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4.1 FOR'1ATION AND FRACTIONATION OF RADIO:-:UCLJDES

4.1.1 em.... t .har....."tiCS of nldionoclide$ a"" pr~ .F'er I n""k:o.
o,plosion

Mon of Ihe contamination from nuclear explosions ha' resulted from oklO
nauon, in 'h" atmosphe",. <'Specially thO!" near or on 'h" Earth's surface. and
from underground detonations that "'ere designed to prod""" <ratm,

In order (n pred"" and analySl' th" atmosph"", and termlrial radioact;'o
contamination it i. necessary to know in delai]:

1. 1M na1ur. ofth. ",,,ree ,size and shape of th" radioacti'" cloud. pr""""""
'''Ihm th" cloud, d"mbullon of rad,oacti,.. pa'"ck's by sitt. and distribu_
t;on of th" radionuclidO'S "jthin and on the particles):

2 th" m.twrologic-alli1ua1lon (WInd ,.olocity wUh hOIg)11 and precipuation);
3 lho distribution of r.dionuclid.. on lho ground (f.lIoul paltorn);
4. lhe pro,..knco of foodchaln••nd 1M Int.ko of contaminaled food bl'

animal' and hu"",nl.

Th= f.CIO.... wilh addnion.1 dotail,.re indicaled in Figure 4.1.
Th< f"lt 1w<> f~ctorl d<lonmno lho ch.ract.r of the atmMph<ric lr~nlporl <>f

the deb';'. lhe formal ion of f.llout and Ihe principal radiati<>ll characteri'l;".
I,e. 1he ulernal gamma""J'OSure rale .nd lhe radi<>nuclide compoll1l0n <>f
fallout. Thes.e subie<'t< ~re C<>nlidered in delail in Izr~e1 (19%).

An atmospheric nucloar o,plo,ion produces a radioacti'e cloud.•,hich
doponding on lh~ explo.,,~ y;~ld. ri~ to an allitude from ~,'~r"1 10 ~,,~r.1

l<nS of kilometres,
A o"'''ering ~,pl",,<)n produces a c1<>ud (which ri~ up 10 an altitudo of

~"eral kilomelres) and a base .urge. "'hich has a heighl of aboul 20--25"/. of
lhe main oloud.
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Radioactiv. debris eon,iSl' primarily of fission prodtlC1s and neutrOn
aOli'''lioo produc". bolh of which may be mixed with a .ubstan'ial amount of
soil .nd malerial from lhe ,upp<>rting tower and expl",ion de"K;".

Dunng lhe first lens of second. of fireball and doud fonnation v.ry import
an, processes oc<ur in Ihe condensation of ,'aporiled products on the parti
culate maHer lhal may be p,=nt. The.. prQC<'S... delennine the distribution of
",riou. radionud,d.. relatl"e 10 lhe size of particl.., radionudidcs ",ith high



ENVIRO;o. \IENTAL CON1"A~lI"ATION

mehing POInt, lend to be diSlribuled ,hroUghoullhe 'olume of Ia~r partid...
wherea' volalile radionudid.. lend '0 be confmed W the ,urfa.. of panides. As
small panides ""nlain mOSt of lhe 'otal ,urfa.. a",a available. "olalile radio
nuclid.. tend to be a550Ciaied w"h .maller panicl... Lal.,-. panIcle, are 'rans_
fIOrted 10 ,'ariou, distan= d.~ding upon Iheir size. among OIMr factors.
Thu" lhe pro<eSs.e, that occur during lh. first lens of I«onds playa dec;si," role
in Ih. radionudide comflO,ition of Ihe ""nlaminalion a, a fu,,"tion of di'tan..
from Ih. eaplo,ion,

...1.2 rormallon of a.rosol parlic~arrk>rs of radl....cthil~

A ,u!><urfa.. nucTear e.pl...ion .ject, inw lhe almosphere around 5000 I of
",iT per explosion yield of 1 1:1: 180-200 t of lhis amoun,,. mehed. and 1.5 to
25 I kl t i' "aporized (in the cas.e of an underground .xpT...ion up 10 50 -70 I
kt" is '1lporized)

In lhe c.a", of ground-,urfa.. explosion. less ",il (or \I.-aler. if exploded 0\ er
waler) IS ejecled mto the fi,.ball and the doud: In 'he ca.. of a,mospherie
explo,ions the doud ma~ ""main es",ntiaUy only the malter of the dC"i.. il"'lf
In ,h. laner case. ,ph.rieal radioactive particles of ",,"r-al micrometres dia_
meter a", formed only as a result of 1M condensalion of the malerial. \I.-here..
,n the ground (su,fatt) and undergTound (cralenogl explos,ons. radioac'iw:
panieles are produced a, a result of the fusing of radioacti" male rial "nh
.nu1line<.! ""I

T"o principal types of partides are forme<.!, ,pherical (or drop-form)
parlicl.s formed. as a ruk. b~ fusion of silicate mat.,-ial (fo' example. "okanie
rock. obsidian. ele.). "'hieh are up 101-2 lOrn in ,iz•. and angular parlide, of
irregular forms 'hal ha'" nol be<:n fused. In addition there are ""mbinalions of
the t"o forms,

Radionudides in 5phe,ical panicl.. a", dislrihul«l ellh~, lhroughoul lh~

emire "olume. or through a thick layer of Ihe '·olume. The rddionuchdes
a55OCiate<.! with ang.ul",. irreg.ular part;",les a",... a ruk. ,,"ache<.! '0 ,h. surf"cc,
A sU!><lantial amounl of ",perimemal data on "'dioacli" part;"'l.. and lheir
radionudide composi'ion h.. be<:n published (Klement. 1%4: Izr~el RI al..
197&, lzrael. 1973),

Th. 10lal panick-aeti''')' and 5izc distribulion for a ,urfa.. (and under
ground> explo,ion (and fo' the Ch.mobyl acridenlj can be .,pressed b~ a
lognormal law. i.e. aeli"l~ frdction A(d,. d,l connected "'ilh particl.. "ith
diameter from d, to d, i, equal 10

'('''' [(lgd _ IgJ)']A(d,. d,) = ---ro: e~p - 2: d(llld)
'1\ 2......, a

"ho", d is ,h. pan;",1c diamrter, J and" are distribulion paramolen.

(4,1)
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The above distribution IS not strongly related to e~plosion }'ield, but it does
depend subslantially On lhe soil l}'pe. For e.<ample. for Nevada soIl Ig J =
2.0B and" = 0.732. for coral soillg J = 2.209 and,,; 0.424 (Stew'art, 1956).

Models lhal desenbc: lhe movemenl of radioac"'-e parlide d'Slribulion m lhe
almosphere oflen use, partide fall "elocil}' dislribution> "'(IY), For example,_.

\'flY); a 11'"•••
r(~+l)

(4.2)

"'he'" IY i, lhe panide faU '-elocity, r is Ihe gamma·fullClion. aDd a, ~ are
dlSlribUlion parame"rs. In on. particular case smdied by ]>otto" and Pres,man
(1962) it "'-as found that ~ = 2 and a = 0.06.

Vaporiud .xploslon debris ltansfonns inlO mehed (fused) $Oil parlides in
accordance ..ilh lhermodynamic condilions in th. fireball as well .. wilh lhe
ph}"sical and ChemICal charaCleri,tl'" of lhe .1.menIS. Soil parricles >olidify
very quickly in lhe firebalL for example, in about 7 5, in an explosion }"ield of
20 kt and in about 40 < for an explosion yield of 1 )''It.

·U.3 .'raeliOllaliOll of tadiOll""lidos

The phy,ical and chemical form (i,e. gaseous. inlermediale, or ",fraclory) of
lhe radionudidos in a fi",on,produCI mass chaIn durmg fi"'ball fOrTDOlion is
"ff) imporranl in delermining lho a'sociation of radionoclide aC1i"ily "'ith
particle ,i~. Se<-'er~l of the mOre importanl malS chams a", <hown in Table
4.1. II can be I«n in Table 4.1 that in the first lens of ,""onds afler the
explosion, precur<.ors of "'Sf, ""Sr and "'e. are In lhe fonn of noble gases.
"Kr. .oKr and "'Xe: lhe"'fore lhe prodllC1 radionudide5 (e,g "'sr. ""sr and
"'Cs) are nol found "'ithin Ihe panide< lhal condense during lhe early POSI'
de",nation phases. Ralh.r. "·Sr. ""Sr and mCs anach to panicles according 10
lhe surface a",a a<-ailable al the laler tim'" ..heD lhey condense, In contrail.
radlonoclide< .och as "Zr and '''''Ce a", already in lhe form of "'fractory
elemems wilhin lh~ ~rst s<o<:onds and lhus are found di,tributed lhroughoUllhe
,alum. of panicle< lhal cODdense during the earl)' phases, A value. F, can be
cak:ulaled (lzracl, 1913);

F.=Q,"{t)
, Q,(l)

(4,3)

I.e. lhe relation bctw«n lhe 'tage the ith chain radionuclide reached b; lhe
momenl I insid~ the mehed panicle Q,"{I) and the loral amounl of radio
nuclide< in Ihc gi"cn cham Q. (I).

The depondence of lhe IOtal aClivily, A('}. of lhe indi"idual radioacli"e
panides On lhe" radius. '. " ,ubjeclto the power law A(,); k x '". where k is
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T.blt 4.1 \la.. chain. of certain r'!.<ion produc,..

"

M... cha'n \'o~"1e

"'-----c,C,;.C.C·~B", _
(~S21...

_ 3.2 min Kr,.
(40 7)

1.6. ""Dr,,_
(21,S)

_)),"I(r ..
(Yi.1)

W>n "Kr,.
(OJ)

Inl<rmodia"
-

_13.4 min "Rb" _
(4, I)

_ 2.7 m,n "Rb,,_
(IH)

_ 2. "Rb" _
(7.2)

Rofractory

SO.S <la)'"sr,._
(O.OS)

_ st.ble toy...

28 ,r "'Sr.. _
(041 )

64 h ""Y,. _
".bl< "'Z.-",
40. ·'sr.. _

(49 I)
_IOm,n"Y... _

(39,11
_Mday"Zr.. _

(H)
_ 3S day "Nb" _
_ ".bl< "Moo>

'"

24.4. "'1,.,_
(~ :!)

_ ),9 m,n "·X."
(nS)

ibo" "·X.,..
(0.2)

_ 30)' "'C,,,
O.J.2)

_ U. '''"C,,, _
(2.7)

0.9S 2,6 min "'''Ba..

o~"ab!< "'Ba,.
l.S • '''Ba,. _

(491)
_ IS. '''La,,_

(39,1)
_ 290 day '''C,,, _

(lSI
_ 17 min '''Pr.. _
- ,,.blc '''Nd""

• H.lf·hr,
•• ilJnOl. 1'196)

a parame'er 10 be fiued and ".0 <: n<: 3.0. i.e, al n " 2.0 comamonation is onl}'
on the surface of the pall,de and at n " 3.0 eonlaminalion i$ .pread
throughoul the "olume of lhe pallide (Figure 4.2),

ThU$. lhe phy$icolp~ Ih.. OCCur ,.-ilh,n Ihe fireballs and "'hich rc$ulr
in differem radionudide. being a"ached 10 panide, of different .ize. rc$ult in
the 'fractionalion' of radionudid••. Radionudides lit .. condense: al laler limO$
aaaelt themsc:l~ 10 pallicles a<:cording to Ihe .urface area "·ailable. "hieh i.
al'" a)$ aswciated ","i'h smaller panides. Such smaller panides t)-p;eally remain
airborne for longer times Ihan do lhe larger panidO$ Wilh lhe ",fraetor)
element< d"lribuled throughoul their volume.

