dose that could result from ingesting water drawn from
the aquifer. The aquifer is assumed to be a homogeneous, isotropic, porous medium
of infinite lateral (x,y) extemt. Solution of.the aavection dispersion equation in
three dimensions leads to an expression for the concentration as a function of time
flc);;;;ving an instantaneous release in a homogeneous isotropic medium (Codell et al.,

Clayyzyt) = = XYl 020 ) (C-1)

nd

where
C(x,y,z,t) concentration for an instantaneous release of | uCi(yCi /m3\
t time after release (d) . . - = o ’
distance in direction of flow (m)
transverse distance (m)
vertical distance (m)
effective porosity.

X
y
z
e ‘ -
retardation factor .

N
B

The water-supply well is assumed to be 1.0 km downgradie::t from the injection well
and is assumed to draw water from the full height of the aquifer. To calculate the
concentration in the aquifer at some point downgradient from the release, we
assume that the source is a-poiwt source at (0,0,z5). -We then calculate: the verti’cally
averaged concentration, which is equivalent to a vertical line source of iength, h
the height of the aquifer. The resulting concentrations then satisfy the conditions
that the water-supply well draws watcr from the full height of the aquifer.

The solution of Eq. C-1 for these conditions is.

C = nB lel Zlefp( At) (C-2)
where . 5

Xy = (1/Nma gvt/Blexpl-(x-vt/B) /i , vt/B)] C-

; 1 = (I/Nina yvt?E)exp[ Ly2/(4max yv:/B),j gC—Zg

| = I/k -

A = radioactive decay comstant (d-!) (C-3)

o, = longitudinal dispersivity (m)

v = interstitial water flow velocity (m/d)

ay = transverse dispersivity (m)

h' = height of aguifer (m}

The rate of ingestion of ac'tivity via ingestion of well water is given by
l{x,t) = IClx,t)/103 (C-6)
where

[ = daily intake of activity (uCi/d)
J = rate of intake of water (L/d)
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The annual intake of activity via ingestion of well water is given by summing the

daily intakes over a year. Certtinoeseina g T L BN
B VT T
Ia(,t) =" §7IC(x,t i) - SRETRP . (C-7)
RO T R
where IR *” S N T
1A{x,t) "= -annual intake of activity (uCify) RN Cor
The dose rate via ‘i_nfgcﬁtion of well water is given by e : e
Da= lA(x,jt? 'DF .:. G .3 (C-S)
where PENEROI : : r
Dp = committed dose equivalent from a year's intake (rem/y) C
DF = Lo

committed dose equivalent per unit activity ingested (rem/i:Ci)
- . Doa el 3t PR . . .

Doses via ingestion of well water were estimated by the above approach assuming’
entry of 1 uCi of EOR radionuclides into the-aquifer. Parameter values assumed for.

the calculations were . - AN Cuid R
v = 0.2m/d (240 ft/y) B =i.00 i C i
ay = 40m h=80m " S e
ay= 8.0m J=20L/d o S

The radionuclides, dose factors, and reference crgans are shown in: Table C.l. Doses
were estimated for various distances of the:well downgradient from the point of
release on the centerline. The results are presentec in Table C.2. Detailed results
for HTO and 99sr are presented in Tables C.3 and C.4. RO

i

It is also of interest to estimate the dosage irom other uses of-the contaminated
well water. In this report we consider the.dosage from ingesting fresh produce
irrigated with the water, and milk and meat from cattle that drank the water and
ingested forage that was irrigated with*the wateri'sir oo o 0 :

The dosage from ingestion of produce-and:animal - products. is compared with that
from ingestion of water by comparing the daily intakes via these pathways.” The
concentrations in produce and animal products were calculated using the terrestrial

equation for estimating transfer intc vegetationis:. .. .. .. .

