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|development of the coupled differential equations, based on the 1965 and the proposed

1973 physiological lung models, that predict the deposition and translocation of inhaled
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ination situation, along with a review of early U. S. policy (e. g., in the days of the
Manhattan Project), provide a good background for this problem. Next, the biology of
plutonium contaminatW-a is discussed; past as well as current research in this field
conducted by the DOD, AE C, and other agencies is review-Z. New concepts and ideas,
such as lung lavage and the use of chelating agents, are introduced which are currently
being used to reduce plutonLum body burdens. That plutonium which remains in the
body after inhalation (tie most likely, as well as most dangerous, ngress method into
the body) is translocated from the lung to the lymphatic system, blood, bone, liver.
and gastrointestinal tract; the differential equations describing these phenomena are
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INTRODUCTION

The effort expended by the study group in this undetaking was designed to accumulate as much
information as possible that might provide a basis for a sourcebook oni plutonium and its decontami-
nation. The effort was divided beween a literature search of past and current documents, manuals,
regulations, etc., personal contact with knowledgeable persons in the field and by attendance at
meetings and symposia that were fortuitously scheduled during the early months of the study. Our
effort would have been more difficult but for the many persons who have helped the study group along
the way. Doors were opened md comments and information were freely given at every stage of the
effort. A though it would be impossible here to thank each contributor by name, we do want to take
this opportunity to acknowledge, in this geral way, the aid that was extended to us.

This study is divided into seven major sections. The contents of the sections are:

Section I presents a general statement of the plutonium hazard. It is included so that the reader
can place himself on common ground with the information which follows in subsequent sections of the
study.

Section II covers published policy or directives of the DOD, Atomic Energy Commission (ABC)
and federal agencies relating to radiation decontamination, exposure limits and contamination limits.

Section III deals with DOD, ABC or other research that has contributed or may contribute to an
understanding of the physical portion of the hazard model, that is, what happens from the initial
accident until the plutonium aerosol is inhaled.

Section IV is a review of the research accomplished and planned to develop information concerning
the biological hazard, that Is, what happens to plutonium once it Is in the body.

Secation V presents the current 1965 lung model and develops the calculations which describe
deposition and, retention of reapiraed plutonium in the hnuman body.

Section VI lists foreign standards for plutonium contamination levels as they appear in literature
available in this country.

Section VII compiles hiformation relating to the decontamihation operation and includes some do-
contamination metlods and expectatons.

Appendx Auses the proposed 1973 lung modal to update the workin Section V.

NOTE

R,xences cited herein are curont as of December 1972.
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SECTION I

THE PLUTONIUM HAZARD
Fpu.

PURPOSE

This study has been designed as a primer for those personnel having responsibllita for plu
toniunm bearing weapons or the decontamination of areas affected by weapons accident plutonium
contamination. It has been prepared with the hope that a general background imowledge of plutonium
and its hazards will result in better DOD cnerationa and an enlightened personne! !ce.

THE GENERAL CONTAMINATION SITUATION

Experience Indicates that plutonium contamination will result when a nuclear weapon is involvrd
In a fire or impact situation sufflcienL to violate the weapon's c4-itainment. The plutonium may burn
or the impact may cause detonation of the high explosive content of the weapon. In each case, pluto-
nlum, generally in the form of oxides, will be dispersed. The extent and character of the dispersed
material is a function of many variables. Among these are the heat and duration of the fire, the
containment material involved, the amount of high explosives and plutonium, aerodynamic variables of
wind and stability and many more.

The plutonium, once on the ground or other surfaces, should not be considered as fixed in place.
It Is subject to resuspension into the air, adhesion to ground or airborne material, and seUtUln deeper
into the-soil or other porous surfaces.

The primary plutonium hazard Is coneiderod to result from Inhalation of the aerosol. (Aerosol
is the generally accepted term for airborne particulate plutonium). The aerosol Is present in the
initial dispersal cloud. and in material resuspended by uatual or hwman activity in the Prea. Some
of the aexesol Is retained in the lung where It causes a radiological insult due to its alpha activity
and long lung retention time. Transport to other body organs by body processes is of coneern because
of significant retention tit-s at these other locatios& Modes of enty Into the body other thau Inhala-.
tion are considered to be loss iardousm Thee nclude absorIon through the bitact skin, depoao
inopen wounds and Ingestion via foods grown or produced wtaminated gvo "

Experience frOmn vaXious tests, preVioUs acoident8 and theoretical calculatIons iicate that
although a slgaflfeW body b den of plutonium mwy be reved during; p ge of thb initial cloud,
the greater danger to population apars to arlse from long texni occupancy of a contamInated area
wherein the population Is subjected to the reauspended radUwucllhe (ReL 1), If the affected avea is
to be utilized after the accUdemt, some tamfgatlog eff must be uwadtdkei.

6



SECTION 11

REVIEW OF U.S. POLICY AND DIRECTION CONCERNING

PLUTONIUM CONTAMINATION

THE EARLY YEARS

The development of currat policy andi direction cocecuning piusmahw -oanaalmhad Its
genesis In the discovery of X-1ray. (1895) and radium (1898), thefr subseqeat us and thO Ineitablf
Incident of biological damage which followed.11 ro&- orgulsd sntn to estab ptsh jltive
criteria Wo these new tools ware made 30 years Ism. Ina 1928 the Second husnatlcnal Congres of
Radiology est~she the Committee an X-ray and Radium Fratcton. The M S. AdvlwAcy Commit-
taV on X -rays and Radium Protection was organised In 1928 to provide U, S. Ems* to t hnteraaloal
C0MnrJtte. These COsmlttee WN the ftcwe=mws 09 die an=" InAtloa CommIstIon on
Radiation Pm'Azlan (ICRl and the U. S, National Caowell on Radiatio Prorectan and Meuurenzmts
(14CR!'). Tab~e I lists the ealy reomnais d thes ceglaoas Sac ftw employmet of thoe

2 IWt4 cediscans (Ref. 2).

TABLE I

EARLY RADiATIN OSE UMITh

Souf ce Date Tolewse Do".

IL S. 1931 0.2 X-ray

Inualcma 1934 02 Xa

u.S..1936 01 Xr

uL s. 1938 0.1 X& rrayv

it it of Itee to woe Owt thuee ast rcowmaadlaie "e mzytvalcaz w $S& S rei pa yww
taicro O*n ea tinW the Lcftdy Perij~Ulsi annUA tqnweV do0W S radiatio wodoa~.

to 04e esfly 19fls the harltge fOr Pnt ptitonluo etAm*ad ena0W) from & fa"Wy to Now
Jersey in the form of ft daha otta numtrb of wimt nV~ow*1ltunhto ntO Cece rnta*.

Sub~anrtnvst~at~aa verthe petoc of sitnl yoars* polal to the radiaumn U the it
as the cu4wtt (Ret 3). Hy this tuw rmllunma also bei& ng empyoyed In eodu-m in a uxak (Iket 4).
Dzrlt* th 1930'a Th work of rw=a s.,4 his aaeocLutc (fcfo, S, 6),h to raivwn c*Uman a

A. dtcrrlntn theblologk4 parwmwette of t("nks nilo a 2d ify &zdnrtaukto Wn the ttc-
ominattt10.I of radium conastiutes awltn n ityado tht 0 UIfrao
used ax an alt ocmtloo 3 LrnU 04eL 7). Thap Io 1943 w%=n the MmAheUzA MsxIt ItoSs04x
"oeat was beglwiln thered wet re my fthre cclflhmc Yaltw occia"eda akpoac go ruidafl

1, . 1 ll/day fmrcwulX xtya,

2. .lqju ofrodiam aa4mlmnmb*badm.

3. c CIo radon a an ociwAdomal air caucata



TME MAUfN nojr

The I';gluw y word claw aic e .tpfe j ihnteMcit
DIsula CL naty Mt At a tim uhe trnmi wwa*IA fith only mtlilp a CoWo (011cb
IMeg ioc Mio~ct am*, it mas uwbeS by Dr. Kmb *t Crocer Radluziom lshortocy Ia
Berkeley, Cmlifinla, that phaulumn W&t bolms toxic tiwa radium bya hatr of 5 aDo that~ SgO) Atl (3)
be usedas an IntauatoLerance intL.Tectma sprabyhsecciuaemW mr'dol

aoahtompan p wih Re -226(ReL 26 BineW caudit buvd a two-year occau adnsul air caictsironot
2 z 0 g/crn (12 zI-taClIMOP Jgvqnu al tenfle. In April 1944 a ma-ywa
A toiwao *5: :rI~gr/cm3 (31 ltr0pC/m3) waa &VsW bred o. the (L 1 R/day limi br
X aod Y radlatic ana assumpton atspba radlitiala W0dmeasdamagfla X or V. This AUtalue
retnulsed a theetre ctswcraingWUb forth& remsaderof the ftlaaw Project, [tie terestlcg to sc
UfwzddvalucorrespcM. to alagburdmcofw. (40.. nkhstacurredyaccepealasthenntoccqm-
tim4 matnmun) pernliblplalrnnbodyhura(WU) hrm. 1* Marchl 193 oaty (acto *5w.
Introducedto the W becius cdo~e stB kzletycahced the &ztcxtaiw b was much ieeeunifom

(Ret. 2).
TA& It sakeas trs phiabn adst* esao aa [algaW a the wtmlnadoc of the Mmi-

boaa fttqnL

TAMLE It

PL *W OCCUPATIONAL PMLhWN CRArERA PERIVM DUING Th MANHAVVAN4

OIsmhCVs PLUInXWM PROJECT (194S-1%SUAL Z

Air TLnw.- C:Fcasa

in innnv m~aM oe th t alt bor~dy Wrdmnddaw 4rnoped by owqtrtnof
$ttcsie' ~ ~ ~ ~ ~ ~ ~ ~ A 0ltr 4a is mfwckaiau.Tearcftscradawje n basedn ta stug

WniwjrOwcb* (L I R/MAY. The pIAnrwea conc~zrcc n~b. to band Q6 a 30 -yer 000"t.

enr~rmaisof thi xopt vii ume a coJft mflfrty 6.v FU-239 a L 36:a I&~ 4c$4 g. lIce

McPI3 i 1&4 3 s)



IT) THE PRESENT

Tbe period Mtlowing World War U W fte preat hs baa w of continuing study of the plutonium
problem to September 1949 a tripatie adfcrse on perndnlbe dose was hold at Chalk River,
Ontaio, Catada. Occupational proUWta crltul for pluzuum were ISsue and are listed In Table
UL2 T1e fiAl 0elec400 of levels daflvu Io relatio to radium, was Made after considerable debate
dag adl aft the conterme United 1-Sta AEC Opsrazkis proccaded using these value&.

TABLE IUI

PERMISSIBLE PWD2ONFJM LEVELS - CHALKRIVER FINAL REPORT (Ref. 2)

Maximum PerniluIte Amoast In Body ( 5 Pg (0. 03 MCi)

MannW FOMlsIHe Al W azsu 5 p/n(LxOCm
(24 1w day)$l/3)

tutam Permlsue Dsttng War
2Q0a~n,3 (1.2-uC*/n.j)

me Vth e rthe Maxim=m body Wnls wa d u to 0a g(; ta 6 p p) xwo &.eroa =n
that buzxln is listed in the 1I60 Ilewwandtw of the (ClIP (NOS Handbook 47) (Re. 8).

We W* ftzer a perio wtaa Owt Wologicu reserch crnumzky iacrrased ;hot etacns to studyj
as ~ ~ ~ ~ ~ ~ ~ ~~~~~90V CAlI ratrtaul*iu nretot aii t~~ at ei rne aw cfler rnets-

bor-twuas were devetOp&m eadeelre winl b tucuaedimore tly La sewou tv of this
trudy. it sz4Uce for the prewet jptWpo to follow the results of Oti wtxk as it SOv1lca to pu110j
id dlnctos. Tat I1V lits vilues adoptddrw h ~~4te14a

TAMtE IV

P WIVNWM STh?4A"W AIXJI4ED 0UR WE 14it9S~a

19%) 953_______ 19$5 19e0l

bodylzwIdo- a0 a0.6 4i 4o

0.O4-sA 'to50

MAr 2 s~ 000fi wt



TABLE IV (Cont)

"Insoluble" Forms

Mxmum
Permissible
Lung Burden 0. 008 aci -- 0. 02i~ A

Air 2. Cxl6O6 ACi/m 3  
-- 2Ozl 6 ga~/m-3  1. 6" ux Ci/m 3

The 1960 ICRP values in Table IV are those currently recommended. The terms "soluble"' and
"Insoluble- used in Table IV are relative and relate to plutonium's reaction to body fluids -and pro-
cesses

The subject of maximum levels of surface coniaminatlon, although ngt treated in Table IV,
was of concern to those working -with plutonium A level of 0. 071, Cl/rn (I p gfm )was used during
the 1950's as a suggested lMtt for labwewtry wcrklng surfaces. This figure was never suggested as
pertaining to the general environment. Rather, it represented the "then existing capability of a our-
vey instrument" anid was used as a "good house keeping" level (Ref. 1).

Incident to field testing operations in Nevada ( )PERA7iON PLUMBBOB), a hazards analysis Aw
made by Los Alamos Scientific Laboratory.(LASL) persounel (Ref. 1). The analysis resul 'ted in the
earliest environ mental surface contamination level whica we have uncrovered. T"he authors au mested
a contamaiuxaron level of l0,g/m2 (61iCI/m2) as b, ing realistic for I feziina occupancy, with the lung
being the organ at risk.

PRESENT STANDARDS

We have followed the development of 8taxidards during thks century relating to the plutoniumi
hazard. It remains to specify current standards as they exist within the several regulatory entities
in the United States. Policies and directives of these organizations have generally-resulted from two
sources; first, those activities regulated or controlled by the ABC, and second, those activities of the
Armed Forces dealing with weapons programs. In general, the doctrine of 'the1&ater havo. followed
those of the former. It is reasonable, therefore, to begin with the policies of-the AEC.

Atomic Energy Commisjsion Policy

The AEC is the foremoacst regulator of the use of radioactive materials in this country. It derives
this power from the Congress and furthers Its responsibilities in two ways; first, through its licensin~g
power and second, by regulation of the activities of its contractors.

The document of primary concern to these licensees and contractors in the area of contamination
and radiation dose limits Is Chapter 1, Title 10, Code of Federal. Regulations, Part 20(1t) CFR 2(0,
Standards for Protection Against Radiation. While a portion of Part 20 deals with administrative
matters, much of it compiles the recommendation of the ICRP and NCRP and gives to them the weight
of law. A list of those items of Interest zo the plutonium hazard follows (Ref. 12):

10



L. 10 CFR 2M.101:- Limits occupationa dose to an indiviual's blood forming organs to 5 rem
per year rated at 1.25 rem per quarter. The raue may be raised to 30 rem per quarter if the individ-
ual's accumuiated whole body done does not exceed 5 (N-18) rem. where N is the individual'a SPe in
years.

2. 10 CFR 20. I03 This part ethibcmaximum conceitratdonw of radioactive materils to
which individuels In restricted areas may be exposed For the present purpose we may refer to
these as occupational concentrations. This part refers to a tale of radionuclide concontrations
which also qas In NBS Handbook 69 (Ref. W1. 11e tabe to based on a 40-hour week.