R.dionuclide fmClionalion ,an be oon$idered as a de..-i."on of lhe rad'o
nuclide ral;O (in particlO$. zones of radioaCl;"e fallou!. .".) from Ihe ;nilial
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.,...... 4.2 R,,1.",.,n.hip bot,,,,,,,, portiod. boto,,",i'IlY and f'l''''d..... In ,ano"•

..p<rimrn": (a) 12 AUlluSl 19~3: (b) 29 July and 5 AufU" 1955; (e) 2~ March 1956; (d) 24
Ani"" 1956, mc.'uremen,,) y after til< expmon: «Il~ Ani"" 19J.6. m..'urem<n"

J h .fIet ,he <>plosi<>n; If) l~ Sq>ttmt>e< 1%) L c.kul'li<>n: 2. e\jl<rimetlt.1 data

ralio al lh. mome"t of lh. explosion. Thu•. 111. fraClionation facto' of the nh
radionudid. to jlh "'dio"oclide is

ni(l.r),.... .,.. ,_,:
"AI.r) = 'ni(.)/n,,, r (44)

"h.~ lhe index T denOI., lh< theoretical ralio of lh= radionudid•• (n;, Ih"
number of nllClei. t i' lh. lim. and. is Ih" radius of lh" partick:s).

Fractionalion fa"IOl'> art important chara'l.ri'ti", of atmospheric and
(orre"rial contamination Thoy change 'ignificantl) for dilT~r~nl panicl~s and
dilT~~nl ,on<$ of contamInation . .,·en for the same explosion (up to 100
time,). To cha ...ct~rize fraClionation in a fallout pattern from a gi'~n ~'Plo

lOion (or for an explo,ion as a "'hole) on~ can construct correlation plO1' of
logarilhm, of fra<:tionation facron. II i' common 10 makc ~fcr~n"" to t"O
radionuclides of opposi.. jb) ,ola.tilily} propenie< of ~I~m~n" (rna" chains):
u,ually lh~sc aro "Sr and "Zr,

F;gu~ 4.3 sho""1 ~",mples of oor~la.tion p)OlS for dilTemlt radionudides
produced by lhe LSSR crater forming ~xploslon named Saf)-Uzen. and lh~
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fik\lfe~..J Correla'ioo plo" of f",o,iona,ion fa<lor> fOT ,ar;"u' r.Jionudide> in ,h.
fallou' ",,,om from l'SSR enter e,pI""oo 'haf' 'IOOl',

drillM ~haf, '1003' (Izrat:l" o/.. 1970a: I~""el, 1973). A ~,milar c<>rrela'ion 1'10'
is sbown in Fillo,e 4,~ for an a'm",pheric explosion (Freilins. 1961).

II foll"",. from ,be plotS tha,

Ill/.... " 0. + b, Igf..... (4,5)

"here 0 i i. ,he ..alllt: <>f ,h. ·.u,-off (ordina'e) and b, " "" i' ,he slope of lhe
,eg,e"ion line Value. of", and b, depend on the cho~ of radionudid. k a.
,h. ref."'n"".

II can be ,ho"'n (F",ilioll, 1963) that b,,, 0, 1 and

a," b,(l -b,).,' ~ I

',' (4.6)

He"" rr i. th. dispersion in the lognonnal dimibmLon of a pa"ide acti",;
and ma\oS h}' ~i= 2 S 0, S 3 i. 'he po"'or index of particle ,iz. distribution of
.o''''''}',

It 'urned ou, ,ha,

111/'... " ,;F; III f ..... (4. i)

"here F, i' detennined from equation (4.3) (Fillore 4.5).
It i. of in.."", '0 nNe 'ha' ,alo. of "i i, nN rela'e<l1O the fi"ion 'ype (unlike

the , ..lue oflhe 'rut-off ".riable oJ Values of u, and b, depend on ,h. cbo~
of radiooudide. k. a. a ",feren¢<.
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IO·"L-"', 1,
10 /0' ri'.I'm

The rel.tion,h,p be,,,, ..n fraclo<m.l;on f''''''r> and pa'b"" Sll< fo' '''B.
(a). "'sr. <OS, "nd "'Cs (b)

H.,-jng ."umel! th. respect;,-. model. of panicle aet;,;ty (distribution wilh
l"'rtide Sltt) on th. ,u,fa« of a partido and in the 'In>Clur¢ of a parude
Iheomical relationships can be constructed (Izrael. 1973) bet"'-een fmctionation
factors for \'oriO<l$ r6dionuehdos and panide 'ize (FiIlU" 4.6), The application
of these model. has made it possible 10 cakuJ.le the fraction and distribution of
radionudiM, depo,itw ,,"hin th. ,mm«liat. ,-icinlly of explosions of '-arious
yields. The ,-.!idation of these resuhs with ind.~nd.nl material is ,hown in

Figure 4.7. Here we see a oorrelolioo plot of cakul.led ".Iuts with those
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r.,.... 4.7 CorrdatioD plot of Olllcula'cd (~,l. and "p<rimrntaJ (~,l. frac'ioruI of
r.,h""""Ii<\e$ dtpooo,ed from rollou, '0 ,.... ,mmodiol' 'OU"il~ of. Jo~ ·yield poul><!

..pI"';""-

obtainw ••perime"tall) from fanout in ,he ;mm<diale ,'>:miW of a small
explo>ion (Small.bo)) carried out in Ihe USA. The.e data dernonnrat. lhalth•
••penmen,.1 and calculated ".Iues ooincid•.

Table 4.2 list' experimentally obtained integral ,-.Iues of Ig a. for fallout
pancrn! from .,m",photic and ground'$u,face expIOI;on~ (F'eilmg. 1963).

Further, if one considers fractionalion flelo" at different di.lance, from
ground '!ero lh,ir Mpend""CC: on di\lat>e:e is ob''';ou$. Figure 4.8 shows lhe
dependence of fractionalion factors (inlegrated acros, lh. pall.rn) on the dis
tance "IHu from 'he ground zero for four crater nuclear explosion. in lh. former
USSR (rzra~1 ~I al.. 1970al. For th~ normalizffi di'tanet. x is !h~ distanet along
the paltern axis. u is the "ind speed. and H is the cloud height. A distinCt
relationship bot"'oen fractionation factors and di'tanet i' obso,.,.-od in thi' figure.

Tobit ~,l \'al..... rOt Ii 0, "hen cor...I."ng yariou.
radionoclid., from .tmospheric "LlCkar <xplooions,

Radionuohd< ", Rad,on",,1id< "0,
"" 0.32 '''& 0.43"". 0.11 "'Co:

"~"'T• '.ro ,,'u ,~

"'C. -0-06 ''''-Ip lOS

"" • "il '"
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",

,,'

""'",,-----:;;,,----0:;,:
10- IO-r /0" X/Nil

fjj:uft~.ll Changes"" fra<tiona'ioo fll<1on, f ...... "'i,h normohlC<! di" •..,. xlllu for
'''''''u' e,plosio... (x, d"",l>Ce alofIJI ,he panem ax,,, u, ",lid spotd. If, <loud he'ght).

For radionuclides prodU<:ed from grouod-,urface e~pl",ion, Ihe rela""e
magnitude of fractionation (from 0 to I relati'·. 10 "Zr, i.e. from ',olat;)e" to
'refraelor)") can be presented in th. follo,,;ng sequence \Klmlent, I%4; Iva.!.
1973), 'I'C., '''Sr. OUSr. "'c•. '''Cd. "'Ag. '''''Ba. ··Y, 'Ol C., "Mo, [o""""Ru,
radionuclides of rare~arth elem.nu. "Zr. For uoderpound nuclear e,plo·
.,on, ,hi. sequence '. a. follo,,"1 (IUllel .r 01.. 1970): ,rCs. "Sr. ""Sr. '''''Ba.
"Y, 'OJRu, "'I. lJZTe. '-"'c., "'Ce, '''''Ce. "Mo, "Zr, A large amounl of
••penmen,al (!ala on the radionuelide eomposi"on of aIrborn. and faUout
malerial ha. been published IKlement. 1%4).

h is important to nOle Ihal Ih. eslablished ",Ialionshlps of ,h. dependence of
radiooudide fractionation on 'olatile precursors produced by nuclear explo.
sions does not. naturally. apply to n..clear reactor accidents, In Ihe cal<: of.
reactor accident, for example. the behaviour of all caesium isotopes is .imilar.
but the behaviour ofstronllum IWtOpe, are ditT.re", (Izrael rr 01.. 19\1()). In Ihe
cal<: ofa nudear ",a<:tor accident ,uch as Chemob; I. the cae.ium and Slrontium



I"l.:CLEAR TEST EXPLOSIONS

ISOtopeS bchan qUite dilTertntl}', as the \'olatile precursoB of the .l!rontium
isotopes have alread} decayed and strontium itself i' nOl volatile.

4.2 ATMOSPHERIC DISPERSION AND FALLOUT OF
RADIONUCLIDES

The ,p..lIal pauern of surface radioaCli"il) rontammation i' formed b) the
fallout of radioacti'e particles from the radioacti"e cloud in palSlng ai, maI-SCS,
One can distinguish a pro,imal pallern (a few hundred kilometre' from ground
zccro), a remOle pauern (formed se,'CCral da}', afler ll>c e,plosion) and ~lobal

fallout occurring o'er ",,'eral }'ears, w'hich rompri"" highly di,persc<l radio_
acti,'e particles e~ted inlo 'he atmosph-crc and mato,phCTC.

When describing the pallern one 'hould in'estigate;to ,patial panem (iso-
lines of dose rates or r~dlonuclide depo,it,on density) and determine di";nCll)
the ...;, of maximum contamination.

4.2.1 L....I (proximal) f.11out pan_

Pallern, from the e1oud. of high-yield ground and tower-t}'1'" nuclear e,plo
sion, are wen kno"'n (for example, the USA explosion, of 1949 on B,kini Atoll
and the explos;on of 12 August 1953 at the Scmipalatin,k Test Site). Figure 4,9
show. spatial distnbmion of ll7e, contamination den,iw, with the pallern
from Ihe ",plo,;on of 1953 indicated (I.rael n al.. 1994).

II i' obviou, lhal .pat'al di'tribution pa"ern, "itl depend much on the ,ize
of Ihe cloud and on meteorological rondilion', particularl}' on changes in "ind
dirc<;\Ion at high a!lllude

Figure 4,10 ,how. the relal;on,hip belween the amounl of radioaCli'e
prodUCI' A(R) in ,-ariou, pall,,",' from th-c e,pl",ion, of the Semlrala'in,.
Tesl Site (Lobore, ., al.. 1994) and lhe di'lan"" R, One charaCleri'lic peculi
ari'}' of 'hese ",Ialion,hips is that they al'CC po",.. funclion"

A(R) = AaR • (4.S)

Another peculiarily;, the occurrcooe of a roo>picuOll' cu"'cc atlhe beginning
of the palter<>: i' i' praelicall) absent in Ille case of ground explosion" close to
ground ttrO for lower e.<plosion< and i' "ariablj localN depending on the
relati"e height of the explosIon for air explosioM.

