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nlutoitium in t}1is chemical aJld nhysical combi:tation ca.1:1. be prsdicted to b• 
".lli.::dmum. Studi~s underti..ken durinb the war and suosequently publishsd re
lating to t~e uptake of pluto~ium by plants, indicated in th• spocies 
studied that consideraole accu;;:ulation took place i.::i the region of the 
roots. Th~re was very little translocated to the leafy portion of the 
plants. This evidence would sub6•st that it is improbable that with most 
plAnts, whose products are co:isurued by ani::aals and :::an, that th•rs would 
be suffici•mt nlutoni'.l!!I contsoi!lation to present any very troubl•some 
Menace. The likelihood that ~~~ Dluto~ium which ~ight oe contained iA 
plants and plant derivativ-!ts woul1 be ill a fona capable of rtu<.dy assini
lation seeMs most u.lllikely. This ryoint, of course, cai.nnot Ol'l consi.iered 
conclusivl'l, but it should be • relativ,ly sasy matter to deter~ine if 
nl:.itonium, cor!pll'.lx'd 'l'lith the more com::-.on organic aoids, •to. found in 
plant tissu•, is ~ore readily aJsorb~d. 

Th~ thir~ co~sideration listed ir. the report, naroely the deposition 
of nlutonium in the oon"• follo-.vin;; its i::i.halatio:n, can likewise be co!l
sider.,d of re la ti v•ly minor si.;nifica.nce. 'Ii th ree;ard to this situation, 
considerabl~ •xp~rim..,ntal evidence nas been accUIRulated to dawonstrate 
that oxides of plutonium ar~ ausorb1d tl1roubh the alveoli into th., ulood 
stream to a V"!ry mi.!li:r.al degree. Ar.. "'xact limit cannot be fixed but "xpsri
m..,ntal "'vi~snce iudicat"'s an up~er li~it of th~ order of O.lfo as d~fi~it~ly 
established. 

The fourth factor, :na~ely 1xt~rnal radiation froa fission products 
is reiadily subj.,ctsd ~o calculation and has oeen investi.;at"d in consider
able detail in ~he report. ~hile adrnitt8dly for local areas, it can oc 
a very serious proulem, the number of oornbs required to provoke lethal 
or sublethal levels for slobal areas is ~aatastically high, lying some
wh9re in the range of lOb to 108 bomos. At the present level of techno
logical productivity in this country and that which may be "xt1Ant in th~ 
Soviet Union, for the forseeabl" futur~, would appear remote. 

The second item of the renort, rcamely the breathinb of plutonium 
in the ~.ir and lodg"lm!'lnt of a radioactive p1<rticle in the alv~rnlar region 
of the lung is worthy of very careful and detailed consideration. In our 
estimation, we h~ve felt this factor to ue of sufficient importance to 
"xplore the possiul~ circumstances surrou~ding it i• co•siderable detail. 
It w~s of int~rest to mako some "stimates as to the amount of radiation 
that would be delivl'lrl'ld to regions of the lung; where particles mit;ht be 
r~te.!ned. B:v way of iutroduction, it is anparently genl'lrally 0011.sidered 
thta"; insolubl-, particles whose siz" falls within the ran;;" of O.l to l.O 
micrograns are most subj~ct to prolonbed retention in the lungs followi~g 
th"ir inhRlation. Tho immediate sit' of deposition is in th9 alveoli and 
al~eolar ducts. Th~ir fate thereafter is aot too cl$arly 9stablish~d in 
all instances. It has bt.1en der.jQnstrated iu :nan that particles of carbon 
and silicon d.io:r.ido eventually tend to accumuhte in the lymphoid tissues 
of the lun;;s. This obs~rvation, of ccC1rse, do~s ~10t take into consid.,ration 
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those particles which, followL.it; entrap1Hnt ':Jy the alveolar structur,,s, 
are subs8qu-:mtly moved out of those areas and on to the ciliated epithel
ium of ~he bro~chial tree where they would ~e rapidly carried away and 
eventually swallowed in the sputw:i. Studies done at Chicago aJJ.d in this 
Laboratory, using radioactive aerosols of both plutonium and fission prod
ucts, demonstrated a rather hit;h degree of entrapmei1t within the alveolar 
structures but ~o accumulation was observed in the lymphoid tissues. Som• 
consider~tion ~ay be give• to the fact that these studi~s were do•• with 
rats and that behavior of parti~les in the humai lUllg Ni&ht oe siGnificant
ly different. The point reMains, however, that aerosols containing part
icles of the ~icron r•nGe composed of plutonium aid fission products will 
ledge in the alveolar structures and btt retaill.ed there for long periods of 
time. r~ the rat, as a first assunption, it can b~ stated that approxi
mately 25% of the radioactive aerosols inhal8d are iiitially retained i~ 
the alv!'!olar structuMs. It is difficult to t:;i"le a si&nificant value 
for the biological half-life, as these materials were observed to be re
lea s!'ld from the lunbs in ever decreasing rates. To giTe an idea of the 
or:i!'lr of !llagnitud• of this effect of the retention, roughly 4/~ of the total 
activity inhaled was still present in the lungs at the end of a year. Ad
mittedly, numbers such as these are only to be considered qualitatively 
and should b!'l det.,rrnined with gr sat er precision by using larger anirna ls 
such as nossibly io~s or nonkeys. 