3.10 CP1R 20. 1G4 (a): Restricts exposure of minars (less than 18 years) to 10 pcrc~t of t
vhkbody limits specified in Moem 1 above, L e. -0. 5 rem per year woe body.

4. 10 CFR 2A 104 (b): Restricts exomue of minors to lesr concen~xations of alicdo
In restried area than is permitted for aduilts.

5. 10 CFR 20. 105: Restricts the uses of radloactiva material to those that limit the whole body
exowe of non-occupational individuals to 0.5 rem par year, limited by a rate of 2. 0 mrem per
howr or 100 mrem per 7-day woek

6. 10 CFR 20, 106: Restricts relecse of effluents to unrestricted areas to concentrations not
greater tha those referenced in Item 4 for minors.6

7. 10 CFR 20. 303: Restricts release Into sanitary sewer systems to certain tabularized
quantities and to materials that are readily soluble or dleqerslble In wlater.

& 10 FR 2.30- Restricts dispersal, by bunal to certain tabularized quantities and modes

of buriaL.

9. 10 CFR 20.305: Restricts dsposal by Incineration except as approvTed afer application to the
AEC.

noe above directions and restxlctlons apply by law to activities licensed by the AEC. In general,
they also apply to operations of AEC contractors. In many cases provisionms are included permitting
exceptions to rules upon an application which shows that the exception can be regulated with respet
to afety to iodividuals and the population in gaiters]. As previously stated, this part is a compilation
of the limfts and concentrations recommended by the ICRP and NCRP. As such ft is reasonable to use
theme rules as the basis of further discussions of the plutonium hazard, Table V summarizes the limits
;apecified in 0 CFR20.



TABLE V

10 CPR 20 RADLATB)N EUPKaJR AND) PLUTONIUM LUM

Occaiationul exposure to WWI,- S. 0 rem/year
Winy bead and Mk; Is of L.25 rem/qaarter
eye; guends; or active MWoo or
forming OrganS 50 rem/quarter if total

exposure < 5(N-18) rem
23 %P Maxmum Pemmisatbie soluble 2 x lOA c1/ras

*OupiolCoctrtion insoluble 4z 10~pI
(NPC)-in Air

29uMaximum Permissible -soluble 100 p Cl/rn
Occupational ocetainInsoluble 800 U CI/m 3

in Water 2

Non-occupational exposure to- 0. 5 remn/year
whole body or- blood forming limited to 2. 0 mrem/ hour
mrgaus or 100. 0 mrem/week

239Pu Non-ocuational MPG soluble 6 x l&6 iuci/r
n r3  insoluble 12X10 )ACi/M 3

32 S9Puj Non-operational: MPG soluble 5. 0 JA Cl/rn3
in Water 3  Insoluble 30. 0 U Cl/rn

3
Pu9 release- to sanitary sawar soluble {100 P Cl/rn - day

the large of a. or b. insoluble 800 A CiVMS -cay

b . I LCi/day
limited by \1. 0Ci/year

29 for. buial 10. 0 pLitoMal

Notes.- -1. Exposure to minors limited to 10 percent of these values.
2. Computed at 40 hre rweek,50 weeks per year for 50 years exposure.
3. Computed at 168 hours per week. L e. , continuous. Also applies to minors in restricted

arecs.

it is useful at this point to present various limits for plutonium -239 listed in NBS H-andbook 69
(Ref. 11), as Is done in Table V1. Those values also appearing in 10 CFR 20 are inclosed byparen-
thesis. 10 CFR 20 values for the non -occupational case (168 hr week) are more restrictive by a fac -
tot of 10.
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TABLE~ VI

1959 RECOMMMMNATIOS OF THE NCRP FOR PLUTONUM (Ref. 11)

Vaximnum Maimum-parmleabe Ccctatim, (A Cl/MA
Permissible For 40 hr week For 168 hr week
Body Burden

Orffln (C)MC Water MPG Air IMPG War PC Air

-6 -6

Ltva 0. x0.0 . W 20. 0 2.110

G. 800.0 2Y16- 0006,Q0

TaalW 0.4 ion,0 L Oo 300tl

{Lm-,:- .(4. 0XKl'L -- l -015

f(80.0) 2.0110O1 300.0 5. OX10,2

~l'urigbel dicat value's also appearing In 10 CFR 20.

Note that no limitshave yet-buen set concenilng maximum permisuible surface ~~rln
Permoal eyierlence with ABC licensing Indicates that where operations Involve surface cnaiain

oo.-- densities must be shown on application to-be such that tcoenaip In. air listed
above wil not be -exceeded.

Oneoulm imposed y AEC reglatonsin lOCFR 140ioof Interes. That 2
part deals with financial protection of licensees and indemnity agreements, andi lists 0. 35 Ci/M
(Pu alpha) as a surface, contamination level above wihich the AEC will find that a substantial discharge
to offelte property baa occurred (Ref. 12). This quantity of Pu-239 corresponds to contamination of
approximately 6 tg/m2 .

D wUet of efensePlc

Present DOD policy with regard to plutonium decontamination is contained in the joint AEC -DASA
publication TP 20-5,"Plutonium. Contamination Standard, 22 My 1968' ihCag ,1 uut16

(Ref. 13). TIP 20-5 "Prescribes joint DOD-AEC policy relative to decontamination requirements for
t -ran structures, equipment, and other objects, contaminated by alpha emitting nuclear materials

-a a result of an accident involving United States (U. S.) nuclear weapons.'

The decontamination standard proscribed is that areas contaminated to levels greater than
1000 p~g/rn 2 shall be decontaminated until surface readinse are reduced to loe than 1000 p~g/ni 2 where

such reduc o ssible and ts consistent with reasonable cost and effort. This level corresponds
to approximately 6lpCl/m. The policy is not Intended to represeat an inflexible rule but represents
a stating point fat coideration.
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Army poficy is contained In FM 3-15," Nuclear Accident Contamination Control;' 17 June 1966
2(Reat 14) (now being revisec!). The Army designa Pu-239 contamniion grae than 1000 Ag/rn

as being a "uignIftc.t hazardous levl," however, "any -concentatloe-lhigher than 10 1pg/mn may pro -

For onpurposes terrain contaminated above levels of 3,5600 ptg/rn 2 Is defined an a
:chrouic baard area and should reeve first priority for consideration, L. e. , immediate or deferrd

Levels above 1000 pg/rn2 "should" be decontaminated depolag upon area popu-
latimi, use. cost and similar factor&. An additional statement is worth quoting; It is: "in -general,:
populated areas'should. -be dc tmiatOd to essentially zero levels whenever posil"

ne hDOpolicy level of IOW jg/m2 and the Army guides of 3500 pg/m2 andi 1000opg/m2 seem to
* be outgrowths of the sawe work done following OPHRA7ION PLUM30B (ROL. 15). The level Of

MOO0 Osg/r 2 was arrived at using lifetime occ1Tflcy and the lung as the critical organ. This level
was reduced by a factor of 35 and 1000 Wg/r was recommeanded 4s the level of-concern in the acci -

* dent situation.

* Navy policy relating to plutonium contamination is published in NAVMED P-5055, "Radiation
Health. ftotectimi Manual, " 1964, with Changes 1-6, the latest dated July 1970 (Ref. 16). Radioactive
contamnInaion Is dMflned as "50 pCijfor alpha activity as measured on a dry filter paper -wiped over
an-antaof 100cm32 " (0.OO05 pC/m).

* An airborne radiation area is defined as any area to which peirsonnel may obti~n limited access
and In which afrboa concentrations exist in excess of the occupational levels stated in 10 CFR 20.
Althoga plutonium body zwdnl s not discussed per se. it isdefined as one of ageneral case as,
"A maximum permissible body burden shall be limited to that amount which results in an exposure not
to exceedte biological equivalentof-0.l1jg of radum -226 in the bones, nor 15 rem per youor 5rem
per quarter for other organ&.

It is of Interest that rather than specifying 1. 25 rem per quarter for whole body external exposure~
* limits as does 10 CER 20, the Navy omits that level and specifies the limit of 3. 0 rem pW quarter,

an option of 10 CFR 20, limited by the Wietime dose formula, S(N-1-8).

Decontamination, in NAVMED P -5055, is treated as a control measure, along Nvith monitoring
* and isolation, "to parotect personnel in the contamninted area (levels greater than Q.005 pACi/rn 2 ), and

to say within the limitation of maximum permissible concentrations of radionucldes ..... "of 10
CFR 2M. This level is reasonable In the laboratory environment and agrees with those established
for laboratories, e.g., LASL (Ref. 17).

The naval Incident response team follows ABC-DASA publication T1P 20-5 (Ref. 13) for case of
environmental "real estate" contamination incidents. Thus, 1000 p~g/rn 2 (61 pCi/ni2 ) is recogaised
as the level of concern.
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Ar Force Policy

Ultimate AiT Force policy for decontamination fonllowing a nuclear weapon accident is provided by
AF Manual 35-1,"Dl' aster Prepardes, Planning ad Operations' with Change 1 dated December
1966 (Ref. 18). With reference to contamination level paragraph 14-13 states, '"he On-Scene
Commander will have to evaluate the advice of the on-acene medical offcer In the context of politi-
cal, dplomatc, and other significant comideramto"

Air Force Reglatlion 160-132,"Control of Radiological Health Hazards' December 1968 (Ref, 19)
specifies permissible fixed alpha contamInation limits for laboratory equipment and working surfaces
at 900 dpm/100 cm2 (0.04 pCi/m 2). AFR 161-8 (Ref. 20) and AFP 160-6-7 (Ref, 21) also treat expo-
sure limits and permiss Ible concentrations. These-publications are, in effect, 10 CFR 20 and NIS
Handbook 69.

This we find that Air Force policyrecognizes generally accepted limits for radiation enomore
and airborne concentratiens. In addition, the Air Force presents the On-Scene Commander certain
latitl4e for decntaminatlon of the nuclear weapons accident environment.

Policies of Oiher Federal Agencies

Lfterature search and personal contacts indicate that four other federal agencies currently speci-
fylcontam ilmts. All of these ae speclfled in conjmction with packagLng of materialsf or
shipment. The agencies and reference documents are as follows:

L Departme of Transportation, 49 CFR 173 397 (Raef 22).

2. Federal Aviation Agency, 14 CFR 103 (Re. 23).

. U. S. Coast Guard, DOT, 46 CFR 146.19-30 (Ref. 24).

-L U. S. Postal Service (ReL 25).

The Department of Transportation specifies 220 dpm/100 cm2 (0. 01 pCI/m 2) of removable alpha
con natio as being "not significant", and specifies that level for reuse of previously contaminated

an vehicle&,

Standards of the Department of Transportation are generally specified by the other three agencies
In their directives. We note that these limits do not refer to large area environmental contamination.
Tble VII sumnarizescurrent U. S. federal standards.
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TABLE VII

SUMMAXRY-OF FEDERAL~ AGENCY PIJJTNIUM

DCONTAMNAT1ON. STANDARDS

pgr2  or (P Ci/M2 )

DOD/AEC (Weapons Accident 006

U..Army 1000 61

U. S. Navy100.6

USAroc 1000 61
or as dArecteci by Cki-Scmn
Commanderr

*AEC** (We nome Levels are inferred) a. 5. 6 0.34
b. 0. 96 0.06

Trenl~rtation

Dept. of Transportation 0.16 0.01

Federal Aviation Agmucy 0.16 0.01

U. S. COWStGuard. Dept of the Treasuy 0.16 0.,01

U. S. Postal Service01611

*Tw w sMivv etl perain to wide area "real estate-! conta iation. Thome
nowte Ie '"ftanuportation" refer to conveyances and pwaps, and not to wide area situatious.
Many "MCI"i have iuVWu stawdars for laboratory ume

**AEC does not stipulate an envirounental decontanaotion limit asut h.inferred level ""ig frm
10 CFR 140 and concerns Indemity agreements. Infftred level "b" is based on 10 CFR 20 limits on
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SECTION III

PHYSICAL PARAMETERS OF

PLUTONIUM CONTAMINATION

This section of the study will deal with those factors involved during and after a weapons acci-
dent which lead to a resuspended plutonium airborne concentration that is potentially hazardous. The
section immediately following will deal with information currently known concerning the disposition
of Inhaled plutonium in the body.

PHYSICAL PROPERTIES OF PLUTONIUM

Plutonium, with an atomic number of 94, is a heavy metal with a density of 16. 5 - 19. 7 g/cm3

depending upon its crystalline phase. Although shiny when freshly worked, it quickly oxidizes when
exposed to air taking on a dark brown to black appearance. It is pyrophoric and should be stored under
oil when in flme form. It reacts with water and is potentially dangerous due to liberated hydrogen.
There are many isotopic forms; however, those of Interest In the accident situation are Pu-238 and
PU-239. These isotopes are alpha emitters and constitute an internal biological hazard. Plutonium-
239 is of interest because of its abundance in weapons and Pu-238 because of its use in power sources.
Half lives for the two isotopes are 24,360 years for Pu-239 and 89 years for Pu-23& The specific
activity of Pu-239 is about (X 061 Ci/g. Plutonium-238 is about 270 times more active (Ref. 26).

DISPERSION OF HAZARDOUS MATERIAL

In the accident situation a wide spectrum of developments can ensue. These range, in the impact
c&se, from the weapon remaining Intact, through weapon case rupture to high explosive detonation.
If the incident involves fire, damage may range from case charring, through component melting (to
include melting of the plutonium), to high explosive burning or detonation. The hazards of Interest
result when the plutonium Is involved In a fire or high explosive detonation.

In these last situations plutonium is released from the immediate area and Is subject to trajecto-
ries dependent upon its physical and chemical forms, Some may be dispersed in chunk form and
subsequently constitute a minimal hazard. Of much greater concern is that material which Is dis-
parsed in the form of respirable aerosols. The plutonium in these aerosols is in the form of the
dioxide, a compound that is quite.insoluble. Our Interest then is to describe the physical parameters
Of this aerosol.

In the fire situation with no high explosive detonation, dispersal of the plutonium dioxide as to
amount is quite variable, dependent upon the -urface of plutonium available to the fire. Thus when
the weapon case is intact or partially so, perhaps only a limited quantity of plutonium is at risk.
When major casw damage aa occmured with component breakup and dispersal, a larger surface Is at
risk. In tests conducted In a flue system plutonium was subjected to oxidation at temperatures ranging
from 500" C to 95O C, within the range of petroleum fires. In this case the entire surface of the

* plutonium sample was exposed. The sample tended to flake with only a small portion, about 2 percent,
being liberated as an aerosol, all In the rcapLrable range (eL 27),. Other variables which must be
considered are any surfaces or scaveughng material n the immediate vicinity of the fire. Although
attempts have been made to evaluate the action of scavenging and plating, the data available are sparse,
especially with regard to particle size. It suffices to indicate that materials such as aircrat structure
-or stop -bunkers will be relatvely heavily contamint (ReL 28).
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The situation following detonation of the associated high explosive is considerably differet. In
this case the plutonium is reduced to fine particles and entrained by the clead of detonation gases
(Ret. 29). With the exception of scavenging a~tions of nearby structures, virtually all of tie plutonium
involved may be available for dispersal to the atmosphere. Data from tests conducted during fleld
experiments indicate that approximately 20 percent of the aerosol liberated in such situationw falls
within the respirable range of particle diameters (Refs. 30, 31).