ParllCularly well ,tudied al'CC pallern. of underground craterins oxplosion,
(lzrael, 1974), The ma,n characteristics of 'uch nplo,ion, carried Out ;n the
USA and former USSR al'CC given in Table 4.3, A pe<'uliarily of CTatcring
nuclear explosion. is the formation (besides 'he cloud) of a base surge yield.
whIch l'CC,uh, in. circular conlamination of Ihe ground lero region (Nordy.e
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rl~"" 4.10 R<lation;h,p bet"'''''" tho amoun' of "d,.,.",,," prodoc" A{R) In ,h.
fallout pottem from tbe nuc"~f ..pIosi<>rland d..l>.!\Ct II. from ~O"nd ..ro, Dat. Of.
for .urf,..,. """lear .,p!ooIon. on 51'5: (0) 12 """,,, 195): (b) 5 Oclobe'r 19S4: (e) 2

A"$"" 1955: Idl14 AUf"" 19S6; (e) I ,",ugu" 1962: (I) Jl) Oclohor 1962

and Wray. 1964: I.r~d .r u/.. 1970a,b). This <Xln,amlnal;on, unlike SUTfa""
cOnlaminalion. i' "olumen;, in chara,te" i.e. radioaclI'-;t)' is found at depth.
do'" n '0 tens of crnlllntlre, and more (Figure 4. II: [zra.1 et al" 1970b)

Figures 4.12 and 4.1 J >h"".. the surfllC¢ l"'ttern of contam;nat;on foUm.ing
'he und",ground nuclear e,plosion, '1003" (LSSR) (I,,,,.J ., al.• 1970.) and
Sedan (USA) (Klement. 1964). Figur. 4.14 <ho"', changes in the d<w: rale and



Amon'" of x.J,oac,j,,,y
m"<r;al f"",'ion

T,~ Na'"" of 'Ilt =00 <kpo<,!«! 0"" d<posi'«! 0""
"rio'"''' ('o"n'oy '{",kl, " I",,,,h. n, m/\:""-' lI<'lV'" ,n ,11<",,,.,,,''', I 'f>< pallom. %

M<oJ,"m y"'loJ -( 'baga'" ( 1001') 1I'i.\X 140" '" " 4K(kl 141.l) "'S«b,,' USA 'M '" " 1/00 4200 1200 ,~, ,
"·Schuu..",' USA ~ 'M " - ~

LowY"'loJ -Cab,,,,",,' USA " " M.' 'W ,
·Sooy·U",n' ('lOOn USSR ,,

" "
,.,

" "'o..ooy-Iloy· U"' 0.4) JJ.S 43,2 ,.,
" ~ "

V"ry low yickl T<lk.m·I' 0'·1) USSR "' 31.4 " "" " 0'
'Sulky' USA om 27.4 ~

R"", «1'1<"",,, 'Bum IJSA I.IIX x S 41.2 '" ""-!'d~cm·2' 0'·2) tJSSR 0.24 x .1 .11.4 " '" " "''h'JI''- fC.""r) USSR IS" 3 '"
• "II bo '"' ~"a ore """" n '" """"""."'" ~; Lh 01100..1""bI.,."....' ,~M no,,,,," " ,.j.. 1'I'l6) ,nd IUS !lOE, i9'94l_
•• Y"k! """""'" ~ ,";" 0""".1."", ~.,," M,'''''"'''' Q/. 119%)
••• On I"'""'<' J,:n,o,y ....k!.
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FIguJ'< 4.11 Tho "'","on,hLp be',,= tile 'pe<,fic ..,I be"-'<:1,,-i,y and dep'h ,n ,he
profile ror explosion '1004'

10lal amo"nt ofrad,oacm-e ,od,ne at thl: ground .url"= .Iong lhe pluTm axis
of explo>ion '1003". and Figure 4.15 >h",,'. Ibe relationship belween tbe total
amOunt of "'I and lb. dlStancc from ground :tero for three enter explmions
(lzrael., al., 1970b),

4.2.2 RtmOte pan...... (trop<l/iphoerk faU<lUI)

The remote pattem is characterized by larger sp"lial scales and much lower
contamination den'ili.... compared 10 Ihe pro,imal pan....n,

figure 4.16 (lzrael er al,. 1995) 'hows dala on Ibe measured acti"ity of
radioisolOpe> "Zr + ·'Nb and '·'Ru mealured in Ihe USSR aner a >eriel
oflhe 1%1 high.yield nuclearexpl""ion at the NO"aya Zemlya T..I Site. In the
autumn of 1961. 11 nuclear explosion. ofmore then I Ml }'ield ""ere conducted
tbere. and on 23 and 30 October 1961 two very large de,,~. with }'jeld, of
12.5 and 50 Ml, were exploded (Mikhailov el al" 19%). The e,pl",ionl were
conducted al an allitude of 3.5 and 4 km. The nuclear douds from all th<-<e
expl",ions, h"'ing reaehed a high altitude, .pread lo",..d. lhe continental
territory of the former GSSR (primarily lo"'ard, the ",uth to southeast). The
contaminatoon o,-er a vall area of Ihe former L:SSR wal ;m'''t'gated III April
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.... Ul Gamma-nda.'- ** .... daluibubc>a ill th< r.-. po,.......... day
al\n ..pIooica °lom"

196.:!~· oamphns the 51>0" 00\" praml bdOft tbf: nodear tnt aod ..-Inch bad
I>Ol mel~ before ......pliDl-

At IeasI ,.." '"Ul roroc:s 0( rad>oan,,~COUWI\lN.lJ(l(I .."'" f<lUDli; tho tin!
:wnt III tht._ oltho enol \IOUIIWJq (Unbtic Gor),. &Del 1M~ '" the
TaJm~T (Taun)T) paunsub aDd cmtnl Sibav.. Tbc: 1llUDll\llll iIIl'fac:c 0;00

tamillalion ill April!%.:! "-as: Iota! acti>11)' lip to 1000 mCi (37 G8q) tm l;
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Fipr< UJ u..mm.· ..di.>.';on do« ...t< di"ribu'"," in II>< pattern of r.lIou' """tam,_
no''''" (oj and in tl>< pallom of ",mirnal contammation (hI 011< day .ftor 'he 'Sedan'

.,pln.ion.

"z, + 9<Nb up 10 300 mei (II,] GBq) km ': ,o'R" up to 55 mei (VI GBq)
km '. No n01~.ble rulhenium iSOtOpe fT3i:lion"ion rel.t;'-. 10 9<z, wa.
no,;o"d. This conlamlna,ion ror=ponds to a maximum oxl.mal gammad~
radiation of 0.2 0,3 rem (2 3 mSv) between th. time the fallout wa, forrnw
~nd its comple,e d"ay.

In <omra.t, in tho remol. fallout [TOm the 'S<:<Jan' crater explosion at a
di'tance of about 1000 km f,om ground zero. sub'tantial radionuelide. frac
tiOnalion was obse"<:<l (Table 4.4). illS \(> be nOled lhallh. ,ritlum okpos;\;on
,n the r=0l< fallout from ,h. Chagan era'.... <_,plosion.•haft '1004" i' close '0
,h. de"",i,s of o,he, "olalik .,plosion produc1s (Table 4,5),



ENVIRON\\ENTAL COl'<'TA~II"AnON "
P,Q}1l.' I,Rtml

,,'.' 0)

,.. .'.' .<
tG" .'
",., •••
tQ" IG-',,' .' 00' .' 00' 00' L, lem

Fil;:ure 4.14 D<ptnd= of a:amma_radiation dose ,a'e>. Rfll' I(a) and in,ellfll umount
of ..d~i\ ,t). R km ' h" (b) on di'lan<:< /I. ,Ionl th< fall"ul-wntam,nat;on lUi, from

..plooi"n·1003·,

A remote panem of radionuclide falloul "'''' produced b; the craler ",plo
sion 'Schooner' (USA. ,,1"5, 8 rkttmber 1968).", measu,e<l o\'er Europe and
the USSR

4.2.3 GI<>bllI falloul

The produc.. of lhe 'er; high-yield nuclear «plo,io", reached lhe higher
atmosphere and 'he lo"'e' "ratosphere and "'"C" transpone<l and deposi'e<l
globall~' in a malter of "eels. mon,h. and yea .... mainl) in ,he same la'itude
belt as rhe ,es, site.

Figu" 4, J? 'ho,,"" 'he di,,,ibu,ion of ""S, a, Ihe Earth', lu,fatt ,n 1%3 64
(Klement. 1%4). Al thai time the ",'erage depo,ition den,ity of ""sr in lhe
:-':onhem Hemisphere (in lhe band btl......,n 70"E and 14O'E) ....a. 4(1 mei 0,48
GBq) km ". "he",,'" 'hat of '''Co "'lI' 1.85 times as much, TIle distribution
of "-Cs (rontaminalion denl;l,_ mei km ") of global origin O\'e' 'he lerri'or;'
of the forTner USSR in the late 1%00 i, ,hO"l1 in Figure 4 18 (obtained b~'

airborne-gamma sur',e}) (1l<>Iln,,·a., aI., 1977)
At first. global fallout mcluded lbe sbort-~\'ed ..dionuclides ('''Ce. "Zr'"

u'N'b. l-<\1n, etc) In total 19.3 MCi (714 PDq) "'Sr. H \1Ci (1.2 EBq) We,
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r~ 4.1' The ...."."."'ip bt1~...", 1>'1 ,nlOlJ"ll .moun, .nd di....1lC< .Ion~ ,be
foJlnu'-<X>nt.mina,i.". axi> for 'h.... 0"'''' expl",lOftO

and up 10 1600 MCi (59.2 EBq) of trilium wnC ",Ie.>od into the atmosphere
before 1963 {Klemenl. l~l. It;s interesling 10 nole that d.posi,ion of "'Cs
o"n ctnlml Europe .fln lhe Chemnb}'l nuclear power plan! accidenl is 1.9
Me; (70,3 PBq).

4.204 no. modtlUng aDd prl'dletioo. of radl....<li,e ,.lloul

Resideno::e limes and geographical dimibution of lh••xplosion d.bris and
producls arc <!rlrrmmed by th. local and global air ma" mo'-emems and
mrt.orological condilion,_ a, wdl as by th. ,izr ond physi<:al propcnies oflhe
explosion. Any prediction of radioacl;"e contamination drposition req"ires a
rl«OIled knowl<:dgr of all procnses invol"ed and 'he phy.ical collection of
actWlI comaminalion da... Thi' informal;on makes il possible to recon>lrucl
{mod.l) lhr radi""cti,·. conlaminalion s<>ultt and lhe ,·.riou' ..ages of its
dislribution.

Ba$Cd on expcrim.nlal data lhe contammat;on SOurce i' modened either as
an in>lan,at>eous poim source (""ilh panicles and radioact;'ity earri.. s;zr



ENVIRON\IENTAL CONTA~IINATtOS

~'ipr< 4.16 A ""'p or ,h. "Zr • "Nh dopo>ilion pallOm ba.... on ....uurrn><nl dala
of 1962, Sample: numb<r (numera'o'l ODd tornin ""nlamioation drn.ily by lb. rnd of
May 1%2 in mCi km 2("",,Om'",lor) ... g;,~ no.. ,h. ",mpbnll points, ,0."0'" .hOl<
m.an "ind 1.locily di""'tioo .. () I~ km he'ght 00 23 (II. 24 m. JO (3) and 31 (4)

Oclob<r 1%1. To con'orl mei 1o bc:c<j ....1> multiply by 3.7 x 10'.

dislribution. equal;ons (4, 1) and (4.2). for ~1thnll ,.Iodl} I-if lh... is no "ind
shirt-<If as a ,'ert;callin.ar soun;< if Ihere is a ,,'indshifl. Point-source con·
lam,naUOn moodlinll ;5 th. mOS' un;y.rsal, A<xording 1" .,perientt gained.
ho....."or. in most cases mod.lIing of an instantaneous point source is more
applicabk ....h.n d....lopinll se<mlrios for variabl. contamination Il'lIn.ms,

A model For lhe falioul predicl;on From atm",pheric plumes .manatinll From
underground e,plos,ons has be.n d.,'doped, Th. basic Yariabl. in ..timaling
the fallom pallem in Ihe ab>ence of ....ind shirts in lh. atmosphere is ~ltling

.-.IOOt;. W, of Ih. radioaeti\e particl.. , A $imphficalion of th. radioaet;'e
parlide distribution in lhe base !Ur~ and main cloud i, assumed such that at
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Tablt 4.4 R~lati'e ronleDt ("!oj of ra4,onllCbdes \0 the moote lOfll' of the 'Sed.,,'
..pJosion (.bou\ 1!)Xl km from l1ouod 'oro),

FalloUI ..mples
(Kn:y and Fr>ed, I%S)