In any evsnt, there is no qw1stion aoout the hi&h prollaoili ty of 
lodgement of these radioactive particles in the lung for protract~d in
+,ervRls of tine following their inhalation. 

Vie foun:l it of int"rest to r.1ake an estimate as to the araoun~s of 
radiation delivered ';Jy such partid., s. The details of the computatio~.s 
are included in the appo~dix. In makinti th~s• co~putations, two situations 
wer" selocted. First, the qmount of radiation delivered by the pluto~ium 
and second, that deliYered ~y the oont~i~ed fission products assuming no 
disnronor"':io:i.ation. The followiu~ g,ssumptions werf!I made for the cal::uls.
tionss size of narticl's - 2 microns iu diameter, density - 5, contsnt 
of plutor.ium °>Jy w111i;;ht - 3;~, rant;e of f'l'..ltonium alpha partichs in tissue 
- 40 :r.i~rons. In the 'Jas1 of the fission 11roducts, it was assumed thst the 
sam9 w"i;:;ht of fission products 7/('Jr" present as that of olntoniura and a 
period Of S"V"'lll aays of 1ecay from the tine Of the nuclear detonation to_ 
the ~oment of i::1halation ~as em~loy"'d• Finally, au average beta rsy · 
•mer~ per iisi::itegratio;:i of 0.4 I~!ev was taken. and a range in tissu"'l of l 
millimeter Q~d the eff"'ct from 6a~na rsys ignored. The result of the co~p~ 
utati.ons r"wealed t:hat tht!'! S1motmt of radiation deliver~d 'lfithin the voltan9 \ 
of tissu~ subj..,cted :o ioaizntion frorn "';:-te alnha narticles of plutonium \\'. 
was 390 ro·n1t.;·m "aui 7a 1.'!nt s ryhysic11 l ner day a.nd in the case of the beta 
rays :'ram fission pro~ucts, th~ val\le at 7 .days was 72 roant;en equivalents 
nhysi :rJ ~"'r d~y. 

These two ~umbers, and in particular, the value of plutonium OA th• 
basis of the high dosage level, v•ry lon& half-life, aad relatively breat•r 
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,,ffectiveness of •lriha pr.rticl~ ::rraC.:iati,~n ·:1C'..1l:. 11~'.'::::;i.r :lost ~:::i::r:::::i 

nartic1Jlarly with r~sp~ct ~o the ~ossibi:ity of 0ar:ino~a~~sis. ~~-r~ 1r· 

some oonsideratic~s, how~v~r, that may ~iti~•t' ~~. ·s~ryci~lly n1sr~i~; 

