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INTRODUCTION

The effort expended by the study group in this undertaking was designed to accumulate as much
information es possible that might provide 2 basis for a sourcebook on plutonium and its decentami-
nation, The effort was divided between a literature search of past and current documents, manuals,
regulations, etc., personal contact with knowledgeable persons in the field and by attendance at
medtings and symposia that were fortuitously scheduled during the early moaths of the study. Our
effort would have been moxe difficult but for the many persons who have helped the study group along
the way. Doors wexre opened and comments and information were freely given at every stage of the
effort, Although it would be impossible hexe to thank each contributor by name, we do want to take
this cpportunity to acknowledge, in this general way, the aid that was extended to us.

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

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

Sectlon II covers pubiished policy or directives of the DOD, Atomic Energy Cemmission (AEC)
and federal sgeucies relaiing to radiation decontamination, exposure limits and contamination limits,

Section III deals with DOD, AEC or other research that has contributed or may contribute to an
understanding of the physical portion of the hazard model, that s, what happens from the initial
accldent untll the plutonium aexrosoi is inhsled,

Sectlon IV is a review of the research accomplished and planned to develop information concerning
the biological hazaxd, that ie, what happens to plutonium once it 18 in the body.

Section V presents the current 1965 lung model and develops the calculations which describe
deposition and retention of respiveted plutonium in the human body.

_ Section VI lists foxeign standards for plutoalum contamlnation levels as they appenr in literature
available in this country.

Section VI compiles information relating to the decontamination operation and tncludes some de-
coutamination methods and expectations,

Appendix A usee the proposed 1973 lung nicdel to update the woxk fn Scetion V.
NOTE

Raferences-clited heyein ave current as of December 1972, -




SECTION |

THE PLUTONIUM HAZARD
PURPOSE

This study has been designed as a primer for those personnel having responsibilities for plu-
tonium: bearing weapons or the decorntamination of areas effected by weapons accident plutonium
contamination, It has been prepared with the hope that a general background knowledge of plutonium
and its hazards will result in better DOD coerations and an enlightened personne! fizce.

THE GENERAL CONTAMINATION SITUATION

Experience indicates that plutonium contamination will result when a nuclear weapon is involved
in a fire or impact situation sufficieni to violate the weapon's cuatainment. The plutonium may buin
or the impact may cause detonation of the high explosive content of the wespon. In each case, pluto-
nilum, 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 stabllity and many more,

‘The plutonium, once on the ground ox other surfaces, should not be considexed as fixed in place.
It 1s subject to resuspension into the ajr, adhesioa to ground or airborne material, and settling deeper
{nto the gsil or other porous surfaces.

The primary plutonium hogard is considexvd to vesult from inhalation of the aexosol. {Aexosol
is the genexally accepted texm for airboxne paxticulate plutonfwn), ‘The aexosol s present in the
initial Slepexsal clowd and in matexrial resuspended by natuxal ox human activity in the exea. Some
of the aercsol is xetained in the lung whexe it causes a xadiologieal insult due to it alpha activity
and long lung retentlon time. Transport to othexr body oxgans by body processes ia of concexrn because
of significent retestion times at these other locations. Modes of entry Into the body other thon inhala-
tion axe considexed to be less hazardovs, These include abworption thxough the Intact skin, deposition.
ln open wounds and ingestion via mods grown or produced o contaminated grousd.

Bxperieice from various tests, previous secldenta and theoretical caleulations tdleate that
although a algnlficant body burden of plutcaium may be received durlng passage of ther nitial clowd,
the grester danger to populstion appears to ariaz from loag term occupancy of a contamineted area _
wherein the pcwtatien tu subjected to the resuspendad radlosuciids (Ref, 1), If the affeciod axéa is -
mbeutﬂlzedmarﬂwaccldm: wmedmwmhnﬁmeﬁfcrtmmbcmwm :




SECTION i

REVIEW OF U.S. POLICY AND DIRECTION CONCERNING

PLUTONIUM CONTAMINATION
THE EARLY YEARS

The development of current policy and direction concexrning plutoniwr contamination had ite
genesis in the discovery of X~rays (1895) and redium (1898), their subsequeat uae and the inevitshle
incidents of biological damage which followed. The flist organised efforts to eatabiish protective
cxiteria for these new tools ware made 30 years lster, In 1928 the Second Internaticeal Congress of
Radiology estahlished the Committee on X-riy and Radium Procection. The U. S. Advisocy Commit-
to2 on X-rays &nd Radinm: Protecticn was oeganisad ia 1928 to navvide U, S, fnput to the Intevnational
Comwdttee. These committees were the fncarunners of the cirrent Isteamatioaal Commiseion on
Radiation Proosction (ICR and the 1), S. National Couvncil on Radlation Protection and Messurements
(WCRP), Table! lists the eaxly recommendations of these crganizations for the employment of thase
lontzisyg vadlecions (Ref. 2).

TABLE |

BARLY RADIATION DCSE LIMITS
Source - Date Tolexance Dose fealil
- | “(R/day) |
U. S 19231 oz | O Xexsy
Intesustlonal . 193 a2 L Xeey
T - T ar ' X-ray
whe 1938 - ol ' X & ¥-xayo

it 19 of futevest t0 note chat thiwe Last recommendstions sve equivaledt o 34, 5 vem per very,
woxo tun seven times the curvently peswilisibie snnual expesure dose for radiation woskers.

, Int&wmwlgzaa:wrumfmmﬁmmwmmwma.a»tmian :
jwwymmimdmacmdawnb&dmm wiploved as Tustitaous watch face paintors.
-Subsagnent fuvestigalions over the perlod of severd) yeara polnted to the yadiuni in the pabat wix

&8 the culpeit {Ret. 3). Uy this tne xadium was sted belng emploved ta sclutions = a touts {Red 4
Duxiig the 1930 s the work of Evaaw sad ke associaten {Refs, 9, 6), Lo followlug radium caeee a0
determining the blological parsmeteers of upeake, aiimitstion and body ardens, | rwﬁud‘ £ the yeo-
ommeskiarion thas & Iug nfraiiumawm"quamﬁtywmw“ CH/1 of radon gse
Used x5 an aly cogcentration limit (Ref. 7). Thue, & 1943 whan the Minhaiien SHarlst Plutontivy
Mmm%qﬁm&;thucmem&ymwmwmmwmrm
MW%W&I.(*M e h

__l. Q 3 R/day for extertal X & ¥V-xays.
2 Q3 gy of radium ay & maximum body burden.
3 xo‘“cm of xadow a8 an accupational alv coscestyaziog.




THE MANHATTAN PROJECT

The exirscrdingry satety record of oxr siomic tadwatry 1o typified by ¢venty within the Mashactas

District (. sarly 1944 At & tUmo vhen plutosien wes avatlable in caly milligram smowts (much
Inss for biological study), it wes sugassoad by D, Hamiitoa at Crocker Raciation Laboratory in
Berkeley, Califoruls, ihat plutonium righe be less toxic than radium by a factor of S0 and that S, g (1. 3 V)
beused as an internal tolorance lavel, The estimate was probably huzed og equivalent alpha evergy depoat -
Hoa in comparis guwith&ad%(ﬁef. 2 &mam:mam~mrm&mla&rcmwﬁmof
222078 grom u.zxm ..cmn mtgmm in Apeil 1944 & one-yeer
alx tolerance of 5 x 1010, g/cmd (3: 10" Ci/mY) was suggaeted bused on the O 1 R/dsy limiz for
X g ¥ vadiations and x4 assumpiion that 2lpia radistionis Htimes asdamagingas Xor ¥. Thisiastvalue
renained as the siy concentration guide for the remaiader of the Flutosium Project. itia iuterestizgtonote
thae this value correspends to & luxgburdees of 0, Ogu O, & valuethatts currently scceptad as the nan-occups -
tHonal meximum permissaible plutosivm body burdea (MPEB) for man, s Mavch 194338 safity factor of Swas
- intvoduced to the MPBE bacause cuxbles st Berkaley concluded thue plutoaiun inbose was much less uniform

than was yadium, Heaford Gpeoaticss awchorities inteadiced s factor of 1 for thely operations. [n August

(lg:fs‘ WW&MWWW@! maximue peratissible body burdenof O, $u g
: T%ﬂmwwmmuuﬁmwumwmamm

hattsn Project.

TABLE #
. PLUTONIUM OCCUPATIONAL, m&me-mﬂ cxma DERIVED DURING THE MANHATTAR

- DISTRICT'S Mﬁﬁﬂw&i m&;mr (l%i% 2)

‘ mwmmwm 7 »
- Banhatien District o Luag - {08y
Haskwd Opevations | . oS SR B0
Al Tolwmce Copopncimion R
;:wm - " 50 g md (810°° yeym’y
Commmaty O w0 (@6 wived)
Plast ' ' ‘,'5&55‘ ¥ pafemd (80 pc¥m®)

in semsary we shonld aote that all of tlee body tixders siapdarde were developed by coriparison ol

© phittsbues with vadiun, with bone spthe criticalorgas, The air cuscentiation valuse axe based or » luig
brrdea prodectag (L 1 R/day. The plagt wetew concentration vahwe la based od 5 30-vear cxpownre,
absarptizi of G 05 parcent snd ntskoof 2 Hisrs pes dey whiils tas comma ity vaiue sesta cnuol-your expos
odre 833 3 5-iicer dally intake.

: memmwwm.mwmm-n&« L3¥x 1P dpnbig Thaus
fox Pu-239: 1Ciwltdg ¢




TO THE PRESENT

The pexiod fallowing World War 1i to the present has bees one of continuing study of the plutonium
problern, In September 1949 a tripertize conferdyce cu peradraible dose was held at Chalk River,
Oniario, Canade. Cccupationsl protoction cviterla for plutontum wexe issued and are liated in Tablie
i, The final selection of leveis, dexivex! in reiation to xedium, was made after considerable debate
duriag snd afer the conference. Unitod States AEC Operaticos procesdad using these values.

TABLE Il

PERMISSIBLE PLUTONIUM LEVELS - CHALK RIVER FINAL REPORT (Ref 2)

Maximum Permisailla Amout in Body . 0.5 pg (0.03,Ci)
Mazimum Permissible Afe Coocentration , .8 ‘ -6 3
(Qéhrdsy) : 25220 7 pg/md (L 5x10 BCWm
Maximun Permissible Drinkiog Waber
Coscestration : 20ug/md (5, 2uCi/md)

Tha veloa for the maximum body burdss wae adfustad to 608 aCi (8 6 4 @ scon thereafler and
that buxdes i Uated (o the 1950 Recomicendationn of tue ICRP {(NBS Mandiook 47 (Red, 8)

: Wo now enter a period when e blologics] cesserch commiualty lneresaad thele oiforts to study
Emmm 2 {tpalt xather than plutoofum ta velstion to vadivi,  Blologice) bhalf time aud other mets

: ¢ constants wiredevelopad,  These developmnents will be dlacussed more fully o Section 1V of this
smdy, It sui{ices (o the presant purpose to follow the yesults of iy wak s @ applics to g}uﬁg)
mm Teble IV Heta values WM&;WM&&& aﬁsﬁ’a R

TABLE IV
- PLUTONIU !54 STANDARDS asxmw DURRNG THE 19509

' Harrimen : :
‘W NORKXReL 9 CoaletencoiRel By [CRPReL 1) (W MB{R&. 1
190 988 8. e
‘V":: ‘ri u-lsm. | ’ ' ‘ ’ V
Body Buidan O Odpty Q080 4.0 3G &80
Maximu '
Copcsutiations _ 3 - 3
Water 1.5, /m3 - 6 O i/ SO LCS/m
Maxizum '
 Concentxetion- -5 - 9 .
Alr iDLy v L0 gaimd WO Lot
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ABLE IV (Cont)

Maximum
Permissible .
Lung Burden 0.008 ,ci -- 0.02 uli -~

Maximum

Permissible

Coencentration- ¢ 6 5

Alr 2.0x10  pCi/mB -- 20210 aCi/m3 L0210 uci/md

The 1960 ICRP values in Table IV are those cuxrently recommended. The texms "soluble™ and
"ingoluble” used in Table IV are relative and relar.e to plutonium'’s resction to body fluids and pro-
cesses,

The subject of maximum Jevels of surface conlamination, - sithough nft treateﬂi}n Table IV,
was of concern to those working with plutontum. A level of G 07, Ci/m” (1 p g/m") was used during
the 1950's as a suggested Uit for 1sboratory werking surfaces, Thie figure was never suggosted as
pertaining to the gereral envircoment. Rather, it represented the "then existing capability of asur-
vey instrument” and was used a8 a "good house keeping” level (Reg 1),

Incident to field testing operations in Nevada (1 )PERATION PLUMBBOB), & hazards analysis was

.made by Los Alamos Scientific Laboratory (LASL) personnel {Ref, 1). The analysis resulted in the

earliest environmental surface contamination level whicn we have uncovered, The authors suprested

a contamination level of 100,,;g/m2 (6uCi/m?2) as b *ng realistic for lifetim» ‘BCCUpaNCy, w;th the lung
being the organ at risk,

PRESENT STANDARDS

We have followed the development of standards during this centuxy relating to the-plutontum
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 contrulled by the AEC, and second, those activities of the
Armed Forces dealing with weapons progrums, In general, the doctrine of the lacter have followed
thoge of the former. It is reasonable, thevefore, to begin with the policies of the AEC.

Atomic Energy Commission Policy

The AEC is the foremust 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 licensing -
power and second, by regulation of the activities of its comractors.

The document of primary concern to these licencees and contractors in the aree of contamination
and radiation dose limits is Chapter 1, Title 10, Code of Federal Regulations, Paxt 20 (10 CFR 20),
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 lst of those items of intexrest o the plutonium hazard follows (Ref, 12):
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1. JUCFR 20 101: Limits cccupstional dose t0 an individual's blood forming orgsns to 5 rem
per year rated at 1. 25 rem per quarter. The raie inay be raised to 3. 6 rem pexr quarter if the individ-
ual's accwnulated whele body dose does not exceed 5 (N-18) rem, witere N is the individual's age in
yeara,

2, 10CFR 2(, 103: This part establiahee maximum conceatrations of radioactive materials to
which individuals in resiricted sreas may be exposed. For the present purpase we may refer to
these 38 occupational concentrations, This part refers to g tahle of radicnuclide concenirations
which also sppears in NES Handbook 69 (Ref, 11). The table 1s based on a 40-hour week

3. 10CFR 20. 1G4 (a): Restricts exposure of méinors {iess than 18 years) to 10 percent of the
whole body limits specified fn item 1 zbave, L. e., Q. 5 xem per year whole bady.

, 4. 10CFR 20 164 (b): Restricts exposure of minars to lesger concentrations of radisnuclides
in restricted areas than ia paxmitted for adults,

5. 10 CFK 20, 1065: Restricts the uses 6f radloactive material to those that limit the whole body
exposure of non-occupational individuals to G5 xem per year, limited by a rate of 2, 0 mrem per
hoir or 100 mrem per 7-day week.