'"",
'",.,..
0,4$

""..
""

Air fiJ'.r sampln
(Kreyand fr>ed, 1%5)

"025

•
".,
"""",,
"

~
0..15

Calcublio!l
(Izrul. 19"4)

--'-'--"---:C;-=--'-'-=CC~--'-'--

R.dionudlde

"""'sr + "'Y
"Zr",
'·'Ru
'''Ru,,·C.
'''''Ba
"u
'''C.
,,·C.
"Mo

Tobl< 4,5 Tri"um r.uou, O"ff tll. pallem from o,,,,o.ioo '1004' il96S),

Tn"um
o...a""" from f're<:lp"ation <:<>ncen"aUon,n Tnllum depolO'!Ion,
ground zero, I:m rollec1.ion p<riod pr«ip"alion. TR mCi I:m"

'00 0+: 0+14 1\1000 ~ ,~ ~,

" dal"
.~ 0-' 0+13 ..." ,,.,

~

'" d'l"
~ 0+10 It SOO :t 1:00 ~

t dOl
~. 0·10 10SOO:t ::00 "t dal'
~.. 0+2 0+13 5300:t '!)Xl "II dal"
~ D'; O~1O -, ,~ ~

• do),

'" "" 0+14 ,~, 1250 ,~

~ da)"
,~ 0" 129OO:t ISOO "I dal
';00 O~.' D+1O 4700 :t ,~ "- d.).
SSO'" hplosion ti"", ~, ,~ "oI(J()()'" E\j>lo,ion ti"'" 1!)Xl ~ ,~ "• -..",p!<
•• Th~d ..",pI<
••• lIa<'lround ...,pIn <okn "u''"'" ,he p"tt<m (.«_ of """tom;"";.,,,).
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ENVIRO~'\IENTAL CONTAMINATION "
ahituM 1/ th~re i' a point "'= of a disper>ed aero",1 with distribulion
,\'(IV), for which lhe obicr,;ed fallom pan,m can be cakulaled (!'etro,' and
P=sman, 1%2; [zra~1 n ai" 19708). The e.pression for 'he fallout pallem
mulling from 'his distllbution wilh an a,'.rag. wind ,.locily V is

(H,,)QIIVN - ~

p(.",J) " x , ~-j;'"'7'
.,n;;:",,(x)x-

(4.9)

",h.re Q is the 10lal sourco srrenillb (Bq), "',(x) is the dispe,..ion of th~ disu-;.
but ion p(x,y) In th. y direction (km) and NII/Vlx) i' lb. "olume Mnsit)' Oflh.
panicle> according 10 lhe: paniclo senling ,·.locily. lI"" HVlx.

Th' total radioactivity (in Bq) at I" h ... I hours is relato<! 10 lh. ~xplosi",

pow", i' (in kt) by AI: (h'" I)" 4.5 x 10'1' and Ih~ dose ralO can be relaled 10
th, faUoul pan.m by

(4.10)

10-1 R h-1
wh~ro k, '" Bq km ! ,h" I m(h is h~jghtofth. mcasuromcnl of tho dO$< ratO)

For atmO'ph~ric~.pl",ionsQ" A,,: for underground '.,plosions Q " A£ x /(h),
where is /(h) is tb. fraetion of thetolal radioactivity rel.ased into Ih. atmosph.re,

The t<nn ",,(x} may be calculated U$ing <Quation (4.11)

r p (x,y)dy

Q IX) = 'j~'?ioCC""'C' ../'iii p (x, 0)

A funetion of distance from ground ..ro ",,(x) is described by

"',{x) " (~ ... 0.01..-')'"

(4.]])

(4.12)

"here ~ is related to the hOlUonlal dim.nsion of lhe main cloud and define>
the lransverse distribulion near ground zcro. It i' pos,ible 10 write for lh.
"olume densItY

( 1/1') ,'c'","C'"'f'2""'''''f'Hc.c'lC'N - "\,'fM')"
.< Ax/(h)

(4.13)

E.\penmemal data for explosions '1003', 'Sedan', 'Danny Boy', and 'N.plUne
are used 10 d...rmin.lhe funetion v("') (_ Figure 4.19). In lhi, case SilO') '"
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rip... 4.19 lkdepmdcnc< of volumcdcnoily, v(~). on ~ (particle >elliioi ,'<Iocil)'} for
fallou' pattern' from <>pl",ion•. (I) 'I OOJ', (2) 'D.nny Bo,'·. (3) 'Stdan'. (4) 'Nep'une',

lI~' and the ;nlen,ity for a radionuclide can be ...UllliIlro by lbe appropriale
funnion 1.-',(0') using <\Io..ion (4,9), in Ihi, ca'" Q. = A,x/(ii),

A ca!eulation for the fallout pauem, l'C"ulting from lhe delonation of a roW
charge of "!>Clear e.,pl",;"... may be made b) mean, of <\Iuation (4,14) in
"'hich IV expl",i'... are placed in a Ii"" of lenglh L. For lbe ..'ind direction
normal 10 lhe '0". the doses DN in the separale failoul lrach are 8,,'en by

,..,[ (,-.) (')1D~(X'FI=SDI(x.O)V2L 0 ~ -<) ",

.. he", C>(:) = ';2/" t'e " 'd' i' lhe probabilily ;n..gral
If for D.. Ihe dose from a .ingle explos.ion

(4.14)

(4.15)

..'jth a llliIx;mum error of 170/... hen Lim" <: I,
Figure 4.20 ,ho". lh. 10ng.<JiSlancc rad;oacli\"o falloU! ralo for 1...1 •.,pln

sion '1003' using a dope,ilion "elocily of i3 = 3.6>< 10 'km hr '.
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ri~",e 4.2(1 The ..!allon,hip I><'..«n til< ...dioactive f.Uout ""< and di'tance for on
<wlo<ion yi<ld of I I kt

4,3 LOCAL AND TROPOSPHERIC FALLOUT PATTER:-':S [I\'
DIFFERENT COUl"TRIES

4.3.1 FrnKlIl~

Th. F",n.h n<>ckar leslS tn lhe atmosph.re Were earriN Ollt at Ham"udia near
Rewne in the Algerian Sahara in 1960and 1%[ and on Ihe uninhbil«J alolls
of Mur"r"" and Fangalaufa in French Polynesia from 1966 10 1974 (Dou~

and Mu.... [9%), Fifty I..IS "'er< cani«J OUI. four on barges (in [966 and
1967). fony·one und« Olhee conditions (b;olloon. 10",r. alrcrafl) and five teslS
of ,"f)' [0" rnergy. so-calle<! -for securily', The 10lal .nergy of all lests is
C<!Uiva[rnllO 10 million lon! (10 Mlj of TNT.

The ..porl of Dour) and ).Iu," (19%) allhe SCOPE·RADTEST Workshop
in Ik'Jtng. 19 2[ OctOber 1'l96. indudN surface plOlS of foue proximal
(immediale) falloUl pallems fC5uhing from Ihe atmmphenc nuclear explosions
lhal look place on lhe alolls of Mururoa and Fang'l.ufa, Th. charaCl.rislics
of the np[osions are lilt«J in Tab[e 4.6.

The ..p[o,ions differed from each olhe, bolh in Iheir PO"" (from 3410 955
kt). and Ihe heights at .. hieh lhe nU\:lear devl= "ere Siluale<! at lhe moment
of the ..plosion (from 3 10 4&0 mI. This inullrate'! the different relationships
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Tlblt4.6 Cbara\"ttnltlcs offour ItmO!iphenc nuclear e;.:plouonl oondUCIed hi Fral\Ct
,n the Southern Hem"ph<,..

lli" 24.1J9.66 OHIlI, JI \2,06,71 14.011.71

~am< Rii"J Dion< Enccl.& Rho.
Typ< of txrfo<ion &,. UflCkr an Un<ler ... Under "n

atr b&lloon ." bQlloon ." ballooo

"'" Fanptaufa Mururoa l>lururoa Murnroo
Tot.1 I"''''.r, kt '" " ~ '"Heliln of 11>0 011<1<.,

de'-"" ., ,I>< mo.....nt
of .'plooion. m , m '" '"'H<liht of troporous<- km 12.7 12.9 17.5

H<;i/lt of cloO<! bose. km '" 12,0 D.5 1\,5
Ito,"" of <l<>od lop. km " " " ~

belw.,.,n lh. amOunl of lhe malerial deposited and Ih. parJmelers of (h.
explosion$ and mtt""rolog.ical situations. The pattern shown;o Fig.ure 4.21 i.
characterized bl high-dos< rate 1",',11 up 10 lOO rad (1 Oy) h I one hour afler
(he .,plos,on al " di'lance of up In 70 km. it corresponds 10 a pow.rful
••pl"'ion (125 h) and a low hcighl or th. nude•• device al lhe momenl
of ••pl",ioo. Th.... cin-um~l.m:n I<d 10 \he ~<n.,.'i'm of a large numbr:t of
particle,. re,uhin~ from 'he mel'ing and e"aporation of 'he de"ice, 'he barge
and seaWlIter, which formed such lin inlen,i"e panem al d,slances e.<=ding
1000 km from Ihe epicentre,

Figures 4.22-4,24 sho", configuration. of Ihe pro<imal (immediate) fallout
pallems of th= .trno<pheric explosion, <onducled wi'h Ihe help of air
balloon•. In .pile of ~reat dilTe= in the power of Ihe explos,o", (34, 440
and 955 kl) Ihe obsc,.,ed dose rales dilTer onll .lighlll from each olher in Iheir
proximal (immediale) falioul pattern•. They were found 10 br: les, lhan I cad
(0.01 Gy) h" e'en I hour afler Ihe explOSIon

The cumulali\< fis'ion enelD' of lhe French I.." can br: estimaled al 6500
kl, • lillie Ie,. lhan 3'" of ,he world 100al. II repre",nts, assuming lhal .lIlhe
fission product' are .boUI evenly distribuled wotld-wide. an .\Cr.ge
irradialion equl\'.len, of II days of natural radioacti' ;tl, The low lropospheric
,..lues (in relal;on 10 Ihe m'loopheric \'alues) are a beneficial re,ul! of lhe
explo.ion te<:hnique call.d 'under balloon'

4.3.2 UK !e'"

Dunng Ihe period from 1951 to 19'91 Ihe UK c.rried oul 45 nuclear explo,ion.,
11 (1952 1958) br:in~ atmospheric. and 24 (1%2-1991) underground (Bull"in
of Alomk Scien'!>"'. 1995), Alllh. underground .,plo';on. ",-ere conducted
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joint!) .. nll.1>< LSA. TIle). "-en: &lscrib<d .. official publlClnoas IL'S DOE.
I~~ under lhc nalM "JO<llt US UK' TIle). "...,.., QOftdllCtCd.t tho 'c>1I<b
TCSI Sll~. &I'd d>nr 1Ilk:lelr <k\io:a .....,.., located iD Wfls.