The fate of the aerosol in both the fire and detonation cases is a function of many variables. In
each case the material is carried aloft in the cloud associated with the fire or explosion. An empiri-
cal relationship has been developed for the explosion case (Ref. 32) and data is available from field
testing which relates aerosol mass distributions within the cloud. The fate of aerosols in the fire
situations should be similar. The absolute cloud height will, of course, depend on the intensity and
area of the fire. Relative mass distribution in the cloud, however, should be similar to the explosion
case (Ref. 29).

Once the cloud has formed, the aerosol, with its own aerodynamic characteristics, reacts with
the prevailing atmospheric conditions. The most mportant of these are wind direction, speed and
atmospheric turbulence. Computer codes have been developed which treat the hazard associated with
passage of the plume (ReL 29) and the fallout on the ground as the plume disperses (Ret. 33). The
former is concerned with the acute hazard of inhalation as the plume passes, while the latter has
among its options the developnent of isopleths (contours of equal contamination density).

The following tables present results obtained using the two codes. Table VIII indicates, as a
function of distance and number of weapons, the percent of the time that meterological conditions
would exist yielding an acute dose committment of 15 rem, a United Kingdom one-time emergency
dose. Assumptions employed include:

1. Two percnt of the plutoaiun involved In a fire Il atedas an arool an all of It i re-
spirable.

2. -- _my percent of the plutonium liberated by an explosion is reapirable.

3.Plume heIgh for fire calculations is assumed to be the same as tha for exposive releases
This is conservative if a jet uel firelarger than about 10D to. 20 it 2 is invlveo&

TABLE VIII

PERCENT OF TIME A 15 REM COMITTMENT IS EXCEEDED

DURING PLUME PASSAGE AT DISTANCE SHOWN(ReL 30

Exlosin, F7ire

#Weapon . 10% 5% 1% 10% %1

1 - O.2mi 0.4r1 - - -

2 - O.9im L.3mi - -

.3 - .0mi 0.9mi - - -

4 I. 0 ml.6i. 2.15. m - -



Eihy dlftdrent combtions of nerological paramers were used in the calculations The
athors mmmarize stg, "The fire calculations for four weapons does not predict doses exceeding
15 rem anywhere (except possibly right in the fire); whereas, the detonation of even one weapon does."

Table X presets a summary of deposition calculations. Predictions of fallout patterns are re-
portd fm cloud heights varying from 500 feet to 3000 feet for fires and 1000 feet for explosions.
Winds at 5 and 10 mph, with and without shem, were considered. The data are presented in square
kilome a andrepresmnt the prediction for incidents involving four weapons. The lower figure for
each condition correspods to the situation without wind shear while the larger represents that with
windshear.

TABLE IX

4-- SUMMARY OF DEPOS1ION CALCULAT1OIa (Ref. 29)

Wind Speed
Level 5 mph 10 mph

m /t Case (knA (b4n2

0.1 Exploasn 43-85" 43-64'
pus Fie 0-10 0-5.2

2.0 Explosio 30-64' 32-47
Fins

100 RERAo "4-5.0 5-52
t~ Fire-

1000 Ex plosion 85 - 87 0.75 -. 82
Fire.- -

Ares exced tes values, -isopisli did no lo

Thes data with reipet to explosica. ate la getae -agreent with QIERAXON ROLLER
COASTER flug (e 34

OS K .N O0 THE. HAZARD

WaswagtoreaU6 IngecersAgreent that plutonitum rneaxg oo the ground does not cADaetttute k
has" o W-m 1000catratW'' WVUS ts P ag A various 100d chSAi sgystem sOW large and SU0-'

casve raUe ats betwme sages. (For etm~e, see IeL 35, p. 6). The haurd to oman rom+"i toed Ae to resuspta of the r ftactve paricles- Ito the wIg
Swis. h is repe uulo c I am b*co fm yv rgie.h fwhae w4 r ewi odwd g

neessamy to farm weU founded cexzlus

-&bWceptioa to ths siwttiu is coattioa in marino plant (Ads. 36037).Cacnlnb
aketos.ot04 have b= eenpcjaai



Consider the case of open terrain conamitnation and remember that our interest is with particles
in the respirable rvge. We nmst trace the fate of particles falling to the sutrface that are in the
respirable range and outside of it also. Particles in the fallaut plume that are larger than the respir-
able range may later become r:espirable as a result of abrasion due to meterological cond )tions or
use of the sufc by animal and man. Particles that are witf th respirable range may fall to earth
and adhere to otber particles, resulting In a combine particle that now falls beyond the respirable
range. Whe adhesive force can be quite large. Laboratory tet using sonic vibration up to 90 G'a
faldto separate the adb d patce (Ref 38).

Weathering alone tends to reduce detable alpha cwhmtion as the plutoium particles axe
mixed and covered by soiL Desert sands offer gl~ptdc biin plaea to the contnan In the mterou
rangt. Resuspenston from grassy surfaces tends to be greater tan h=n soil-only surfaces, probably
because of the contaminant being above the bmxldry layer bewe the surface and turbulent air

(Ref. Sq). Simarly, reena l from bl -n md otbw structu w" are more subect to
dirc winds wIU di from that of NUll

The tem, resuspension facor plays a algaficant role in the desrititon of resuspaAWd part.c-
ulstes& Resupeni factor to defhA4 as the ratio of air, ore cocwrzioa In Vatts of activity or
mass of material per;t volume,- to ft actvy or ma, of matexl par unit axe* of -ra --

atas to deteu -W e i tow c-have bo -o

the lxabta *A tu ftl tee&-Ew in v*M wd y f ow camdo o h imv ,al e=Iva

Fk. -I "mtmu th velt , . . ,of af.n.v Isastc tem t couc Wilft wt can"..

44

.. ~ ow..l fm.w ' Ow reo-'ai 14 WO 4"14. d:0="QI O-Urs .

Consier the case of open terraina cotaiaonndrm bethtour intrs swtmatce

d a (461" ' "IA (.{wT a-&(| 4' i-N/ PhU&"" *AOM tbJMA

resirl rage an oru ftd fiW lo atce nteflotpueta are large tat rsir-

to[rn e "Thi Mdeie force ca n hp be q r oay tests un o fnic von up t w 90 G .

failed to seart . Ih aderditice (EeLU 38). O arU* xau~tpslclW&I
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SECTION IV

THE BIOLOGY OF PLUTONIUM CONTAMINATION

THE EARLY YEAR (Ref. 2)

S The~M early clays of the Mazihauma Plutooium Project saw m~nlal ammmcs of plutoniu being avail-
able for biological research. In January 1944 ater mcce was voiced ao to its possible harmful
effects 11 mg was afincad to Berkeley for animal uptake, distribution and acretiec amucus A,

reodfor speed In biological research may have beatablshed whwa Dr. tbailton, reported about
a mouth later,

"Oral absorption of all valence states U3 less than M00 percetw, lung retention W&gi absobed
* wazaul preominanly In kelecfs czcuon very alul In urine ad feces.

L4mrIn 194 metabolism and toxicity studies e g=p at the Uutvarlty of Chicago, ulsg with

AA aneicod in SecW0o It of thinstuhdy, t6e early prmissile lkids for plutonium coctmina-
tmwat btud ca compaisos of rcltt hsscad with respect to radium. At this ealy -ime Wao-

radtogra# ezt4) ar Uerkeey eatsbllsh4 ha pliuth's dsilbutlt in the bcee was much less
wI~ thn ws tatof radium.

htaOmenmmdIQd swtacs cizflie titrout the I~ortae. The n~k teMditg to the eatAhUmiui
ot Q. 4 1 to a MAX~4UWM pert*4Nnie k&Id uXdAi was msmutArlnd by RAW*s i Apidi 19*O1 RelAtive
uxlayrTina# baivos radlux P!) pit u n " tnm ofja I niAcuty Pa kilosrum af suhJuwit

2. ~~~~~d iscct~vls~o i

4 ouaix V41 ionas Ala tell~ I:

4,V. j~ okn fracture La ras c brtiis 83e

ocher stn durtug the pain) lzscudol delay. toxcity Ia dop a w he tltvrislty of tah tbwI
cf ?4eicXun end Chroniinhlauon Ia d, at the halvergky of Rocheoster 9fa atMdicin A-4
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The NCRP published a new lung model in 1953. Their suggested waximumn permissible concen-
trations remained the sarme as those of the ICRP; however, some changes ia motaboic constants
were suggested. This model states that 75 percent of soluble ihaled mater ial to deposited in the lung
and two-thirds of this is scavenged in the upper respiratory tract &nd soon cleared through ciliary
.iction and swallowed. The remaining one-third is retained In the lower r euratory trat rctin
of both upper and lower -tract quantities go to the blood and thence to organs fed by the blood. 11"Ive
oecnt ai Insoluble aerosols are retained in the lower respiratory tract for long periods,,with the
lung beag considered as the critical organ (Rat 9).

National and international committees - oatinued their work during the 1950's and early 1960's
toward refining models and methods of treating plutonium In the human biological systie;m. Conicepts
of absorbed dose, relative biological effectiveness, quality factors and me lMe were suggested, de-
fined and redefined, all in an attempt to provide the Investigator with better bas from which to draw
conclusions. The current 1965 model is discussed in Section V of.-Mis study;. the l973!VrcPosod. model

k is discussed in Appendix-A.-

RECENT AND CURRENT RESEARCH

Researchers in biology have attacked the plutonium hazard in several-ways. The research ha&
involved soluble and Insoluble compounds. Administration has en -compassed laying In abrasions, in-
jection in and to various body locations, -intubation, implantation and inhalation. An impoitant question
for the present study is, "What pordion of the literature is of inteteacsLin the weapons -accident situa
tion?" The answer is, "AUl, in varying. degrees."

The argument has been repeated many times in di'e ifterature that the primary hazai.d to a pop-
ulation In the accident situation is the inhalation of the radioactive aerosol. The skin is a satisfactory
barrier to external alpha radiations. The external- gamm.a field is relatively insignificant following
a nonnuclear detonation. Transport of insoluble material from contaminated abrasions -is -insignifi-
cant. Uptake through food chains is relatively low because of the large diarimination ratioa Involved,
e. g. , 10- 4 to 10-6 (Refs. 43,44, 45). One hazcxd of special interest in the accident situati,.on - one-.
of interest more to Individuals than to the population - is that resulting from puncturie-wounds.

Thus, we are interested in the inhalation case. The fate of inhaled plutonium, however, includes
uptake In organs other than the lung. The process involved iii thin, uptake and in transport across deep
lung barxiers suggests that some solubilization ,r effectively simiar process does occur. Langham
in treating this situankon suggeLs that the term "solubility" has not been well defined and ."seems to
relate more to the metabolic behavior of the material in the body than to the more familiar chemical
concept of solubility" (Ref. 2). Additionally, a large portion of the aerosol that enters the lung is soon
removed through ciliary action and ingested. The effect of these processes is not only to put the lung
at risk, but also includes placing other organs at risk, some resulting from uptalke from the blood and
others resulting from direct radiation, e. g. , the G. I. tract.

In summary, experiments Involving inhaled P09Q aerosols are most directly applicable to our
Study. Those experiments employing injected solubfie compounds give.,us- information concerning
metabolism of plutoniut that has veached the blood. Implantation and intubation experiments provid.*
an insight ito b'ological mechanisms of insult and- protection inutiie immediate area of particulatesJ of high secific ionization potential.



(~io er ouce f nfomaionIsof peialberet.Through ott yea of experience with
'plutWlum, accldmut hav (IccuT"d A elpflAnt accumulatlon Of det to available frMM this source
and involves human subjects rathe the labaratory aials.

Bad m t early experimental work with plutonium Ohwe semd itte doubt tha bone was the
critical orgmn Later work bas oas some doubt on that fxlfng, at least In smie sopecial case&.
Expwlzma st Hanford on miniature swine have shown tha after 2 years larger concentrations exist
In ft~ liver than In the bome Earlier work was generally done at 14Ih dose levels.- There is so=e
evida=c that a shift In critical organ may occur -1 -lower dose levels -(ReL 46).

We sbiMd point out that the Incident situation Is concerned more wit evidence gained from ex-
perimmts reulting in low body accumulations than with tha Involved with high burdens. W rconcerned with raduclng the biological hazad to a mninmum. T1e high dose experiments set the

Mtag but t low dws exerLnents set echaracter of the play. The low dosn experiment, however.
is the nme difficult andcsty Good statistics reqire large numbers of animala, both at risk and
as controls. Lowe dose" are expected-tonrquire longer periods of atency befre the lnadt Is rec-

IOUectioStdies

Our interest In-plutonium administered by Injection is to determine the fate of the radionuclide
once it leaches the bicodatream. Injection was a favorite and reasonable delivery mode for the
earlier smies whose emphasis was directed toward bone and other blood-fed organs, e. g., liver,
kidney, splee. *The earlier studies were performed to determine gross uptake factors, metabolic

~rates and organ deposition rates. The Injection experiments have continued and are now more sophis-
ticoted and are looking at specific biochemical- processes and the differences that various forms of
plutonium exhibit. Most of the work done to determine courses of therapy for the plutonium-burdened
-patient to also being done with injected solutions.

Uptaku of plutonium fr-om-the blood to various organs Is dependent upon its chemical form, aggre-
gate size and blood chemistry of the experimental subject Significant differences are seen at autopsy
when -graded solutions are administered. Withfdecreasing particle size less plutonium is deposited
in liver, spleen and bone marrow, while mlime is deposited In bone. With mice as the exrimental
animal,- there Is evidence that the pattern of deposition depends on a critical size of aggregated plu-
touium-containing Particulates (Re:. 47). In a gross- sense, investigations have found that twice as

~' much polymeric as monomeric plutonium deposited in bone -is required to produce equaal Incidence ofbone tumors. The polymeric forms tend to deposit more in bone marrowta nsae a sith
tedecy for monomeric forms (Refs. 48, 49).

Plutonium Initially deposited from blood on bone surfaces can also reach the marrow. The pro-
cess is a fluactioni of subject age and Is due to bone remodalin-ad osteoulastic resorption gram sur-
face to nimarrow. (Refs. 50, 51).

-Because of the historic link between plutonium and radium, theme is a tendency to forget other
organs at risk. The liver, spleen--and kiney are also plutonium collectors and have also been studied
-with-respect to plutonium uptake, retention and metabolic behavior. Work at the University of Utah
has been underway for a considerable period. Some results of relatively low dose work are now being
-reported. Some effect of dose level is Indicated. That Is, spienic and renal retentions at lower dosesare kigher. than would have been Oxpected by extrapolating from hqgier dose studies. Beagles have re-
calved Injections of from 0. 016 to L. 8 j CI/kg of animal weight. This covers levels where life -short-
ening is AtegligIble, through levels where ostaosercoia- Ia'Inuced. to levels exhibiting extensive



skelet and livr damage. Reufion eqWtos of decaying e=enmial form have been de
The auhors suggest that at low doom more attention should be pwced ' 3 the qhgm rather
than an sacoms (Ref. 52).