6, 10 CFR 20, 1056: Restricts relecse of effluents to unrestricted areas to conceutrations not
-greater than thosy referesced in tem 4 for wdnwz s,

7. 10 CFR 20, 303: Restricts velease into sanitary sewer systems to certain tabulavized
quantities and to materials that are readily soluble or digsersible in watex, -

8 10CER 20,304 Restricts dispersal by burial to cortain tabularized quantities and modes
of buxial. . :

9, 10CFR 20, 305: Restricts disposal by incineration except as approved after applicution to the
AEC, ‘

: The above directions and restrictons apply by law to activities licensed by the AEC, In general,
they also apply to operations of AEC contractors. In many casges provisions are included permitting

exceptions to rules upon an application which shows that the exception can be regulated with respect

to safety w individuals and the population in general, As previcusly stated, this part is a compilation

of the limits and concentrations recommended by the ICRP and NCRP. As such it is reasonable to use

thuse rules as the basis of further dlncussions of the plutonium hazard. .Table V summasrizes the limits

‘specifisd in 10 (‘FR 20,




TABLEV
10 CFR 20 RADIATION EXPFOSURE AND PLUTONIUM LIMITS

Occupationz! exposure t6 whols 8. 0 rem/year
bady; head and trunk; lens of : - 1. 25 rem/quartex
- eyes; gonads; m: active hicod . or ‘
forming argans? _ % 0 rem/quazter if total
: expocure < S5(N-18) rem -

23%y Maximum Pexrmiaaibie soluble 2x 10'gpcx/m"3
Occupations] Concentration , insoluble 4x10™uCl/m
(MEC) in Atr 2 . ' |
23%y Maximum Pérmissible - soluble ’ ~ - 100 ,uCi/m3 | i
Ocoupational Concentratica insoluble 800 ,Ci/m3
fn Water2 . |
Non-occupational exposure to. ' : 0, 5 rem/year
-whole body or-blood forming . limited tc 2. 0 mrem/hour
organs 7 ' ‘ or 100, 0 mrem/week
23%py Naz-occupationsl - MPC soluble x5 poi/md

- . . . _6 (1A v
289p, Nenwoperational MPC soluble ' 5.0 p Ci/m33
in Water S . insoluble ' 30.0 4 Ci/m

' 239?&1 release to sanitary sewer _soluble 100 uCi/m -day .
the larger of & or b ' insoluble 800 ,uCi/m - day
) ' 0.1 ;Ci/day

limited by 1, 0 Ci/yesr
23%y for burial ' , 10. 0 uCi total

~ Notes: 1. Exposure to minors limited to 10 percent of these values.
2. Computed at 40 lirg per week, S0 weeks per year for 50 years exposure,

3. Computed at 168 hours per week, 1. &, continuous, Also applies to minorsin restricted
arecs,

It is useful at this point to present various limits for plutonium-239 listed in NBS Handbook 69
(Ref, 11), aa is done in Table VI. Those values also appearing in 10 CFR 20 are inclosed by paren-
thesis. 10 CFR 20 values for the non-mcupatlonal case (168 hr week) are more resirictive by a fac-
tox of 10,

12




TABLE VI

1959 RECOMMINDATIONS OF THRE NCRP FOR PLU'iONIUM {Ref. 1})

. Maximum Maximum Permigaible Concentratioa (p Ci/m%
Pexmissible

Body Burden For 40 hir week For 168 br week
Organ (uCi) . MICWaster MPCAlR  MPCWarer  MPC Alr
(Bone 0.0 asge (o0 sao0 0 aomo”
iver 04 5000  7oe0® 200 200
Solale { Kidney 0.5 7000 o.exi0® 2000  s2m0’
Coeles - 0.0  2x107 000 60x07
TotalBady 0.4 1000.0 Lox10”°  son0  s.axmo™
- Lamg - Y T Lox10°

' °Pa:mthesm indicats values also-appearing in 10 CFR 20, - -
Note that no limits have yet been set concerning maximum parniissible surface contamiuation,

Peraonal experience with AEC licensing indicates that where operations invelve surface contamination, _

- mnhaﬁmdmsimsmustheshownonappncaumwbemchthatﬂaemcmaﬂonsmdrnsted
‘ ahovewmnotheuueded. : ,

-One other limit imposed by AEC regulations in 10 CFR 140 is of intarest. That

. part deals with financlai protection of licensees and indemnity agreements, and lists O, 35 (‘l/m

‘(Pu alpha) as a surface contaminatior: level above which the AEC will find that a substantial dischaxrge
to offsite propexty hae cccurred (Ref. 12). Thla quantuy of Pu-239 corresponds to contmninatlon of

approximately 6ug/m s
-Depsrtment of Defense Policy

' Present DOD policy with regard to plutonium decontamination is contained in the joint AEC-DASA
. publication TP 20-5,"Piutonium Contamination Stardards, 22 May 1968, with Change 1, 15 August 1969
(Ref. 13). TP 20-5 "prescribes joint DOD-AEC policy relative to decontamination requirements for
terrain, structures, equipment, and other objects, contaminated by alpha emitting nuclear matexials

" &8 & vesult of an accident involving United States (U, S.) nuclear weapons. "

The decontamination standaxd prescribed is that areas contaminatad to levels greater than

1000 ug/m? shall be decontaminated until surface readings are reduced to less than 1000 ug/m?where

such reduction is poseible and is consistent with reasonakble cost and effort. This level correspends
to approximately 612Ci/m2. The policy is not mtendad t0 xepresent an inflexible rule hut represents
a am'tln.g polnt for consideration.
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Army Policy

Army policy i8 contalned tn FM 3-15," Nuclear Accident Contamination Contrel,’ 17 June 1966 2
(Ref. 14) (now being reviced), The Army designates Pu-239 contamiuation greater than 1000 ug/m

- as being a "significcat hazardous isvel, " howevar, “any concentrationhigher than 10 ug/in” may pro-

duce a sexious rsauspenslm problem, "

For decontamination purposes terrain contaminated above levels of 3,500 pg/m 2 is defined as &
-chronic hazsrd ares and should veceive ﬂrst priority for consideration, L e, immediate or deferved
decontaminstion. Levels above 1000 yg/m "ghould” be decontaminated depending upon area popu-
~lation, use, coet and gimilar factors. An additfonal statement is worth quoting; it is: "In- -general,: -
populsted areas should be decontaminated to essentially zero levels wimeveg possible. "

The DOD policy level of 1000 yg/m? and the Army guldes of 8500 sg/m? and 1000 ug/uf seem to
be wtg'owths of the same work done following OPRRATION PLUMBBOB (Ref. 15). The level of
3500 1g/m? was axrived at using lifetime oc cy and the lung as the critical organ. This level
was reduced by a factor of 3.5 and 1000 ug/m* was recommended as the level of .concern in the acci-

~ dent situation,

‘Navy Policy

g Navy policy relating to plutonium contamination is published in NAVMED P-5055, “Radiation

Health Protection Manual, " 1964, with Changes 1-6, the latestdated July 1970 (Ref. 16). ‘Radiosctive
contamination is ned as "50 pClzfor alpha activlty as measured on a dry filtexr paper wiped over
ana:eaof 190 cm® " (G 005 uCi/m*=).

An airberne radiation area is defined as any area to which personnel may obtain limited access
and In which afrborne concentrations exist in excess of the occupational levels stated in 10 CFR 20,
Although a plutonium body burden is not discussed per se, it is defined as one of a general case as,
- "A maximum permissible body burden shall be Iimited to that amount which results in an exposuxre not
_ to exceed the bjological equivalent of 0, 1 ug of radium-226 in the bones, nor 15 rem pexr year or 5 rem
per quartexr for other oprgans, "

It is of intexest that rather than specifying 1. 25 rem per quarter for whole body extexrnal exposure
_ limits as does 10 CFR 20, the Navy omits that level and specifies the limit of 3, 0 rem per quarter,
an-option of 10 CFR 20, limited by the !Hietime dose formula, S{(N-18).

. Decontamination, in NAVMED P-5055, is treated as & coutrol measure, along with monltorlng
and isolation, "to protect personnel in the contaminated area (levels greater than 0, 005 uCl/m ), and

* to stay within the limitation of maximum permissible concentrations of radionuclides,.... " of 10

CFR 20. This level is veasonabie in the laboratory environment and agrees with thoge estshlished

for laboratories, e g., LASL (Ref, 17).

The naval incident respounse team follows AEC-DASA publication TP 20-5 (Ref., 13) for case of

"environmental "real estate” contamination incidents. Thus, 1000 ug/m (61 uCi/m2) is vecognized
as the level of concern,
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Atr Farce Policy

Ultimate Air Force policy fur decontamination following e nuclear weapon accident is provided by
AF Mapuel 855-1,"Disaster Preparedness, Plenning and Operations;’ with Change 1 deted December
1966 (Ref. 18), With reference to contamingtion levels paragraph 14-13 states, "The On-Scene
Commander will have to evaluate the advice of the on-scene medical officer in the context of politi-
cal, diplomatic, and other significant considerations. " :

Ajr Farce Regulation 160-132, "Control of Radiologicai Health Hazerds,' Decembex 1968 (Ref. 19)
specifies permissilie fixed alpha contamination limits for laboratory equipment and working surfaces
at 900 dpm/100 cm2 (0, 04 uCi/m2). AFR 161-8 (Ref. 20) and AFP 160-6-7 (Ref. 21) also treat expo-
sure limits and pu'mlasible concentrations, These publicstions ave, in effect, 10 CFR 20 and NBS

Handbook 69.

o Thus we find thet Alr Force policyrecognizes generally accepted limits for radiation exposure
and alrborne concentraticns. In addition, the Air Force presents the On-Scene Commander certain
latitude for decontamination of the nuclear weapons accident environment. '

Policles of Other Federal Agencies

: Literature search and personal contacts indicate that four other fedexal agencies currently gpeci-
fy contamination limits, All of these ace specified in conjunction with packaging of materials for

- shipment. The agencies and reference documents are as follows:

i Departmentof Transportation, 49 CFR 178, 397 (Ref. 22).

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

3 U, S. Coast Guard, DOT, 46 CFR 146, 19-30 (Ref, 24).

4, U. S. Postal Sexvice (Ref, 25).

The Department of Transportation specifies 220 dpm/100 cm? (0, 01 uC1/m?) of removable alpha

contamination as being "not eignificant”, and specifies that level for reuse of previously contaminated A

txansport vehicles,

Standaxds of the Department of Transportation are generally specified by the other three agencies
in their directives. We note that these limita do not refer to large area environmental contam!natlon.
Tahlevn summarizes current U, S, tedu'al standaxds. :
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N SR - TABLEVE

% SUMMARY OF FEDERAL AGENCY PLUTONIUM

o »,Dggqmmmon STANDARDS
Environmentel* ’

Cagmw 7 Standard
o 0 wgm? e (oymd)

_-’DODIAEC (Weapons Accidam o D T 61

‘U.&Army R O 1000 61

UGS Ney © S -1000 61

U. S AtrForce =~ oo R 1000 61
: o . o g or as directed by On-Scene
: - \ _ . Commander .
AEC** (Soe note. Levels are infexred) -~ a 56 0, 34
. | - b 0.9 0. 06

Transportaticn
Dept. of Transportation E 0,16 0,01
Federal Aviation Agency ' 0.16 0.01

U. S. Cosst Guard, Dept of the Treasuzy | 0.16 0.01
U. S. Postal Sexvice L / 016 oo

| ihese siandards shown a5 “Eaviromental” pertain to wide avea "real cstatc” contamination, Those =
~ Hated undex "Transportation” refer to conveyances and packages, amd not to wide area slmaﬂoua. L
Many ageacles have lower staidards for hbonmry use, ' ,

-#* ARC does not stipulate an environmental decoutamlrmion Hinit es such.  Inferred level “a" is tmm

~mm:dewtommwmwumwamuwmdawﬂmfmoron0‘6m l

10 CFR 140 and concerns indemnity agresments. Inferved level "b" is based on 10 CFR 20 llmlta o




SECTION Wi

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 fine form. It reacts with water and is potentiaily 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 au internal blological hazard, Plutonium-
239 is of interest because of its abundance in weapons and Pu-238 because of its use in power sourceas,
Half lives for the two isctopes are 24, 360 years for Pu-239 and 89 years for Pu-238, The specific
activity of Pu-239 is about 0, 061 Ci/g. Plutonium-238 is about 270 times more active (Ref. 26).

DISPERSION OF HAZARDOUS MATERIAL

In the accldent situation a wide spectxum of developments can ensue, These range, in the impact
cade, from the weapon ramaining 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 buxning or detonation. The hazards of intexest
result when the plutonium is involved in a fire ar high explosive detonation.

In these last situations plutonium is released from the immediate area and {s subject to trajecto-
ries dependent upon its physical and chemical forms, Some may be dispexrsed in chunk form and
subsequently constitute a minimal hazard. Of much greater concexn is that matexial which is dis-

- persed in the form of vespirable serosols, The plutonium in these aerosols is in the form of the
.- dloxide, a compound that is qulte lnsoluble. Our intexest thea s to describe the physical parametets
of thls aerosol.

In the fire situation with no high explosive detonation, dispersal of the plutonium dioxide as to
‘amount {s quite variable, dependent upon the surface of plutonium availabie to the five, Thus when
- the weapon case s lntact or partially so, parhaps only a limited quantlly of plutonfum o at risk.
‘When major case damage has occurved with component hweakup and disperssl, a larger surface is at
risk, In tests conducted in a flue system plutonium was subjected to axldation at temperatuxea ranging

. fyom 500° C to R50° C, within the vange of petroleum fives, In this case the entive surface of the

- plutonium smnple was exposed. The sample tended to flake with only a small portion, about 2 percent,
.. being libexated as an aerosol, all in ths vespirablo vange (Ref, 27), Octher variables which must be
constderad are any surfaces or scavenging matactal in the immediate vicinity of the five. Although
attemipts liave been made to evaluate the sction of scavenging and plating, the data avallable are sparse,
especially with regard to particle size, It suffices to indicate that matexials such as alrcraft structure
..o stovage buskers wﬁi be velatively huvliy cmtaminated (Ref. 28).
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The situation following detonation of the assoclafed high explosive is considerably differcnt. In
this case the plutonium is reduced to fine particles and entrained by the clcud of detonation gases
{Ref, 29). With the exception of scavenging actions of nearby structures, virtually all of the plutonium
involved may be available for dispersal to the atmosphere, Data from tests conducted during field
‘experiments indicate that approximately 20 perceat uf the aerosol liberated in such situations falls
within the regpirable range of particle dlameters (Refs, 30, 31).

"The fate of the aercsol 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 deveioped for the explosion case (Ref. 32) and data is avallable from field .
testing which relates aerosol mass distributions within the cloud, The fate of aerosols in the fire
situatiors should be similar, The absolute cloud height will, of course, depend on the intensity aud
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 ite own aerodynamic characteristics, reacts with

- the prevailing atmospheric conditions. The most important of these are wind direction, speed and
atmospheric turbulence, Computer codes have been developed which treat the hazard assoclated with
passage of the plume (Ref. 29) and the fallcut on the greund as the plume disperses (Rei. 33), The
former is concerned with the acute hazard of inhalation as the plume passes, while the latter has
among its options the development of isopieths (contours of equal contamiration 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 meteyological conditions
would exist ylelding an acute dose committment of 15 rem, a United Kingdom one-time emergency
dose. Assumpiions emploved include:

1. Two pexrcent of the plutonium involved in a fire is liberated as an aexosol and all of It is re-
spirable,

- 2, Twenty percent of the plutonium liberated by an explosion is yespirable.

3. Plume helght for fire calculations is assumed to be the same as that fox explosive releases.

~-'This s conservative If a jet fuel fire larger than about 100 o 200 it 2 I8 involved.
TABLEVIN
PERCENT OF TIME A 15 REM COMMITTMENT IS EXCEEDED

* DURING PLUME PASSAGE AT DISTANCE SHOWN(Ret, 50

Exploslon S Fige )
$Weapon w58 }.:’f“l. o o 3% o R
Y - . 2ml O4mi - . -
2 - G9mt L3mi . - -
3 Lomi  09mi - -
4

LO0mi L6mi.  L5mi - . -

4 e e o ————— . -
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Bigitty different combinations of meterological parameters were used in the calculations. The
- authors summarise stating, "The fire calculations for four weapons doeg not predict doses exceeding
15.vem anywhere (except possibly right in the fire); whereas, the detonation of even one weapon does.”