011 ) OcIobn 1952. ..m-.... IIIl1doar upk>soooo "HWT1CaDO' oa .he- ..=om
wm of TnmouilIe iilaDd IDItlaled lhc aUl>l>lpbcri< IeWllI of nldar ..eapom
~ tb< L K The J'O"eT of .hq e~pIosooa ..-as equal.o15 k' ,:"oorm .1 tII_. 199-l)-
FoILoo-,n. w... from ..~ (H') 00<1 and SmIth. 19'JlO) prncnled 10 the
SCQPE.RADTEST /'and ,n \'I<11 ;n Janua') 1994. tho UK conducted S()Tn(

[Mil ,n I"" Ma....linp and Emu arrl! (""uthem ....uslf1Ilil) ,n the period of
19~) 19S7. [n order to llsess 1hc palC1llial irradia'ion d05C' Ih., ,he futu'"
~nllllrl~areal rould beu~ \0. r=arch a<:t"itK'S werr ronducted
In Ihcsc arras in th. lale 19805. To 'hi' .freel, in add'uon (0 \h. ob' Illul 'lUd,ts.
"fI.1 pmma-.p«tromeinc SUI"'.Y' werr performed. Some mull. or th...,
.unol' or proximal pattorn. of 14' Am are .ho"" In f"ure ~ ~S (\1arahnga)
fi,um J 26 and ~T .h"", the: ,..1,," ror I'·C. al Mara);n.. and Emu
rc<p<'CIl'ol) ...... rono..., from Fi,ure ~_2S the: u .•\m pollOrlll (from ou<:loar
o,pIotionl ,,,th p1ulQ01UD1 <k>..:e) an: mud> pronoUlll<%d and t:ao be SUlp:d
OUt and ...,~~ or .... one ""tial posI1JOa. Fl~~.26 Jh,oo\. qUlIO U>Olhor
1X'un:. H= a>ch'idual ·C. 1"'11t1'ftJ rdaun, 10 '"PIrale nplo<>ono do lIOI.
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fusIon ......plosion ben<a<h an .ir balloon (480 mI. Rhoa. on 14 AUlu" 1971. .,

Mu""",,,

stand out againsl lhe gener.1 pattern ofcontamination. In contrast . •'e S« I'" 0
distinctly pronounced and s,cp;<raled "'e. pattern' in the Emu area (Figure
4.27). Thi' mu,t be attributed 10 Ih. faclthat only twO e.plosions (Totem-I. 14
October 1953 and Te'em_2. 26 Ck-Iober 1953) "'-ere conducted in 'hi' area

4.3.3 USA '",IS

For tho poriod of nuclear weapon, lesting from lW5 10 1992 Ihe USA carried
oul 210 almosphcric" and n,n. ~rale' nucll:ar e~plosion, (US ooE. 1994).
Among 'hesc: e~pl",ions. 129 could pol<ntially ha\e led to surface pallorns; 9
crater. 36 barge. 28 surface and 56 tow.r e~plo,ion,
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J1pr< ~.1lI Conl&mIJlil'iorIl""<1" from "UCkallnl' ""rrlO<! ou' at 'ho :'-",ad.> TC$I
S"e up to 19S8 (Dwsnm.. 19$9, So< pw,ary fot <01""""'" of rorn'J"'" to ,ra)1.

During Ihe tesling. lhe opcn press published dala con(.ttlling mainly the
radioaeli"e pal1erns thaI orig;nalw from the era,er and surfa~ ..plo,;ons
knOl'n a. 'Plol',hare': namel) 'Danny o.oy' ($ \lareh 1%2). 'Sulk;.' (l8
December 1%4), 'Sedan' 16 lui} 1%7). 'Cabriold (~6 January 1%8). 'Rugs)
A·E· (3 IXcember 19681. 'S<;hoontr' (8 December 1968), Some infonnauon on
lhe><- e,plo;ion, is ,ho"n in Table 4.3. and Figul'e> 4,13 and 4,19,

Some Iileralure data on llle ground radio.cl;"it)' pa(lem, from ~inile or
mulllple nllClear explosion; "re l\lUlable, In 19$9 a "'or. enlilled Fa/loul.t"""
\'ucktu W....pr>ILf T.~lJ "as puh!,.hed in lbe LSA (Dunning.. 19$9). In "luch I
J<1"'ralized rnlIp '$ presented on 'Tra<hlllon do5e> a»es;cd mer llraJI adjOln'''1
,be , ...."da Tes' Site ror ,he "hole teol period before the 1958 rno<lllonlllll.
The rnlIp is rqlrO(IlMX(\ ... F,gure 4.28: the tOtal poIe-nual e~......1np<IJure
d..... '" roe:t11FD'110 bWl\;ln, ou,'>de the 1\.....-.1.1 TOOl S,te. >hould 'be) ....,.
been II ODe 0( the pout.. 00 I pe1llla1lnl1 basis. are ,"en. A' the oame time oM

(:an as><:5' from the same fipn the m1.eJnt1ed a>Il1llllllnatioo pill..... fmm the
"uc:Iear e,plosiooo. cond""te..l &I , ....ada TesI Sile hef"ore 19~ dol-.. 0( lip 10
10 roenlgens 186.9 tDG)J are C1Illrel; Ioct.'ed ia the State o(,.. ada. hI 0(

$ 14,~ mG~1 and 2-5 roenl,..... 1217 mGylare -".-.ad '" pI",bes "' the
SlI.te'I 0( Ltah and Arilona. The desudy popuIa,ed sa,e 0( Cahforma IS
prxtic:aIl) _ OOlItamiIl.".ted
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In the work iWdiological Condilio/lJ at Ihe Bikini Atoll, Republic of lhe
Ma.sJ.ali 'siaM': TIle P"JJ/Mcrs for Rcutr/m,cII1 (IAEA. Vienna. 1mI. 'he
"'C. pauem contamination ;, Pl'<)vHJ<d of 'he 1993 mappinll of "'il con
Ulmmation bods for Blkin; Island al Bikini Atoll (Figure 4.29, do'" rale, mG) y
'l. 'J1I<, su,.....)' ""S eonduCle<.l ;n [M fram.",nrk of lh. Republic of the Ma...haJl
[,land, Radiological SlUdy ()\'WRS) ming wlid.'I31e ll'~ de1ectors lnSlaTl«l al
a heigh! of 1 m abon 111. $Oil .unace. The i\Olin.. of the soil "'e, contami·
nation dens;ly(in" 10 em la)'«) al Bikini Island IRq I 'ofdl)' soil) are shown.
The'" ,esull. were oblainc<J by Lawrence li'-ermore National Laboratory in
1981ll'ling aerial gamma"JlCCtrum "",a~umn""ts_ The [ablt in Figure 4.29
tt\lIkes il ~iblo 10 compare .alemal .aposun: d"'" rale:! and "'d contami·
nation densilies due to "'es, The area of Bibni [,land is less lhan 4.5 km '. lhe
maXImum den,ilY '-alu.., of lhe soil comamination by "'C. in the IO-cm soil
la)'er are around 12 Ci (444 GBq) km '_ In adduion 10 l"c.. the radionuclides
""Sr. "'I+;I"'Pu and ,.,Am are fixed in lhe soil.

4.3A Tht fl>l"mtf L"SSR lost<

The main programme of noclear weapon t«ling in Ihe fonner USSR was
carried oul al Ihe S<:mlpalalin,k Tesl Sile (STSl. "here on 29 AuguS! 1949 lhe
fim nalional nuclear explosion was conducled' and allhe Nonhern T..l Sile
No>a)"a Zemlya (NTSNZ). wbere lhe last e,plo,ion was corrie<! Oul on 24
October 1990, The 10lal number of nuclear I.." conducted "jthin lbe former
USSR T..l Sites i' 586, In addilion, according to lhe programme of peaceful
use of nuclear explosion<. 129 nuclear I..," Wefe carried out wilhin lbe former
USSR but our,ide Ibe T..l Sit." including 91 le'lO m lhe lernl0r)' of the
Russian Federalion. lwo in Ukraine. 33 in Kazakhstan. 1"'0 in Uzbekistan and
one in Turkmeni'lan ()"likhail0" el 01.. 1996)

For lhe period of 1949 10 1%2 al lhe S<:mipalalin,k Tesl Sileo 25 IIround
noclear explosions {Mikhailo, "al.. 1996}. I,e_ lhose e.pl",ion, where lhe
e_,pandin,l fireballlouches lhe ground 'urface. ".-ere carried our. As a resull
greal amOunlS of soil were ,wepl inlO the explo,ion cloud.

Under 1~ ei",urn'lances. particles may be aCli>,lled and conlribute 10 tbe
radioacli,'e falloul pallem m lhe diltt1ion of lhe pre""ling ,.,nd,_ Thi' pauem
ba' been rellistered by "'dmoter equipmenl al a di'tar>ce of bundred. of kilo
metr., from lbe cenlre (ep,centre) of lhe explosion C<ln'idered. dunng Ibe first
da)'., "-eex. and e"en momh, afler lhe explosion. A ,pecial ,ul"'e} method "a,
e'tablished. "hieh look lhe helghl of lhe nighl and lhc terram relief mlO
C<lnSideralion,

In IhlS conlexl II 1> ">enlial 10 analyse lhe generaliud map of lhe proxImal
falloul panems (up 10 hundred' of kilometres) anribulable 10 lhe STS nuclear
leslS (Fi,ure 4_30)_ Thi, generoliz«! map wa, published for lhe fim time b;
Loll"chov (1996). From thi' map it can be concluded lhal among Ihe nuclear



"""""- "'Co Go ..",F~ Il.c "'_ '''Cl """vir)' in Tq> 10 em
(m:JyI.) of Soil (llQIv, <OW <0001, OW • o.Ol6 0007·0022

C OQ26·o.Q:5~ 0.022·0.lWl

0 OQ:5j·OIO.! 0018·0.00, Olill·016ll C,1ll? - 0, 148, 01(,8·0292 0.1018· 0,259

C 0292 ·114JS 0.159 •03Xl, 0.4:)8 • (HoS1 on).t).62'), 0657· UI2 Q6Z:I·O.92S, I 0.1. 1.46 O.9l'l· Lll, \46·2.19 1.30· U.s, 2.19·2.92 1.1l.'i • 2.59

" 2.91· 4.3li 2_~·)_'Xl

111< "'0 pmTTU-rad..tion doo< rate and ''''''g< '''0 ooti\';'j' In Ik< top
10 <m of ""I on Il1k,m 1.lan<!'1 B,kln, Atoll,
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FIp< 4.JO Map of fallou' po".,..,. f,om .,mo<pb.nc and p"OuDd surf""" ,~" ., 'Ile
S.""polaun,k T..t Sn•. Isodose 1,,,.. ai'" ...."",to'l <umula"". n",h..1d«l ~.".. on ,he
iround (isodoo< Iin«u< in ro.m'i<"" 24.09.51. <te.. i, tho dat<of'h< ..I<,,-an, .xpIO<lOnl.



ENVIRO~~'ENTAL CONTA~ll"ATION "
t~,t ~.,plosion, lhe follo,,;n~ hale to be considered .. capable of damaging lh~

populat;on of lh~ nea,b) ,eg;ons (maiDly Semipalali",x. eaSlem Kazakhslan
and lh~ Ahai K~on of Russial: 29 AugUSI 1949 (22 xl. e.,plosion on a lo"~,.

30 mI. 24 Seplember 19S I (38 xl. ~XplOSiOD OD a lo"~r. 30 m). 12 Augu'l 19S3
(400 kt. explOSIon On a 10"er. 30 m. lhe first lhermonuclear explosion in lh~

forme' USSR). 22 l"-o\Omber 1955 (1600 kt. airdrop. heighl of explo,ion
1550 mi. 24 Augusl 1956 (27 kl. explosion On a 10"e,. 100 m). 7 Augusl 1%2
(9.9 kl. surface explosion) and 15 January 1%5 (l40 kl. underground crate'
e.,ploslonJ, The isohncs $ho..-n no ,he map prest'Dl Ihe 100ai ~xlrmal dose afte'
Ihe complele decay of all the radionuclides.

An airborn~ g.mma·'~trum 'u....·"Y in 1991 ..-as carried out by lhe Scientific
Production Emerpri", ·Ae,ogwloi-iya". malOly w;lhm lhe STS. 11 <!Isplaye<lthe
e,iSlence of pallern, ",hlCh can "ill be obse,,·ed. The; at<" characlerized by
Ie'el' exceeding:lOO 500 mCi (ILl 18.5 GBq) km' al1ributable 10 '-"Cs.
onginal;ng from lhe followmg nuclear explosions: 29 AUgu" 1949. up '0 12 18
km in a direcl ~ne from lhe epicemre (probable); 24 September 19S I. up 10 5S
65 km: 12 AuguSI 1953. up 10 80 95 km: and IS Janua", 1%5 ("a.agan 'J. up 10
13 18 km (see Figure 4,91, As caD be seen [rom Figure 4.9. beyond ,h...
distances the pauem of conlamlnalion cannol be OUlhned by a ,mgle con·
linuou, isoline. and lhey become indistinguishable from the regional and lhen
lhe global background fallout Ie'els

Some informal ion on th"'" and olher explosion, i' pro,jded in Table 4, J and
;n Figu~4.8. 4.9. 4.11. 4,12. 4,14. 4.15 and 4.16.