o

_foodchain model published in Regulatory Guide 1.109 (USNRC, 1977). The basic

Y -

P e e, .- _ ‘:"‘L:' LD e i - T ’
- “exp-O g AL 7B Agea o .
G =9 e {1=exp-0 g N} R, {lexp-(y A ISR (o)
Y PA+ ) vl IRTTE RS
KNSRI . \% ST fotte e - L
R Y TS i ‘ P ST L O PN . Lo e ,
P . . ) . . N . . ; - ‘
Whercu; AR RSN ¥ L {.‘,“-‘J:“;{"::} ' e . 3 : PUNDI :
C, = concentration of radionuclide in vegetation (uCifkgl, i ,
§ = deposition rate (;Ci/mz +d), A et ig o
r - = fraction-of the depositing radionuclide tnat is intercepted by standing
o 'Vegetation (Unit]éss),': Lt - ‘,h . R L R LT .
Yv ) Standing crop biomass‘(kg/'nz)’ : o ‘. . ) . oNes A/«'\. 4

g1

- .
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Table C.I

Dosimetric data for EOR radionuci.des.

Half lifed Referenceb Committed dose equivalentP

Radionuclide (d) organ (remACi ingested)
H-3 4.5x 103 Total body . . 6.29 x 10~
C-14 2.09 x 106 Total body 2.07 x 10~

Na-22 349 Bone surf2ne . . 2.04x 10-2
D32 14.3 Bone marrow " 3.00x 10-2
5-35 87.2 Tota: body 2.11 x 10-3
C1-36 1.1 x 108 Gonads 2.96 x 10°3
Ca-45 163 Bone surface 1.92x 102
Cr-51 27.7 . LLlwall . ~9.25x 102
Fe-55 98¢ - - - Spleen .. - " 2,07 x 10-3
Fa-59 b4.6 LLI wal) : 3.11 x 10-2
Co-57 27! - < LLLwall . . 4.07 x 10~3
Co-58 71,3 i LLiwall - ... 1.48x1072
Co-6U 1920 LLI wall 4.07 x 10-2
Ni-63 3.65 x 10" LLI wall 3.40'x 10-3
Zn-65 204 LLiwall . 1.85x 1072
Sr-85 65.2 LLlwall . 5.55x 10-3
Sr-89 50.5 LLI wall . 7.77 x 10=2
$¢-90 . 1.06 x 10° Bone <urface 1.55 x 100

Te-99 '-7.728x 107 - -Stomachwall ... . . 1.26 x 102
Ag-110m =~ 7 2527 Gonads . - 4.07 x'10-2
1-125 59.7  * Thyroid . 1.26x 109

1-131 8.04 ~ Thyroid ~ 1.07x 100

a Source° Char; of tne Nuchdes (1973)

B Source: ICRF Publication 30 (ICRP l979° ICRP, l980 lCRP 1982).

CDose factor for labeid organic compounds.

F L "O<@

= rate constant for the removal of surface deposited material from

vegetation (d-1),

radioactive decay constant (d-1),

growing season 'during which: vegetatlon is exposed to -depositing
radionucliues (d) : -

plant/soil concentration ratio

der ... °f surface soil layer assuming root zone of 15 cm (kg/m

rate constant f3r migration of radionuclide out of root zone (d-1),

period over which the deposmng radlonucllde accumulates in surface
layer of soil (d) ‘

In the evaluatlon of LV, ‘we dlstmguxsh between (,v,, the concentration in fresh
produce expressed on a wet weight basis and va. tie concentratlon in forage crops
expresscd on a dry weight basis.
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Table C.2z Maximum annual dose equivalent via ingestion of water from an aquifer
contaminated by a release of 1 1Ci.?