In a "spaculatve" 'p , I ,astigators at the University of Utah have estimated probabilites
of raftaon induced tumors from a parmissibie body burden of plutonium. For a body burden of
0. 04 pCl starting in the circulat y system with roughly half being deposited in bone and half In the
liver, the authors Ifind bone cancer probabilities of 0-5 percent and liver tumor probabilities of 0-40
percent. The range of probaMlities Is a function of the model employed in the calculation. Thresh-
old, dose-rate and lifespan dose models were used. The threshold model is based an human experi-
ence with radium where no bone cancers have been observed below 1200 rads average bone doe.
With converalom of 0. 02 gC plutonium organ burden to a 14 rd dose to bone and a 57 rad dos to the
liver, this model suggests a vanishingly small probability. The dose rate model suggests that the
risks to dog and man are linearly proportional to their dose rates averaged over long expoaure times.
At burdens of 0. 016 gCl/kg, the lowest level at which neoplasms have been observed at Utah, skeletal
dose rates of succumbing subjects averaged 8. 8 reds/year. Probabilities by this model are I percent
for bone and 2 percent for liver. The lifespan dose model suggests that for a fixed icidence of can-
cer among mammalian species, the required cumulative doses are rather similar. Probabilities for
this model predict risks to the bone of 5 percent and 10 percent to the liver (Ref. 53). Although the
authors admit that the risks estimated are uncertain, it is refreshing to see the estimates made. In
many cases extrapolting to man from the various experimental animals is considered to be off-limits.

We do not Imply that the preceding discussion is exhaustive with respect to injection experimenta -

tion. A comprehensive review would be impossible within the space available and the expertise of the
authors. We do want to point out that much very fine work has been done and is ongoing at several
locations. The low dose work that is underway will begin to provide answers in a few years to very
nagging questions. Additionally, there has been a great deal of injection work done toward finding
answers to accident conditions and therapy which we will discuss later.

Particulate Implants, Intubation and Injection

There is considerable interest among investigators concerning the relative risk to man of the
homogeneous versus discrete distributions of hazardous material. In fixing maximum permissible
organ burdens, the organ has historically been treated as a whole and doses have been averaged over
the whole. In the case of highly radioactive particulates, a few particles can constitute a significant
burden, because radiation doses in the immediate vicinity of the particles are high. Where most of
the energy of decay is in the form of alpha particles (the case of plutonium), when we discuss a per-
missible burden we may be speaking of relatively few particles with limited volumes at risk. Investi-
gators at LAS L are studying the effects of small highly radioactive parti les. In a theoretical approach,
tumorigenic risk to skin and lung has been described (Rot 54). With increasing dose, experimental
evidence indicates that tumor incidence increases, finally reaching a maximum after which the cells
at risk are damaged to the point where cell division can no longer occur. Thenceforth, the risk of
tumorigenicity decreases with increasing dose. Currently 0.016 pCi of Pu-239 constitutes a lung bur-
den.

Table X illustrates the strong dependence of lung tumor on particle size. The authors point out
that there is as yet no experimental evidence for these probabilities which result from their use of a
model of the alveolar region of the lung which maximizes the number of cells at risk.
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TABLE X

TUMOR ROBALnY FROM LUNG E PSURE O 16 nCi OF2Pu 0, (ReL 54)

_________mof Number of Particles In 0.016 gCi Pa-239 T""w Pkbbf

0 .1I 5. 61 x 107 2. 2.z 10 -4

0.2 7.02 x 106 0.015

0.4 & 90 x10, 0.59

.0.8 10x1 0  L0
10 4

L05. 61 x10 10
2.0 7.02 x10 -1.

4.0 &.80 x10 10

In the case of an posure to a burde of 0, 016 pCi Pu-29 for a period of 720 days, 3 x 105 cells actu-
ally absorb over 95 percent of the total radiation for a 4ose otL x1oree
organ dose would be only 3. 24 reds.

Experimental work at LASL employing injected PuO2 micropher Is a follow-on to the theoret-
ical iaudy Just discussed. (Ref. 55) A singe microsphere was Injected inthe femoral vein of a rat.
It was subsequently transported by blood until it lodged In the lmg visculatare. These microspheres

* averaged 178 pm In diameter and were 81 percent Pu-238, 15 percent Pu-239. This mixture exhibits
a considerably higher photon dose rate than would PU-289 alone. In addition, some of the photons
from Pu-238 are more energetic than thoe from Pu-239. The Pu-238 alpha energy averages about
..5 MeV, slightly higher than Pu-239's 5. 15 MeV. Considwig Oly the alpha insult we must recog-

nixe that Its energy is delivered over a limited volume. Its range is about 40 pm, bu th dose rate
falls rapidly beyond 25 pm. The authors estimate a cell population at risk of 3 to 6 x I0 cells at 25
pm. This number seems large but Is amost insignificant whenoone considers the organ cell popula-
tion. The dose rate to the 40 pm sphere is estimated at 6 x 10' rem/hr. Consider now the photon
situation. Photon dose rates at the surface of the sphere ran about 620 rads/hr, and decrease by
fctors of 10 and 100 at 200 and 700 pm respectively. In this experiment animals were sacrificed
serially at from 1 to 600 days. What of the pathology? The authors concluded that these high dose
rates and total doses caused surprisingly little change in the lung structure ecept in the immediate
area of the particle. In addition, "The absence of severe biological response appears to be rolated
to the number of cells at risk which, in turn, is a function. of the nude-and size of particles making

- up the activity rather than to total activity."

An experiment was conducted at Colorado State University to determine the dynamics of lymph
node accumulation from PuO2 contaminated wound sites (Ref. 56). Results indicated the as much as
17 percent of the implanted activity was collected by the surrounding lymph node system at one year,
with the majority of the material remaining at the implant site. The specific risk of lymph node

- Irradiation Is uncertain at this time. The situation Is discussed in Section V of this study. These
data do Indicate, however, that a considerable burden of long-lived plutonium can reach the lymphatic
system. Consideration should be given to theie Anlings when considering wound site 4ecetamhnatton
to include possible surgical removal.
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We a?3ive in Vur 415cu381 at the Insult Mode of the weapoos anid power sowee accldtt uitatifm.
b~espwnare tinivernal In their age ntthat as long an the seeping dog of plutoum contauu-

anall is, It presaents no W &But sleepig dogs awaks Ulis and travel the neigborhood.
Therein lies* th b d-revspended plutiouium antfring the lxreethlng mone of the populatdo

Juietlmersusing Ihalatton, as the dlivery mode have long rcognized the Importance of part-lol samSnterqaot u dok Accurate deerintin of the particle size has bown a
Cohmilg robemwith doen experiments Work at Lovelace Foundation in the Fission Product

-odd fora~ bas attaclad dai prolem and haa resulted In excellent control of particle sime
* samote The lateet piblication ofd th ClRP Task Group on Ltmg Dynamics has recognized particle
viam deednefor lung dgpoi'on. F~gure 2 presafts their findins fr man (ReOL 57, 58). The
ubail ararqewws~ed due toi~rae In Ilmg tidal volume wit the uper boundary a

2I5 ~ nd aix bloara 750 cm3

Ago

0 .0 0 1.$ 1.0 0.0 M* LO 1.9 U 640
Activity Mws Aerolyamc DOkoe (ps)~

F~gur Z. Total Deposition of Inhaled Particles (Ref. 57)

Small anfinale used In Inhalation expeiments do not exhibit the same deposition pattern as does
nmn Experimentse have bee4 done whtich point out the diferece sad we should consider that our
kowledge of deposition is fairly good and will gtbetter. Lovelace has developed a process for pro

ducio ofaeoeclswitintigt uixa f prtclesie. T -irIaatio program using these aerosolb
Is curreatl in progresi (Ret. 59).

no tem, ivit~ian ro dynamic, Diameter" (AMAD) may require expanation. We cani treat It
by pats. "Aerodynamic diamete" is a&term Involved In a&process which treats the physical propw-
tie (&#jy dimension, etc.) of a particle and normalize them to the aerodynamic properties of

a arl of unit density* This norm/ IfatiOn permits applcation of lung deposition models to particle
poplatonsof aryngpyslal nd eroynalcpopetle."Mean" appies to the arithmetic mean of the

prtcleopuatle. Aclvly"4sotathtthorginl neaaremnt.wee nde ase oaain~eradio-

I:c~iy'1"1



Sectien V of this study treats the cu=t ICRP lung model which includs data covering the stay
s of Oftdm particulates In fte lug. (Appndix A don lkewe for the propod 1973 model).

Work Is alerway at Battelle Northw to determine the modes of lung storage and transport. We do
kmow that the mejorhy of particulates in the deep lung are very rapidy phagocytimd (Ref 60. Similar
phapocytic action has bew reported after Injection Into the peritmeal cavity with over half being a-
gulfld after 4 hours with subsequent translocation to vlseral-bdaominal tissues and out of the perto-
nel cavity (Ref. 61). The Battule Northwest work has found trandocation to the alveolar epithelium
(Ref. 60). Battele work studying macrophagic action has led to several conclusions of Interest(RLt62):

L Plutonium particles are phagocytnd rapidly reaching nearly 90 percent in the lung.

2. Particles are concentrated in macrophMgs creating hot spots of Intense alpht activity.

3. The behavior of plutonium paticles in the body smees to be largely determined In the early
phases by the kinetic beh v or of macraphgag

At this point we should tret an unknown. The ICRP lung model discussed I, Section V and Appen-
dix A of this study accounts for tranlocation of the contaminant from the pulmonary compartment of
the lung to the blood and lymph* The process of this translocatdon is not well understood. At least
two processes should be considered. The first involves transport of particulates Into the alveolar
wall structure as mentioned above and subsequent tranfer to the boodstream or lymphatic system.
The second process involves solubilizaton of the "Insoluble" particulate material followed by normal
lung fluid transport processes. Both processes are being considered. There Is some evidence to
support both. The first has already been discussed. The second Is based on relatively increased
solulity of particulates as their surface to volume ratios Increase. What part radioactivity of the
material plays in mporting or hindering this transport Is another unknown. Work with radfonuclides
other than plutonium also supports our Investgtiom. Experiments carried out at the University of
RochesteW With chronic inhalation f U0 2 aerosols In the monkey, dog and rat are of interest (Ref. 63).
Uranium Is much leso active than plutonium. However, the data are presented as a function of dose
delivered (alpha energy of 4.5 MeV). Over periods of 5 years, the animals were subjected to concen-
trations of 5 mrg U/me, 6 hours per day, 5 days per week. The lung and tracheohronchial lymph node
harden accounted for over 90 percent of the U found In the body. After 5 years the integrated alpha
dose to the lung of monkey and dog were 500 and 900 reds, respectively. The corresponding lymph
doses are of the order of 10,000 rada. At 5 years, one dog In six exhbited necrosis and fibrosis of
the lymph nodes No other pathology was evident. In the monkey, lung and lymph node fibrosis appear-
ed at & 6 years at doses of 500 and 7000 rad respectively with similar findings at later times and
larger doses. These histologic changes wae described by the auttre as being "minimal and present
only In the tissues of-a few animals. The tend was there, however, and hstology of "smilarly
treated" animals clearly demonstrated radiation Injury, at least sufficlent for a recommenuation for
possible lowering of concentration limits in the uralum industry.

The Inhalation work done at Battelle Northwest covers broad area of interest and is perhaps the
most comprehensive. This work can be coveredheare only in utrtt summary. We suggest Reference
62 for an eqanded discussion of the ef-t-

First, we shall discuss mortity findings. Dogs have Inhaled .sough plutonium to cause death
wlthin a week at high domes. In this case the lung suffers total respiratory failum. At lower doses
dath at several months occurs from wenuve ad rapidly developing fibrosis. At still lower doses
death occurs at from I to 5 years. from pogressively infiltrating fibrosis. At 3 to 6 years carcino-
genic death ocurs accompanied by some fibrois Death at lowe doses and longer terms is still under
study. Figure 8 s a summary of morality esperleace. One plot represents Inital lung deposition, the
second As lugg burden at death exhibii gtw modes ot death. pulmonary failure and tumor. Not that
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emqizk of bng 11 1 at desih boad %in pubnmuy failue to a uuwmal lifeqma of the dog would
tzadkowt a "no lift Aotmbzg bduat of about 2ol/S SxrIolt doe otbu (tumwoCOPRM
$edft buda ofabut 0.1C1g.

4
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F4gur -3. Inltial Plutoniu deposGO an d Cnc at death for dogs (Ret 62)

How does one extraplate these data to man? Does one suggest that a similar concentration In
man wud have no Mfeshortanlng effect? Out man's lifetme to on the order of 5timn that of the
dog. Should we decrease -mnr's permissible burden by a factor of 5, to accouat for this difference
in life expectancy? Is thece perhaps a third component to this uwtallt burden curve that Will nOt
come to liHAt until we see results of low dose experIments?

Mwe burden based on tumor production (0.I nCi/g) when. extrapolated directly to man based on
lgmassyed 100) nCL The present perzxdsulle berden recommended or interred by the ICRPman

lOCFR2OIs l6nCi. We suppose the answer to all of these quL--tions is, "We don't Imow yet. 'And.

Ln tth, we have beo. unable to uncover striking evidene that Ivesent perinissible, lung burdens do
mwt represent safe levels. rU~kn.

What lferences does one see with the h%-her specific activity Pu-238 with respect to Pu-239?
For the same activity deposits. Pu-23 particlecoacentratlims are much lower than those of Pu-239.
One would expect to 8ee differences if only'because a larger volume of the lung, .Le. , more cells are.
at risk. In thece of Ia-239. 0corthseft yb blndtowsme unknomnexteat'd~zto,
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the h er eMr, longer range and higer specific activity photons emitted from Pu-238. Research
at Battelle has foud no significant i in mortality of rats and dogs at early times betwm
Fu-238 and Pu-239. Longer time experitmm are not complete.

Dr. Bair's conclusions in his sim of lectires In Japan (Ref 62) can be our summation of the
Battell- mortality stdlies. He stated- 'U our studiew, death caused by inhaled plutmium. .... has
always bern due to Irradiation of the pulmonary tissue and the resulting cardlopulmonary Insufficiency
and/or bronchiolo-alveolar carcinoma." Dr. Bair has lately found tumors in the lymphatic system
draining the lungs. A few of Dr. Bair's dogs contracted cancer of the lymph nodes but all of these
dop died of respiratory failure. The only conclusions he would draw were exprese during con-
versation as we discussed contamination limits. When discusing or calculations based on the pul-
momary lymphatic system, he suggested that it might be well to use the lymphatic system as the crit-
ical organ. If only because of the uncertainties involved in the *hoW field of man's response to pluto-
nium. alation-

Dags and Treatment

We now turn to research which is aimed at diagnosis and treatment of plutonium incident victims.
The questis are:

L How do we determine If a subject has a plutonium burdn? and

2. What can wedoabout It?

We point our discussion toward the weapons accident came although much of the dat results from
eyperience with manufactuing and processing plutonium In various forms.