4,34, I The First /\'udeur Expll)jion in the fo'mer CSSR in /949

Th~ firs' ICSI of a nucka, ..-eapon "'<I' performed In lhe fonnc:r USSR on 29
August 1949. The nuclear d~,i<'e Wlll mounted on a lower al a height of 30 m.
The ~ne'1:) release w-as aboul 22 kl. The upper Duclear cloud e<lge reached a
hei~ht of 7.5-9,0 km. The ,,~alh~r al th. tlm~ of Ihe nucle.r IOSI was "~I)'

unstable: inlenn;ll.m rain .<;companied by stron~ ~ust" The medium ",;nd
,peed in lh~ lran,porlla)er "a, 40-60 km h I, "ith guS!< up 10 75 km h I

A w«k lat.,. On 5 September an aerial radial ion .un''')' was carried oul
beginning w'ith Ihe "'Hlement of Dolno locale<I n~ar the STS bounda",
Iowards 'he (Own of B~,\;, In the perind from 7 10 13 Seplember. ground·
based ,u,,'e; was performed In human ",nlemenl5 and .long Ih~ route of lhe
automobile radiation patrol, The gamma-ray inten'il; "as mea,ure<! u,ing the
",me instrument. Gamma.radiation. do...rate airborne mea.u,~menl dala
WeK scaled 10 a heighl of I m abo"ethe ground surface with lhe help of heighl
coefficients cbaracleri'li(, of a non·fraelionaled mi"ure of >-"'Po fission pro
duel' of an age of one ,,'«k, All measure-men15 we", carried oul at lim. D - 7
acwrding to lhe Wa) Wlgner la". witb a deca) uponenl of n = 1.2. The'"
archi'e dala a..ailabl~ at STS at Ih~ beginning of 1993 aK pK>cmed in Figure
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F"I&'I" 4.31 Airborn< pmona <Iosc: ralei (filltd eirel...) 0"" " ..~ aft... 29 Aug"," 1!/49
c,p1o>ion al SIS 111< 00""""""' h.. sho"~ exper""".,,1 data and lhe po....b.. shape
oflhe eu,,"" ,ho"" as a d.,hod Ii... 111< fillu" i. ta~.n from Aooru.hin., dl. (1994)

4.31 as filled circles, Appfo~imalion of lhe «perimenlal d.ta carried Oul al
STS '$ ,ho"" a$ a conlinuou$ Ii"" (Andru,hin.., al" 1994), and a dashed line
'hows Ihe l""s;ble shape of lh;$ <un'e,

A re<;onslruclcd area of the radioacti'.. falloul panern. as i..,lincs of ~mma
Tal doses al complele decay of rad,oacliye falioUI. i$ $hown m Figu'" 4.32.
T.king ;nlo aceoun] lhe l"",ible errors Ibal eould occur "hen measuring
gamma-ray d"'" rat..., cakulaling "'posure dos<> and ,nlerpol.ling 10 delet
mine lhe po$ilion of dO$< iwlin<$. il ClIn be as=lcd lhal lhe maximum ....ror
for Ihe lerrain ~mrna-ra~ dO$< do<s nol exettd -100%.

4,).4.? Formal ion oj wr Artificial Resenoir .- "rater nplQJion '/004')

0... 15 January 1965 the 1i..1 underground nuclear explo,ion 10 creale a craler
"_,, carried oul al the confluence of 1"'0 ri"l"$ Cha[t.Bn and Acban_Su. A
n""lear d"icc "'ilh a po"er of 140 kt was igniled al a dep'h of 115 min shgh,ly
walered sandS\one ,,"h an admixlure of lignile-c1ayey ..hisl, The power
originaled from lhe fission r<action is ? kt of Ihe IOlal ',lIue (M,kha,lo, el al..
1996). As a result of Ihe explos'on, a e""ef "a$ fonned wilh a diameler 4(X)

430 m allhe origina111round surface, and a deplh of aboUI 100 m. lIS wlume
"'as fix 10" m',
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A daracteristic feature of Ihis c~plosion lias Ihe generation or a powerful
ba'" ,urge (by th. middle oflhe second minute). with a diameter 5<XXl m and a
heIght reaching 2.5 km. h ,pread to the north, and a formallon in the 'hape of
a pillar Wilh a heighl of up to 2.5 km mo,'ed in a nonhea'tem direction. The
stabilization height of the radioacli,.. cloud of the ••ploslon was 4.5 4.8 km
The di,tribut,on of 'he radioactivity with depth in the lOne of the ba'" .urge i,
'ho"'n in the Figure 4.t1.

Ob",rv~lion of lhe radioacti"e com~mination in the proximal zone dunng
the period of immediate radioactive faUout. and ~Iso after lhl~ period. wa,
earned oul by meanS of sround-based and airborne radiation ,urny,. Of the
100ai amount of radioaeti'e product. generated b}' ,he explosion about 200/.
was deposiled withm lhe pro"mal zone during the immediate pha",

Figure 4.33 shOl" a map of Ihe radioac'i'e fatlout pallem. pre",med a,
dose'rale isolines at the ground ,urface. in mR h " 24 h aftrr the ",plo,ion
Thi. map ",.. compiled on the basIS of an air gamma ,ur..ey of the terri lOry
during lhe firslt"·O da), after the explosion.

A' present. 'he mean radiation In'el is about 0.2 lOR (1.7 pG)'l h I in the
epicemre zone of Ihe e,plo,ion. reaching 4-8 mR (35 70 pGy) h I al ""rla,n
observalion point •. The main gamma eminers are me, ~nd Ihe long_in'cd
r~dionudides of indu<:cd aetn'ity. "'Co and '''·'''Eu.

China started a'mosphrric nuclear explosion [.,ting in )964. ~nd a lotal of 22
tem were c<>nducte<! (Zhu Changshou ~I 0/,. 19%). as reported during the
SCOPE.RADTEST Work.hop in lkijing 13 21 Oclolxr 19%. In their report
10 the.same Workshop. Zhenll Yi ~I ai, (19%) referred 10 the fact thaI 'Ihe data
on yield and tHlC of nuclear bursl of t/>cs( are qUOted from lhe paper b) De
Gee. At Ihe Workshop (Beijing. 19-21 October 19%). De Geer pre",nted a
report ·Chin.... Atmospheric Nuclear explosion. from a Swedish Hori~on' in
which he included a ,ummary of Swedish ob.. r.alions of Chine'" nuclear lest
e.•plosion. in the a'mosphere during 1964-1980. and Chin .... "pertS prtSCDted
a number of report' on Ihe problem of radioacli"e deposilion monitoring across
lhe terrilOry of China

Since lhe end of 1950 a ,ur"e)' of radioactile c<>ntamination in the tn,iron·
menl has been c<>nducted in Cluna. A system ofin,estigation and a moniloring
ne,,'ork for en,ironmenlat radioacli,ity "a. orsan"ed by the Mlni,lry of
Health in the earl) 1%01. ~nd operated b) the $anilary epidemiological
'lations and medicat instilules in o"ery pro,,~. aulonomous region and
municipa~ty IhroushoUl China. forming a nalion-"ide en"ironmental radio-
aeti'ity monilorinll net"ork of 45 slalions. The L.abora,ory of lndu.trial
H)giene orlhe MiDI"!', of Health a~tS a, Ihe lechnical guida~ cenlre,
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in ChIna.

Tho gro« btta aCli\it) in atmospheric fallout i' a ,imple and ~n,il;'.

indicator for monitoring the .hon·,,,"" paltern or rontamination from radio
""I". rallout. MonltoTing mull. 'h"w 'hat ,h. ~ak ,,,Iu< of lh. annual
a'"crage daily de>""ilion of gr"" beta activit) occurred in 1962. which "-a, the
mult of oarlj' f.l1out from la'll"-scale """I.ar ""poD ..pl""ion, in 1962 in
cemral As.ia. Small" p<ak' occurred in 1%6. 1971. 1973 and 1977. regIstering
,h. radinac';'" contamination from atmo,pheric nuclear tesB oonducte<l in
China (Figure 4,.4) during tit.,.., }'ea....

En""mmenlal conlaminalion from "'I follOl"ng nudear explo'ion' was
ot>.e..,ed ;n some region. of China. The shon half·life "f '"[ means 'hat it i.
nN well mixed in the atmosphere before deposilion "r decal. ConSO<luenlly.
wncentrati"n. in air "r depositi"n al panicu[.r S;le> "''1 wilh mete"",I"gical
."nd;li"n••nd are nN necessarily represen,al;'e of a larg(Cr region nor of a
la,itudinal band. En'i"'nmental ."nlam;nati"n of '-,,[ f"n,,"'ing nuclear
explosi"n. In some reg"'"' .""h a. in unLhou. X,ning and Shenlang. "a•
•ignificant. The [e'el. "r radi<>aCl;,'ily auribulable '" 'lLI in some regi"n.;n
China .re h"ed in Table 4,7. The ,'a"a,ion m le,e1> of radi<>aCli"ll a"ribu]_
able I" "'I an.r In. fif,n nudear I.., in Snenrang ;s Shown in Figure 4.35, The
peak 'alu. "r radi,,"cli,. con,amina,i"n bl '-,,[ "'a••ooul 7[0 Bq m '. Th.
in<:reased Ie,'.[ of radi".c,i, e ."nlam;nati"n fr"m ,h" sourtt e<>n,inued for 10
days (Figure 4.35).
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J'illnr. ~.J5 Lc.'ol. of cadi""",i, Il) as a resul' of the deposnion of '" J .ft.. ,h. fiflh
n"d.ar loot in Sheny.na

~.J.6 Indian t..ts

II i. w.U·kno"'n lbal in 19!~ India carriod oul an und.rground n"d.a, ._,pln
sion. lh. onl} One in ;'s pro~r;lmm<at lhal lim•. The ",pl",ion took pia.. in the
Rajasthan Desert (Pokran) on 18 May 1974. l1s pow.. was equal 10 12 kt
Indian speciahst& aimod 10 make lhi, ""pl",ion romplet.l)' conlained to pre'-.nl
any rolea,. of radioacli\ e products 10 Ih. atm"'pllere. All the malenal On this
probkm for inclusion," SCOPE.RADTESTwas p.....m.d b) Dr Mi'hra...-ho
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sent them to Essex on 6 March 1997. NCI"crthelc". in calT]ing out the containffi
npJosion. th. Indian ,j"Jtt,aIiSl$ look complt_' m<a,urc~ to co~ with possibk
'ituation' ari,ing from rcltases 10 the 'lmo,pher~. Some of (be =asurcs werc
lahn bef"", the .,ploSlon. other w= lak~n afterward•.

A' an important pan of the public and en\ ironmental program"'" for lh~

c,pernmnl. a notw"rk of meteorological station. localed '-CT)' Dear surhcc
ground zero ",a, sel up ""eral month' b<for. lh~ experiment. The climate>
losical data from three m~leorolo~cal Stations (about 100 km from lh. s;le in
,-ariou. direction') for three decade. and houri} surface and upptr almosph~ric:
\lind obsc,';alions from AprillO June of 1972 and 1973 "'ere examined for
planning 1M expcrimuL AI"" 24_. 48- and n·h rortta'l~ wore ayailabk 10
warn of unu,ual "~'Ihe, ch.ng", .uch a, cloud;n"". 'Iorm,. du't ,tonn,. ~tc..
;f an) On Ih~ ba,i. of Ih... observation' and ,it. topological con,id.ration,.
the following condil;on' of Ihe ~,periment were am,ed at:

1. "ind direction from Ihe SW 10 W. prefer.bly WSW;
2. ",nd ,pe-ed mInimum IS km h '. maximum 10 km h ':
3. almo.ph~ric 'lability.
4. no I.mpera,ur. In' ....'on'.