S SUPTE . mrem/y per wCi released®

Radioisotope Reference Dnstance of well from source

organ 0.5 km l.0Okm ~  3.0km- * 5.0 km
H-3 (HTO) Whole body .. 1.6 x 10~8 5.2x10°9 7 3a8x 10710 5.2« )0°1!
C-14 Whole body” - <7.2x 1077 3.3x107 - LI x107 . 67x 108
Na-22 Bone surface” 1.7 x 1076 1.5 x 1077 g.2x 107 78 x 0714
P-32 Bone marrow ST
5-35 Whole body ' 3:6x10°1 ra3xj0-iél |
Cl- 36 Gonads 6.3x107  47x1077. 16x1077  s6x10-8
Ca-45 Bone surface 1.3 x 108" 69x 10712  2.8x107? -
Cr-51 CLiwall - - 1.6x10°16 1.7 x10°% . ,
Fe-55 Spleen . 1.8x 10" 1.7x10°8  n2xjocl! jux oY
Fe-59 LLiwall * . 7L 1.5x 10712 - 4.2 x 10720
Co-57 LLlwall 2.1 x10"8 - s8.2x10°1L 2 7 x. 10‘19
Co-58 -  LLlwall - ;. 58x107}0" 7151016
Co-60 - -LLIwall: - .. 6.5x.10"6 | 1.&x1076" 1.5 x 10“8 3.2x 1010
Ni-63 - ;LLlWaII" L0 x1076 T s.0x10°7 0 l.x1077_ 7.0x 10"
Zn-65 . Lliwall,”  67x10°8 " 15x710710  12x10%}9 “lLrx10-28
Sr-85  -- LLlwall’ ;ﬂ-l‘.! xio°tb pzxaott?o
Sr-89 o .LLiwalll U nexroct o opoxipotd® o o
Sr-96 - - Bone surface . 4.7x 1074 * L9x10"%  5.3x10°3  ,0x 103
Tc-99 ° Stomachwall 4.tx 1076 " 2.0%106.  6.8x 107 - 4.1 x 107
Ag-110m™: Gonads = -+ L7x107" " as5x 10740 sexjp019
1125 .. Thyroid , ~ * 1L.1x10" s.ux107t6 T v
1-131 v:‘.-,—Thy,r‘oid T sx 1072 ol

PR,

a Commnted dose equwalem from drmkmg the water for one year.

b A blank space ugmhes that the calculated dose equnvalent lS <i€)’30 mrem/y.

“ -

The exoressnons uscd to esumate the transfer of a radnonuchde lrom forage and

water w rmlk and meat are ‘. /-;_;‘ * DA CooLae N
Lo | “C\ ZQm CwQ\s l)F o J R e - {C-10)
Cy, '%»;‘_Cszf :fC_WS?wz)Fr;; ;f._7 I S N A (o2 § )
ihere .-./.'{f I AR e :.",, S
e concentration: 3 m:honuchde in r'ulk (qu/L), SR o
Q.. = daily intake of dry forage by dairy cows (kg/d), " G
C.. = jconce: tration‘of radionuclide in.water (pCi/L),. | v
Qus = daniy intake of water by dairy cattle (L/d), ..
k.. = equli 'J"d'ﬂ trar;fer co;.hmer\t to milk (the fraction of the dally intake
‘- by cows that is tranzferred 10 & liter of milk, d/L),:
Qf = daily intake of dry forage by beef cattle (kg/d,.

1

Qu : = daily intake of wvater by beef cattle (L/d),
iy : equilibrium transfer coefficient to beef (the fracticn of the caily intake,
by cattle that is transferred to a kg of muscle, dfkp )
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TABLE C:3