Enposure can resu from an accident situation or can be chronic. The accident situation alerts
perommel to the probability of a hazardous deposition. Only good surveillance techniques guard
against the chronic depositions. Basic researcb In this area goes back to early work at LASL done to
establish health physics monitoring techniques for their workers In the Manhattan Project. Blo-assay
in the form of urine and f eces sampling was dememined to be a reasonable surveillance techique.
Data frM anImal e3cpermentation yielde the equation (Rat 64):.

Yu023 X -(standard caw 32%) (3)
where Yu 1 the daily uriue qssay expressed as a percent of initial deposition and X to the time of
samplln In days p Injectloa. These data are boned on Injected plutonium.

* Ajusuattbased oa urine sampling of laboratory persone led to the cxression..

Y. 0. 20 X-0. 74 (standarderrr 42%)(4

where Yu Is the adJuUtW urine yield. EquatLoa (4) epresents data through 1760 days pat deposalti

Feed axcreo daa ylelda

Y 0.63X (starAgrd ft= 28%)(

where V Is fecal yield.
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OmAnalysis of continuing LASL data Indicates high varianc in estimated body burdens WOse on urine
samplun arnd recommends trua 24 howr samples, or series at such amples sepaated by several
Weeks be taken when baportant decisions must be reache concerning bodly burdens. (R4Z 65).

71here Is a considerable volume of excretion data based on injected radionuclide&. For the inhal-
atlon, case, however, we must look to other data. especially where the radionuclide Inhaled is con-
sidered as "Insoluble". In the inhalation case dog fecal sampling yields higher levels of plutonium
excretion, generally by factors of over 100. We find that estimates of lung burdt bsdo fca

* sampling In the first few days is rather difficult. Moat of the uncertay is due to early clearance
from the lung to the G. L. tract by cliary action.

Afe -14 days fecal data show less variation sample to sampe thndoes urhr data (Ref. W6g

However, there are several reasons why fecal sampling Is not considered to be a preferred method
of assay. Generally, these reasons are related to diffculties in obtaining the sample and in Its
handlirg. There to considerable evidence that It should be employed where Important decisions might
be made as a result'of more exact determination of lung burden. When estimates must be made in the
first few days urine sampling is probably preferred if the sale to active enough to suggest good
counting statistica.

to 1965 lung model of the ICPP (Ref. 58) and Laugham's data cover~ing human excretion experi-
mentation (Ref. 64) are the basis for a theoetical approach to estimating Initial lung burdens for
Inhalation cases. Figure 4 repreoents the finding of this appoach In terms of urktary excetion of
plutonium for an initial lung burden of 1. 0 nCt as a function of time and particle site of the Inhaled
aerosol (Ref. 67). The author., suggest that urine sampling may be of Inadequate sensitivity for
smaller prticle aizes but that oa samplin my low to a n ovem"n -in sensitivity In lung bur-
dlen estimates.-

i~guc . hOrtical. Pltnu rnr xrto uves. (Ref. 67)
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One last mthod of haag burde tbmS is In vivo coating. Due to t sbnt rang it alpha

ameuclm-241P a decay product of Pu-24L Thw up=fI acity of amearicium Is a SAtction of t
ag. of fts batch of plutonum Involed In fth sample Knoredp ( oft Imsopc coanpoultlon of t
arWlglnualtonium batch ts also required (Ref. 62). Cwnlng fr lung burden, is mae More dWif-
cult - the cosamhlat is bioog&aly traulocazad to t lymphatc t w nn.Tese count system
are usually Associated with find facIdtes ad @helded roms. Of Inmans to t accidwetaio
Is a ptbb (about 200 lb.) sal-colacldece system claim~ing cepatltzlesn unshtelde failite
for resoable comfidmie at lung Ixwdmns of S.53 nd0, about me-thrd of a perm~ssble tanmg burden
(Ret. 61) This level compares well wfth capbilitie of fined Inteimoc In three cowtles (Refs.
69. 70.71).

Before proctedig to the subjet ot wreatmar of plutoniu depwos!n we should discus. the cas
Of Cocratflo of vocals. In the aeckmnt sItuatIon, partiulaly during seach and deaakto
periods, there Is a fair probability thatear so prasiwill, reevewou Injur-y. lUthe aria Is
coatamlnated, tewoun will Probably be contaminated also" Experience with wound CS5" has gm-.
awlly bet frm pocessig fac~Itiesand Inolve mt soubli end Inslube compound.. Inoluble
conipouwis exhbit little uptake Ink the systemic blood system Soluble compounds react In theopo

italto dIrectIon. Early urin sampllng, or focal where posalte, baa been used to estimate the deosi-
tion (ReL 72). A solid WtaO *uIc for wo6nd assay baa bee deveklud (Ret 73). Te systemoffers Such excellent resoltl v4 oft soft joalvfvdthtais phoo peascub

nmatedepthoe *a adepo" mslcubeuo

Once an eattimoof body deposdtton Wa been madewhat can we do to veduco. that btrdeu? Treat-
cmio orsdpnd nte tmz of of the total dwsti0 *tregALMa may -be geno&ly

Laq

ChemotheapqW Is repeaati by Urecnat. withteWlng Agene$# Cornvowso "Ac dwt
-met tc Cet*Ig tgeMtsu atbus EUTAO sad DIVA" bAve bws em~toyad wh OWA being the

apreferre - geg (Rt 74). IVA mayL stil be% retricted to the ntlmaaalt &U& itt LWe wider-_
ad00 *Who ato IsUmdetway to. relieve thus TcUxx. The chW -is tifocuvt to w4*1 th

ay fe $tocluim to" s . h iary ACtiOU, bonier, dtpmnd.g 00 th Ofaz ot MU i4rolrn the SY45
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SECTION VI
THE DEPOSITION. AND RETENTION OF INHALED

PLUTONIUM IN THE HUMAN BODY

LUNG

MW, a&volzw AM rmtza woW for ibhsitdw of a pagtomin aeo or plutooum -tearing
wenupuwW 4iutIs humid op the Atauuotz wi r.odix pcrfli by the. Task Gxoca tug
rywamtc. ftr Coamt 11 GE the Wwtuacou Cowzdas~r oo Rho~teu Pnncaim IR.!. 53,
A schesatl ot hura lung mitt Is ftim in Ftgwe 5. 14 this OUnL 01 trough 1% twe the psrca
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Da w 0afl2 + 43' , tD
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TABLE XI

CONSTANTS FOR USE WITH TM 1965 LUNG CLEARANCE MODEL FOR"' ?9--Ou2 .

Regio Process Biologia Half-Time RjOna1 Fracon

N-P a 4 mnutea 0.01

b 4 minutes a 99

T-P .1 lOminutes 0.01

d 10 minutes 0. 99

P e 500 days 0.05

f 24 hours 0.40

g 5W days "0. 40

.h 500 days 0.15

Lymph i 500 days 0.0

k = (Infinity) 0. 90
(Subject only to
radioactive decay)

No further attempt will be made to consider (j); however, a physiological -model for gastrointestinal
absorption has been made by Eve tRef. 83):

(k) represents the portion of the dust that is never cleared from the lymphatic aystem. The
biological half-time for this routine is infinity, so this process is not a clearance way; it is included
faw the sake of clarity.

The rate of change of the pulmonary lung burden for each of the four clearance processes can be
expressed in terms of diffcrential equations as foUows:

Burden rate of change (inpCI/ i) = Input - output (7)
dqe

df- = RCD5 fe - 'e qe (8)

dqf RCD5 If -Xf qf(9
dqf

dqg RCD5 fg- Xgqg 
(10)dt

dt - RCD5 th "hh

38



',w = reLsprafioi -raw, in m3/day

C = atr conc(ntration at any dme, in ClM 3n

4e~t qe % 6he lung burdens associated with the respective clearance pathways, in ACL

the eliniation rawe,fn-days- ,for the datan Table X,and are (n2)/bolog-

le, ff 'f&g fii the rag~onal dqoslA= fractios for Mhe: eq e pathways and are given inTaw 1XL

The respiratory Inpet is RC, Where the air coon~tntim, C, Is a decaying expenential that is

c = c ~ +(12)

X the air clearance rate constant (In 2)A(35 days) I-1 98x104Z dayg-l
(Ref. 30)

A the disintegration coustmn of the isotope being studied

Thehal-lie 239I Co the air concentration at t=0, L. e. , the start ?S4 he inhalation exposure.
ThJafAe 1 Ps 4, 360 years, so Xis= 7.90 x l('fdays'l. For Pu, XA> ), so Eq. (12)

reducesto C=Co e 'A. 5

Eq. (11) will be integrated as a samnplb and the Initial condition will be applied. The other equations
can be colved in -an. analogous method. Eq (11) can be rewritten, using Eq. (12) above, as

at-~ + hg= 1 %Q he XA (13)

*Eq. (13) can be multiplied -throughout by the integrating factor of e to give

e~ + )h Il) RCOD S XAht (14)

The left hand side of Eq. (14) Is a perfect differential, as

d(h dqh 15
dt (ol dt

Eq. (15) can be readily used to intaeate Eq. (14) with the result of

(% t fRO Sf -dt (16)
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- 0 , ii e'' (17)

where a is fth costat of int~atioui that will be demndfrom thC IUltW~ CGSOMM~f Of q 0 when
ttOving

RC Dfh(8

-A t 'h -)A
L;, (17) elmtdmnbe multiplied by e to get %asa fucdon oftime as

RCOD~f xht)
0te (19)

~- <~'In a similar fashion, the other burdens can be obtained and are:

s-f -e(0

7eA

qf()=RC D~f f (e At 0 eft (21)

q(t) lCEf (e~A e)g) (22M
g A

The pulmonary lung burden, q, (t), to the suan of Eqs. (19), (20), (21) and (22) as

.~C .~ .~A .. . p t) I. + qg~A (t) + fgM ((23g)

oS~ Ae ffA

h0 aAA -de ae.Ths

If0



* With -the use of Eq. (25), the lung bwmeqaon bcoum

" ' (0 1)f I"eA +t ) 110 5  I e.1 (26)

-wle iial i r ciCt &-  ct is r . . ated to the initia surface raton S trto Oh

<. 0.
Co k so (27)

whWO~lS~iJCI/li 5infl Th ofqa.(26) u(27). da

fh)(t).. .R) f f (e ~A eX t1(28)
* A1 -"A "

A Vraphical r{res ,ontatlo of Eq. (28) is sbown in Figurm 6, where on the left q (t)/R kS D Indays, and on the right .(t), inpC o(So =50 Pg/m'), is ploted against the time, t, fn. days. * (Note
tha the time-varying pXt, . e., thl portion within the brackets, Is plotted on the left versus the
time so that te Pulmonary burden qp can be obtained readily by multiplying the curve value by the
consteants R k S Da .) An Important feature of this curve is the relatively long time cce. One-halfof the maximum lung burden is attained in 26 days, the maximum lung burden is reached in 143 days,
and the madmum burden has decayed to one-half its value in 700 days. The expmotentlal tall follows
closely a curve with a 500-day half-time. It is very impotant to note that the time available for
clean-up operations is determined by the air clearance time (a value of 35 days was used in Fig. 6)
and in order to significantly reduce the total lung burden the clean -up must be done in the firstfew
weeks or the highr concentrated area must be evacuated for a few months.

Evacuation of the contaminated area can greatly reduce the barden and dose to the body, For ex-
ample, with the air clearance rate constant of AA = 1n2/35 days, If the contaminated area Is evacuated
for the first S5 days from the time t = 0, then the burden and dose will be 1/2 of the amount graphi-
cally portrayed in this study. If the vacuation is for 70 days, the burden and dose will be 1/4 of the
amount in this study. This halving of the burden and dose will continue for each additional half-time
of 35 days that the individual is removed from the contaminated area. This burden and dose decrease
is shown in Figure 7 where the relative burden and dose (as a fraction of the amount when there is no
evacuation) ti plated versus the e* d time in units of one half-time, T.

*The arbitary value of So =50 g/m 2 has been used In all graphical and tuar presentations.
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A lifetime In a contaminated area will be betwen 50 and 70 years. No significant error (less than
aftraititonof 1D s hducedt Wtime iexteded to inibily, Le. , let t - w. If this time

odonis imposed on Eq. (29), the infinite Wiedime dose, D~ CtPo, is found to be
~RkSoDs (f +f,+ f )  ff (0

__D__P+ -- "A L "

A 1ACi-day of exposure can be coavertea readily Into an exposure dose in rads, Dr , by using

D I  , 2.3 1 C (31)r-c Inm =5L1 m

1A where C = constant = 3 7 x 10 dlas-te2- atlns/sec/pCi

C 2 = coastat = 8. 64 x 104 sec/day

C3 = constant = 1. 6 x 10 "6 erg/MeV

C ostant z 100 erg/g/rad
4

E = energy of particles, in MeV per disintegration

m = weight of organ, in g

For239pu, the average alpha particle energy is 5. 15 MeV. so Sq. (31) becomes

DD 2. 63 x 1o0 . (32
r m

For the lung with a mass of 1000 g (this is the value of Standard Man from ReL 2) the relation between
rads and pQC - days is

D 0. 263D (33)
rp c,p

Fq.(30) ex ,as a dose in rads for a 1.000 g lung is

Q, 263RkS Ds I(\e g +

The respiration rate, R, and the pulmonary fraction, D., ajedirectly related p-arameters; i this
sttdy thee values are taken from Ref. 2 rou are R 2 ni /day and D. 5 r ft 25. 1) Is depVnent upwi
the particle size of the aerosol dust; the AMAD value used in this studg is 2 u-o.blaed n the experi -
wenabl data of OPERATION PLUMMMOI (Ref. 30).

The resuspension factor, k, vaijes mole tlys any other pararneter. As stated earlier, he most
widely quoted values for k are 10 to 10 in A very good discusstot of his factor and a numbar.
of values for it are given in Ref, 39. Such a wide variance in values for the resusponsion factor
has made the aecessity of chooaig a mumber proposed by die world's exports in this field, the late
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Dr. Wlj& H. Lan, am from tbz Los Alamos Scicaftc Laboratory, Los Alamos, New Mexidco, and
Dr. Ken Stewart &om the Atomic Weapoes Re ew sta~ie ament, Aldermaston, Berkshire,.
England. Both experts state that the value oi 0 m is apprWiate for accident situations, Lang-
ham in Re. 35 and persajpl c~mmuications, awl Stewart in Ref. 39 ad a. personal cmuiain
Thus, wewilluseka0" m . asinn Eq .).