Tahle IX presents a summary of deposition calculations. Predictions of fallout patterns are re-
porced for 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 shear, were considered. The data are presented in square
‘kilometsrs and represent the prediction for incidents involving four weapons. The lower figure for
~each condition corrupanda to the eituation without wind shear while the larger represents that with
" wind shear,

TABLE IX

SUMMARY OF DEPOSITION CALCULATIONS (Ref, 29)

Wind Speed
Level : 5 mph 10 mph
;;g/m2 Case (h!lz) (hnz)

ol Exploslon 43-85* 45-64*
Fize 0-10 0-5.2
2.0 Explosion | 30-64* 82-47
100 Explosion 44-50 . 5-5.2
1000  Explosicn o o8-8 . -8

- '*Ar«smeadthesevsiw isopluhaﬁ!dnmcm

S mmm:wmwmmmmalamemmmmwmmmmm |

- coasmwnga(m 3. -

i ;RWNGFMHAZA&D | V
Inveaﬁgnmrs éxe ia gensral agreeeet thet plutcalwn yesiiag on the g:ouud does not constitube &

'haxm!tom émmmﬂmtacm:s&npamwamunfaodduinsyﬁmahwhrgemdmc-
,'mexmwwmm' (For exaniple, see Ref. 35, v 6). 'The hagard toman fom

plutinfuin conténinated surfaces Lo due t vesuspension of the xadloactive particies tnto the tweathilng

| SN, Mremmxmwuﬁmcdmafmymnﬂw. Mdm&mwmm&e&w
Vwmmmmw

W mexcmumwmssiumﬁwis coawa&minumumphm(mfa. 36,37) Cewwxmmby :
o fszaomctm&bavcheemqwm B ‘




-' .i:wwwmm B8

Consider the case of open terrain contamination and remember that our interest is with particles
in the respirable range, We must trace the fate of particles falling to the surface that are in the
respirable range and outside of it also, Particles in the fallout plume that are larger than the respir-
able range may later become respirable ag a result of ahrasion due to metexrological conditions or
use of the surface by animal and man, Particles that axe within the respirable range may fall to eacth
and adhere to other paiticles, resulting in a combined particle that now falls beyond the xegpirable

range. Thie adhesive force can be guite large. Laboxatory tests using soalc vibraticn up to 90 G's
mnedtoaepuateﬂwmmaredparucles(!{ef. 38). '

: Weathering alone tends to reduce detectahle dpha contamination as the plutonium paxticles axe
mixad and covered by soil. Desext sands offer glgantic hiding places to the contaminant in the microu
range. Resuspension from grassy surfaces tends 1o be grester than fromn soil-ouly surfaces, probably
" because of the contaminant heing above the boundary layer beiween the surface end turbulent alr
(Ref. 39). Similarly, resuspension from bulidings and other atructu:es which are more subject to
direct winds will differ from that of soll. v

The texm, resuspenalon factor, plays & significant role in the description of resuspended partic-
ulates. Resuspensicn factor is defined as the ratio of airhorne concentriution in unite of activity ar
. mass of material per unit volume, to the sctivity ox mmatmwmpa:mlt a:aaﬁtetnm:ﬁcmum—
inatlnn. Its units thus become invexss length,

Expertments to detesmine vesuspeaslon factoss undex various conditlons have bota carsted out L »
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© Pigure | summarizes the vesuits of exteduive laboratocy teuts conducted indaa:c with con~
taminant sud saveral diffevent types of eufaces (Ref, 400, The histograms sre for different chwey of
~ perecanel activity in the lshoratary, The Waa, K, andK . Yepresent ativities of 14 aepa/
ity alsoulating datellsd moaitotag peocaleres, 4 3 sthpa/nty
s Tosults ‘
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(Ral, 41). A large renge i ectiviy (radicsctivity) was obssrved for s given particle sise, Whils
,mmﬁmmwm&mawmmammm
wmawwmmwwmmmmm"mmm

lass than 1 pexcess tn anothar,  Paxticle deasity estimates from lees than 1 snd up to 19 g/cmd were
wade, aithough the densities toadad toward tha higher range as particle clise decressed. Thus, when
w,kmumnwwm&mmmmmm That e, a paxticle in the
rw&mﬂuwamnhdywbemmz. In addition, inhalation dynamics is a finction of
perticle deuslry. Analyals based oo deasitien of the order of 10 g/cm Swill be In ervor when pasticles
of the reags of dansitise ciied make up the population, It is possibie, however, that the varisnce may

sverage out in the deasity case. No conclusion was made o the literature.

- toa levad, eapécially whin Iooking at velstively low levels of contamination, Whan surveying follow-
Costarnination estimate. Additionally, rdsmwwmm&wuumﬂumtmlﬂgwm~
w&m&aﬂmwwwﬂﬂmﬂwm;ﬂﬁaaﬁmcﬁmﬂm&
saniple due to sampls inhomogecelty (Rel 42 OPERATION PLUMRESOB lsopleths determined by sur-
wymmmwwmumm pling by factors of 2-4, the susveys being the higher of the 4

We Lave polated cut that the varialies aesaclated with the description of the phyalce) propesties
of phutcehun contamination cre maay asd pocty deftaed. We do ot mean ¢ faply thr vaaearchers

rlivammeral Prouectioe Agescy (AEC/EPA) Lt
© Naveda Tem Sise as the ares of sxperimést. With
, S srted dasly 0 1900 Tho pmogras prescatly savisi

chap the mout sitable curreet efloet ta Uil ares is that belag undertaken G & folnt ABC/Bge

- The dertvation of plironiun dscontaniiation Itandarde Yequines that the Tesuspmelon factar sl
T Osmcripiios of tae vesuspind hansidcus material be cellnad. 1o the cise of the vesuspession (acrae
: whmmvﬂw:ngﬁgwa#m«mosm Analysis of the Heeralure and evpers cptaion

' pkoped.  Atthough wi teve cited einie of the varisiles involved ts describiny the faie of the
- phetoniuce preiiosiatie, U soame rost veascvabls and properly coaserviiive o sxenine tha a3l of the
. oakerial thae {s resuspended o the b sethiag Sons fallx tvee the ceapirabies Tanye:  Additionaliy, any
analysis pexSoriced a iscidest sitee should o DS G spacific paxtioulats scilvidies asd oot seiy o
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SECTION IV
THE BIOLOGY OF PLUTONIUM CONTAMINATION

THE EARLY YEARS (Ref, 2)

The early days of the Manhattan Plutcafum Project ssew piinimal amounts of plutonium being avail-
shie fox blological veszaxch. In jamiary 1944 after concexn waa voiced &3 to its possibie harmful
effects, 11 mg was allocated to Berkeley for animal uptake, distribution and excretion studlea, A
record for speed in biological research may have been established when Dr, Hamilton reported about
a moath later,

"Oral absorption of alt valence states i3 less than 0, 05 pexcent; Jung retentlon high; ubaa:hed
‘materisl predominantly (n skeleton; excretion vary small In urine sud feces. ™

Later (n 1944 matabolism and toxicity studiss were begun at the Untvewsity of Chicago, aloegwith
. studies to datermine scute/subacate levels for plutoniusy. Inhalation and trachest latubaiton studies
were begus fa fuse 1944, Oy early 1945 the data from anfmal excretion studles were applied ro urwn
uring gasay for workers fa plutosivm laborstories. In Apeil 1945 traser studics in hopelessly ki
buroan voluateere wers belng employed to further fix buman excostion sates.

Aa mestionsd tn Seciloa U of this study, the eatly pexmissible levely for plutontum coctamina-
tics wers haissd 0o comparisons of relative hezard with respect to vadium, At thig early time suto-
m@mawmqmmmmammmmmwummw
W&mm&maﬁxm

Ths shrensotiossd stadles contisucd thyogh the Fortlea. The work leadlng the establlehiment

o of 58 0t ax & wusious permlesible bady buarden was summarizad by Houes to Apeil 1930, Relative
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o Othes studiey during the petiod Licluded delayad toxiclty tnidogn at the Universiiy of bzsh%m_
«mmwcﬁxmmm%mmwywwwﬁfmmm -
'mt . .

In 1950 the (CRE recommendativan previvusly clrad tneo.,x:n:ui conorpie of a “standend man” qad

eniployed » hag model (n ite devivaiion of suggesiad stindands. Recopnitton was given 1o pevious
expiriiental work which derived verious cotstants for hic metabolimy of plizaatumy, The model w sgd
oxtimated that mpe:wzcisoluﬁecomganﬁc intusled t abaoibod with & Rologicsl half time of 10

dayw The ruen I for Tosohdle plubodium compamde & the Lng wae set st 200 daye.  The maxtmygs

M&WW&WWMm%wﬁmmmﬂm
goeadey thu that far soluble compounds.  The lower figure wae yesommendad as the lmit for con~

pounde 1y both csteguaties, however, becsise of “the possibilily of the masalerence of soow anisc
m«mmsmmwwmnam (R, 8L
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The NCRP published a new lung model in £953 Their suggested meximum permissible concen-
trations remained the same as those of the ICRP; however, some changes in metabolic coastants
ware suggested, This model states that 75 psreent of soluble iahaled material is depesited in the lung
and two-thirds of this is scavenged in the upper yespiratory tract aad soon cleaved through ciliavy
action and swallowed. The remaining one-third is retained in the iower respiratery tract. Fractloma,
.of both upper and lower tract quantities go to the blood and thence to organa fed by the blood. Twelve
pevvent vi ingoluble aercsols are retained in the lower respiratory trast for lcng periods, with the
lung bemg consideved as the critical organ (Ref. 9.

Netional and international committees ‘continued thelr work during the 1950's and early 1960's
toward refining models and methods of treating plutonium in the human biological system. Concepts
of abgorbed dose, relative biclogical effectiveness, quality factors and tre like were suggested, de-
fined and redefined, all in an attempt to provide the investigator with better bzues from which to draw
conclusions, The current 1965 model is dzscussed in Section v Qf :.his study. the 1973«1::qmsed model
is discussed in Appendix A.

RECENT AND CURRENT RESEARCH

Researchers in biology have attacked the plutonium hazard in several-ways. The research hag
involved soluble and insoluble compounds. Administration has encompassed laying in abrasions, in-
" . jection in and to various body locations, intubation, implantation and inhalation. An importautquestion
for the present study is, "What porvion of the literature is of intesest in the weapons. accidenc sﬁtua -
tion?" The answer is, "All, in varying degrees. " A

The argument has been repeated many times in the literatiwre that the primary hazavd te'a pop- ~ -
ulation in the accident situation is the inhalation of the radioactive aeroscl, The skin is a satisfactory
_barrier to external alpha radiations. The external gamma field is relatively insignificant following
a nonnuclear detonation. Transport of inscluble macerial from contaminated abrasions is insignifi-
cant. Uptake through food chains is relatively low because of the large dimrimination ratios involved, ’
eg, 1040 1076 (Refs. 43,44, 45). One hazard of special interest in the accident situation - ope
of interest more to individuals than to the population - is that resulting from puncturc-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 iu this uptake and in transport across deep .
lung barriers suggests that some solubilization or effectively simiiar process does cecur, Langham
in treating this situation suggesis that the term "solubility” has not been well defined and "seems to
relate more to the metaholic hehavior 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 ouly to put the lung
at risk, but algo includes placing other organe at risk, some resulting frotn uptake from the biood and
others resulting from direct radiation, e. g., the G.L tract,

In summary, experiments involving inhaled PuQ4 aerosols axre most directly applicable to our
study. Those experiments employing injected solubfe compounds give us-information concerning.
metabolism of plutonium that has teached the blood, Implantation and istubation experiments provide
“an tnslght into btological mechanisms of ingult and protection in the immediate area of parciculatea -
.of high ageciﬁc tontzation potential. _ _ oo
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Oneother source of information is of epecisl tiversst. ‘Through our yeare of experience with
Plateafum, accidents have occuzred, A significsnt sccumuiation of data is evallabie from this scurce
and invoives himan subjects vather ther laboratory solmals, : :

Basad on the early experimental work with plutonium there seemed littie doubt that bone was the
citlcal argan. Later work hes cast some doubt on that finding, at least in some specisl ceses.
Exgarimm&ﬂmfmdonmin&unmemmhsveahmmmzymala:gercmcentraﬁonseﬂst
in the fiver than in the beve, Barlier work was generally dons at high dose levels, There is same
ovigance that & shift fn critical argan may occur ¢ lower dose levels (Ref, 46), -

We should poiat cut thar the lncident situation is concerned more with evidence gofned from ex-
perimenis resulting in low body accumulations than with that tavoived with high burdens. We are
- -concerned with reducing the biological hazard to a ininimum, The high dose exmeriments set the
-stage but the low dose experbinents set the characteroftheplay. The low dose experiment, however,

. is the moee difficult and costly. Good statistics vequive iarge numbers of animals, both at risk and

as coutrols. Lower doses are expected to :‘eqt_n:ef longer periods of latency before the inzult is rec-

* Injection Srudies

: Cur interest in plutonium administered by injection is to determine the fate of the radionuclide

. once it reaches the bicodstream. Injection was a favorite and reasonable delivery mode for the
carlier stulies whose emphasis was directed toward bone and other blood-fed organs, e. g, liver,
‘Kliney, spleen, The eaxlier stulies were performed to determine gross uptake factors, metabolic

. xates end ovgan deposition rates, The injection experiments have continued and are now more gophie-

- ticated and ave 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

.7 patient 1s also being done with injected solutions,.

Uptake of plutonium from the blood to various organs is dependent upon its chemical form, aggre-

© © . gote size and blood chemistyy of the experimental subject. Significant differences ave seen at autopsy
" “when graded solutions ave administered. ‘With decreasing particle size less plutonium is deposited

in liver, spleen and bone marrow, while mbre is deposited in bone. With mice as the experimental
animal, there is evidence that the pattern of deposition depends on & critical size of aggregated plu-
tonjum-containing particulates (Ref, 47), In a gross-sense, investigations have found that twice as

- much polymesic as monomeric plutonium deposited in bone is required to produce equal incidence of -

‘bore tumers, The polymeric forms tend to deposit more in bone ‘marrow than on surfaces as is the
" tendency for monomeric forms (Refs, 48, 49), - : 7

: _ Plutoniusn initially deposited &om blocd on bone surfa&es can also reach the marrow. The pro-
cess is a functiva of subject age and is due to bone remodeling-and osteoclastic regorption from sur- -
face to.marrow.(Refs, 50, 51). - ,

‘Because of the historic link between piutonivm and radium, thexe ts a tendency to forget other
-organs at rigk., The liver, spleen-and kidney ave also plutonium coliectors and have also been studied
with reapect to plutonium uptake, retention and metabolic behavior. Work at the University of Utah
has been underway for a considerable puriod. Some results of relatively low dose work are now being

. weported, Some effect of dose level is indicated. That {e, splenic and renal retentions at lowex doses
. “‘ave Mighex than would have been expected by extrapolating from higher dose studies, Beagles have re-

- celved injections of from 0, 016 t0 2.8 uCi/kg of animal weight. This covers levels where life-short-
ening {s negligible, through levels where ostsvsarcome. i taduced to levels exhibiting extensive '
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skeletal and liver damsge, Retention equations of decaying exponential form have been developed.
The authors suggest that &t low doses moxe attention should be placed on the aging mechaniam rathex
than on sarcomas (Ref. 52).