DOSE FROM DRINKING WATER FROM A WELL THAT INT‘RSECTS AN AQUIFER

RADIONUCLIDE:- M -

' DOSE RATE (MILLIRAD/YR PER MICROCURIE RELEASED) T

TIME (D)
.- 0.5 1.0
200 2.27E-12 2.77E-28 .
300 8.83E-11  5.56E-22
€00 7 14E-10 2.56E-18:
‘800 2.59E-09 6.17E-16
1000 5.8'€-09 2.83E-14
1500 1.31E-08 9.17E-12
2000 1.57E-08 1.93E-10 -
3c00 8.21E-09 2.68£-09
4000 2.776-09 5.23E-09
5000 7:89E-10 4.40E-~09
6000 2'08BE-10 2.41E-09
7000 5.24E-11 1.03E~09
8000 1.29E-1%  3.79E-1C °
9000 3.13E-12 1.26E-10
10000 7.55€-13  3.90E-11
11000 . 1.B1E-13  i.15E-11
12600 4 32E-14 ~ 3.26E-12"
13000 1.03E-14 -'8.98BE-13
14000 2.45E~15 2.42E-13
15000 5.82E-16 6.43E-14
16000 1.39€-16 1.68E-14
17000 3.30E-17 4.36£-15
180C0 .. 7.84E-18 1.12E-15
19000 1.87€-18 2.85€-16
20000 4.45€-19 7.21€-17
. 21000 1.06E-19 1.81E-17
22000 2.53£-20 4.55E-18
23000 6.03E~21 1.14E-18
24000 1.44E-21 2.83E-19
25000 3.44€-22 7.02E-20
2€000 B 22E-23 1.74E-20
27000 1.97€~23  4.30E-21
28000 4,71€-24 1.06E-21,
29000 1 13E-24 - 2.61E-22
30000 2 70E-25% 6.43E-23
31000 6 47E-26  :.58E-23
32600 i 55£-26 ° 3.8BE-24. .
150 0 3 72E-27 - 9.52E-25
34000 B5.94£-28- 2.33£-25
15000 7 156-28 5.71E-26

CﬁOUNDWATER VELOCITY.. -
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LONGITUDINAL DISPERSIVITY
TRANSVERSE DISPERSIVITY
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- THAT RECEIVES A PULSE OF 1 MICROCURIE

CISTANCE (KM)

2.0

.39€E-95
.06E-70
.04E-55
.43E-46
.68E-39
.59E-29 -
.90E-23
.92E-16
.98E-13
CIE-1Y
.69E-10
.91E-10
.07E-09
.23E-09
.04£-09
.98E-1C
.94E-10

95E-10

.71E-1
.57E-11}
.37E-11
.97€E-12
.72E-12
.74E-13
.B5E-13
BtE~14
.78E-14
.33E~15
.57€-15
.S54E~16
.30E-16
.66E-17
.02€-17
" B2E-18
LTIE-19
. 09E-19
.65£-20
.51E-20
.03e-21

o7e-21
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»

.36E-18

0.2 M/D

0.0 M

o.0M

8.0 M.

9 TOTAL BODY

3.0 5.0
.96-211 0.
.21-154 0.
.45-121 0.
.B1E-99 .2.42-275
.90E-84 - . 1.10-232
.07€-60 3.60-166
.B4E-46 6.87-128
.49E-~31 1.08E-85
.02E~-23 4 45E-63
.16E~19° 4. 23E-49
.59E~16 " 1.09E-39
.085-14  5.47E-33
.51E-12 4 _.9BE-28
J37E-1% 2.94E-~24
.08E-11 2.47E-2
.60E-10 4.92€-19
.B4E-10  3.29E-17
.T1E-10  9.43E-16

2E-10 1. 38E-14
.23£-10 1.18E-13
.34E-10 6.50E-13
.49E-10  2.48E-12
.52E-11 7.01E-12
L45E-11 1.53E~-11
JISE-1 2.68E-11
L71E-12  3.90E-11
LISE-12 4.83E-~11
.68E-12  5.18E~11
.55E~13  4.92E-1%
.45E-13  4.18E-11
.B8E-14 3. 23E-11
J12E-14 2.29E-11
.076-14 1.51E-1
.57E-15 9.25E-12
L17E-15 5.33E-12
.74E-16  2.91E-12
.1BE~16 1.516-12
.65€-17 7.47€-13
L126-17 3.55€-13

1.62E-13
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TABLE cl4 RN

DOSE FROM DRINKING WATER FROM A WELL THAI INTERSECTS AN AOUIFER .