circu~st~nc~s surroundinb this. Iu the ~irst ~lac~, it ~cul~ ~~~= -l~~si~l~ 
":;hat c11rci11ogenesis from irra:iiRtion must posr.es::; :i :;0.;;t si0nific~nt st:J.tis
tical factor. In oth9r words, enC"'r"l!ous ..:iur.ibers of c..:11.ss ·~V!lL uaii!!r ::cr:::al 
environroeut receiv" hits from alpha n11rticles 3S ~ ~-.;;ul~ of tha uut~r~l 
contamination of :!'."a:ii'.lln in the body a.nd oth"'r ~1atural radi;:::-dl~r: .. :;."':s ~s 

Wl'!ll as '.iense ioniz'1tic:: trails from r•di:atio:: as.::c:i,.t'.'ld ;·;i':h cosuic rays. 
!-l:ere, w~ have all of the bocly exrosed to a very low l~v~l ...-.[· rn • .U:i.tion. 
In the case of ths ~all particle bt'!11rin.:; nlutc.:iiur .. 'l.tc.i l~c 9-,ssoc:'..rit<'"'cl 
fission '!'rodu::::ts, we have small volu;:i" of the body "Nith a :·o1o.;.".;i·:~ly lim
ited nucber of cl'llls exposed to V\lryin.; :'..l..i.t..,uts .'.);f.' !'~C.i::i.tic;;. lfow ':fr.at 
are the potentialiti~s of cP:-ci:·10g;~n..,sis in these twc ::::as!ls? '"'1' -lo not know, 
•~d it may w~ll b~ thatfuis uoint for the moment is v~ry hi.;hly sp~cl.ilative 

and will r"'main so until S8ttled by some lone;;-tnr:;r; anii:.-:r:i.l stu:li~s, ~sp~c

ially on th~ species most closely alli~d to man. _l\.t tf1e :>r"se1"t time, :l 

caref'..11 survey is ~eint:; made of the lun.; sections o:, th~ rats 1'lx:_::o~:'.'!d to 
radioactive aerosols, ccr:t~inin& ooth fission products :lliC. rl ... toniu;;,. V;iL~.l; 

thes11 r'!lsults will be informative and of interest, th~y .;a.mot "'"' 0onui:lerf'-.1 
as conclusive. Our p~rsonal opinioa is th~t th~ 0arcirto~anic pote:~iali':i~c 
of a few particl~s i.l'l. th~ lunus is probably .'lor" ~r·,:par•ol" +;o l:;}.~ :, ~ 0~·~:: 

of carciuo.;~~~sis £'rori radium in the skeloton of the order of l ;:iic::-o6r"r::. 
d:owev~r, this is only an opinion based upon speculatior! :.i.u::i sho;.;ld J'.' ::::c:..;.
sidored as such. 

A n'..lmoer of othsr roints come to mina Hl p~rusL-ig th,.; r"lnort ::.ouii 
of which sug~"lst a diff~rent assessm•nt of the f~utors co&sid~r~~ and cth~rs 
a ~orrection to state~ents tlS:l.e. J.moni; the cor!"~ctiolls 1 ·r;hich arc :;i_ctu~llJ 

quite ~inor, ars the followiu,. Th& biolo;i~gl ~nlf-~ims of plutoni~~ ~n 
th~ skel~ton is nrobably Mor~ in th~ or~er of lOC y~&rs ttRL 10 yAnrs. Th~ 

reason for this statnient is ':;hat in this Lro.bor9.tory, :.. lium~u suoj~ct w:<s 
followed for al~ost 2 year aft~r the parenterf-1 ad~ini~tr~tion of a ~ixtur~ 
of Pu238 and Pu?.39. At ":;he end of this iLt•rvli.l, th~ dilily rate of .,x;:n":'-:.~-~ 
was still fallin~ and was only a f~w thousands of a ?~rcent P"r dny. It 
has bet"Jn demonstrat~d shortly aft"'r th;l ,.,lutoniur. ·•1as Q'4.:::L:ist~r~ri !-;~1~t ::10 