In a "spaculative” paper, invastigators at the University of Utah have estimated probabilities
of radistion induced tumors from a permissibie body urden of plutonium. For 2 body burdea of
0. 04 ;Cl starting in the circulatory system with Toughly half being deposited in bone and helf in the .
Livex, the authors find bone cencer probabilities of 0-5 pexcent and liver tumor probebilities of 0-10
percent, The vange of probabilities is a function of the model employed in the calculation. Thresh-
old, dose-rate and lifespan dose models were used. The threshold model 15 based on human experi-
ence with radium where no bone cancers have been observed below 1200 rads average bone dose.
With corvezsioa of O 02 ;Ci piutonium orgsn burden to a 14 rad dose to bone znd o 57 rad doge to the
liver, this model suggestsa vanishingly smell probability. The dose rate model suggests that the
risks to dog and man are linearly propoxtionel to their dose rates averaged over long exprsure times.
. At burdens of G, 016 uCi/kg, the lowest level at which neoplasms have been observed at Utah, skeletal -
" dose rates of succumbing subjects averaged 8, 8 rads/year. Probabilities by this maodel are 1 percent
for bone and 2 percent for liver, ' The iifespan dose model suggests that for a fixed incidence of can-
cer among mammalien species, the required cumulative doses are rather similer, Probabilities for
this model predict risks to the bone of 5 percent and 10 percent to the liver (Ref. 53). Although the
suthors admit that the risks estimated are uncertain, it is refreshing to see the estimates made. In
many cases extrapolaiing to man from the various experimental animails is considered to be off-limits,

We do not {mply 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 cut that much very fine work hag been dune and is ongoing «t several
-locationa. The low dose work that is wnderway 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 s Injection
T-

There is considerable interest among investigators concerning the relative risk to man of the

" homogeneous versus discrete distributions of hazardous material. In fixing maximum permigsible

. 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 enexgy of decay is in the form of alpha particles (the case of plutonium), when we discuss a per-

- missible burden we may he speaking of relatively few particles with iimited volumes at risk. Investi-
gators at LASL are studying the effects of small highly radioactive paxticles. In a theoretical approach,
tumorigenic risk to skla and lung has been described (Ref. 54). With increasing dose, experimental

" evidence indicates that tumor incidence increases, finally reaching 8 maximum after which the cells
at risk are damaged to the point wheve cell division can no longer occur. Thenceforth, the risk of
tumorigenicity decreages with increasing dose. Currently G 016 uCi of Pu-239 constitutes a lung bux-

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 numbex of cells at risk.
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TABLE X
TUMOR PROBABILITY FROM LUNG EXPOSURE TO 16 £Ci OFzsgPu 0, (Ret. 54)

Pazticie dlameter - Number of Particles in 0. 016 yCi Pu-239 Turnor Probahility -
el 5.60x107 | 22310

&2 1.2x10® : 2015

4 - 880 x 10° E 0.59

es - prwx® . w0

Lo o seaxdt 4o

2.0 7.02x 10° Lo

%0 _ 8.80x 10 L0

' In the case of an exposure to a hurden of 0. 016 uC1 Pu-299 for a period of 720 days, 3 x 1Pcells actu-
ally absorb over 95 pexcent of the total radiution for a dose of 1.6 x 10° rad. A corresponding whole
argan dose would be only 3. 24 rads.

Experimental work at LASL employing injected PuOy microspheres is a follow-on to the theoret-

_ lcal study just discussed. (Ref. 55) A single microsphere was injected in-the femoral vein of a rat.

It was subsequently transported by blood until it lodged in the lung vasculature, These microspheres
averaged 178 um in dlameter and weve 81 percent Pu-238, 15 percent Pu-239. This mixture exhibits
a coasiderahly highex photon doge rate than would Pa-239 aloue, In addition, some of the photons
from Pu-238 are more enexgetic then thoge from Pu-239. 'The Pu~238 alpha enérgy aversges about
5.5 MeV, slightly highexr than Pu-239's 5. 15 MeV. Consldering oly the alpha insult we rmust recog-
nize that its enexgy is delivered over a limited volume, Its range is about 40 ym, but the dose rate
falls xapidly beyond 25 ym. The authors estimate a cell population st risk of 8 to 6 x 10° cells at 25
pm. This number seems large but 1s axmost insignificant when one considers the organ cell popula-
tion. The dose rate to the 40 ym sphere is estimated at 6 x 10° rem/hr. Constder now the photon
situation, Photon dose xates at the surface of the sphere run sbout 620 xads/hr, and decrease by
tactors of 10 and 100 at 200 and 700 ym respectively. Ia 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 except in the immadiate
avea of the particle. In addition, "The absence of severe biological response appears to be rolated
to the numbexr of cells at risk which, in turm, is a function of the nuﬂxberand size of particles making
up the activity rather than to total activity, " S

An experiment was conducted at Colorado State University to detexrmine the dynamics of lymph
node accumulation from PuOj contaminated wound sites (Ref. 56), Results indicated that as much as
17 pexcent 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 rigk of lymph node
ixxadiation is uncertain at this time. The situation is discussed in Seztion V of this study, These
. data do indicate, however, that a considerable burden of long-lived plutonium can reach the lymphatic
system. Congideration should be given to these findings when considering wound site decontamination
" to include poasible surgical removal. v S ' B




o Parciculate Intalstion

Wemmmmdimsxmatﬁnmwmmm the wespons and power source accident situation,
Invostigesors ave untversal In thelr agreement that as long as the sleeping dog of plutonium coatami-
natica les, it presents no hazaxd, But sleeping dogs awake, arise and travel the nelghborhood.
mmmmwwwmu«mmgmofmmmm
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cls olxo & the response to hng depesition. Accurate determination of the particle size has been a
contipuing poblem with these experimente, Work at Lovelace Foundstion in the Fission Product
Inhalation Program has sttacked chis problem and hes resulted in excellent contxol of particle aize
samples. The latest publication of the ICRP Task Greup on Lung Dynamics has recogrized particle
wizz dependsace for lung dsposition. Figure 2 presents thelr findings for man (Ref, 57, 58). The
: ,\mwwmmwmmmmnghmmmmwma

. '2150&13 mmw a:750cm3

tles (deasity, dimensions, etc.) of a particle and normelizes them to the aerodynamic properties of
. "a particle of unic deneity. This noxm *ization permltu application of lung deposition models toparticle -

g2 1 2 3 A4 A A 2

¢ ’0‘.‘ 086 12 18 20 28 23 32 88 4O
Activity Meon Asrodynomic Oiemeler (pm) *

Figure 2, Total Deposition of lihaled Paxticles (Ref. 57

.. 5mall animele used In inhalation experiments do not-exhibit the same deposition pattern as does
- men, Experiments have beea done which point out the difference and we should conasider that our
kmowledge of depoaition is fairly good and will gét better. Lovelace has ceveloped a process for pro-
duction: of geroacls within tlghtbandsotpmlclem Their inhalation program ualngmeaemooola _
‘18 currently in progress.(Ref, 59),

The texm, "Acuvicy Mean Aerodynamic Diameter” (AMAD) may require explanation. We can treat it L
by parte. "Aevodynamic diaméter" is & term Involved in & process which treats the physical proper- ;

-~ popalations ofvarying physical and aerodynamicproperties. “"Mean" applies to thearithmetic mean of the
B -.partlclepomnauon. "Activ "dmmﬂmﬂww@nﬂnwwmmwcmdcbuedmumple udlo-
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Secticn V of thig study treats the current ICRP lung incdel which includes date covering the stay
times of plutonfum particulstes in the lung. (Appendix A does likewise for the proposed 1973 model).
Work is wderway at Battelle Noxthwest tc determine the modes of lung storage and transport, We do
keow thet the majority of particulates in the deep lung are very rapidly phagocytizad (Ref 60). Similar
. phagocytic action has been reported after injection into the peritoneal cavity with over half being &n-
guifed after 4 hours with subsequent tranglocation to visceral -abdominasl tissues and out of the perito-
neal cavity (Ref, 61). The Battelle Nerthwest work has found translocation to the alveolar epithelivm
(Ref. 605. Battelle work studying macrophagic action has led to several conclusions of interest(Ref.62):

L Plutonium particles are phagocytized rapidly reaching nearly 90 percent in the lung.
2, Particles are concentratad in macrephages creating hot spois of intense alpha activity.

3 Tbebehav!ctofplutonlumpazﬂclulnﬁxehodyaeemsmhelargelyduamlnedlnthewly
phases by the kinetic bengvior of macrophages.

» At this point we ghould trest an unknown, The ICRP lung model discussed in Secticn V and Appen-
dix A of this study accounts for translocation of the contaminant from the pulmonary compartment of
the lung to the biocd and lymph, The process of this translocation is not well understood. At least
two proceeses chould be considered. The first involves transport of particulates into the alveolar
wall structure as mentioned above and subsequent transfer to the blocdstream or lymphatic system.
The second process involves solubilization of the "ingoluble” particulate material followed by normal
Iung fluld transport processes. Both processes ave being congidered. There is some evidence to
suppoxt both, The first has aiready been discussed. The second is based on relatively increased
solubility of particulates as thelr surface to volume ratios increase. What part radioactivity of the
material plays in supporting ox hindering this traneport is another unknown. Work with radionuclides
other than plutonium also supports our investigation. Experiments carried ouf at the University of
Rochester with chrenic inhalation of UO, aerosols in the meakey, dog and rat are of interest (Ref. 63).
Uranfum is muwch lesa active than plutonium. However, the data are presented as & function of dose
delivered (alpha ener, gy of 4.5 MeV). Over periods of 5 years, the animals were subjected to concen-
trations of 8 g U/m¥, 6 hours per day, 5 days per week. The lung aud tracheobronchisl lymph ndde
burden sccounted 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, xespectively. The corresponding lymph
doses axe of the order of 10,000 rads. At 5 years, one dog in six exhibited necrosis and filwosis of
‘the lymph nodes. No other pathoiogy was evident. In the monkey, lung and lyraph node fibrosis appeax -
ed at 3, 6 years ot doses of 500 and 7000 xads respectively with similar findings at later times and
larger doses, These histologic chnngnas weze described by the authors as being "minimal and present
ocnly in the dssues of a few animals. ¥ The trend was theve, however, and histology of "similarly
treated” animals clearly demonstrated radiation fnjury, ot least sufficient for a recommumatlou for
possihle lowering of concentration limits in the uranium industry. '

- The inhalation work done at Battelle Noxthwest covers hroad aress of interest and is perhaps the
most comprebensive. This work can be covered here culy in wrl.ct summaxy, - We suggest Retermce
62 for an expanded discussion of the effort,

First, we shall discuss mortality findings, Dogs have inhaled enough plutonium to cause death
. within a week at high doses. In this case the lung suffexs total reapirstory failure. At lower doses
daath at several months occuxs from extensive and rapidly developing fibwosis, At still lower doses
Geath occurs at from ! to 5 yeaxs from progressively infiltrating fibvosis, At 3 to 6 yeaxs carcino- o
- genic death occurs accompanied by some fibrosis. Death at lower doses and longer terms is stlil under
“study. Figure 3 is a summary of mogtality experience, One plot represents inital ung deposition, the
'wummammmmdm ptﬂmumrynumandmmw Note that -
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tndicute & "no life shortening” bixden of about 23Ci/g. Extrapolating the other (tumes) component °
mamumaxwug

?
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Figue 3, lnldalplutonlumdepomandhmﬂmatdwhfordogame& 62)

‘How does oie exixapolate these data to man? Does one suggest that a similar concentxation in
man would have no life shortealng effect? But man's lifetime is oo the oxder of 5 times that of the .
.. dog. Should we dacrease man's permigsible buxden by a factex of 5 to account for thie difference
~ in life expectancy? 16 there perhaps a thixd compenent to this mortality lxmden cuxve that will not
_ cometoﬂghtmtﬂweueerasultsoﬂowdmmlmwta? ' '

The burden based on tumor production (0 1 nCi/g) vhen extrapolated directly to man based on

' lung mass ylelds 100 nCL The present permissible burden vecommended or inferred by the ICKP and
- 10CFRZ201s 162C1, . We suppose the answer te all of these questions is, "We don't know yet. " And, -
- -in tewth, wehavebamxmbletonmcwer w&mgevmwumuwmwmmmhmghmdo )

) nnt represent saie levels for man.

What dlﬂarences does one ses with the higher specific u,tivlty Pu-238 with respect to Pu-239?
- For the game activity depoaits, Pu-238 paxticle conceatrations sre much.lower than those of Pu-239,

' '-Ouewwldnpectmseediﬂumcu if only because a larges volume of the lung, L e., more celly are
,n:rm:. lntbecmatm-zsa Oicwrce. thlseﬁectmyhabdmcedmwnemhnmmdmto*
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the higher ensrgy, longer range and higher specific activity photons emitted from Pu-238, Research
" ot Battelle has found no significant differerce in mortality of rats and dogs at early times betwoen

Pu-238 and Pu-239, Longer time experiments are not complete,

Dr. Bair's conclusions in his series of lectures in japan (Ref, 62) can be our summation of the
Baitelle mortality studies. He stated, "In our studies, death caused by inhaled plutepfum..... has
aiways beez due to irredistion of the primenary tissue and the rosulting caxrdiopulmonary insufficiency
and/or bronchiolo-glveolar 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
dogs died of respiratory feilure, The only conclusions he would draw were expressed during con-
versation as we discussed contaminstion limita. When discussing our calculstions besed oa the pul-
monary {ymphatic system, he suggested that it might be well to use the lymphatic system as the crit-
{cal organ, if caly because of the uncertainties involved in the whoic field of man's response to pluto-

__lg@oals and Treatment

We now turn tc reseaxch which is aimed at diegnosis and treatment of piutonium incident victima,
The questicns ave:

1. How do we determine if a subject has a plutonium burden? and
2, What can we do about it?

We point our discussion toward the weapons accldeatcasealthwghmuchofﬂmdataresulukom
experience with manufscturing and processing plutopium in various foxms.

Exposure can resgult from an accident situation oxr can be chronic. The accident situation alerts
persannel to the probability of a hazaxdous depositicn. Only good surveillance techniques guard
- against the chronic depositions, Baslc research in this area goes back to eaxly work at LASL done to
_ enteblish health phyaics monitoring techniques for thelr woxkers in the Manhattan Project. Blo-naaay
in the form of urine and feces ssmpling was detexmined tobesrmableamelnancetechmque.
‘Dcmm;nlmda:perlmenuﬂmyiddedthemum(nenw :

Y,,ao.zax'“"(mnxdmsz%) | o

- whera Yu is the daily urine assay expensed an a percent of initlal deposition aud X 1s the time of
o umplmgmdayawuuacﬂm These data axe based on injected plutoalum,

wummhwwwmumpunsnfhhammwpummmthammmm
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 where Yy by the adjisted urioe yleld, Equation (4 sepreseats data through 1750 dayo past depoaltlon,
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Anglysis of continuing LASL dats indicates high variance in estimated body burdens based on urine
sampling and recommends true 24 hour samples, or sexries of such samples separatod by several
weeks be taken when important decisions must be reached concerning body burdens. (Ref. 65).

There is a considershie volume of excretion data besed on injected radionuclides. For the inhal -
ation case, however, we must look to other data, especially where the radionuclide inhaled is con-
sidered as "insoluble”. In the inhelation case dog fecal sampling yields higher levels of plutonium
excretion, generally by factors of over 100, We find that estimates of lung burden based on fecal
sampling in the first few days is rather difficult. Moat of the uncertainty is due to early clearance
from the lung to the G. L, tract by ciliary action,

After 7-14 days fecal data show less variation sample to sample than does urinary data (Ref. 66y
However, there are several reasons why fecal sempling is not considexed to be a preferred method
of assay. Generally, these xeasons are related to difficuities in obtaining the sample and in fta
handifag, There is considerable evidence that it should be employed where tmportant 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 ltthesampleu acﬂveenoughto suggest good

counting statistics.