THAT RECEIVES A PULSE O
RADIONUCLIDE SR9Q ;;

E .
g B

oL et

DOSE RATL (MILLIRAD/YR "PER MICROCURIE RELEASED) T

GROUNDWATER VELOCITY
AQUIFER HEIGHT

LONGITUDINAL DISPERSIVITY
TRANSVERSE DISPERSIVITY

1 MICROCULRIE -

.soc 91

.42E-66
.BOE-51
L21E- 4!"
.44E-35"
;49F-24 -,
.39-18

31E-12

.07€-08
169€-07

J21E-06-
:75€-05 ,
. 43E-05 .
.85[-0)
.315—05
.63E-05"
.B6E-05""
f55E—05
.53E-06
.376-06

41E- 06

.61E-C?
.12E-07 -
73E-08 -
:72E-08
.33E-09 ..
J12E-09 7
.02E-09’
.29E- =10
.04E£10 .
.25E-11
.00E-11
.05€-12,

20E-"3

- 75E~ 13
16E-14
.40E-14

03E-15
05€-15%

TIME (D) + .DISTANCE (KM)."
0.5 1.0 2.0

200 5.87e-08 7. IBE 24 3
400 2.326-06 1.46E-17 5
©7'600 " 1:90£-05.- 6.86E-14 _ 2
S 800-;-.7.Q1E-05 . 1.68E-117 " 1
‘ 1000  .1.60E-04 ' 7.83E-10 7
1500 4.03E-04 ;' 2.64E£-07 " -2
2000 4.68E-04 © '579E-06: ‘- 2
3000 2 6BE-04 B.7BE-05 6
4000 - - 9.8BE-05-.. 1.87E-04 1
£0:1:.,5000 - 3.07E-05 .1.71E-04 ° 6
. 6000,. . 8.B4E-06 ' 1.03E-04 -+ 7
, 7000 ' 2.43E-06 - 4.80E-05: '2
'© 8000 ° '6.55E-07 <" 1.93€-05- .5
St e000-- " 1.74E-07 ::..6.99E~06 .6
..710000: ° 4.58E-08 Az 36E-06 " ¢
“si. .11000.-¢ ;1.20E-08 7.61E-07 ' 4
Yo --. 12000 ... 3.12€-09 . 2:36E-07 "2
4 -.,13000, | B.13E-10 ° 7.11E-08:% 1
14000 ~'2.12€-10~2.10E-08-..-..7
15000 5.50E-11  6.076-09 3
- 16000 1.43E6-11  1,74E-09 13
17000 . -..3.72€-12. .4.91E=10 . 5
".-.18000 .. ,9.66E-13 1.38(-10 * 2
.- .-..19000 . 2.51E-13 '3.83E-11 7
. 1720000 °6:54E-14 - 1.06E-11 - Z
721000 - V1.70E-14  2.92E-12 9
©+ 777 22000 T 4.44E-15 - 17.9BE-13 3
23000 ¢ 1.16E=15 . 2. tBE-13 1
Lo -24000 .. 3.02E-16 . 5.93E-14 3
., 25000 . . 7.BBE-17 ° 1.61E-14 ' 1
26000 ' '2706E-17" 4. 35E<157C " 3
27000 5.38£-18 1.18E-15 1
28000 1.41€-18  3.17e-16 2
29000 3.68£-19  8.53E-17 9
30000 9.63€-20,,:2.29E-17. 2
31000 2 52£-20 6.16E-18 " -8
32600 6 61€-21  1.656-18 2
33600 1 73E-21 4.43E-19 7
34000 4.54E-22 1.19€-19 2
35000 1.19€-22 5