With the constants used In Eq. (34), the result Is

D rop. = 0.0288 So (SO In pCi/rn2 ) (35)

when S s n Cim 2. Wtie use of Tinney's value as expressed2 in Eq. () (Ref. 84), where it
was s wnthat l6.Sg ofI -I Cl S. cmn be ePresad in . /m so that Eq. (35) becomes

Dr, po = 0. 0O176 So  In(S. inW ' (36)

Eq. (36) can be used to calculate the infinite lifetime dose to the lung when the surface contamination
is , owu; values for these calculations are given in Table XIL

Eq. (33) can be used In Eq. (29) to obtai the time-varyingb o to the lung. A plot of D in
rads m the left side and in rem 2a the rfiht side, versus the time, t, in days is shown inFigui's,
where the value of So w 50 pg/m was used. This gTaph shows that the lung dose Increases rapidly,
reaching one-half the maximum value in 551 days The maximum dose of 0. 089 reds is obtained in
about 6.300 days and remains constant thereaer for the life of the individuaL

LYMPHATIC SYSTEM

Another possibly critical organ Is the pulmuary lymphatic system, for which the diffeential
equaions are, based on Figure 5:

dq

dqic

whe I iut om lun =% with % rom (19)andy X.= X o q. (25)

.... a = n rate for route Wu an is l ( 2)/15oo days., so A fo 1 (2•5•

- ,real tracion for route 0) 0. 10

elimination rate ot route WIc and since the blalogical hall -tiame is lUdinity. x

-relmal feto ft ... ... 0. 90

] " " ': ': -- " .. .. ... ... | II I H l l I' 1 '" ' 1 1 I I " "14 5 '1 "" ' " " I I I la . .I .. . . .. ..
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Eq6 (37) ca be readiy integaed like PqAW (8) tbhwagh (W1) and wit t same Initial cendItLIc of
qa w0,wlanmtc=0o thereult is

S(t) A1,R 'A i e- xt -e 1 o (3 t

Eq. (38) reduceato 1

sinc Ak 0. 7we Integate fwm Of E%. (40*Ia. wit the ame Initial condition,

Qk(t) A A L (411

The total dos to hMe lymph nodes 184. which to te m war kiq. (OR) and (41).

uftt "1\ A t C~ t

0l XA A+'% I .

* rigt ,(uh InActl(S. w5-is sAt~sgelaaitheutme, z. in d4y9 rIMvhoC vc
lcngerllxae aleM* te Wag bur4Aa Ve tin te-h of the msflmWUM Vaow is reacheS in SAX daysa.
saWd the rnsdtnwn buden is talaai i bot 4.,100 dayo. Note &th rdnntepltoav

* lyfbt~t sywata lacreass with tln to Sa mAzufm Val,- in it re .ia1LUSatow hV tciwo h
individuaL

i s tine 90w- tO InfinitY (WA 4,100X dayO Li 9), the lywphw bunica awrvadie tho ayrn

Eq. ()gives the do"e to 6e crgaa, t bis "dose must gam erXced t vaha set owui lq, NcP 3
t~e 8) sd et 2,whwc ta&e tint the cipocure rjtde (ox tbe genra populgtafo shotuo cW eo

Q $rUm Per Yeas Th1doerwca be atodz esw em ate eamWbvQ rga bv
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where Qaallowable orga douse rate in rem/br. This nmber to bAsed an 0. Steinyr conerte to
arm s SO weeks per year#ad 168 bmot par meL

C *castat L 33 x 1 il~de/r

C aWMC C WOntMS deflned by E%(3)

q oCliwable dontto orgs. haaA

~SEEINRE) N] effecttve sinlsecctai pe oSLcAnepAmnof T'u=53wMV* RUEta

t eb, ni V26 McV R/i dirt bone (Ret 8&.

ramsof oc mIng

r4. (4S& solvtd for q. wth a limit of 0. 5 wulIyr, is

qS.17% at r fw uwwt bone } (tp

qLOS x10O iI lftfbide

Te mes of the pailrtzcsy 1yrnO system to210 g (((e& i. 87 U) 8. soo the aSow~m of xtloum
b te ulxwury ymh nde U wit rrelt dwi it gao WnhAtiU .400"bl VAMaI40o"m

14(07 can * &It 4 0 twt wh 1*ie Ai 4A (Th. the sarLl tszhuta

11Atcga itak 14,(44, vu w 0atueol a 3 U4 cim

~~t at S r ia Sqs JA. ad 00~ Ae~ -~ev~e~znbnbcwtem~

Ebte psmaoaxy. lqitlatt 9VM ta. Inf t0a Say*r paws w1kthe to conskkrieg doc to the

of 1$UtI;6 2001 Z. sinc tbe -telhs wdt b& Izn4awM tikey 4 14-0% aaou t u Ptt m
* t'~ocxk aM Thus IM ewrj zwa w t~t awe mass thee thu ot ther lyraj * okstcxwv

(Md.8*. Withth tdw~au s W;PosS b fani atM 04 I value Of 4 cOcXAS I 14 q(47)
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Is Incased to L(6 05xo0" PCI. with fth too& tha the cowpaed value of So isi=W

The Urn-varying dose to the lymVhati sYWaf. U * can be obtained by Integating Eq. (43) as

cco

tX N ' x x it-
D~ft0dk1(0D e

(52)

fm,(3}t the tymp*uttc syaw.m with a mw ato 2JO g0 is

Ap ~ ~-ttAD trsablfeinrgv~iWthe rit, vuersus thetOme. t, in days. to ahowugotg e O V in a t le ft W. I wari us Thin grpio shows hat the Iyrioatic
day ** A**l very vtny a a:s tieW mfx ae bftvokd #000) 4a Oa-halt
uMel0ie~r 40se is tamat &I ro day.43S& 9 y48X ThU 30vAr do s l0 A 30 ral

* E (46)c betWawdceem1Wax* 41m d"aOtttht vWaauwaovtd$v~mo to ay
*~~~ isZa fcw~aug (orftIm.Awirch tiUwx*e O c tboewacisq~t,~Q pf.ie

at cqtnpla Wt a vlowwm b thetal *.A W, PLTug

N4*ot *a we bUAWs £4 thelxWag is artmdta) t~A nmzxwri. bwdai fotot AL few days, u4 ac wulh
epaczabe IrdaIsinl the siAatr= kv~ -s -*hat p~stat ti Ue. Ume uuabe coampumd to. kq..

(54) ia 4sflnltd ccxndvou .

It*e cgotsamx (A 14 I&4 ca b IA~m mztt svbsuatUt by compu4 the 'ivcr4c" lung bizdu
Ftwa. 6 obon tht W tag nadim Sts tzaxirnw Wrde, W 143dase thtn eop~cicmtly Wsi
*t wo ax) ITe tol Wtfl&i Uts~mc dose cu~ak a i~th 1N U 3I A 0 %110£ PCI doys. The*
Srsp$ la V4,#a 8 vgiews OWa ace-ha il he , Inla Ulfatstw &-* or kt M5 S; tA xyeiacb
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5.S O 5.27P/ 85.9 -(55)

These calculaions shaw that the lymph system is not as rad i-xion critical as is tho lung, This
conclusion Is suppoiced by Morga~u who states. that the ner, Task Group on -Zung Dynaadncs (this
group will present the new physiological lung model in 1973 - see.-the Appntdlx for details of this
model - which If; similar to the. one used in Fig, 5) has decided not to use the pulmonary lymph
nodes as the critical'body organ be cause animal studies and'limited human e.pwece do-not suggest
this is the more critical tissue in terms of carciogenesis (Pe. 90).:- In the very.'extensie olutonium
inhalation studies of Bair with Beagle dogs, 110 dog W~a ever died because of dancezoils lyimph nodes&

Afew dogs did develop cancer in the lymphatic system but all of the"e 'ogs died of , iesratory fal-
ure, indicating that the lung li the most critical organ and not the lymph nodes (ReL 61)*

BLOOD (LIVER:MiD BONE)

Other crititcal organs such as the) iver and boqe-will now be considered. The amount reachI&S
these organs is -dependent upon the total -amount Inhaed, q, wbhb ver an 1nt*Ufetlme is.

t RC
q1RC=RC 0t -1010 PCi (560

Of this total amount, the fraction D3 goes into the nasopharynx region, D 4 into the trcheohroy,-thial
reglon, and D ,into the pulmonary region. For the 2 um particle under consideration, thegrp
in Figure 13 ol Ref. 58 gives a value, of D =0. 50, the words in Ref. 58 state that D) = 0. 08, 'and
Figure 14 therein gives D 0.a 25. The 2learance pathways (a) and (c) from the nastpharynx and
tracheubronchial regions, 5respectilely, transport 0. 01 of the amounts deposited Inthese regions
directly to the blood. However, these amounts transported to the blood by- this means are not well
known as there is doubt about the validity Uf the 0. 01 numbers, as well as about D 3, which Snyder
states is 0. 25 (Ref. 89). Thus, these two routes Into the blood will be neglected, since the maximum.
error introduced is less than 60 peraent of the amont entering the blood from the pulmonary region
(using the constants In Table XI, the amount that enters the blood from these two routes is 5. 86 C0
PCI whie that which enters from the pulmonary region, shown in subsequent calculations, Is 9. 84C 0
PCI). The amount -that reaches the pulmonary compartment Is'252 Co PCI., of which 0. 40, or 1 l01
PCI, is travaported immediately via (f) to the gastrointee~inal tract. The remaining amount of
151C0 PCi stays In the pulmonary region for a long period of time, as the biological half tllsfor
thne remaiing three expulsion routes are all 500 days.

The differential equations that explain the blood input can readily be et up-and are

dt (57)

dq X1~ Fq5

SThere remains the possibility that due to the longer lifetime of man in -relation to the dlog that the
lymphatic system involvement migimt become a concern aftcr long periods of relatively -mall- iitial.
lung burdens.
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wbeM q~ bmrdn =althe Mlood via ro=t (e)

= 2mwenentrig heblood VIA rome (1)

f = ractlo-that remain In tba-pulmacuary- c parmnet for a 500-day biological hbaf-
tEAF.=f+f +fL=O60

Noe that there are no eretion routea for Eqs. (57) aW (58), as the blood (in the liver and the
-bpe) Vetains. ft pldumoim lta y. A A =As asthese routes all have bi ologcal half-times of 500 days. 7Ue e xresslaw for hand q, ar o olaed from Eqs. (20) and (39), respectvely.P~q&(57)and(8 can be Intaoated lie M With O.

RCD 'Ae D t -re ")At
o 5Ffe A,____+1__

"A'6 (59)
RoS)=i ..1 A le A"

± + - +

7be blood :burden %(t), is the sum of Eqs. (59) and,(60) -md Is

RcD F A~ -Ae At 2-A t \AtR o5 F 
f _x

t)) f +

1. Aft 61

RCDSF
05 (e j 9.84 IUCI

'A (fe(62)
A plot 6 fq. (61) is given i Figure 11, where on.the 1ef %(t) XA/.RkS 15DsF, a dlme4slonless

quantity, and on Ae rgh %(t), lupCi (So yM g/m2) Is plotted against the time, t. in daya. This
curve has a very long timescale similar to that 0 the pulmonlar lymphatlc system. One-half of themaxmum value to reached-in 683 days, and the maijmumw burden is reached in abut 5.00 days.Tha blood burden, like the lymphatic burden, Increases with -time -to a. moxlmur value .where Itremains for the lmItime ofthe ifivtdual.
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A commouly used aswmptan bdu thtme-balf of the amowat of the blood bmdwa goes to he liver
fth cowr half gieeotlw oihrsrewtvesmmum iwdon oft4 92 C0 PCL

;SQ Qgwhw SS14meeu~dn t d pAum (L 0. the o& MVl-tme is Infinity)

25 6 zx 10 daysj ~Texp to emb o da olsptho mAmL 26 z IM',C-days. _For
9 uaW wfth momse 01 thea Urn -:4ho (dft Inmg L7 kj ant 10 kg (Ref. 35), vepectve-

ly. 4 -(32) s be =se to a~w fh vt thes -~foiPidays tords e

Crrads %raa t

Inq (1) can

0 reswhebeeA-02.6 D Ibmsw~ebmg

The~ ~~t dnie-ayln dLr x19os&to the lie adbnecnbeotindb 1aatn 31 (6-1),C an t

copret ac using qps.t h lung 64):102s adVetS si-Pm.Sq a
be~~__________ as so tot 41 t2add teogn xowsae1 0x.IOS st tlvrpip"~5RSD5  1 -~~

0. l15 , 5) (eSDS -1 (A _1 e~~~~At
1 )A +f t

x2( (ei' (65)1)f

+2( .) 1 ( -1(65)____

~_A t A-Alt

1A
XjDS f A (0( -1) +LeJ.26 (0. J"(66
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Thu pas of D 1and D . rW on the h~lt and in remi on the right, versus fl u time, t, in
dayst an poMW 1'pres mid 13, r~uipcctively, where the value of k 50 Pg/m was used.

The liv and bow doses rise very slowly and increase linearly with time beyond abou 5, 000 days.
One-halt a the 70-year dose is reched at 13,24 days (36.3 yearal. The 70-year dose for the liver
Is 0. C58 rat vWl that for the bone o 0. 0098 red&

In compari1 the organ doce cwives, one should note tha the dose to the liver, bone, and lymphatic
systeta is .deliverid in 70 years, while the majority of the dose to the lung is delivered In less than
10 yea,.

Ta maximum allowable cdclnuoue dose to the liver and bone is, using Eqs. (45) and (46), 8. 96
x 1o"4 PCI for the lIter and L 05 x i0 3 pCi for the bone. The maximum burden in each of these
organs is 4. 92 x 10S S0 PCI socomputc4 values for the allownble So are 182 PCi/m 2 (2970 pg/m
Owthe liver and 214 PCI/mW (3, 490 Pg/mA for the bone. Obw)usly, these values for So are so high
that the plutonium burden received by hwe orgns is very low in-comparison to what doses these
Orgarnsmay s afely receive.

In Table XII are tabulated the doses given to the lung, lymphatic system, liver, ad bone for
ithn surfac concentratas of 5, 10, 50, 100, 500, 1, 000, 5, 000 and 10, 000 Pg/mr. Also given are

-the Judgment values which are empirical numbers for which there is no expectation of biological con-
sequaces based on animal d-za and a small amount of human data. The NCRP reduced these judgment
values by a factor of 10 to take care of uncertainties; judgment and NCRP values are not given for the
lumphatic system. Even with a 60 percent increase in the liver and bone burdens, the liver becomes

as critical as the lung-but the bone is still the least critical of these three organs.

TABLE XII

LIFETIME ORGAN DOSES FOR AN AREA CONTAMINATED WITH
239ptO 2 PLUS JUDGMENT AND NCRP VALUES (1965 Lung Model)

Initial Surface Lifetirme accumulated organ dose, reds
Contalatlan, so Lymphatic

Pgrnsystemn Liver Bone

S 0.009 0.034 0.006 0.001

10 0.018 0.17 0. 012 0.002

50 0.09 0. 34 0.06 0.01

t00 0.18 L 7 0.12 0.02

500 0.9 34 0.6 0.1

1,000 1.8 17 1.2 0.2

S,000 9 34 6 1

10,000 18 170 12 2

. ..... I



TABLE X9I (COuW)

Inal Z~Ime accumulate Org= dose, reds

p/2L=ng System Liver Bone

too0 100 50

10 105

'judgment values ftr exposure to thre of the critical organs for which there is no expectation of
4,', biplogica e based on animal and human data (Ref. 35

''NCR? values are %.1 thoae o-t eJudgment values (Ref. 35).

Another important quantity that must be considered is the dose rawe, in rem/yr. for each of the
:fourorgans In Table XIII are listed the ora dose rates, for an initilt surface -cnainto of
So .5So pg/r 2, based an !he 1965 physiological lung modeL Both NCRP and ICRP reference values
are give& - Note that the initial dose rate to the lung is the largest dose rate received by any organ
at any time. When an "average" value of backgomn radiation is added to the lung dose rate for
So-5 So /rn2, the total eposure rateapore the amount suggested by NCRP as the limit.