The 1965 lung model of the ICRP (Ref. 58) and Langham's data covexing human excretion expexi-
mentation (Ref, 64) are the basis for a theoretical approach to estimating initial lung burdens for
_ inhalation cases. Figure 4 represents the findinge of this approach in terms of urinary excretion of
~ plutonium for an initial lung burden of 1. 0 nCi as a functlon of time and particle size of the inhaled
- aexoscl (Ref. 67). The authors suggest that urine sampling may be of inasdequate sensitivity for _
emaller particle slzes but that fecal. umplhzsmayleadtomlmprwemwmmammymlungtm-
den estimates, = - .
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 Figure 4 Theosetloal Plutoatun Urlnaxy Excretlou Cusves, (Ret. 67)




musmmammmmugmm Due to the short range of alpha
perticles in tissue, the method depends on detection of the low encrgy photons from plutoalum and
smeviciom-241, a dacay product of Pu-241. The specific acsivity of americtum is a function of the
‘age of the batch of piutonium tavolved in the sumple. Knowledge of the isotoplc composition of the
originel plutonium bacch is aiso required (Ret. 62). Counting for lung buvden is made more diffi-
cult as the contaminant is bidlogically translocated to the lymphatic system. These counting syotems
are ususlly associated with fixed facilities and shieided rooms, Of interzat to the sceldent situation
15 a postabie (about 200 Ihs) anti-colncidence system claiming capabilities in ushialded facilisies
for ressonable confidence at lung burdens of 5. 3 nCi, about ora-third of 2 pecraicsiite fung burden
(:;d. 68). This level compares well with capabilities of fixed installztion in three countsies (Befs

h 70, 71) : .

Bemewocudlngmmembgectwtremmntpiumlummm“shmlddiacuuthecm
of contemination of wounds, In the accilent situstion, particulacly duzing search and decoutamination

- perlods; there Is a fair probability that some per soanel will zeceivewound injury. If the axes is

contaminated, thewound will probably be contaminated also. Experience withwound cases has gen-
erally been from processing facilities and fnvolve both goluble and insclubde compounds, Incoluble

- compounds exhibit litle uptake in the systemic hiood system. Soluhle compounde react in the oppe~
alte divectlon.  Early urine sampling, or fecal where poasible, has been ussd to estimste the depioi~

 tion(Ref. 7). A solld state device for wound ssasy has bess developed (Ref. 73, The system

offers such excellent resolution of the soft photoas involved that vatlos of plixon peaks caa be em-
ployed to emtimate depthi of depoaltion, : e L

. Reductlon of tﬁg Bady Borden

Once en estimate of hody deposition s been made, what can we do to veduce that burden? Treat-
ment, of courae, depends on the eatlmate made of tho total depoeliton. - Trestment may be genevally
2 Lavege

 Chemoherapy 1a represedsd by teatinent with chelating agents, compounds stch bood wits

" “imetal fons, - Chielating wgeats xuch as EDTA* asd I'TPA®* live bisen singloyed with DYVA belagthe

prefersed sgent (Reds 74),  DYPA may stil! be yesiricted to the expevinental drug st We undex-

S stand that action (s undezway to relteve thils vesixictlon. ‘The chelste ix eifactive in Bindlag with

- any free plutontic foam. ‘The primary actloe, however, drpends un che fate of plutootum ia the sys-

ﬁ}_' “temic Hood sydtem, Ixon in the blood is complexed with transferyin, a transpurt protein. The

- teansfervin thea distibutes the tron t0 hemoglobin syntheste locations 48 teedst. Excessironls .
- etored i the Hves and spleen,  Storage fivvolves tranater frony trasafersin to ferritls nd Nemosld-
¢ eln, two tron stocage compounde, Trshalerrin alec picks up plutontam that may fiswe resched the
- symtunlé systen,  The plutonlum Is transported (b the sain® maaner se {roe. 15 the plutoatim
R _-oeachee the bise it tenids to tranaler 1o the boue whixe it enjoys s g Nologieal Hletime, DTPA '
© . chalating action rentoves i plutcalutn frons trezufertia with o boad eiticlent o veatsict boce uptake,

. SEDTA t ethyleoadizminetetrascslc scld,

| “DIPA tsdistylenerrieminepcumassetic scld,




The chelated plutontun: them is excreted ia the uriae, Bxchange of plikoaium from traasfestin to

- ferritis has been demonstrated (Ref. 75} [VIPA aigo has tadicated some effectiveness in reducing

liver burden. Use of & seticulo-sadothsllal sycem stinulmt, plucm®, bas baen succesadul ia re-

" leasing plutonium from e Liver, mwawwamwmmm

- ment with giucan and DTPA ia suzcassful is xeducing both liver and baos burdons (Ref. 76). Plutosium

- onom bound to hone caanot be chelsted except diring bone veniodeling whaw osteoclasts act om rasorh-

~ing surfeces. In genaral, DIPA trsatment shotld be initiswsd as saxly as possible (within minutes
mm&mmmmmwmmmmw(mm

Wesbuﬁdumﬁmmm&emmﬁmmywmmmmmm‘nﬁ& itis

_ said v be nephrotuxic and a dpleter of trace rostals, most notably sinc, Additonelly, some coa-

- ‘eldex that DYPA treatmedt libecates plutonlurn to the systemic systen with subbequent uptake in _
varicus oxgans. ‘These views sre s teuly minocity opiatod {Ref 76). Asx to maphrotoxisity, the ageat
,,Mymnﬁmmﬁmmma@wuﬁ&mzmwmm Complicsions ~
.:thneoccurm:ngmmwmmmﬁawmwum Norma! distsry costead

. is sufficient to veplace tracd metals. The leat feir ssems to be overcame bscause plutoaion ts

- tightly bound to DTPA [n the systamie Kood wazll excreted. o sumwmacy, chelate trestment should

., Solloer evaluation by compermt modical sutharity (Ref. 78). The U. S. Navy, aloae of the three sec-
. wivem, bag & stated policy concercing the use of DTPA, mmywwmmamdm- 3
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Wa repwat b&re&:zl}’r?& wmm systemie plutonius. m wmwww
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o - Ssdocisted souller contarratine Gt the T, Gosoerd, however, ix belng voloed to the comnunity

casos. Of courue, this treatment rauat be consblered in balmcs with possible effacts of the eur-
mmmmmmmamﬂmm Whare ussd, exclsion has gen-
_eraily biea successful, Thare (s soms evidence thet sarly excision, pazticuizrly of insoluble com-
pouids, may not be preferved. It cae walts, the actlon of Incalised pasticulstes an insnadistely

Temoved wich lace totel bamult to sarrounding tissue. Of courme, monitoring of syatemic buxden.
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SECTION V
THE DEPOSITION AND RETENTION OF INHALED
© PLUTONIUM IN THE HUMAN BODY

_LUNG

The dzpoaitics and vetention model for fakaiation of 2 plutowiam serosol or plutonfum-baaxing

- pesuspsnded dust is based o the payeioiogieal lung model proposesd by the Task Group o Lung

©Dynamics for Committes [ of the Intsrnstional Commission o Radisiogical Protection (Ref. 53

A schenatic of this lusg modet is shown In Figues 8 !nt&hmtﬁg:krmﬁxnsm&wmem'
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TABLE X§
CONSTANTS FOR USE WITH THE 1965 LUNG CLEARANCE MODEL mR"ﬁgmz;

Reglon  Process SR Biologgcal Ha1f~Time EE Re¢ goml Fraction

N-P ‘a " 4 minutes L 001
b 4 minutes A
T-P £ 10 minutes 001
d 10 minutes a9
p e 500 days _ CA8s
£ 24 hours ~ - 0.40
g 500days 0,40
b 500 days - 015
Lymph i 500 days .. 010
k , o (infinity) 0.9
(Subject only to

'radioactive decay)

No further attempt will be made to cousider (j); however, a physiological model for gastrointcsnnal
absorption has been made by Eve (Ref. 83): ,
(k) represents the portion of the dust that is never cleared from the lymphatic system. The
biclogical half-time for this routine is infinity, so this process is not a clearance way; it is included

for the sake of clarity.
The rate of change of the pulmonary lung burden for each of the four clearance processes can be
expreased in ternmis of difforential equations as follows:
Burden rate of change (inuCi/ ) = input - output - 7
dqe
&~ =PCDg £, - Ae Qg ®
dqf
dqg ,
2 = - " (10
“h , .
38
S Spr et u,. ;«\ N y Mﬁmﬁwgmw_um



me R = respiration vats, in ms,/day
C=slx concentration at any time, in };;Cilms
qg 9 Qg % " the lung burdens assoclated with the Tespective clearance pathways, in pCi
Ags Af _gﬂ Ay = the eliminstion rates, in deys ), for the data In Table XI, and are (ln 2)/{tlolog-
fe+ff-fgvfh = the reglonel deposidion fractions for the respective pathways and sre given in
Taide XL,

Thempizatory&nmism,, whare the air concentration, C, is a decaying exponential that is

’gf‘?mby ( )
-\, FAE
TP a2

), = the gir clearance rate constant = (In 2)/(35 days) = L. 98x10™# days~!

g {Ref, 30) .
= the dzsintegrsum copstant of the isotope belng studied

239 Go = the air concentration at t=0, i. €, the -start %5 ie inhalation exposure.
The half-life of %4 360 years, s0 ) ls =7.90x 108 days . For Pu, )‘ > A , 80 Eq. (12)
reduces toC= C‘ e “AL

Eq. (11} wiil be integrated as a sampie and the initial condition will be applied. The other equations
can be solved in an analogous method. Eq. (11) can be rewritten, using Eq. (12) above, as

Tt RGO g . 19
t
h
Eq (13) can be multiplied throughout by the integrating factor of e to give

)\h doh A (Xh " Ayt
—n q
e 3 +"h*h}= RC DS h €

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

) )

Eq. (15) can be readily used to integrate Eq, (14) wich the result of

At (n, = Ayt




+ ¢Y))

whereﬂisthemstamofintegratlmthatwmhedaerminedfmmmemiﬁalcmdmonofqh-()when
t=10, giving

ae. —CoDsh . . (19)
oY Mo-M
EQ. (17) can then be multiplied bye togetqhasaﬁmcﬁmofmmas

RC, Dyt, ( Mt _e~xbt)

- (19)
WO
In & similar fashion, the other burdens can be obtained and are:
At At
G (O = RCeDsfe (e Ae'® ) 20)
R £ “AAt -
s ® = C°?5 £ (e Ae Aft) (21
xé :A:
RC D.f At oA
q (= .~._°E)5_.;g__ (e A e '8 ) 22)
g Ag -\ A
. The pulmonary lung burden, q, (8) 15 the sum of Eqs. (19), (20), (21) and (22) as
- GO - 9 0+ GO +q O+ O (29
P a,t 0 AL At <kt
, f( Aat e'*et) f( A x‘) f(eA-e 3)
qp(t) SRCODS e e 5 ‘i . + Lle 5 -e : o+ g _
e "A f A Ag A
£ (e')\At -8 -xht) :
o+ (24)
N S VR

Eq. (24) can be simplified by notlag that the clearance rate constants for pathways (@) (g), and
(n) .are the same, Thus,

RS R D o0 e
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- With the use of Eq, (25), the lung burden equation becomes
: NI W At R
- . £ .1 (e -3 ) f (e -2 }
. B Ay My e Ay o
“The tnitlal aly congentzstion, Gy s velated to the initsl surfsce concontration, S, trough the
| T Co ak 8, : (27)." -

whiese Sy 18 In ucvmz'-ai_nd kis i, The combination of Bqs. (26) and (27} yields

(26)

RN NN

A graphical representation of Eg, (28) is ¢ in Figure €, where on the left g, (t)/Rk'S_Dgin
days, and on the right q (t), inpCi(S, = 50 ug/m#), is plcited sgainst the time, t, fn. days, * (Note
that the time-varying part, i e., the portion within the brackets, is plotted on the left versus the
time so thet the pulmonary burden 9y can be obtained readily by multiplying the cuxve value by the
coastants R k so na «) An important featuze of this curve is the relatively long time scale, One-half
of the maximum lung burden is attained i 26 days, the maximum lung burden is reached in 143 days,
and the maximum burden hes decayed to one-haslf its value in 700 days, The expontential tail foliows
closely a curve with a 500-day half-time, It is very important to note that the time availabie for
ciean-up operations is detexymined by the alr clearance thne (a value of 35 days was used in Fig, 6)
and in order to significantly reduce the total lung burden, the clean-up wust be done in the first few
weeks or the higher concentrated area must be evacuated for a few months.

Evacuation of the contaminated area can greatly reduce the burden ard dose to the body. For ex-
ample, with the air clearance rate constant of Ay = In2/35 days, if the contaminated area is evacuated
for the first 35 days from the time t = 0, then the burden and dose will be 1/2 of the amouut graphi-
cally portrayed in this study. If the evacuation is for 70 days, the buzden and dose will be i/4 of the
amount in this study., This halving of the burden and dose will continue for each additionel half-time
of 35 days that the individual is removed from the contaminated area. This burden and dose decresse
is shown in Figure 7 where the relative burden and dose (as a fraction of the amount when there is no
evacuation) is ploited versus the elapsad time in units of one half-time, T.

*The arbitary value of S o ® 50 g.u;/m2 has been used in all graphicai and tabular presentations,
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Figure 7. Relaiive Al Coacentration as a Funetlon of Alr ‘Clearance Time

Tho pulmenszy lug doge, D, in 4Ci-~days, s obtelu by integrating Eg. (28) over time,
. = Rk cp\e g hit\e -1/ \g -1/}
?;.p' Jo % Rkso% LM Uy BTN
. + .ff o (ﬁkil *1.),.,(%__,.‘& '»1) " ~(29)
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A lifethne in a coataminated area will be between 50 and 70 years. No significant error {less than
a fraction of 1%) I8 Introduced if thie time is extended to infinity, L e., lett — o, If this time

condition ie imposed on Eq. (29), the infinite lifetime dose, Dc poo * is found to be
£ t '
b L ESDs [(___x) . _f_] @
| “P M M A
" A pCi-day of exposure can be convertsd readily into an exposure dose in rads, Dr' by using
c,C.C,E D E
= 17273 c
Dr--Dc "'C:ﬁn_—" =5L1 —& 31
4

where C1 = constant =3, 7 x 10" disintegrations/sec/uCi

Cz = ceastaut = 8. 64 x 104 gec/day

C, = congtant =1, 6 x 10-6 erg/MeV

3

C, = nonstant = 100 exg/g/rad

4
E = energy of particles, in MeV per disintegration

m = weight of organ, ing

Forzsgpu. the average alpha particle ezergy is 5. 15 MeV, so Eq, (31) becomes
0 A
= 2 _c
Dr =2,63x 10 ™ (32

For the lung with a mass of 1000 g (this is the value of Standard Man from Ref. 2) the re¢lation between
rads and yCi - daya is ' ' '
v P

Eq. (30) expressed as a doge in rads for a 1, 000 g lung is
. .t
Lammsgy [legen)

o il o (34)
L, po AA-' 1 .

Dr = (, 263 Dc. | (33

_ 'The respiration rvate, R, and the pulmonayy fraction, D.., aye directly related parameters; in this

 stwdy theee values are taken from Ref. 2 and ave R = 20m /day and D5

the particie size of the aexopol dust: the AMAD value used in this study is 2 wi,based on the experi-
mental dats of OPERATION PLUMBIOB (Ref, -30), . . '

The resuspension factor, &, vgiies moge t!tfm any other parameter. As stated carliexr, the most
widely quoted values for k are 10 " to 10 " m . A very geod discussion of (s fagtor and a nunmbor.
“of values for It axe given in Ref, 39, Such a wide variance in values for the resuspension factor
has made the uecessity of choosing a number proposed by the woxld's experts in this field, the late

= &L 25, 1, is depeadent upon

SV




Dr. Wright H. Langham from ths Los Alamos Scientific Laboratory, Los Alamos, New Mexico, and
Dr. Ken Stewaxt from the Atomic Weapons Re‘ae_%rcla Pntabushment. Aldermaston, Berkshire,
England. Both experts state that the value o 10 m ~ is appropriate for accident situations, Lang-

- ham in Ref. 35 andpeuo_%al ggmmmlcatlm. and Stewert in Ref. 39 eud e personal communication.
Thus, wewillusek=10" m , as in Eq (2. _

With these constants used in Eq. (34), the result {5

2
D, po = 02885, (s, 1n woym®) (35)
whenS s in uCUmz. With. the use of Tinney's value as expmesedzln Eq. (1) (Ref, 84), where it
wuahawnthatlﬁ.a‘gof 21Ci, Saennbeexpmeasedin.pg/m so that Eq, (35) becomes

2
D, pe = & 001765, (5 i ug/m?) (36)

Eq. {36) can be used to calculate the infinite lifetime dose to the lung when the suxface contamination
1s known; values for these calculations are given in Tahle XIL

Eq. (39) car be used In Eq. (29) to obtain the time-varying doxs to the lung, AplotofD_ , in
rads ou the left elde and in rem gu the xight side, versus the time, t, indays is shown inFigufePs,
where the value of S = 50 yg/m” was used. Thie graph shows that the lung dose increases rapidly,
reaching one-half the maximum value in 551 deys. The maximum dose of 0. 089 rads is obtained in
about 6, 300 days and remaing constant thexreafter fox the life of the individual. o

LYMPHATIC SYSTEM

Ancther possihbly critical organ is the pulmonary lympbatic system, for which the differestial
 equations are, based on Figure 5: ' _ :

CE RS | @
Sq S
ik TS T e

whexe 1 = input from lung = A, q,, with g from Eq. (19) and N, =\ from Eq. (25)
Al = ellmination rate far route (1) and is )\ =(In2)/(500 daye)s s0 N =Ny from Eq, (25)

£, = regioual fractlon fox xoute () = .10 |

- A =-climination rate for xouts (k) and since the blotogical hali-time is nfinity, A, =0
f, = xegional frection for xoute (k)= 0.90 ‘ | |

5.