2
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3.0°; . :5.0. .
.58-206 0.
T11-149 Q.- e
.46-116 0
LG?E-95‘4'6~615271,
;64E-79. - 3.05-228 .
JIBE-SS . 1. .04-161
.SBE-42 ~ '2.08-123
.93E-27 . 3.58E-Bt1 -
.67E-19 1.61E~58
;03E--14 1.67E~-44
:39[—114 4.70E-35
.B4E-09_  2.57E-28
.69€E-08 2:55€-23"
161E4075”“1
.70E-06 . 1.:51E-16 ' .
.06£-05= 3.288-14 L.
:06E-0%5 - 2.40E-12
.94E-05 . 7.49E-11
.30E-05 - 1.20E-09
.0BE-05 1:12E-08"
.42E-05 '<6.72E—08~ e
.68E-05 2.81e~-07
.05€-05- . 8.65€-07 . .
.99€-06 2.06E-06
ﬂxsc—os "2.95€-06
.56E-06 © 6.28E-06" -
<2BE-07 ° B.4QE-06: " ;.
f23E-O7 . 9.95€-06,- - -
.376-07  1.03E-05:
.62E~-08 . 9.59t-06
,22£f08{.ga,tos-06
.54E~-09 6
L19E-09  4.S1E-06
.16E109' 3.02€-06 .
.16€-10 1.90E-06
.46E-10" - 1,13E-06 .
.O%E—ll 6.43E-07
~70E=11- " 3.4BE-07
.67E 12‘. 1 80[ -07
'87E-12 '9.01€--08



rhe quantity of radionuclide ingested daily is calculated as the product of -the
concentration in food and the appropriate usage factor, U, expressed in kg/d or L/d.
Usage factors for leafy vegetables (Uj), milk (Up), and beef (Ug) are listed in
Table C.5. Thus, the intake from ingestion of leafy vegetables, milk and meat are
given, respectively, by ’

| = UGy . (C-12)

Im = YnCm (C-13)
where ; : L

I, = intake of radionuclide from ingestion of leafy vegetables (uCi/d),

U; = intake of leafy vegetables (kg/d), ‘

n - intake of radionuclide from ingestion of milk (LCi/d),

Uy = intake of milk (L/d), ‘

lf = intake of radionulcide from ingestion of beef,

Ug = intake of beef (kg/d).

The radionuclide-independent parameter. values for the calculations are listed in
Table C.5. The values are mean, median, or midrange values as listed by Hoffman
et al. (1982). Because r and Y, are correlated, they have been combined into a
single parameter, r/Y,, the normalized interception fraction.

Strontium-90 was selected as the most suitable reference radionuclide for
comparing the intakes through water and foods contaminated¢ by radionuclides
originating in well water. Sr-90 was singled out because it was identified. as the
radionuclide that could contribute most to the dose from drinking contaminated well
water. In addition, it is sufficiently long lived that transfer from water tc foods
takes place without substantial losses. from radioactive decav; and the transfer
factors, i.e., plant/soil concentration .ratio, transfer coefficient to milk, and
transfer coefficient to meat are relatively high among the radioisotope tracers of
Table C.l. Transfer factors and other radionuclide-dependent parameter values for
905¢ are presented in Table C.6. -

The concentrations in foods. were calculated after setting Cy, = 1.0 1Ci/m 3, The
soil buildup time, t, was set equal to the time that radionuclides are depositing on
vegetation, te. The deposition rate, § corresponcing to a concentration of | 1Ci/m
in ifrigation water was calculated assurning a water usage of 180 L/m2 « mo, an
irrigation rate associated with crop cultivation in Eastern Washington (Baker,
1983%). It is implicit in the calculations that irrigation water is applied by sprinkler
and that the same values of r/Y,, and X\ apply to the deposition of radionuclides on
vegetation whether the radionuclides are in solution or in or on particulates. Since

180 Ljm2 +mo = 6 x 10-3m3/m2 « d;
the deposition rate, 6, associated witha Cg, of 1 uCi/m3is

)

6 x.lO‘3n.3/m2 ;d x | uCi/m3
5x 103 1Ci/m2 + d '