These crileria ensured Ih.t in the unlikely e"enl of rdease of mdioaCli';ly .nd
formation of a radinacli'e doud. lhe e:<pe<:led dir«lion of cloud lr",~1 "ould
li",~ ~n loward' an uninhabnod ",gion. i,., In the ENE """tor. unlil lhe
predic'ed maximum "'dia'ion ~xposu", resuhing from Ih~ passage of lh~ cloud
and d~posilion of radio.ctiv;ly on Ib~ ground ,urface reacbe'S in<ignificant
10".1>.
Tb~ wind d;r«tion allb.lim. oftb••xperiment wlls WSW at a mean spe-ed

ofabouI1O km h I. Th. ~.,perimenlwas planned 10 be ex«uled al a lim~ wb~n

Ibi' "ind dircc1ion was ,~') constant and corresponding tmt.orological COn·
dition. "-cre fa"oumbk. Almosph(,~ pamm~ler rnta<urem~n" mad~ b; a
ground.I.".1 barograph" ithin a f~w kilornttre' of ,urf.ce ,round zero g",'~ no
indicalion of an; air bla'l due 10 Ih. reka\(' of c"' lIy 81'.....

In addil;on to Iwo heahh pby,ics l.bomtori",.• large .mOunl of fi.ld
moniloring equipm.nt "'" hpl ready. Equipm~nt for on-lhe-,pot ch«k;n, of
fis'ion prodl.lC1 contaminali'''' of Wal.r and ,eget.,ion "... also pro"ded,
Prior 10 lh••.,penmen,. "".ral de-pos.il;on Ira), and th.rmolumin.....nl do,i
m.t.... " ... di"ributed on a radial glid aliI ,1S· angular ,pacing and ,'aC)'ing
di'l.nce inl.,,,,15, h,.n,,,'. radialion moniloring of ,h. ,it. and an.l;,i, of
samples before .nd aft.. lhe .xpe,iment sbow.d lhal no radioaC1;"ily had been
rel.ased 10 lh. almosphere during Ih••xperim.n,

Fi,'. und.rground nocl.ar explosions (Tabl. 4,8) ".r. carried oul by Indi.
durin, lb. period ll-B \lay 1998 al lh. rolbn," rang. in lh. Rajaslhan
Desert. Th.ir pararntl.... ".re published in BARC N~..... Ult~,. 172. ~lay

1998.
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44 RECO,STRt:CTI0, OF FORMER FAlLOLT PATIERNS t:SI'v
\IATHBIATICAL \IODELS A"D ARCH"-"'L DATA

T1w:~ or l2dioxtl'~ ~ltem, and or poo>ible e\JIO'U'" dol.eli orthe
population from nucka. etploslOlitnt' SftmI ~ -poonll llik. The m;onstrue·
t"", or l'lK!ioa<:ti'it} eont~mmat"'" plnems means the restoratIon or lhe« maIn
eharxun,ue, ""oed 011 .,ail~bl~ but Irw;ompkte Lbt~ abouttbe IOU"",. tM
..""ther conditio"", tbe~ rate, and the distribution of radlOJlucbde COll1~ml·

nation, L:>Ually =lIiU'UCtlOll ba' m"ohw the mlo,."tion of ront~mln~tion
by panem. formed by ineidenlS lhat ottum:<! man) ,eaTS pre·nousl". In!ernl
in !be problems of =n\1lVCIlOn hal ITlI'n:Usro much >inee tbe Chernob)l
aCCIdent.

Modell;nl of Tadioac,,'e fallou! from paS! n""loar .\plo,ion, Sttml n=l_
sal)' In order 10 recon'!nlel (or 10 be mon: p=;s." 10 conm""L) Ihe p;l!1~rnl of
radioaeli"e comamlnallon, I,e. assesl !he cOnfii\lralion of !he conlaminalion
p;lLtem.

In order to perform lhe reconllrtlC1ion, il i. also ne<:<:Slary 10 reslore ,he
meleorological silll3.([On Illhe time the n""lear lesl> "en: condueted. A, an aId
10 ,"""n"ruction. use I. ""'de of mfonnullon alXlU1 ,h. radioaCl;"~ con·
tamination pau~m. re:sulllni from Jl!"C"iQ.u. explosion..

When sol.,nlthe prohlem of lhe lran.pon ofcontamination from dilT~",nl

tHIe' of SQUI'ttS. lI!ie;' made of C1lbcr nlUl>l:'ricaJ melhod.. for soh"'l a thlft·
dimen!iional turbul..,t d,lT"""" equation, or '''rio.... ''C1S>OI>' or the 'iOlile
Carlo method,

nm SCCIKm deals .."b the.pread of roalamlnanl< m the ~trnosph('n: basoed
on tbt '''''J"Cl-Ol'} modI:l for I"-rucle transpon In an u>hocrtoJene..... "'1Dd 6dd
..ben random oout""'" from traJ"Cl-ones .....ubun' I"-nicb dJfTllS>OI\ m tM
twbukm~~~~pmmposedon tbe ordeml pIlltJCk morlQll S«h
approKbe;< ba,.., been uoed ID a namber "'audios. e J- .. ben implementlllJ tbe
pros:ramme 00 '--"'1 IIIOdds or 1ool-f1llll': rad""'udIde~ and
c:omparin! akulauon =-1111...,m <la.... 00 ~.., <kposIuoa frOl1l 1M

~1 Ktident lIhe AnlES J>rocrnnme\. euabli5bed b} tbt CEC m
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1992. This calculation technique uses both a one-Step for imegrating a panicle
motion equation based on the interpolation formula for horizontal "'ind speed
components and a procWure of ploning random de,'iat;ons of panicle coordi
nates at each "ep of t~ inteV"lion. Random de"iation'. dilTe",nt for dilT=nt
panicles. lead to Ihc scaner of their lrajectories in s~. and. finall). 10 the
>eanering of particles dcpo,iting on 10 the underl)ing 'urfact:. The ,imulation
modelling of >eanering contaminant. consists in thi' cas< in the selection of a
di'tribution parameter of random deviations for each step to oblain a co,....,_
.pondcuct: to the real di'tribut;on cbaraC1eristics of depos;ted radioacti"e
panicles in the doud pallem.

Il i' found lhat horizontal scanerins of contaminants is approximately
descnbcd by a lwo_<hmenSlonal Gauuian distribution w"ilh a standard deviation

".(t) "" ",(r) (416)

For the time interval "f l-:l days Ihe standard de, iati"n "9 '" <> let) (I,rael n
01.• 1970..) vanes with the di,tance fr0'E..lround uro I(t) (<ea.nerins "'lime I).
w·herea. for long tune mter'.-als" " -I2Kt (reglme 2l-

The ,ncrement of dispersion from one act of a random dC\'iat;on of part;rle
eoord;nates to anothe' is. for the first reg;me

iJ.01-, " ":1; - ,,1~_, '" 0 1(2 II I _ ... Ij _,)... I}_I (4.11)

I' he'" iJ. Ij " Ij - I} I is Ihe d;slance travelled by the particle aJoni ;1. trajcctory
bet"'ccn <ea.nerinll acts. For lhe second regIme

(4.18)

where ll.1j-' is the tIme inlelval belwccn ",auering aos.
The sum of random dC";ation' specified in the "mulal;on process as

L.l Gi1r "here 1j;' lhe s.cquence of accidculal (in quasi-stochastic calcula·
tions) numbers cquipro,bably located in lhe mter.-al [ 1/2. 112] w'lIh a dIS
perslon,,~ "n and C) ,:l.orll~, delermines regimes I and 2. co,....,.pondlngly.

Particle. which appeared random (0) form a symmetrical dl.mbullOn
:!:! I:).I C, rclative '0 the zero dCYialion. wah a di'lnbulion denstl) maximum
al this point (for 0 ~ 2). There are no panICles outSIde the sa,d mter"a!. The
int..".1 becomes longer as n increases. and for a lun;led number of dC"iat;ons
from lhe cenl", lhe di'lribution as)'mptolically appToach.. normal. The besl
result can be obtained I' hen using group ,alues -;l;;;L::l ~J' rather lhan
accIdental ,,,,lues.

The time .slep between the aclS of panicle dLspcr$lon ;s assume<! 10 be
conSlanl. III " I h, Th. points where Ihe particle i. subjected to dispe"ion
according to the inili'lion process can be dozen, of kilomelres apan, E"en the
spa,;al distribulion of lhese points fo' the totahty' of the pan,des under
ron'ideration. is oblamed by random varialion of lhe inilial step ..'ilhin the
lim;ls from 0 10 lJ.t up to Ihe fi..t act of dispersion for diff..ent panides. It .tso
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provides filling of lh~ whol~ lime period, >0 by acts of dispersion when the
number of panicle, is grul

In the mt~rval belween scanering acts one calculales the horizontal panicle
displacement in the wind field and Its seilling out by gra";l}', The particl~

coordinale "alues oblained at the ~nd of lhe inter"..] ar~ supplemented by Ihe
random (quasi-stochastic) de";alion! ref~rred '" above. and a ne'" panicle
location become' inlliali..d for lhe n~." inter',al of Ihe ordered panicle mOlion.
etc.. unlil its depo>ilion on 10 the underlymg surfac<:.

[n addition 10 panicle gra,-italiona[ deposition one take' into accounl
captu~ b) the underlying ,urface in the .urface air la;~r. b) adding the capture
rate to the deposllion rale. "'hich can ha"e an imponant mnuence on the
deposition o[ finely di,persed fr~Ctions

Horjzontal particle lransport is calculaled based on data from lhe objeeti\'~

analysi, o[ lhe lhree-dimen,ional ....;nd field. p~sented in lhe form of [aljlude
and longilude ""nd speed component. on a unifoTIn 2.5· x 2.5' g"d for
standard i5-0baric le\-e[•. The panicle hori~onta[ coordinates are calcu[ated in
units of a specified grid ..'IG " 2,5'. For lhis purpose. U and" < are multiplied
b) ]80hR· ..'IG ' c",,.,. and V and "> are multip[ied by [80hrR· ....G. \I here R is
the Earth', radius and;; i' the geographical latitude

The angular displacement speed specifled at lhe four corners o[ the square
grid undCl' consideration are interpolated 10 an imernal poinl in lhe cell
(including the cell boundary) by lhe fOTInulae

{.''''dxld,''U,(]-x)([ yJ+U,x(]-y)-+-C,xy-+-{.'.([ x)y

V=d}/d,=V,(]-x)(l'J)+V~X([-J)+VJ'<Y-'-V.([x) (4.[9)

where 0 S x S 1. 0 :s y :s ]are the local coordinales r~[ati" to lhe [eftlo"'er cell
angle (Ut V,). and the corner> are numerated counter·dock",i""

To integrale the ,y>tem, of equalion, (4.19) together "'-;th the equation for
particle gra\ily selliing

dc/d' " - IV (4.20)

one applies a one-step algorithm. wher~ lh~ solulion is given in the form oflhe
T8;[O' series Sl'gmenl (~mido\ich et al., [967).