skel..,tal uptake was of the ordllr of 70 to 80 norcont. It may b!I not 11d i::. 
passing ":;hat this individual rec~ive<l t;h., rarlioac~i7e -"quiY•l<"Jnt of 50 
micrograms of Pu239 about 5 year:i g_60 and to dat., '.:as shown no ovicvnc\'J of 
any manifest radi~ticn injury. Another point whioh -,.,as :-~f!'!rr!'!d tc ..;rl:lfll 
earlier in our !'"riort is that the translocation of ;:-1;.ito!tiun aud most of 
the fission nr0~~nts into the leafy and seed bQaring portion of plants is 
vt1ry sma 11. 

It d.y be of inter•st, ·.vhec'n ~onsicerinE; th~ ar:iou;it of plutonium :..n 
individual '!light get inside of him wh=in ftX'.'.'osed to au envircnro..,nt cont~i~:i1~.; 

this element, to rt'lcall the oxp~riences of tha rs.diuu refi:~i:it; industry. 
Here, one finds individuals who have personally 1'.ro.ndled iu rather ::::lo:>e 
contact and under relatively poor hygienic cona~~ioua, fro~ 10 to :~o 

&r•ms of radium. Upon exaoinatic.::. of suon people, one finds rsther 
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""r·•q·_i,.,ntly t'.~P.t tL~r:J ::as 
from 1 ~o 10 ~icrogr~ns. 

.:.ntArr:al contamination of thl'I ord~r 01 

'.:.'}·H1 r-. ciiun li.:'f~rs ±'ron plutoniUJll iu thRt ;1ost 
0±:' i"':s ·;cr;:;-~\ .. -"l:ls ;.pi ·1"r:l :rnl"Jbl.., :1!1iGh : eiar~s i:i.osorption C(<Il r~ftdily '~:i.~~o 

·•lace follovlinb i1:!--,aht;in!1 or ::.::i:_;~st::.ou. '~SSilllint; c>.ly 101 ; ret-, .. t.i:·1. :;f 
that t«k~n into tr:,., Jo~~y as a ro\;

0
:: :'ib;_ir~, LH' i'lilctor of i.::;.tarnal .::c::tAr

i::ation vers1.;s '~u:uitity of r111dix:. han:il~·; :.s cf f;he order of 105. :n 
oth,-r i·:::irds, it ·:1oulJ :>9em li::..:,.ly '::tat '~r.'" ":i,;ht live L:1 &r: ,..:nironn.,..nt 
.,,[-_•ff• ".: ·1 ~ •• l ut oni :l!.; ~ 0:1c~nt rat ion on t hi'! e;r cul.i.' i ·.voi s in the rR n6" of :.;. e,;::-e ~:: 
~~r squ~r~ ~il~ ~ithcut ~ett~~~ into too s~ricu3 Jii'~iculty. Thi3 of cc~rs~, 
t:..l:~s into consi::i.,ri.ticr: th:;it ver:1 r:..!'iily, 7.i:e .Jatl.4r~l proc~s.:>9s of . ..,,.,:>.th"lr
in~ ~ill cov•r UP mo.:;t nf tho xat~ri~l sc that it ~ill ::io inaccossi~l~ in
sofar as intro.Jucticr" il';.to the JC'2y ia 0cncer::;.ed. I:' thi.;; :.i.ssu:.:ption i:.; 
valid, '.:;h~r: it ·~Rn :J:! se..,n thRt the .'.:'~';::;ion r-rcduct uet;i. ai:.d 1:/i:r.ma iut.,rnal 
;a,1i; tion 'Nill ;--rooa;;ly J~ fr;r nor~ of a l1azard th1<.n th~ EClutcnium ouc~ 
th:.i ;iartichs :uw"' come ":;c rest Jr... +;:1~ .:;rom•:l. ..ith reb~rd to th" resusp.,n
sion of particl~s ~0!1tair•inb fission products and plutonium, wa hiave the 
£'"l'lling tll:;.t her1' ~G•in, the ~rnc~sses r;f weath"ring to,,eth"r with the 
iilution wculJ ~~k" ttis pot~uti~l h~zard appear to je without too much 
sic;nificance. f..noth!"r noi.-:t .vi1ich comes to :-:iind is that plllrtichs whose 
sizo falls in the 0.1 to 1.0 ~icron range will r•~•in suspended iR the 
air for 7ery lon6 ~erioas of timo provi1~d th~re is no preci?itation by rain 
or snow. How.,,rer, this wasnL~t, "tf:",ct o:" the atLiosphere would seem to r<'!ldu·:::) 
+;l:~ !".i'!m:-.ce of th~ ov.~r-ul::. situation for olic~ ";heiy are ~Etrri::id dowu, it s1vr.;s 
vory u.nlikoly tho.t thsy cen u!'l LJ. a nosi tion to do auy hlilrm insofar as in
hal~tion is ccnc~rn1d • 