O
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EqQ (37) can be readily integrated like qs. (8) through (11), and with the same initial condition of
qinﬂ.mt=0. the result is

At A\t “A,t
() M Rcon.iifhfi e A -€ 1 _teo 1 =
qi = (69)
A Ay A cdy

Eq, (38) reduces o

:z"'"%“fk 40

sincex.k:O. The integrated form of Eq. (40) is, with the sume initial condition,
Ak, At T
©_ Bk l_"A"’ r-ae AT

_ : + 11 (4
ML NN

%

The tocal dose to these lymph nodes 18 q_, which is the gus of Sgs. (39 and (41,
o ENCETRCEE NS S €

o ‘ Lt A ‘ R AR OB
D gueRe, Dot Mh e Yoo T B flde ke T

: &i?)x ‘ XI-AA' ,' , *‘\ A *A
S Y S RN B G S

“w

Aplot of By, (43) ta showa In Ejgure 9, where on the feft g (0 RS D S, indays, sdontho

S right q? {0 In yci.(‘sé = 50 pg/m), in plotted agalast the time, &, i dave.” This cusve has on oven
Yo

it acale than the liog burdey curve.  One-half of the maxtmum valus i resched in 500 days,

s the maximum barden 19 attatied tn shout 4, 100 deye, Note that the baxden in the pulmonary
Iylophatic aystem increases with tine to & maximum value where (& xematus fov the lifstinze of tho

An iliae goes ® afianley (abou 4, 100 3sys 1n Fig 9, the lymphatle burden approaciies the asymp-

' RO DAL ’ -

- B (44) gives the dose to G organ, bot thiz dose must not exceed the value sot foxth Ly NOPR 39
el 85) sud Ref. 12, which state that the expoeure rate for the gencral population should not excsed
~ G.5xem per year. Thls dose xate can be xelated ¢o the euergy absorbed by the crgan by :

&

A T




Qu i (£ eroe ] Ry

C ‘m

wMeQ-anowableorgandmrmmzem/tm Thlsmxmheﬂabuedeno.:n&m/yr convertad to
mn/hrmhgﬁﬁmhpuymm léamsparmk.

C, = constant = L33 x 108 dls},n:eg:maus/hrfﬂm
¢ and C, are conntanta defined by Bq, (31

3
q = gliowsbie dose to organ, Is PG
‘Femms) N] = effective aortied enerey per dialntegraion of 5Py « 53 Mev + RBE/dis
argans excepk the mm:z&sagv-wmm:&mimm : '

' mz-masscﬁerg;an, g |
E&(%ﬁs&vﬁi&mwﬁtbaﬁm&:uﬁ&%x&ﬂy& ;
Qaﬁ.ﬂx!ﬂ mmmmwmwm
Qe 105107 1 B for bosa | } e
'ﬂmmasaeiﬁmpulmwy}ymphsy@em!s 20 g (Refs. 87 and 83), 40 the smount of slutsatym
‘ mmmzmwwmmmmmmmws«mm
| qe:.as:;e m o @
m:q. {w mmmium:;, @ mﬁm&mmmmw i

Ao weys® T aw
s%‘: R o
L %n&&ih&um .

“ .lamewg:m Lq. (&%.mmuuetmmma
g u&gwm : . '- ’ {S&

- The welués of S givﬁm i S(iﬁ. {49 and {50 are clive-conservative numbers bocatse the mess of
2 che pabmonary Twsdhatic systerm hus besn uad.  Soyder palite Gik 1t in consideriug dose 1o the
' tmm syan, the dese &mﬁﬁmw&a@dwwms@ rse of the civeulating Symphotytcs
of 15004 2000 3, stice these Selly oill by Levadiated ax Uiy paas thivugh the bitar spulnidsay)
- tyoaph uides and hus the seergy s sbeorbed f @ ladger mass then that of the lyriph nodes thensetves
. (Red, 89 Wuuthelgmahmmmwwhmonm theuiueetqwmwaﬁmaq.(m '
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i8 tncreased to L 05 x 107> KCY, with the sesult that tha computed value ofS_is uow
5, = 31 ¢CY/m° or sevseovg/mz D

mmw:rgingdooetoﬁzelymphﬂc system, Dc'n. can be obtained by integrating Eq. (43) as

f ' ok (e 1) @™ M
, 11 e " - e -1 te
D _*f (O dt v RKS = : - - A2 +
ey b o5 R { MOmAY ARG ) TNy
Je_j_é;_l) ‘k "1(@ ' 0 et B,
I {"a W "zf"z M) |
52
© Bgy (32) for the lymphatic syaters, with a mass of 2,000 8
R | D uwe.mn@ - Y

[ vY: N

Apladd . in ¥ads ou the left and tn Ty o the vight, veysus the time, &, in days, ix} showe
i Flgueee 19, lbve the valva £ S v 50pg/m® was used, This graph shows that the lymphstic
systémn doss vises vary slonly andincreascn Hamerly wlih tdme bevond &, 100 davs,  Oag-half of

: »&?%WMGW&&&&O&}W{&?YM&L ‘l‘hs?dwm:&mh&&*u& 7

m {36) wsbemadwcf‘“f ]

its m suaxionan dosse et may be emtmwsy dediveped ta sisy

oxgany U this Ly dose fon tha ' ?'*-‘tﬁanmtatmiﬂg, &wtwntisgwa.gxw' oL Froamr

-mmﬁ:ﬁmsmemmﬁ&*am;mgismmhﬁ,x:z%xm ;&.L These
‘ eyl “_'jmq&éqpmbsmmﬁwﬁtﬁ zixc sulk betag

' - 5.3 .\194 -
5 o 2RI L g3 oyt .60 ¥ vt {54
O nuexe ' '

o mwmm in the hang 18 axound thia mexioun dapden fo'oudy & Yew days, and sluce eash

2 can be lrve sboves the seaximu fop ¢ short pesiod of tene, U iwober computed & g,

o {5%) is d&ﬁh&y eomexvmm.

‘The caloulation in B, (S48 can bsfzmt?\a: substantigied by computing the “average' Iuig busden,
mgmemmmtmm it saaxtrmun lrden (o 143 days and then exgoaentially tadls
off (0 wearo.  The toal lafinite Wetine dose calthlated with By emm&ua& HOhdays, The
40D i Figure 8 sows tiat one-talf the tnflaibs iletizoe dose, r & 053 ¥k days, 15 veachad
a1t =558 days. The “avesape” mwum;w Sof‘i-i- “‘hﬁ“i“%%“ is
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These calculations show that the lymph system is not as radiation eritical as isthe hmg This *
conclusion is supporced by Morgan who states that the new Task Group on sbug Dynaaxics {this
group will present the new physiological lung model in 1973 - see the Appengix for deiails of this
medel - which ie similar to the one used i{n Fig, 5) has decided not to use the pulmonary lymph
nodes 3s the critical body orgen hécause animal studies and limited human ‘experience do:net suggest

this is the moxe critical tissue i terms of carcinogenesis(Bef, 90).. In the very extensive plutoniuwpn

inhalation studies of Bair with Beagle doge, no dog has ever died because of cancesous lyinph nedes.
A few dogs did develop cancer in the lymphatic system but all of thess Aogs died of respivategy 1311- :
ure, indicating that the lung is the most m:itical argan and not the lymph nedes (Ref. 6*.

BLOOD {LIVER-AND BONE)

Other crith.al Grgans such as the liveg and bone-will now be coneldereé. -The amount reachh.g
these organs is dependent upon the tocal amount m%:aled, Yy which avea: an inf.mité meﬁme is.

~

Ay ¢ L L
K RC= Rcf dt:r- =l00pct e o -(56)
o - ~ - R

Of this total amount, the fraction D, goes into the nasopharynx region, I into the tracheohrorshial
region, and D_ into the pulmonary region. For the 2 ¥m particle under consideration, the graph

in Figure I3 of Ref. 58 gives a value of D, = 0,50, the words in Ref. 58 state that D, = 0, 08, ‘and
Figure 14 thevein gives D _ = G, 25, élearance pathways (a) and {c) from the. nas%pharynx and
trathevbronchial regions, srespectlvely. transport 0. 01 of the amounts deposited in these regions
dizectly to the blood. However, these amounts transported to the biead by this means are not weil
known as there is doubt about the validity ¢f the 0, 01 nurabers, 2s well as about D, which Snyder

states is 0. 25 (Ref. 89). Thus, these two routes kito the blood will be neglected, ‘since the maximum

error intreduced is less than 60 percent of the amount entering the blood from the pulmonary region
(using the constants in Table XI, the amount that enters the blood from these two youtes is 5, 86 C,
-#Ci while that which enters from the pulmonary region, shown in subsequent calculations, is 9. 84 C:0

~HCi)., The amount thet reaches the pulmonary compartment is 252 Co HCi, of which 0. 40, or 101C,

_BCl, is travsported immediately via (f) to the gasivointesiinal tract. The remaining amount of
181C,, HCi stays in the pulmonary region for a long peried of time, as the biological half -times for
the:emalning three expulsion routes are ail 500 days,

The differential equations that explain the bleod input can readily be set up-and axe - -

49,
e a9
@t e’el (57)

:?y_ MY F
* There remains the possibility that due to the longer lifetime of man in relation to the fog that the

lymphatic eystem involvement migit become a concern after long periods of xelatively @mall mmal
lung burdens,

- (8%2)
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| whete q = hmdmentw@gthe.hloadvﬁa-m(e)
qy = burden entering the Hlood vis zoute (1)

F = fraction that remains in the pulmanary compartment for a 500-day biolegicatl haif-
time;F;fe-i-fg-l-fhc&m ' . .

Note that there are no excretion routes for Egs. (37) and (58), as the blood (in the liver and the

boge) petalns the platonjum indefinitely, Also, Ao =R 1 =A; as'these routes all have hiclogical half-

times of 500 days, The expressions for q and q; ave" ok from Egs. (20) and (39), respectively.

Eqg. (S7) and (58) can be integeated like (48" withthe results of: ‘
¢

. At A
| -qx(t) _R_CoDSFfe er‘. 1 xle A"

—— —+1 1 : I
. RSP [ 2 X
qy o AA o A],3’%;[3 |

e Meae A
- 4 B e
AR Ay -

*'Ihe blood burden, gy(® 15 the sum of Eqs. (59) and (60) and 45

AR M0y Ay

L M\E- A R
| + thfikAk 1 - AAe 1

. RCPE - e M e Pt
BT e Ty

te '.‘Alt . ?th . )
N T

6y

- InBg (6D gy=Oatt=0, andast—w ® - .

C ) :RbD F.
: s 08
gt =% -
B it A

t +LE) = 9.84ucy s
A plot Of Bq, (61) is given {n Flgure 11, where on the lefr qu{t).A--‘A/RkSgDsF’ a dimensionless
quantity, and onthe right qB(t). inpCi (8 o =50u g/zn2') is plotted against the time, t, {n days. This

curve has a very long time scale similax to that of the pubmonary lymphatic system. One-half of the
- maximum value s reached in 683 days, and the maximum burden is reached in-about 5, 000 days.
_‘The blood burden, like the lymphazic burden, increases with timeto 2 maxinivm value where it -
remgins for the Wietime of the individual. - : - c
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Amwyummma&amwamwmmmwwmgoeawemimr
gud the othex half goes to the bone, @0 esch vigin tecsives ¢ misimum burden of 4. 92 C, #CL
) MWMQWW of the plutcalusa (l, &, , the Nologlcal half-time is Infinity)
z@gﬂmﬁmwﬂlmyh:ﬂmewmﬁwaﬂm which we will 25 to be 70 yesrs
2«»56:10 days). The exposure to each of these organs is then ebout 1. 26 x 10° Co #Ci-days. Fox
3% Py and with masses of tse liver and bone (sksleron) bemg 1. 7 kg and 10 kg (Ref. 35), mpective~
ly, Ea, (az)mmmwmmﬂm; mthwewgsﬁumeﬁ(}lwdayswmls.
regulis being

o {lven) | | {63
D, =0063D_ (wog) . X

-‘Tius, then&umedmwﬂwaemml.%xlg C, radstothcnmands.sixmscarndsto '

the bone. With o veguspension of 10-6 Mewoma&tmsofthemuﬂme
concentration, So. are L. 95x 10 sor&%smmenversnds.slxm3soradafergwbom,
'mwmmmmemmwaz.saxm soxada.wha'esoismmi/ Eq. (1) can

soinpgfm andﬂmtheorganemnmcsmi.znxw‘ 'So rads 0 the liver,
z.osxm o Tads t0 the bone, and L, 76 x 10°95, rads to the lung, |

The time-varying doses to the liver and bone can be obtained by integrating Eq, (61). .and the
results are, using Eqs. (63) and (64) :

-3t At
A _ |
o 0.155 (&.5) RIS DeF | ( t ) {;\1 € -0 et )}+ y
™1 N M A M |
N oM | ;
fh )‘l (e -1) . RA (3 -1) ) iﬂAA a te "Alt
(xl A’ Mo N MR B
Mt - _
+2(e -1) + fhfit ) - _ (65) |
| At A
A o
. 0. 0263 (0. 5) RKS D F ( £ { e Aep e o }
0 - XA )«1 -AA XA kl
‘AAt : '*klt
» +:h ne Mo oae T } E
Y g W N ENORN

X s M D £t
2 - +
Ate +2(e by (66)

35




The np%nofb and D , in rads on the left and in rem on the right, versus the time, t, in
days, ave l!‘ 12 snd 13, respectively, where the value of §= 50 kg/m” was used.
The lvex and hmedowaﬂse vezy glowly and increase linearly with time beyond about 5, 000 days.
Oue-half of the 70-year dose is reached at 13, 244 days (36. 3 years), The 70-year dose for the liver
ig 0, 088 rads while that for the bone is 0. 0098 rads.

In comparing the ovgan doge cuives, one should note thit the dose to the liver, bone, and lymphatic

‘ éystem iy delivered in 70 years, while the majority of the dose to the lung is delivered in less than
10 yeare.

The maximum aliowabie continuous dose to the liver and bone is, using Eqs. (45) and (46), 8.96
x 104 HCifm:thelgm‘and 1. 05 x 10°3 uCl for the bone. Themaxhnummrdwlneachofﬁ:ese
organs i8 4,92 x 107§, PCiz. so computsd values for the allownble Sg are 182 HCi/m? (2970 l-lg/mz)
fox the liver and 214 pCi/m* (3, 450 Pg/m") for the bone. Obwidusly, these values for So are so high
- that the plutoiium burden received by these organs is very low in cormparison to what doses these
- orgsns may safely xeceive,

In Table XII are tebulated the doses given to the lung, lymphatic system, iiver, bone for

_ initial surface concentrations of 5, 10, 50, 100, 500, 1,000, 5,000 and 10, 000 pg/m*, Also given are
the judgment values which are empirical numbers for which there is no expectation of biological con-

- sequences based on animal d=.2 and a small amount of human data, The NCRP reduced these judgment
values by a factor of 10 to take care of uncertsinties; 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 luag but the bone is still the least cxitical of these three organs.