A parameter of great importance is the air clearance rate constant, X The only experimental
data for a value of X A were obtained on OPERATIN PLUMEBOBD and OPEATXON; ROLLER COASTER,
Wbict value Is aplcbeto the windy and arid terrain of the Nevada desert No recent experimental
data is avalle, but there may be different values for differeet climatic and soil conditions. To
this aid. a computer study was made to determine the effect on the body organs of diferent values
of X~ In Table XIV are summarized the effects on the body organs for valo~ values of X The

resare self-explanawoy.
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;; 4 TABLE Xli

4~~ ORGAN DOSE RATES OBTAINED FROM AN AREA CONTAMINATED WITH

* vwPLS NWa AND ICM VALUES (1965 Lamg MOWel
Orga Dan R" BRn/Yr

law ~ weblc yam iveBone

CL1 033 0 (DP2 M 0011 0.0097

Q- 02t- 0.027 0.03 ow a030

2-02 0.14 CL.037 0.0052 m 00W
3-4003 -'6 Ss 0.0064 0.0054

*4-5 CL05 a"04 Q0071 Q.0060

5-6 0.030 0.ON CL0076 0.0065

6-7 0.018 M 069 M 0079 0.0068

7-6 %oil1 0.01) M0082 0. W69

V9-10 0.006 0.050 0.0083 0.0(171
10110.600.050100084 0.0071

12453 0.0014 O06 a 00s Q00072

13-14 0.0009 0500.0085 0.00D72

14-15 t0g6m 0.060 %.0085 M 0072
15-20 0.00 mw50.4 06036

20-2 0.001 (.25 0.043 .3
-254 Ol0 2.5 o1043 Q.056

42 0-40 00.086 a-0W2

40-SO a_) (so a 08 0-72

50-60 %Q so5 &.W6 a -072

164-70 e0 %50 C4 086 a 072

tiCRP 39(Rdf85) %1.5 CL 5 .5 05:

101W Pub. No. 9.
4' I(RtL91) 1.5 1S.5

Good v" alu "awtago" wanldwkle bo4roumd 0. 1 - 0. 12raycx (Rd.L b
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TABLE XIV

EFFECT ON THE DY ORGANS FOR DIFFER2N3T AIR CLAACE. RATES

Item 0.6931ff0.931i6314
PulrAmMsy MA bumde= - PCI 3 SIuEF 6 - % 0 Ljd
LUG Time to ma budt-

days 143 230 s 5
Time to / omm
batdmx-daya 26 4 37
70-yr buwdmn- PCI m'0 0ow -00
Ma doe" "at-rnm/yx 0. 312 M.531 080W6 L 18
Yroftmaz. doerT" 0-1 041-2 1-2
7O-yr dou-e-m Mw88 L 77 2.66 &.54
Tim to 1/2lof 70-yrdo&a-

Lymphsl um lardi - PCI 1.051 3.O 14 owtf .Wn
Sysna Tim to max luxt-

d&YU 4,100 3.60 4.M0 5.1(0
TIme (d V2c at bx"d-

M 613 60

&U&"M 3re-an/ %am50 0.10 IOmC 151 0.10)
Yx faz on"o tuYO l~tlrul Ut7O IudsulO

70r4-swn3 -6. U10.24 MU.

Now mmt bwdu - PCI (6 9.0MGlc 1. 1r 4

Thnsttow" bwd4a-ys 4 , S -

"ry 485 M 1ox.1 L W*
lb-yr .u~ :- P11C 3.15 90m

Yr 9 M 4W tA 2M00 13 kC 70-rlO'Ul 9Az 3.4
-to aaw-w " -

10-1v 4am.ron 0.51 .014 L-1L 296

days15.64 134210 149296 I1*0



SECTION VI

FOREIGN PLUTONIUM DECONTAMINATION STANDARDS

Some boutDg Ot MOMarS 10- they an e"Atabhad by ftrtp jur~adtckus i fltt h
seaunds the an ronal teo e omo mac 4l as lmilceons of wha presez £a-peAi saada

it the smch for foeetp uzedrds, euaas was placed ani contat wefl u. s. govexwna
agmcis vb utw W r ow"" co aP wit countman t dd m policy for their agaictes
nows oomcf w=r LCcSS4t4 in jwokltg toad cM"=cci ivg d s vrefnsces to fnclp log8-
Wioc ad r,3e cmorlog apta and/or ptaatzm ccnamlsatta I(Ref. 91, *2. 9&. 94) tauxv
presets a aainy ttotdna Itmta trm wee rcuwa

1*ct tha moa of tto bitxtc gpatul ropaet cmtnrtoaaevls~1d aW~ltl to lahoa-
to cwuliat ad xwA to "emfrocWcj real oAsu " We hwoe flt s*me lent. umder the hea-

t~t 'tbminn lvohtate Ares." We rep~rt 1huRees aw haag eSble Lfee fr the
"f~Xtvuw eta teal so", c'tmsVeatilc u WcA*y to ame to ctr kabWty to fulY

In.PA 4.0 naaanth "~ to a*f;Ctt "Acttve' *xun hrtde daigs rcotu omofi e. mmshsa-

apwcn 'atn howsdat of wcla* fawtkla We tave ibAu o I4otac cwvelcg tie calculi-
U'o4 .apvtcy$ to dcF~tdwa wAtsalmnk If =n Ituaje. *sinclal off-u*titee Mvnm 4 

aovtn ponwo& w 0adtoQl-L 63haJm alsdVtiu4chuoukMbW uuhaWua
14M bn*cix In a axes4d"O t trW

Buad, tank ontd in W 10ttt X Is acocapnad by the daWte of e re4tsnc 14 uftich It W"r
fkIft" The -Ptn 11 levid ehoso uober the t4ju~ &4t~ttCyW41Antic a"OAxea

t~t~t*tinragot aaun~sIa hatcat~cfu~ vaious vuw or tacun.e
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SECTION VI1

RE-DUCTION OF PLUTONIUM CONTAMINATION HAZARD
INTRODUON

This aectla oi the stud y deai wi'Iwppedlnga uter the-occurrenceor a luaiwni conzaxni-
DatOW incMgt 'We have used the term "MWcu'ton in tbe dtie rather than "dcataminatmy be-owesw the *nme term Is broader in scope, and the poattcimt requirements are crtaiwy Ifl0drrcArlng the uwfat of a number of spcate.AclWaay, wtea we Speak Of emmzminatiwa wesut n t6at the term to relative, there being variou level of cantakanom in ay cas low-

are seldm ae to elmiaae it slurely.

Whe th no p~ta~um ucla~roccruthe dl be Coaaider4abe pressure to take the ccctami -.sl~ lve toinc 1Vas U the Ie! I reded to Me that w 6Mdtecte, theta will Is ttiowtVWil MlO Weanuataftmt. We rae. this upte to VOWt tWsjdWUtas tttr because they affwt the
firt Y~otmt c~f4~ocotioig ooamlann o te ncu40t envinzunct 11aW is, whataOt Cic aM-fU=' i4resnui wton1 the0 effoa is= 1Wlte Tha nei1i0 will impsct w os

c04tsinketo el Mt1 the IneC tx-aldaat setow tactsWo -mutxtlo,*- ea : a, eoh the rV-
ins ha Th~tnt&tn~ rSwAwo tha was universaly nicmumAsi nw- that niolowa.tr

tow uatWal wit a level abWet Zhu~ &$e t~v~z&i~

A ncn) 6zi~oft~ui~attx dntaltw 't~aore. twav Or tttwq me&& tty~fow thewutt s14,~ L enae WAn deftaw -tha owe ecre ennrocment be (reated as that wornt casc,'W, viw4t f tn etat 14 tW ha LtAuza %V0c 1.s xwuapesidd nau3 a bc izthWt& P1,A0-hhkAm
t n t I01 e~tek ~ A= sapl Uc ( 1 ,&I thero-,~Qtl~t~i *4WJn.atOW M~n heav ~~e eml o4 e to requate thatu tthrwo~rm

4 conW*Wta .Xs tic VW W the whol erca. Or tltv'"worsk Ca400, fyo-W o bt too Acup4t ih olnpadwe f~tt i~c to tt ohert~vr

at tha"c ; s d soil tam-p~ isAt a twkv-tp "zY Ut Pauaax (Ret %4).
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DEINNGMh PROBLEM ''

- - ~When thet Brea axe out &Wd the-BOD activites hve bumn completed, surveys to determine the
extent of radiactve cmitwntnatiaa must be ujideaken with credible hate, Some survey work
wfil already bave been acconipiabed, primaRiy to determine if fision products are involved in the
incident Ad to provide health physics support to HOD) and othe early accident response personnel.
1Te survey should Biret estatlish these areas of muximum contamdnatio. Action should be taken ap
w&xm as poasle to teiporatlly fix the c-taian In these area to their surfaces. In at least
we previous Incident, the final cleanup was mades consqderaly aediffcult becaus early fixing
wW lt c6Myed

I'h agcls Ivoledin negiaion will be very Interesed in siurvey methods and determlnatlons.
Thex itexst ay ncudedeare or atiipt~o IntheSuzey.Ifsatiefaory control can be Main-

tained ever- title mixed survey form thde On-Scene Commander should consider opering in tis way.
j Od~~-mites tend to become more craile "n nogotlsrlona Iesms heated whon owee own personnel

are mt Mlve Care* must be caemlsed to assue that the joint atrvey.. if emp~loyed, does unoc develop
!dto a caaap~lon betwee agencies

W- have dlled a, deterinuation of ground or surface vt'otiinaxion, We mast rem.mbn air-
borne cctaninstloa is the hward Provlsloa sttuhi be made far early placmneac' at air saipflig

&evice&. Correttqacementd rhoa sa os io vital.

The variance ted In'wol! samples has sises4 hea discussed4 nie lxdratloa gakued b-orn the

ram-Wes" hawrever, win: probably coustitit the'io me dcieruastr in eotcb -ag tha he requirod
dcci-acAn a- eCat h"n b=~ eWoal& samples hold 'ob tae d urig ntial stzrvoy Work

flierc W.e o0ar type ofurv C ta shoulde tadA as soon as arraniatnwtss can o u o
VAxcW, e 0=dl 0ae Ir theti o the Inc cWet rayha~veac"cusmjtata igififlw pluonium, lx~dcns
w.a IVon U ts~ wr uwte ady Inth aea Prompt wwto- &W n~ persofe t"rey wtll phexmft~

L -sctceewih A numrber Of sw1derniS Vk 14aiford ivocmmt c-orrektiett botween thoo activity
d o *M4 smtar. ",d W cvW tatl 5a1-41n x in1 vt'1 G tag oung tia Tid *wk has le'd to a
5* ot "ricera W~ We usd hi rcDtwonian problM iates and In (allow up UmntoriniWL Act Table
%VII wkas the critnia.

Table XVIII (Rt 96) 1lists the type of dnta wich ice rbquired to IncSe the rollalAlky of
ntnxxa uah bka Ceduks." Eacah of fth itams Ca= add to the assuraace of rime omaic.

S011 samplig vui ilo-znlyaisu s wll tot I* aviaibe at the ittcrt sito for a conaldoratlo
ptit Mrma,9 naoeds vm Service asuv 4yan'arts rcqulir ant re s for cheical deter -

iddM ta " waatklods Ill 4.1 several dAys qtthe figure.AdfoclrmeI ootmx
to uznpe ptporadoo aW ruscatn A rea problem eiss lit assring that samples, out c a.
are not Caminat61 fiaO.en as a result 4i handling.
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TABLE XVII

CRITERIA FOR SCHEDULING FECES SAMPLES

Schedule

1. Obtain five daily fecal samples within the farst 7 days past intake If any of the
following situations occur:

a. Nasal smears exceed 500 dis/mIn,

b 100 < nasal smears < 50 0 is/min and a duration > 5 min,

c. 5 -nasal smears < 100 dis/nl and -OSUr duration , 30 .n,

d. Exposure to fumes from-,afire,

Air sample reewlts em d 2 x ,10 YCL/C fo An 8-h p=1od and axposure
duration> 1 hr.

2. Obtain one fecal sample on tho w day po.At -ft,, any of the following
situations occur:

a. Nasal smears are poltive but do, not m.etcrk ,wcia in Schedule 1,

b. Any other person in the -same inWc.nt mets the -iteria in Schedule 1,

c. A.r sample results exceed 2 x IO411PCI/cc an 8-lix'period,

d. Wide-spread skin contaminati-on-in a dry -fprm or faclacontmiation
1000 diu/inn

e. Clothing contaminaton in a dry form > 500.0 dis/mn,

t Possible plutonium inhalation is upected for other reans.

3. Obtain two fecal sanmples at p iods . 10 days post incident:

Obtain samples to coincide with positive lung counter examinations preferably
following two days off of work on the 15th and 30th days post intake. Schedule at
approximately montlly Intervals thereafter provided that data usefui for evaluation
are obtained.

TABLE XVIII

TYPES OF DATA WHICH MAY BE COLLECTED FOR PLUTONIUM INHALATION INCIDENTS

1. Urine analysis. 6, Solubillty of the aerosol.
2. Feces analysis. 7. ParWcle size (air samples-nasal smears).
3. In-vivo examination. 8. Nasal and skin contamination activity.
4. Isotopic composition and Pu alpha/Am 9. Concenration of plutonium aerosol.

-241 alpha ratmo .10. I)uration of expocure.
5. Chemical form of the aerosol. 11. Other details of incident.

6



CONTAMINATION CONTROL

The operatons previuly discussed are tse crried oo by taLed psonel avalable in e-
spcis teams. Their training has Inldted not only that qpecfic to patcular Instruments and

controL Ctmwmnaon controlInc e all t se and opertons uAd-Wa 0to keep -

-d otmuon within the original area of concer.M oej tprsnli tecaupw c
force will not be trained in ctm t cnrL -Calderablaffot muw, be expeade initially

and must cotiUe during decoam~atwon efforts to amw~a Ois wak force lIarns
ad Mascontawmi~n inU xcdM

~~ I ~ The incident response teams that form the decqntainlzatc fce nuc~eis bave been: thorughly
trained in contamination conroL The C-Scene Commandesould rely ontis cadre to train other
-pesowiel =nd mnitor their actions He mufst rm behw ztatas pcsbnnel be,,oine -moe
familiar with fth hazards and procedures Involved ttay wil M r l become'lax. H Ie must he cn
UoaUyoi: te.alat for signs of- tlances-sdM- keavlng h to :ktAp *It at a_t um.

The procedures Lnvolved in maintenance of the t1t Line", the kndary ot thecntInated ara,

and i ess -ovt and work foce deconta n when lavt-g *e comi nated area must be ad-
hered to. They may appear to be time co sniand, in the -laterotages- of the operation, loe:s
necessary. They are not A considerable amon t of contaudon to. Work clothing during
the rubby work of area decontamination. ReLgton. of contagOtion control and "Hotc Line" pro-
cedures is the surest way to spread unwanted contaminadon and occasion a larger decontamination
problem in the end. The problem, of course, -creases If this spead should extend Io previously
uncontaminated and populated civilian areas.