D.A. Baker, Personal commurication, Battelle Pacific Northwest Laboratory,
Richland, Wash. {1983).
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“Table C.S Radmnuchde-mdependent parameter values for estnmatmg the dose from
agrlcultural products. SRR e , o

' ‘Parameter-ii’ 1 -.. ..o -0 oValue oo Tl
Yy . Normahzed mtercept:on fractlon O.l m2/kg wet wt
.0 T for leafy vegetables Tooeml et e e .
“" ¢ Normalized mterceptwn fractlon e e e -8 mzlkg dry Wt .
: for forage: % T.ro T -
Ay Weathering rate for partlculates S :0.057,(1 -1
te Growing season, leafy vegetables 75d
Growing season, dairy forage 30d
‘ Growing season, forage for beef cattle 40d
P "“Densny ‘of surface soil~.:i1 v Gtoe il 213 kg/m
Qm Dry forage intake, dalry cows . 11.0 k%/d
. -Qy]- - Water.intake, dairy.cattle _ _ ____ __ ___ 75L/d
Qg Dry forage intake, beef cattle ~8.3 kg/d T
Qw2 : Water intake, beef cattle 45 L/d> .
Y " "'Ingestion rate of leafy vegetables 0.049 kg /d
~Up-~ - - Ingestionrateofmilk = 0.26 L/d
Uy -Ingestion rate of beef . ~ 0.26 kg/d

E : . . '

Ve

a Source::.lj_ibgfman et al. (1982).

..b Source: Comar (1966).

Table C.6 Strontium-90 parameter values for estimating the dose from agricultural
products.d

Parameter Value

A Radioactive decay rate 6.64 x 10~ d-!

Byy Plant/soil concentration ratio, 8.5 x 10-2 (wet vegetation/
leafy vegetables dry soil)

By2 Plant/soil concentra.ion ratio 1.4 (dry vegetation/dry soil)
pasture vegetation '

A Migration rate from root zone 6.7 x 10‘5 g

Fin Transfer coef!. _ient to milk 1.2x 19°3 d/L

Fq Transfer coefiicient to beef 5.8 x 10~%d/kg

3 Source: Hoffman et al. (1982).

Table C.7 compares the dally intake of 90Sr from drmkmg well water, eating leafy
vegetables irrigated with the well water, and ingesting milk and beef from cattle
that drank the well water and consumed forage that was nrngated with the well

Y



‘water. The intake from drinking water is three to four times greater. than that from
mgestmg leafy vegetables and milk and about 10 times greater. than that from
. eatmg beef. In the case of the other radionuclides of Table C.l, the intake from

milk by a comparable factor or more. This is attributable to the greater importance
of the deposition of radionuclides on plant surfaces compared with plant uptake
from soil and to the relanvely high values of the transfer factors for ““Sr.

In the case of HTO, comparing the dally mtake of water from mgestxon of drmkmg
water and from ingestion of the water content of vegetables, milk, and meat will

readily lead to the conclusion that the intake of HTO from drinking water will

similarly exceed that via vegetables, milk, and meat.

Table C.7 Intake of Strontium-90 ongmatmg in well water drawn from a
contaiinated aquifer.

Pathway . Intake
- » uCi/d per 1Ci/m3

Drinking water 2.0 x 10-3
Leafy vegetables 5.1 x 1074
Milk 5.6 x 107%.
Beef 2.2 x 10-4
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APPENDIX D. ESTIMATION OF THE DOSAGE FROM 'RADIONUCLIDES®IN "
NATURAL GAS R