TABLE Xl

LIFETIME ORGAN DOSES FOR AN AREA CONTAMINATED WITH
239

PuO PLUS JUDGMENT AND NCRP VALUES (1965 Lung Model)
Initial Surface Lifetime accumulated organ doge, rads
Contapination, So Lymphatic :
bg/m Lung System Liver Bone
k 5 0. 009 0. 034 0. 006 0. 001
10 0. 018 0.17 0. 012 0. 002
50 G 09 G a3l 0. 06 001
100 Q.18 L7 Q12 0,02
500 &9 34 (1Y) a1
1,000 - L8 ' 17 - L2 0.2
5,000 9 34 6 1

10,000 18 170 12 2

R R




TABLE X1 {Cont)

-Contamination, S, Lymphatic
‘Hg/mé Lung System _ Liver Bone

. | 100 - 100 50
o (U - 10 5

* judgmmtvaluesﬁm:eupometothreeofthecxi:icalorgansforwbichthemelsnoexpectazlmof
biological consequences based on animal and human dats (Ref. 35)

** NCRP values are G. 1 those of the judgment values (Ref. 35).

Another Important quantity that must be considered is the dose rate, in rem/yr, for each of the
- ‘four orgaas. In Tahle XII are listed the argan dose rates, for an initial surface contamination of
§ =50 Pg/m?, based on the 1965 physiological lung model. Both NCRP and ICRP reference values
are given, Note that the initial dose rate to the lung is the largest dose rete xeceived by any organ
at any time, When an "average” value of background redistion is added to the lung dose rate for
S =50 l-lg/mz, the total exposure rate approaches the amount suggested by NCRP as the limit,

A parameter of great importance is the alr clearance rate constant, \,, The only experimental
data for a value of A\, were obtained on OPERATION PLUMRBBOB and OPERATION ROLLER COASTER,
which value is applicable to the windy and arid terrsin of theNevada desert. No receat experimontal
data is available, but there may be different valuss for diffevent climatic and sof! conditions. To
this end, a computer study was made to determine the effect on the body organs of different values
:2&;‘ In Tahle XIV are sunmarized the effects on the body organs ﬁm:varioqavalmaxA. The -

axe gelf-explanatory.

B
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TABLE X1

CRGAN DOSE RATES OBTAINED FROM AN ARBA CONTAMINATED WITH

2%
Pqu

PLUS NCRP AND ICRP VALUES (1965 Limg Model)
| | Qrgan Doso Rate, Rem/Yr

Yo fong Lymphatic System __ Liver _ Bone

%t a3 0,602 eoo1 0. 0097

12 e a.027 0. 6035 0. 0030

3 o , o087 0. 0052 0. 0044
Vg 088 .43 0. 0054 Q 0054

5 a0 .06 @ 0071 Q. 0060

5-6 @ 630 a8 a 0076 0. 0065

61 Q@ G18 0069 00079 . 0.0068

7-8 Q011 Y 0. 0082 0. 0069

9-10 aoose 2050 0083 0 0071

10-11 @ 0060 & 50 - 0,004 0. 007
ne2 0 e @0 . 0.0 Y
12418 6004 0es . ao0ms 00072

1314 2009 - Q00 0.0085 00072
B TE Y X Y . ooms woaorz
1526 . Q0003 oas . aMs - 00%

208 0 0L am 468 00%
Y ¥ - T 1 I s .
R 7 I 0 s Y Caen
w50 g - ase e amz
5060 “ . es Qo a2

@ <0 2,50 G 086 | 0.072

| WCRP U9 (Ref83) G5 - @5 s ast

~ ICRP Puls. Mo, 9. | - | .

(Ret 99) Ly . LS LS | a0

Ofsolsol“/mz, .

 Good valuo for “sverage" warldwide hackgrousd = 0.1 - O 12 vem/year, (Ref, 59)




TABLE Xiv

BFFECT ON THE BODY ORGANS FOR DIFFERENT AIR CLEARANCE RATES
(1965 Lsng Modal)
Aix Cleaxance Rate, A4 - Days 1

Iten_:
Max. burden - BCi
Time to max. burdes-
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SECTION Vi
_ FOREIBN PLUTONIUM DECONTAMINATION STANDARDS
Some kiowledge of arandsrds ao they axe eatabllshad by forelgn juxisdictions 1 of intezest. The

W&sm:WWQmeyummmmemmm _

‘tmz!& at this iime,

m@amnmmmum uﬁp&uhmphcadmcmw’mu. S. governmental
sgencied whose interests o coucsyne L with contamination standards or policy for thel: agencies.
Wmmmﬁmwﬁmwwm&dm&rmwﬁ&umm
“ation anid vuics covncing slpbs and/or plutdatum cotaminaticn {Ref 93, 92, 93, 94), TahisXV
"Wawﬁmwmmmm

mmwwmmmmmmmmema-
'mmﬁmﬁmm“&vﬁwmm We have listad some levals under the hasd-
- ing "Eoviroamestal - fasctive Aveas, WewMWuw:; levels for the

C - aavivesaatal texl estate’™ costatiumiion aifustion, Ourwmy!s&ammmmﬁgmwy
- Sefize the tarsa, “lnactive axea, " which appears fn several of the vefecances. ‘The term in dofined

 io Ral 94 e an axes At fn 55k Veeiive. * “Actied” aveos foclude chaspe reoms, offfces, Inbocuta
fisw snd process arean, Oui uncertalnty bivolves s faeling that the “Insctive" soea vepresests othey
apaces within houndaries of puclear facilities. We bave und no lnformstton coveriag the cslenia- - .-
, ﬂ%smﬂmd@swmmm & an inactive apen fncludes off-gits envizcunestal yaal
siteze, & Ob-Q } BOUm” Wwa&»aawm.ammmmwww- ;
) Whm—;m&tﬁemn .
0 Bach lovel peesachad ta Sade X Ls sccoin ',,adhgehedmﬂmemfmmm&m .
mw m@mmtmﬁ &mwmw"mgwwmm, Active Axess”
S &wrm@mm&mw&awmvmmmwma :
‘ |
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SECTION Vi
REDUCTION OF PLUTONIUM CONTAMINATION HAZARD
INTRODUGTION | |
This section of the stuly Geals with "happeninge" after thé,oecurrenceofa plutonium coatemi-
nation Iacldent. We have used the term "vedurtion” in the dtle vather than "decontamination” be-

 caumo the formes term 1s broader in acope, and the post-incident requixements are certainly hroad,
- Yoquiving the syport of a number of specislties, Additlonally, when we spesk of contamination we

&xe saldows able to eliminate it entirely,

ﬁ?haa the nﬂt plutonium inchdent ocouze thexe will e considerable pressure to take the costami-
nation: level to seve, liven if the leve! is veduced to we that 18 undetectatile, theve witl be thoss wis
-will gémain uonatia®ed,  We toke this gpace to pals mm.ﬂass&;aszg because they effect the

- fivwt finportany dect mw.ﬂngéwmwma{ﬂw Ineident envisobment. That ig, what -

- Our discusslons with verious agisicies and individuats fovused oo faciove that sifect the fiugt do-
contamiostion level far the "™ Inctdent, Several fecioes weve nastisged oftey anough t be ves _

- peated have.  Tha five Bactiy,  sod ol thet was universally sentioosd, was that e local suthopiry = .
would e satisfiog with a tevel above that employed for goevious Reldeass LT

A socand B3 oftes nasotionsd wae thit degotiators, Yysiindang or nows media nigy flxenthe
et £ihuasion th an sxes and detrand s te eutive svirocment bet txeated ay that worst cage,
- Poredaliuple, e hasad existe fn that plulelum which isyesuapasdodand can be tabaled. - Pluzontuss
uniee Hincha ofeaseh o under several couts ofpetat isact ahazand. “The stmple face thet ¢ is there,

- bouseves, waay Bolter Semands fop votal peitoval,  Anothep example would be to requise that ths worst
Cand of reRteeion fo o coataminated avea be appiied 10 the wiiale area. Or de “worst case™ By
Exose can et T coajunctioc with salt eampliog, We have alrdady alludesd (o the Inherom vars-
alilisy o sul snmplon,  Table XVi shows resalis foud to activity tevels fn soven different altquots
of thewalds wotl sample 14ken at & Sollow - stdy at Palowmares (Ref. S5), '

_ "m&i% Vi
o | vmﬁw OF SOIL SAMPLING DATA
mqm - Ry ‘-_3_ 3 ¢ 5 6 7
Wgmaidy 65 0w s s
Aw o | 195
Where 2 may bc TeERouabie O usk dn sverage or to ook &t adjscent aress in defining that gample,
the “woret case zoalot windd silect aliouek sumber 3 to define the sample vesulta.  Perhaps worse

will be the vews accouns whidch sswe the higheet figurs to déline the total sttuation. AR of these worst
caae factors way opeiale.slngly of in SORUaction, whien the decoatamination effont is underway,

o




DEFINING THE PROBLEM T

When the fives ave out and tive EOD activities hava been completed, suxveys to determine the
extent of radidavtive contemination must be undeztaken with credilile haate, Some supvey work
witl clready have been sccomplisbed, primarily to determine if fission products are involved in the
fneideut aad to provide health physics support to EOD and other early accident response personncl.
The szvey should first estalkiish these areas of maximum contamingtion. Actlon should be taken as
seon ap possible to tepiporarily £x the contemination in thege ayeas to their suxfaces. In at least
ose previous Incldent, the fnal cleamyp was madé conslderally more difficult bacausa early fixing
wag pot exsployed,

. Fhe agencies involved in negotiations will be very intevested in survey methods and determinations,
 Theiz ipterest may include deaire for pscticipation In the survey. If satisfactory control can bemain-
ralned over this mixed suvey foree, the On-Scere Commander should consider op&mzing in this way.
Determingtiong tend to bécome more credible and negotiazions less heated when ong's own pexsonnel
© axe invalved. Care must be exercised to asauxe tat the jo.nt survey, 1£ empsayed. doeg uot develop
itoa mmm&m ha:m sgencies.

- We have dwenea o ziamrrsaaatien of geound or sucface céatamination. We must remember alr-
barge contamination is tho hazavd, Provision should be made for early placement’ afairaampling
d&m wﬁwf gs&ammsi ct v‘xm amma ig vital.

T Ona tast tyng of csxv!rwmmm! smn;ﬁe 1% of mportance to the total =ifore, that is, soll samploa,
The variinen fosnd n ot gamples hag airesdy besn discuased, The information gamed fyom those
samoles, however, wili m‘ﬁhahiy copstituie the puhine detexininatoy in estoblishiag that twe vequired

- d&mﬁwﬂwmmwm Sampiesshml.ﬂsohatakeudurmgimualwww

'-_"}'-:;.s 3 wwacha.k.

Thers i&,ém:. ai“‘szﬁ“ ‘type of survey thist sh&ﬁﬂé be Aﬁiﬁaz‘;d &8 s600 28 mmagem&gts can besmada, -
Porscaned n the avsa & the s of the inclden? may have gceuwnulated significent pluseniuny. bundens -
from cloud basaags dolaber aotividy In t?u: srea.  Prompt action b personnel surveys will permit
- catly weatineat w«mu&wy Mwﬂa@p&me&ws gw.m:i knwhngoaftmmm nmm cns*if

wwmei fazaxd. '

:Ex:m-im«“c wms 2 numabex of incidents it §ianfcm.! mdk.am Y oy zalation Hetween :*w -ai‘“\'ii}’
o paagl emsars gad in carly fecal samples and b vive lung counting date.. This work has led o a
st of exiteria t© e used in veuognizing problem {nldkes and o {ollow up monitoring (Sef 99). Table
"XVH sbows these oritexta.

Table XViL {Raﬁ. 98) indlcates the type of deia which are required to ingrease the reitability o
Cphuonium burdea estinates, Bach of the ams can add to the assurance of the estimale.

Soii saimpling snd blo-analysls resulve will oot be avallable at the incidert site for a considerable
paried  Nopmal worbloads st Service assav labavatertes requine shout s week for chomical doter -
fdnozioes. lncreused wurkioads will add several days to the figure,  Add{tional time {2 consumod

in pample preparativs dod tronsportation. A real problen: cxlsis b assuring um saraples, once taken,

are a0t contaminsiad futher a8 @ result of handling.

Gyel
W
::n;ﬂ’f.'g' -0 %,
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TABLE XVIi

CRITERIA FOR SCHEDULING FECES SAMPLES
Schedule »
1. Obtain five dally fecal ssmples within the firat 7 d&y&s post intske if any of the
following situations ocour:
Nasal smears exceed 500 dis/min,
100 < nasal smears <500 dis/min and exposure duration > 5 min,
5 <nasal smears < 100 dis/min end: wposure duration > 30 mis,
Exposure to fumes from-a fire, ’ v '

e, Alr sample ::asults exaaed 2x w yi0 nCi/e.c forx on 8-hy peviod and exposure
duration > 1 b,

e P PP

2. Obtain one fecal sample on the second day posv, inmke ii any of the following
situations occur:
a, Nasgal smears ave peoitive but do not méet: m:mria in Schedule 1,
b. Any other person iu the same i.nuleznt m@ets the- witeria in Schedule 1,
¢ Alr sample results exceed 2 x W 11 %i/ ccfox an 8-hx pgriod,

d. Widespread skin contaxxﬁnaﬁon 4n a.dry sazm or facigl. cnntam.natmn >
1000 dis/min, - .

e, Clothing contamination ina dfy form: » 5000 dis/ min,
f. Possible plutonium inhalation is suspected for other TQABINS. '

3 Obkaln two fecal samples at periods » 10 days post incldent:

Obtain sampled to coincide with positive lung counter examinations preferably
‘following two days off of work. on the 15th and 30th days post intake. Scheddule at
approximately manﬂ:ly intervals thereaftm‘ provided thet data useful for evaluation
are obtamed.

TABLE XVIII

TYPES OF DATA WHICH MAY BE COLLEC’I‘ED FOR PLUTONIUM INHALATION INCIDENTS

1. Urine analysis, 6, Solubility of the aerosol,

2, Feces analysis. . 7. Particle size (airv samples-nasal smears).

3, In-vivo examination. 8. Nasal and gkin contamination agtivity.

4, Isotopic composition and Pu alpha/Am 9., Concentration of plutonium aerosol
-241 alpha ratio 10, Duration of exposure,

S. Chemical form of the aerosol. 11, Other details -of incident.




CONTAMINATION CONTROL

The operations proviously discussed are those carwied owt by tralved persoansel avallable in re-
sponge teams, Their training has included not caly that gpecific to particular instsuments and
operations, but also those many genersl oparatiens snd procadures consexulng proper contamination
control, Cumtamination couirol incorparatss sil those procedizes and opevations usdertaksn to keep -
the contaminstion within the original sves of concexn. Moot of the parsonnel iu the cleanup work
farce will not be trained in contamination sontrel. Tenslderabia-effors must be expended inftislly
Mmmmmwmmgmmm@eﬁmwmm&msmﬁmmwwkimwm
ans foliows contamingtion coutrol procadures,

The !mment respimse teams that form the decontam!m?bn force nuams have bean thorougily
trained in contamination contvol. The Cn-Scene Commander should rely on thiie cadre-to train other

-personnel apd monitor thely actions. He mmsat remember, howsver, that ss perstunel berome move

femilisr with the hazarde and procedures invelved; - ﬁwywﬂipn@amym:nelax. ‘He must be gom--
ﬂwﬂlyon&eﬂmforﬂgnsofﬁmmmmwmmmﬂammmwEataminbnum. o

 The procedures involved in maintmance cf ﬁm “Het Line", the kumdary of ihe contaminated ares,
and in dress-out and work force decontamination when leaving the coptaminated area must be ad-
hered to, They may appear to be time consuming and, in the later stages of the operation, less
necessary . They arenot. A comsiderable amouns of contamination sdherss to work clothing during -
the grubby work of area decontamination. Relaxation of contamination control and "Hot Line™ pro-
cedures is the surest way to spread unwanted contaminetion and occasion a lavger decontammation
problem in the end, The problem, of course, increases.if this smead should &xtmd m&a pfevlously
ucontaminated ang populated civilian areas. -

PUBLIC INFORMATION
Public affairs guidance with respect to nuclear accidents is contained in DOD Instrw :on 5230. 16

(Ref. 97). We will not dw«l! on these procedures here except to point out that the On-Scene
Commaunder must recognize that requests and demands for information will be extensive in number

-an, in depth. A Public Information Officer is generally included in the response force staff.