PUBLIC INFORMATION

Public aff-irs guidance with respect to nuclear accidents Is contained in DOD Instrwu on 5230.16
(Ref. 97). We will not dwell on-these procedures here except to point out that the On-Scene
Commander must recognize that requests and demands for -Information will be extensive In number
a In depth. A Public Information Officer is geueraIly included In the response force -staf-

METHODS OF DECONTAvNATION

As noted previously, the faster that thu clean-up operatlons are accomplished after the nuclear
weapon accident, the less wLtl be the maximum lung buden.. This fact is graphically portrayed In
.1gure 6 which shows that the lung burden curve rises very rapidly and reaches half the maximum
i-ue In 26 days. Thus, fast and efficient decontamination methods will greatly benefit the well-

being ot individuals in the contamunaed area.

Fx ieronce is shown when the dec'ntamination Is handledby experts that most contaminated
s amA -es can be rtored to normal use. As great a valiety of possible circumstances surround
each ..ontamLat±:Po bacldent as there are methods to decontaminate the affected regions. lh fact,
many times a cutbriton of decontamination methods are used. The reader is referred to Rets. 98
and 59 whtch glvt, abstracts of hundreds of general decontamination methods. Some of these de-
coatanthtor, methods for hard surfaces and land areas with their respeLtive efficiencies (these
have vi been caken from Laugham in Ref. 35) are given below. Note that :A all decontamination
effcs, crxefu.wxAsldcration must be given to proper disposal of the contaminated waste.
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Hiwd Surfaces

W~wemdhodn vacuum cleaning, and steam cleamin are some metirods used to deotm
Innad SM&Ov eM efficm-es ft these methods ix vir laus suriace are given In Table )X

'Water - A wate muck tha can produce a water sMeaz at a pres.-ure of 200 to 400 psi is used
bw (1) -plain water bosliWg, (2) water hosing and smrubbng& (3) hosing with Ilpercenit (by weight)
comnwcaddetegei" and watm, solution, or (4):detarguit soluton hosing followed by scrubW.-r4 and
rinse.

Sandblauting - in this operation the surface Is removed, so sandhlainlg should be used only when
ate ethods are Tweal he loose ro idw. czeated must be collected somehow, as by vac-

m cleanin&

Vacuum Cleaning - In eftuatloes wtva-e water coa-tbe practically usec, then vacuum cleaning
* may be suitable. In this metd Wwlabe fitars must be placed. over teexhaust to prevent resus -

pension of the conitaminant blowing through the cleaner.

Steam Cleaning - Greasy or oily surfaces niay be cleaned best wit the lose of steam cleauers.

Land Areas (See also Refs.10 nd0)

Some methods for fixation and/or docoiiwtailon of land areas are plowing, scrsping, oiling,
* oiling wAi scrap~ng, wettin down wfth water and iscraping, or flooding-with water. The efficiencies

for thse metods are given in Table XX.

PiwIng - Plowing-to a depth of 12 inches will ensue adequate nuxIng and burial of the contaminant.

Scrapin o h top 2 inches of the soil may be removed.

Oiling - An oll-dlstrlbution truck may be used to spread a rapid cure oil, like RC -0. over the
decontaminated arma A seibadne uface is formed within 24 hours.

* Oilig andScrapng - he oiling procedure outlined above canbhe followed yasrpnpocde

whereby the hardaew oU crust is scraped and removed.

Wetting Down with Water and Scraping - Wetting down Nrith about 0. 3 inch of water will tend
to temporarily fix the contamnant and permit its removal by scraping without excessive resuspension
Of the cantaminant.

* Flooding with Water - Flooding with large amounts of water to 1 inch or more will accelorate
tho natural wathe jg action and tend to leach the contaminant into the soil, thus reducing the amount
of contatuaaat available Wf rosuspension into the air.
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TAKIAE XIX

PERCEW ,EFFICIENCUS FM VAROUS HARD SURACE DECONTAMIN ON METHODS
(ReOL 35)

Metbod (% cfficlemcy)
'High Biwa
pressure igh press re

High water Preasure wOW and
Twessure with wa & adetegM Sand Steam

material Vacuum water cxub detergent with scrub blasting cleaning

Gig" 98 99 97 100 00 7

Stucco 48 97 95 95 99 100 27

PaIntd wood 99 98 96 99 99 100 91

U alminted wood 36 8b 93 99 95 99 85
Aluminum 89 99 97 99 100 98 84

Plate goe 93 97 94 100 98 99 91

Asbestm shingles 61 99 98 96 99 100 63

Unpavled wood
shingles 61 97 90 95 97 99 71

Brick 29 99 99 99 99 99 97

Tar pper 55 98 95 95 -96 99- 52

Corrgated gal-
vanib, Aroofigg 69 99 97 99 99 100 85

Hig ay phalt 32 99 96 99 99 99 44
(2 it2)
H Y t-asphlt

(o ft) 72 92 94 98 96 92 22

Sead tophalt
(2k') 71 98 90 100 99 99 84
Sealeo asphalt
(10 ftA) 64 90 82 96 97 90 48

Steel trowel
cuicet(2ft 2) 74 98 - 96 99 100

Steel trowel
concrete (10 ft2) 78 97 - 98 98 27

Wood float concrete 99 92 100 97 100 65
( ft2 )
Wood float
concrete (10 ft 2) 56 97 98 98 98 85
Average of all
surfaces 66 96 94 98 98 98 67
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TABLE XX

LAND AREA FIXATION AND/OR DECONTAMINATION EFFICIENCIES (Ref. 35)

Activity present

Metho for roundMean initial Mean final Efcec

decontamination __________ _________cen

Plowing 820D 140 98

Oi and scrape 4200 80 98

Scrape 580 25 95

Water (0.3 in) and scrape 1400 100 93

Oil (RC-O road ol) 1000 100 89

Flooding with water (1. 0in.) 1600 225 85

Water-Fedl solution(a 3 in.) 4000 630 843

DIsking 3000 730 76

SUMMARY

The information covered In this section Is not intended to provide a check list concerning all the
actions and proceduxes of a decontamination operation. We feel that each Incident will have its
peculiarities and that those must be attended to as they surface. We have pointed toward general
problem areas that must be met and solved during most operations. We reiterate that the On -'Scene
Commander must be provided with a knowledigeable cadre of trained personnel. He must, in turn,
rely on this cadre for expert advice and opinion as the operation proceeds.

We suggest that the Services develop criteria for bio-assay require, ients in cases of wide area
piutonium contaminatiox. These criteria should be coordinated to facilitate Inter -Service support
as previously recommended In Section IV.

We recommend that DOD Instruction 5230. 16 be reviewed toward fostexing as open an information
policy as possible.
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APPENDIX A

M. W. & &Ydsr (Oak Ridg Natioal Laboratoryt Oak Ridge. Tennesse) and Dr. Paul Morow
(Unimolty of Rocheser School of Mdne and Dentistry) have indy ornanrd to fis thS team
wih t vae of the propose counnae *r Clas Y cemounds ( lnolu& conipamda with Wang
attic times lIke plutwh) for the 1973 pbyslo lolung modeL These cccstznas are given
In TAW. XXt Note that the constionts for the pulmouny portion of the lung are the same *a in the
1965 p# idW Iiiclukng modeL Tiewr alie&t chnges i the hal line for ft naphamand

traeorochfllregi~onsft helwg. Itatingot chmsge occu in tregloalfractions for the
* ~ Pwm tan n ypatic systemnis, uft fa t 1973 modal the values are I w 090 anW t, -. l0,whereas

In the 1965 antweeevaluwwa ie wI~ 0i154 -. 9 lote -- 'hl-~,frnt

The cliftorill epzalcm for the pulmonay region ate t same as in the 1%65 mod~el previously
dilscussed. o az4~ce the coustae no the sme, so al" ane the results.
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.1 Sincethe bilgclhi-iefrra a hnethe differential equation is also different
and is

whre 1~0.69~104 dysk h -\ q, (67)

where 2 X. 693/ 1O days ,The ategrated result is

0 . - t (X F A) 2

I A>1XA + (X2X x1~ A ]\,2 2 2 ) y](68)

The dlfferenvtil equation for route k is the same a& before, so q (t) is given in Eq. (41) The total
dose to the Wnwh __os1  is then

S% =R k Io .s et I At Cx
x I XA t ' A X2.- 1 2 1A 2  x A)

Ic LXW1. I A -
li1

oA t of Eq. (6A ihli9o1wtlit Figaro I4, Nte how the iymjt&-ttc synem burden Increates
shrply, to a wnt'&intw ito I 'SO divs, tlc dcay's with at ,az, I diy h4trne to a auyrntjrxic

-o

This valuei .0 (AA 1h3 A (ocir of V les? Ohwn i t o Eq.n I (40,q which gret1di rtWeuces Ow
kLtt .xif.t t 6w wfavim. makin.5 1y4ihiCttc ..u.. a ;Ala" critical u'X "W1 I
kC was L4h1W 0 M4. Wd

6w 4iAxCA 8. 0 isA
1) aO1S17' M i q1)r~.317 R kY th I A ) ' XA "1)

|i

i -,, tl t -!-'"d L t' (4 -, io"O , ' -- '4 - .4t~e 9 sa~l
( 'tX A AA A A

A plot of 1U,, (73) Ln ihon in eFtiure 15. wftuo thi- vihAai of 1" SO Pig/411 Was used. 11he time
required to raxch v4w-hailf of the 7O--yesr ose 1-s 6, 03. 4ayts ;wtt.zhN 3 bt bol the time of thd 16
mowkI but ite 74)-yt d~e Wt Al (6$ t"d, fact" of abot 6~ titant 0 we 19065 modeL401
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; . .. =._ _ _ _ _ _ _ _ _ _ _ _ _ - _ ____= F_

The blood WurA diffptdvq in tui arm E . (57) Amnd

&tq X% A~~ = q,1 1 (72)

Wt -the result of

r r ,}

RS' \.Al_ 'i) e1~- ) (eX2 -1) 1 ' (73
-- ,( Dr' 1 .AA R'2° )AA" A ( I - -A) 2D 2  

+ J -

The blood nut, %0(f) is then

;"A'\ A AA X(\2'I

(e A 7-(e- 1) )(74)
'\A- 1) Y (2 '\IN XA

The bNOWd burae is plotted iW Fgure 16. The t!Me to one-half the maximum burden is 1408 days,
ahot twice s lig as in the 1965 model However, ft 70-yr burden is about 3 dimes greaer with
the-amw mc7el.

The- U.me-VarYizig doses to the liver and bowe are:

2 2 -~

Drl 0IS149 (CL1) Rk SoD 5 [FA +'~~' J~~

e .l+-hjt (e t)+)2 t
X* + I -lAA) (B 1 +

(75)
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h I Y
Di'e (L W644)aL~A

xl ~22 (76)
1,0 1'-A -d ON2<1 X J

The~cs to the liver and bone ato given in Flgwwe 17 and 18, wbere the value of S 50 SO g/m
w vm&d Te time to oue-h& tig the 70-yr butod in reached in about the same time aih ft two A

modeiw, but t 70-yr dome to the liv and bone of 0 16 gnd 06 027 rods,. respectively, ar abou
a fasctor of 4 iAI~er with the 1973 model as with die 1965 modeL

7bo mrganwdose rates, based aun the 1973 model, are given in Table XXII. An Inspection of the

m ubere clarly weals d=a the lung is the moat critical orgmn

Table XXIII conts cumputer 6unuarized Information oan how different air clearance rate

affect the organs. Thaw numbers can be compared with those In'TWAle XIV which has<Inmesgnae it h'.$mdl
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TABLE XXII

ORGAN DOSE RATES F~OR AN AREA CCNTAMIAh WITH PuO OF S 2SP/.

* PLUS NCR? AND ICRP VALUJES (PROPOSED 197S LUNG MODEL).

Organ Dose RaMe Rem/yr
Year aug ypam Sse ie oe

*0-1 0.31 .0.0087 0.0013 Q 0011

1-2 0.23 0.023 a 0048 0.0041

2-3 0.14 0.029 0.0082 0.0069

34a 083 0.029 0.011 0.0125

44 -5 0.083 0.029 0.011 0.0125

5-6 0.030 0.024 Q.016 0.014

6-7 0.018 0.021 0.018 0.015

7-8 0.011 0.019 0.019 0.016

8-9 0.060060.020 0.017

9-10 Q 0040 0.014 0.021 a.018

10-1 0.0024 0.012 0.022 0.019

11-12 0.0014 0.011 0.022 0.019

12-13 0.0009 0.0098 0.023 0.0149

13-14 a.0005 0.0089 Q 023 0.020

?t 14-15 0.0003 0.036 0.023 0.020

15-20 0.0001 Q. Ghw 0.12 0.10

20-25 WO0 0.029 0.12 0.10

25-30 "o0 0.028 0.12 L0.10

30-40 .0 0.056 0. 24 0.21

40-50 -0 (056 0.24 0.21

50-60 -0 0.056 0624 0.21

60-70 -0 0.066 0.24 0.21J

NCRP 39(ReL 85) 0.5 0.5 0.5 0.5

hCRP Puh No. 9 L.5 1.5 L.5 3.0

(Re~L 91)

SSame as for 1965 Iwig modeL



TABLE XXIII

EFFECT ON THE BODY ORGANS FOR DIFFERENT AIR CLEARANCE RATES (1973 Lung Model)

Air Clegance Rate, XA - Day 1

1965 0.0693/35 0.693/70-! .,693/105 , 69,i345-i
Ead ie

Pulmonary Same as for 1965

Lung Lung Model (Given
in Table XIV)

Lymphatic Max. burden -+Ci 6. 11x10 5  1. 22x10 4  1. 82x0 "4  2. 4&a10 "

SSystem Time to max. burden-

days 1150 1200 1250 1350
Time to 1/2 of max.
burden-days 294 . 347 _ 395 5 465
70-yr burden -PCi 16x10 "  2. 33xI0 3,49xi0 4.63x10
Max. dose rate -ren/yr 0. 0291 0. 0582 0. 0869 0. 114
Yr of max dose rate 3-4 3-4 3-4 3-4
70-yr dose-rem 0. 578 . 16 1. 73 2. 30
Time to 1/2 of 70-yr
dose-days 6893 6922 6952 6981

Blood Max burden - PCi 8. 61x10 "  1, 72,10 2. SUx10 3 44x10
Time to max. burden-
days 15,500 9000 9500 10,000
Time to 1/2 of max.
burden-days 1408 1455 1513-4 1565 ,
70-yr burden - PC 8. 61x10 1. 72x10 2. 58xlO 3. 44x10

Liver Max. dose rate-rem/yr 0. 0243 0. 0487 0. 0730 0.0973

Yr of max.dose rate 24thru70 41thruO 34 thru 70 33 thu 70
70-yr dose - rem 1.58 3.16 4.72 6.28
Time to 1/2 of 70-yr dose-
days 13,687 13,713 13,738 13,763

Boe Max. dose rate-ret/yr 0. 0207 0. 0414 0. 0620 L 0427
Y" of max. dose rate 28 thru 70 34 thru 70 28 tu 70 30 thru 70
70-yr dow,,rem 1. 34 2.68 4.02 5.34
Time to 1/2 of 70-yrdow-days 13, 687 13, 713 13, 7,U _ _4763