. \noth~r point of ;nbn si,;r.ific11nc1>1 to Je consiC::orec:. in .n;i.luatL.& 
th!'! conclusio:as of th<t ·:}w.briel roport, ls tho distribution of particl!S with 
7""!ST:ect +;o siz•. ..,hile th" .,vi~~nce !'Joint:> to r•ul :l~r~t;!!r of carcinoG~nesis 
~ith parti=l~s of 0.1 to ~.O ~icron radii, larb'r ~articles do not ro~dily 
l~·:'!t;-!i in t}-,~ al veobr r:>i:;ion ::iut :i_re c~ r~iod ~way and "v;rn.tually swa llow~d. 
':.';:.~ 1.E:tn su;aw;lilrized in THol~s _\l o.n:l A?. of th" ]abriel r("!port, Li.dio11.t~ th~~ 

l~ss thi;n 0.1 r"rc!'!nt oft::~ ni;irti:~les ~r• 3..1-:. th11 81£111.ll siz." r:;;.ni;"'· :ionce, 
if we SJ.cc~rt th~ ·~"'lcul:il.ti~ns r:1ade ~,y ihi.: ..... :ith, th~ nu.::i6<'!r oi' Jomos roq'.<ir'.Jd 
to ;iv"' a '"lrobab::..lity of 1 +-1:-:at~:> )<H>,c!" 1.n tr,ei T!.S.A. would r..,civ!I .,_ O.l -
?. J !'licron r~ rtL~ 1,.. ·unuld bl'! le..:: '~i:::•c; l:;h~ numo.,r r!'!quirttd to c:;i ve "' part-
icl~ or 103 x 103 = 10° 0omos. ~ 

The th:'!or~ti'::" 1 c~ Lrnl:<.+;::..cns t;h·""n by '.::ui th on ~article ;;iz" ~r~ 
c~!'":ainly 0'1.-.rly s.'x.rlifi~d a.ud it is ·~oi..;btful lf the probl"m ci<n iJ,., l:u•nci
led ':;y "J.r..y th~ory .-,f aucl~i fcr!.1raticn a+. '1r~s1mt. iiowevor, additioual 
study should J·~ ~i ,.,n to th('! "rci..il~n; alcni..; the lines rlftV~lo~H1d ";Jy L. '!ol!:ler 
cx~enctckJ~r Fhas'!lnO•l:iunb• ~d·:varc:: Jros., Ann .•rbor, pp. 121-152, 1945) 
~r-.2 .'.l;-:plified i::i r .. c~nt stuii''S :;y Victor :..a :,'.er 01 ..;oLmbia Ur.iY•Hsity • 
. •lso th~r' i3 nc ~s~urRnc~ that the sampli~g methods used in provious bomb 
t1'sts 1.ivel"''I s.Jcqui.t;~ to Jl'lt<":rPlir.e :;h"I ;-:ur:;u!•r of small particl•s. Ind"l'!d, 
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th• norcentage of such particles may bo considerably larger than the ~resent 
data indicate. It appears that this ohaae of the problem should be thorough
ly studied in futur~ tests. 
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