METHODS OF DECONTAM’NATION

As noted previously, the faster that the clean-up opecations are accomplished after the nuclear
weapon accident, the less will be the maximum lung bupden. This fact is graphically portrayed in
Figure 6 which shows that the ung burden curve rises very rapidly and reaches half the maximum

value lr 26 days. Thus, fast and efficient decontamination methods will greatly benefit the weli-
beiag of- mdivlduals in the contaminated area.

‘Fxyerience (s shown when the decontamination is handled by experts that most contaminated
surtrces can be mwstared to normal use, As great a vaiiety of possible circumstances surround

~esch .ontaminatiz:n lacident as there are methods to decontaminate the affected ~eglons., In fact,

many times a combination of decontamination methods axe used. The reader is refecred to Refs. 98

amd 55 which give absiracts of hundreds of general decontamination methods. Some of these de-

contanrinatior matheds for hard surfaces and land areas with their respedtive efficiencies (these
have aii been-caken from Langham in Ref, 35) are given below. Note that a all decontamination
effowts, crveful consideration must be given to proper disposal of the contaminated waste.
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. Herd Surfaces

Watar, sandblasting, vacwum cleaning, and stesm clesning are some meti:cds used to decontam-
inute haed suriaces, The efficiensies for these methods an ver us surfaces are given in Table X1X

Wster - A watex truck that can produce & water stream at a pressuve of 200 to 400 psi is used
for (1) plain water hoging, (2) weser hosing and scrubbing, {3) hosing with 1 percent (by weight)
~ commezcial detargent and water-solution, or (4) detergent solution hosing followed by scrubblry and
- rinsd,

Sandblasting - in this operatisa the surface ie removed, so sandblasting should be used oniy when
other methods are msucceaaﬁd. ‘me.!.oose Tesidue created must be collected somehow. as by vac-
. © Vacown Clesning - In situations whe™e water canndt be practically uses, then vacuum cleaping
- may be sujtahle, In this method sultable filters mustbeplacedav&:theexhausttoprwmtresus—
pension of the copraminant blowing through the cleaner.

Steam Cleaning - Greasy or oily surfaces mzy be cleaned best with the use of steam cleaners,

Land Aress (See siso Refs. 100 =nd 101)

Some methods for fixation and/or decontainination of land aveas axe plowing, scraping, oiling;

oiling ard scraping, weiting down with water and scraping, or flooding with water. The efficiencies
for these methods are piven in Table XX,

Plowing ~ Piowing to a depth of 12 inches will ensure adequate mixing and burial of the contaminant.
-Sciaping - The top 2 inches of the soil may be removed.

Ofling - An oll-distribution truck may be used to spread a rapid cure oil, like RC-O, over the
decontaminated avea. A sesnihardened surface is formed within 24 hours.

Oiiing and Scraping - The oiling procedure outlined above can.be followed by a scraping procedure
whereby the harcvieiwd\ ¢l crust is scraped and removed.

Wetting Down with Water and Scraping - Wetting down with about 0. 3 inch  of water will tend

- to temporarily fix the contaminent and permit its removal by scraping without excessive resuspension
- of the contaminant.

: Athdlag with Watexr - Flooding with large amounts of watex to 1 inch.or more will accelerate
“the nagural weathexmg action andtendto leach the contaminant into the soil, thus reducing the amount
’af contmuinaut avaﬂable fc; :e&uapension into the air,

-~ -




TABLE XIX

PERCENT EFFICIENCIES FOR VARIOUS HARD SURFACE DECONTAMINATION METHCDS

{Ref. 35)
Mathod (% efficiency)
‘High High
pressure High pressure
- High water pregsure  water and
. ‘ pressure With water and detergent Sand  Steam
Material Vacuum water sexub detergent with scrub blasting cleaning
Glass 98 99 97 100 99 1000 97
- Stucco 48 97 95 - 95 99 100 27
Painted wood 99 98 96 99 99 160 91
Unpainted wood 3% -8 . 93 99 95 99 85
Aluminum 89 99 97 9 160 98 84
Plate steel 93 97 94 100 98 9 91
Asbestos shingies 61 %9 98 %6 29 100 63
Unpainced wood
shingles 61 97 90 95 97 99 T
- Brick 29 99 99 99 9% 9 97
Tar peper 55 98 95 95 9 99 - 52
Corrugated gal- ’ ‘ :
vaniz. 1 roofing 69 99 97 . 99 . 99 100 85
‘Highway ¢ ephal 32 99 96 9 99 99 44
oY) |
HWyasphalt '
(%Y 72 92 94 98 9 92 22
Sealpd sphalt '
(2t 7 98 90 100 99 99 84
Sealed asphalt
(10 , 64 90 82 96 97 90 48
Steel trowel
concrete(2ft 74 98 - 96 99 100 .
A Steel trowel
i concrete (10 £:2) - 78 97 - 9% 98 27
5 Wood float concrete - 98 92 100 97 - 100 65
b (2 12)
? Wood float
b concrete (105c2) 56 97 - 98 . 98 98 85
Average of all
3 surfaces 66 9% 94 98 98 98 67
:
3 69
Y

»»»»»
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TABLE XX

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

Activity present
gle;t:nm ;ﬁgnund @sz:/nh:itlal l\é!e;n iilnal Efficiency
Plowing 8200 140 93
OL and sczape _ ' 4200 80 98
Scrape 580 25 95
- Watex (0. 3 in.) and scrape 1400 %09 93
01l (RC-O road ofl) 1600 '» 100 89
Flooding with water (1, 0 in.) : 1600 225 85
Water-FeCl, solution (0, 3 in.) 4000 630 84
Digking 3000 730 76
SUMMARY

The information covered in this section is not intended to provide a check list concerning g1l the
actions and procedures 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 aveas that must be met and solved during most operations. We reiterate that the On - Scene
Commander must be provided with a knowledgeable 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 io-assay requireents in cases of wide area
pivtonium contamination. These criteria should be coordinated to facilitate inter -Service support
as previously recommended in Section [V, '

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

Dr. W. S Suyder (Osk Ridge National Laboratory, Qak Ridge, Teonessee) and Dr. Paul Morrow
(Univeraizy of Rocheater School of Madicine and Deutietry) have kindly consanted to furnish this team
with the velues of e proposed coustunts for Class Y compounds { insalubie compounds with iong
yetsation times ke plutontum) for the 1973 phyalological luxg model. Thoas consteats ave given
in Tebla XXI, Noie that the constants for the pulmonary poxtion of the hing eve the same ag in the
1965 physiological lung model. Thare are shiut changes in the helf-times for the nasopharynx angd
trachaobeonchial vegions of the Iung, The Iargest changss occur in the regloaal fracticas for the
pulmonary lynphatic systewms, whexe & the 1978 model the values ate £, » 0,90 and £, = Q. 1Q,whereas
in the 1965 model these valuas were {, = 0. 10 aud £, » 0.90; also the biolugizal hatt-tfae for rute 1
has been lucreasad from 500 to 1, 000 days.

The diffevential equations for the pulmonary region eve the saame as {n the 1965 modei previcusly

TasLyE XXt -

 CONSTANTS FOR USE WiTH THE PROFOSED 1973 LUNG
CLEARANCE MODEL FOR® pud_.

2
Biotogical Half- '
Region Frocsss Tims, Days Reglonal Fraciion

NP a e e
| b e aw
P e aot a0l
4 ez aw
P 8 £ a0
£ ! ¢ 40
g 560 Q. 4@
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Since the blologlical half-time for oute | has changed, the diffexential equation is also different

and is
%}“"”‘x MY (67
wheve xzmxgé(lﬁ*}a/lﬁﬁﬁ days ‘i.‘ The integra_téd result ig
AR E 5, Dsfy M A O Ay e e
q‘“’ T i 7‘;&. T LR T "z T O A 0y h e

Tha d!ffaremial eqz.anog for route k ig the same as baiwe. 50 g/ (t} is given in Eq. (41) The total
dnse to :he ‘ymph naries Qn s then

A “A,t . . it W 4

. i .,x t
S - £ A ™ A,~2,) 2
q@=RkSDif L qe SUR SRS S . S—
T LN My " Ay LY Ay = AD Ay ")
‘fk A A Y klt *ki -}‘."st
&5 };a M-v._., M)‘w.h.-\.-—w + Y (69)
A MM

A plot of Bq. (69 fashown in Figure 14 Nite how the igrnp%ni:ia system burden lncreases

sharply 10 a meoxtinum tn 1150 days, then decays with aha»u. g LK d.;y half~time o an agyrapRaic
volusof

) Rk, Qe‘j hid ‘i <L W o
%(( m ) e ot k =-v~ = A ) R
A

Thix value s 3o (A0 i3 4 fector of ¢ losy than that given tn Hg (349, which greatly vaduces the

Hfettee burden i tha Demphatie systam, maklng the lymphatic swswem sven 2 less cvitical orgas than
& way In e 1968 vo&ei

The dloe-vaXying Sose to e Ipmpteic systom is

: ‘F\ t

: s rausrf | qmer s narr 0 !" (e Moy
L = ¥ i) dr » 11.5 ITRER HY 1 ST A
5 . Vken Jo % i:; X, 1).2 “;. RS W
N At » S WA N T
" 3 ﬂ i?‘ Y J ) ‘ "o Moy Prie ! By )
B - .*' Y “»- cva vy o o
F Y (Lg “h Nk2 )‘,« \A & (Az_ ~V"‘,.§} l 0. 5. ) ,
;"__ A P‘im of ’:Q‘ {71} is ghown in ?N(\ﬁ‘ i5. . \'ﬁl&'{ the \‘i‘\i‘;'i'. of "*‘ By Sn p&jgu? wag usedl.  The time

requived 1 veach eqe-half of the T0-vear dose is b, 833 daﬂ, wiits ~;\ in abotst half the time of the 1665
model, bk the TU-yr dose ks L US8 rad, 3 factox of about 6 tas than with the 1965 moedel,
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The blood inget diffevential equations sve Bg. (57) and

T E ThRYFENeF 2
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The blood burden is ploited in Figure 16. The time to one-half the maximum lurden is 1408 days,

ehout twice as long as in the 1955 model. Howevex, the 70-yr burden is about 3 times greater with
the-new model, '

The ﬂme-*vgrying doses to the liver and bone are:

[N e €My ) g,
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The-doses to the liver and hone ave given in Figures 17 and 18, where the value of S, = 50 Mg/ni
wai wsed, The time o one-holf of the 70-yr burden is reached in about the same time with the two
models, hut the 70-yr doses to the lvar end bone of 0. 16 and O 027 rads, respectively, ar~ about
a $sctor of 3'%igher with the 1973 model as with the 1965 model.

The segan-dose rates, based on the 1973 model, are given in Talde XXIL An inspection of the

" numbers clearly revesis that the lung is the most criticel orgen,

Table XXIil contains computer summarized information on how diffevent air clearance rate
conatants affect the organs. These mumbers can be compared with those in Table XIV which has

" the number's generated with the 465 model.
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TABLE XXiI

ORGAN DOSE RATES FOR AN AREA CONTAMINATED WITH 3% w0,

. PLUS NCRP AND ICKP VALUES (PROPOSED 1978 LUNG MODEL}.

Organ Dose Rate, Rem/Yr

O, OF §_=50Kg/nt’,

Bone )

Year Lung* Lymphatic System Liver
01 - Q.31 . 00087 »» 0. 0013 © 0,001
1-2 0.23 0. 023 0. 0048 0. 0081
2-3 : 0.14 0,029 . 0. 0082 0. 0069
3-4 0. 083 0. 029 0. 011 0. 0995
45 0. 050 0. 027 | 0. 014 0. 012
5-6 0. 030 0. 024 0. 016 0. 014
6-7 Q. 018 Q. 021 0, 018 G. 015
7-8 ‘ G, 011 0. 019 0. 019 0. 016
8-9 0. 0066 0. 016 0, 020 0,017
9-10 0. 6040 0. 014 0. 021 0. 018
10-11 0. 0024 0. 012 0. 022 G 019
¥1-12 0, 0014 Q. 011 0. 022 0. 019
12-13 0, 0009 0. 0098 0. 023 009
13-14 Q. 0005 Q. 0089 Q. 023 0.020
14-13 0. 0003 . 0. 036 0. 023 0. 020
15-20 0. 0001 0. Gov G 12 0. 10
20-25 ) 0, 029 012 o 10
2530 ~0 0. 028 0,12 010
30-40 ~0 0. 056 0. 24 021
40-50 ~0 0, 056 0. 24 0.21
50-60 ~0 0. 056 0. 24 21
60-70 ~0 0. 056 0. 2¢ Q21
NCRP 30 (Ref. 85) Q.5 0.5 05 0.5
NCRP Pub, No. 9 LS L5 ‘ LS 3.0

(Ref 91)
* Same as for 1965 lung modeL
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TABLE XX

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

Air Clearance Rate, Ay - Days '
[Bedy Organ ftem 0, 0693/35 0,693/70 |0 593/ 105 |0.46937140
Pulmopary | Same as for 1965 '
Lung Lung Model (Given
in Table XIV)
-5 -4 -4 -4
Lymphatis Max. burden -MCi 6. 11x10 1. 22x10 1. 82x10 2. 4x10
System Time to max, burden~
days 1150 1200 1250 1350
Time to 1/2 of max.
burden -days 294 5 347 395 5 405 5
70-yr burden -ECi 1, 16x10 2. 33x10 3, 49x10 4. 65x10
Max. dose rate -rem/yx 0, 0291 0, 0582 0, 0869 0, 114
Yr of max dose rate 34 3-4 3-4 3-4
70-yr dose-rem 0, 578 i.16 1.73 2,30
Time to 1/2 of 70-yr
dose-days 6893 6922 6952 6981
Blood Max. burden - HCi 8 61x10™ L 725107 2,510 | 3. 4ax107
Time to max. burden-
days 15, 500 9000 2500 16, 600
‘Time to 1/2 of max,
burden-days 14G8 -5 1455 -4 1513 1565 4
70-yr burden - BCi 8. 61x10 1, 72x10 7 12.58x10 3. 44x10
Liver Max, dose rate-vem/yr 0, 0243 0, 0487 0. 0730 0. 0973
Yr of max, dose rate 24thru 70 41thru?0 | 34 theu 70 4 33 theu 70
7G-yr dose - rem 1,58 316 4.72 6. 28
Time to 1/2 of 70-yr dose-
days 13, 687 13,713 13,738 13,763
Bone Max, dose rate-yrem/yr 0, 6207 0, 0414 0. 620 G 0827
Yr of max, dose rate 28thru 70 34 thxu70{ 28theu?0 7 30 thwu70
70-yx dosa-rem 1. 34 2.68 4,02 8. 34
Time to 1/2 of 70-yx ’
dose-days 13,687 13,713 13,738 -4, 763