T e e
C e el e L am

Dose estimates for. hypothetical .exposures to natural gas from reservoirs
developed with nuclear explosives are used in this report to estimate the dose from
the radioactive tracers recovered in natural gas during an EOR operation. Barton et

al. (1973) estimated doses to members”of “the public- served by gas distribution =
systems fed by the Rulison well, which was developed by use of, nuclear explOSlVCS mn .
1971. Estimating 1040 Ci of tritium in the gas delivered in the first year and an *°

average tritium concentration of ~10 pCifcm? in the local distribution system, the
dose from inhalation and ‘skin absorption of HTO in ground level releases of Rulison
combustion products was estimated tc be 0.6 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 from gas appliances. The dose
estimate for exposure to the HTO in unvented combustion products from a gas range
was 1.3 mrem for the same conditions above. The collective dose tc the population
served by the :local distribution system, assuming total combustion of the tritium .
produced (1040 Ci),was estimated to be '4 man-rem. T <
T B NI

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 that could_ be
produced in'the well would yield 2350 Ci of tritium, 362 Ci of 85Kr, and 10.5 Ci of

4C. Most of these activities (i.e., 2330 Ci of- tritium, 360 Ci of 8Kr, and 10 Ci of

C) were'removed from ‘the cavity in a total gas volume of 251 million ft3 during
the major testing and 'flaring program lasting about 14 months. The total gas
produced would be processed at the Blanco processing plant where a small fraction
would be used ‘at the plant. The dilution factor for Gasbuggy gas at the Blanco plant ..
was estimated to be 576. . - o e

A small fraction of.the gas entering the Blanco plant would be used as fuel at the
plant and ‘the resultant ‘average concentrations in Blanco gas would be 5.69 x 10

pCi/l. for 3H, and 88 pCi/L for 87Kr. Residents of the camp would be subject to an
exposure_from the combustion products of the fuel used to operate the plant and to
a household exposure which “we "assume’ results “only - from -unvented. gas ranges.
Estimates of the dose from unvented gas ranges arz based on those of Barton et al.
(1973). A summary of the dose estimates for Rulison and Gasbuggy is shown-in -
Table D.I.

The activities in_the dry gas produced at the Blanco plant would be 2180 Ci of 3H,
and 360 Ci of 83Kr. This gas would enter a gas distribution system and be sent to
population centers in California. En route to California, Blanco gas would be
further diluted by a factor of 3 to 16. (The total dilution factor for Gasbuggy gas at
points of consumption would vary from 1840 to 9220.) Dose estimates per unit
concentration of tritium in natural gas are summarized in Table D.2 for the los
Angeles Basin and San Francisco Bay area. The dose estimates are shown for two
sources of exposure: HTO in combustion products dispersed in the atmosphere, and
HTQ in combustion products from unvented kitchen ranges in residences.
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Table D.l- Estimates of the dose from radlonuclldes in natural gas from wells

developed by nuclear cxploswes.

Total

Radionuclide Source ~amount

Ci

"Dilution ' 'Concentration
factor  pGCi/L

.Dose estimate

LI Rulison 1040

In Rulison 1040

3H ~ Gasbuggy

$5Ke Gasbuggy

16~ 10,000

576 570

576 88

~ 0.6 mrerﬁ/y via inhalation

and skin absorption of the ’
-HTO in- the ground level

release of  combustion
products

1.3 mrem/y from hcusehold
exposures to

kitchen ranges

14 man-rem to population
(22,000) served by regional
distribution system

-0.15 mrem/y to residents of
: Blanco - camp from plant
- combustion products

0.07 mrem/y from household
exposures to unvented
kitchenrange

0.022 mrem/y to residents'
skin from combustion
products of Blanco plant
0.013 mrem to residents'
skin from unvented kitchen
range

a Sources: Barton et al. (1973), Jacobs et al. (1972a).
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Table D.2_ Estimates of the dose from the hybétbetica! use of natural gas containing
l pCi/cm3 of tritium in the Los Angeles Basin and San Francisco Bay area.®

Annual dose, mrem/y

Source R Los Angeles Basin San Francisco Bay Area
Atmosphere _
Population weighted average 0.024 0.007

Domestic use
All appliances vented 0.27b 0.27P
except gas range

Total 0.9 0.28

@ Source: Jacobs et al. (1972a).
byt gas heaters and appliances are all unvented, the 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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