] 'll~ ,
X,.I "X, -+- x(,,).... , -+- 2! x"(I,)(ll,r, + 3! x (1,)( .... ')

y,., ['.l[- 1"y, -+- -"(I,).... ' -+- 2! Y (1,)(<.>1) -+- 3!" (',)(,'l.l)

','I =,,- W·..'II (4.21)
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F"'IU"'.u6 Map of calcuL"ed partido <lcpos.i'i"" from lhe: cuckar aplo>ion of
11 Au,u" 199" II>< S."llpalatm.' Tnl Sot._

where d"ri"at"'"", of Ih" second and IUgher ord"r> are found Ihrough a sequen·
tial dilTeren'ialion 'l.tem (equal;on 4,19)

Dopesil;on of eontam;naOl' 0010 'he underlying ,urface i. cakulalM in two
slag.s, In lho firsl st.ge. Me spttifl"" in a sour"" a fi.,;lious I"'nide distribu·
lion ";Ih gra";ll >edim.ma,ion ra'''. Thi. prol'id.. Ih,,;r rela'i'" number in
lh" d.position region und.r ccnsid.ral;on, Th. COOrdinat"" of each parlicle
d.posiled are calcula'ed

In Figure 4,36 a map IS ,hown wilh partid"" d"POSlled from ,he n""lear
,,-,plo.ion of 12 August 1953 at ,h. Semipalalin'~ Te" Si,,,, Th. distribul;on
denmy of ,he number of partlcl"" of all fraClions "ith heighl " shown m lhe
form of a lruneale<! ,}'mmetric Gaussian distribution 9.6 ~ h ~ 15 km ";lh a
maximum dil,ributlon den,"y fi,,, tlmos as much a, Ihal al lh.lxmndan"" (h is
lh" h.ight of lh" middle of ,11. cloud).

In III< =nd <lagr of III< calculal;on on" det.rmi"", lh" ,olal particl"
aCli"ity for "aell fraclion ;n ae<:<lrdance wi'h Ille l"inormal di"ribulion of
a.ti";t) o'-e' lh" panicle diameter, The depoli'e<! partido coord,na,.. found ..
th" firsl ..ag. (di",ret. ac,i"ily diSlributionl arc con'idered a. ceOlre. of
lupplcm.ctar) .on';nuous a<'l;v;ly d;\tr;bulion of fic1ll;Ou, part;cl"" on '0 'h"
underlying 'urfact, Thi. provides a cakulalion of d.po,ilional den.ity and
smoolh.. Ih. Ila'i"ical scaltor of ,h" design data,
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Figur< .07 D<>s<: ""0 ,alu<s '0 the """ or ,t!< cloud pattern aft.r ,he n""kar .~pl<>Sion

of 12 AUllu" 19SJ, 26 hours aftcr the «plo,ion, il.. m<a,uml valu<> (Log.cho" 19'94);
~. cakula'<d vol""•.

For ox.mple, one cakulatC$ the dos<: rale dimibution in Ihe doud pal1em
from lhe mrfa"" nuciear oxplosion of 12 AUllust 1953. The e~plosion yi,ld "as
400 kt. The cakulat'ott$ wet< performed for lhe radioactive panide transpon
from a linear ,-ertical ",urce with a helghl diS1ribution of lhe aCli,ity in lhe
form of a lruncaled Gau,s,an d'Slribulion. Partide ,ize aeli"ity distribution i,
approximaled by a lognormal law. [n Ibe ca[culalions the distribution para
meters are assumed to be the SlIme as those ofsurfa"" ,~plosions for lhe N"'ada
wh.renl "'ill: [g 6 " 2,053 and" " 0.732 (Stewart. [956). It 's noteworthy lha'
partide aeli"ily di'lribulion parameters at< relaled 10 the lype of the soil of the
underlying ,urfact. and for lhe ",mipa[atinsk T"" Site thO)' do nOi differ much
from those giv"n abo,'''' Figure 4.37 gives lh, experimenlally mea'ured d""
rate, in lb, axis or th" doud pal1ern from lbe ,-"plo,;on of [2 August 1953. at
26 h after Ihe expl",ion compared wilh lhe calculaled va[ues. Do"""rate diSlri
bUHon, ,n lbe inlermediate and remote zones are sho"11 in Figure 4.38 ,n lbe
form of i",["""l, ofth" dose rale logarithm according 10 the original data. The
calculations show lhal a va.t ,,,rrilory was contaminat«! by this cxp[osion,
including """cst Sibcria and the southern part of lhe A[tai Republic.
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F"1ltU"' 4.Jl1 Cal-ll1a'cd distribution of t"" do....1< in ilQ1i.... lopn'hm 'solt".1s 'n
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45 RADIOACTIVE CONTAMINATION OF GEOLOGICAL
FORMATIOI>S. LJ~DERGROUND WATER. GAS AND OIL BY
U~DERGROU;-':D '1UCLEAR EXPLOSIO"S

The probkm~ of the underground water con'amination from underground
nuclear explo,ion•. a, "ell a. Ihe con'amination ofoil and g... "here .I,mulated
production i~ carried oul with the help of nuclear e,plot,on,. we", di""sse<! by
llrael e, a/. (1971). In Ihe broken rod .urrounding an underground nudear
expl",;on. 'hree ')'picalzon.. <:.an be K1emi6ed: the inilial spherical ca"ity. Ihe
collapsed ""'k column and an adjoin,ng lOne of fracture(! rock, Th. ge0

metrical paramete'" of th= zon.. <:.an be calculated approximately u,ing
emplncal fonnulac. Th. generalized configura'ion of the destruction zones and
their appr",umale typical dimension. base<! on numerou••ludi.. are gi'en in
figure 4.39 (I,'a<l tt al. 19711·

A ,pherical ca"it)' is formed as a result of pressure fo= in a high_
tempera tun: cp~nl",l zon•. At the moment ca,'itl fonnation i. o,~r the
pressun: of the >'apour and iases that fill the ca>'itl i. approximatel)" equal to
the lithoitatic: rock p""sure at ground zero. A' a ""olt "fthe blast "a,'e effect.



E:-"YIRO~MENTAl CONTA.\t1NATIO~

nll"~ 4.39 Con~i"",,",n <>f mn.. of rock desl,,"'lIOn m and afOund tho ca"t)
fortTJOd by' contained. underground "oclear <xplosion.

the zone of collapsed and f!'".,elured rocks spread, out around Inc spherical
"""it),. In lhc process of cayity cooling and condensation of the evaporated
5ub'l.n", the pressure in lhe ca"ity drops. A' a result lhe cru,hed and frac
lured upper rocks collapse and form a collapse 'column' or 'lUbe' (seldomly
encountered in lhe e~Ceplional circumstances of nuclear explo,ions m plastic

rocks such as salt)
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The ~pecilic nature of the radioactil"e Cllnlaminalion of all zones of the
collapsed and fraClurN rock IS much d<jX'ndenr on condition. at the moment
Ihe cavity coUapses, In'estigations have 'ho"" that most of non·,olalil.
radi"".t;". product, a~ con<;<ntratN in the fused rod. which when falling in
from the ca' ity ""u, form a IC1I' in Ihc [0"''' third OrlM <a,-ily and drag along
Ihc rock. that happen 10 faU imo th. meh before 11' solidification, The moll
,'olume is below S'\'o of lh. ca"iIY "olum<:.

Gase<lus radi"".!;,. products. e.g. radionudid.. of inert p"" as "'ell a,
the" ~l' product•. WIlain in Ih. ca"ily until its collapst. although a JX>',ible
partial "'lease of ps and \'Olalil. product. through rock fracture> cannot be
.,dud<d. The cavity oollapst causes p...,; le.'inlilhe ca,'ily to quickly fill
the '-acuum in th. collapsed column zone. The fracture zone locate<! oU1Side
the collapsed column is filled more ,lo",'ly by the radioact;"e Sa"",. because this
requ;rn an air e'chanse Or displa<:t!mcnt of the air rn Ihe fractures.

Radionudides of ;nerl pses (').lXe and "Kr). of iodine ('1'1 and 'Ill).
"ilium ('H) and of radionudides of sascous precursors ("'Sr. "'CS. "'Sr. "Y.
'<ORa) or volatile pses pa l~ ('l~e. ,olRu. 'ilbRu. "'SbJ are m""t important
",-hen .preadil\i;n broken rocx.. Radionu<:lides of inen sa'" .pread into the
collapsed rock zone, if ,h,s zone is connecte<! ",."h th" pound 'urfatt th"" a,itt
of inen radioaeti'" sases can be formed ;n the arm""phere. Rad;onuc1ides
,''Xc and "Kr. and to ,ome extent '11Xe. are of i!"alest imporlantt. Because
of their high '·olar;lit). Ihe radionuchdes of iodin~ (parr;cularl~' "'1) a",
of sign;flCant importance as a polemial source of contamination of the
en,-ironment. at leaSt dunng the firsl th= months arter the explosion. Mosl
important for Ihe conlaminalion of broken rock' will be radionuchdes of the
inen sa' decal' products: "Sr. "'Cs, "'Sr + "'Y. "Y and '<ORa + '''''La.
beca"'" the half·li,·.. of the gascou, precu""" of Ihesc rad;onuchd.. are
comparable "'ith lhe duralion of lhe phases of formalion of lhe 'collapse
column'

Fisure 4,40 'ho"" lhe relationship bet"'een the moment of collapse and the
amounl of radionudid« conlaminatinl!. lhe column of collapsed rock" lnde
pondenl mU fission n<:ulron )'ield. are used for the calculalion, The results are
p'-en in Ci of lhe ith radionuchde per kilolon of fission )'ield of nuclear
""pl",,ion.

The maximum ,·"Iumc ofzone Il (Figure 4.39) is determined by lhe "olume of
the fraelured rock (in thi' case lhe specific rock contamina,il)n must decrease
","h 'he distantt from the centre). and Ihe minimum ,-.lue V, i. determined b)
lhe volume I)flhe ch,mney rubble. tn Ihis case lhe rock oontamination can be
c!1)SC tl) uniform_

One more woe (111) must be mentioned {Figure 4.391_ In thi, zone one can
detee' isotopes of elements that Ita,-e chemical oompouods ""hieh are "olatile at
relat;",ly low tempo.atures, lJ~e + "'I, ""Ru - ''''Rh. oo'Ru and "'Sb can
be considered as lypical ",pre",ntati ..es of thi' group of ••dionudides,
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Illt-< ~.~ 11>< rd.ouon,t"r bn~ ...... Iho """"y of ,,,,.,..,u. rodioD<do<\I:i COd,,,,,,·
""uq ,I>< _ ... ro.,;loc. ond _. 01 "",;" ooIb.roe (lei· rClql,

~ oecoodal) procc»t> of ll\llJl"ouon aDd posI~pIosIOII ra.h""tICbde
redislnbun"" arc: ........:I) Iin~cd 10 (betr solllbWl). 1.(_ 10 11>< abobl) of 1M

radIont>dide 10 lr.r.llSI1 fTOm nplosooa pmducu 10 ....Ia ><>Iu.ioRJ. \lott
.-leqrouDd nlldear~"e nplosioa prod<JCb In 1boe n>ne of lhc: rr.l,
mmud. rod" arc: ODDIIIeC1cd "lib 1boe sobddXd mell and are not prooe 10

Ieacbin. or liQ'~JD"-R<lCkl '" \be cIurnnej rubble.ore~ DDlltamulalcd
"" lbe surface. and Ibis delinlld) may promotl' lhc: lnmfa of rad_1d>cln 10
....ter whIllO.... T1ll:!i;AIllt Ipplin 10 partides prodl>Cetl m cratennl npk>AoM.
Tboe nlmt 10 ..hidl. radi"';M;mt producu ill a parucle pass ;''10 lIw; "aiel" is
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variable: for example. panides \\ith a \'olu~ aC'lility distribution 1= as a
..-hole about 1_4'1. of Ihe tatal activity to WIller

The solubility data of the radionuclides are related 10 their ga""'us pre_
cursor history: lh. most "'luble radianudid... bting tho« adsorbed on panide
surfaC<:'S uft.r th. fOflllLl(;on from their ga~ous precursors. The solubility of
radionudid'" "'itholl! ,..=\1, precursor< is very low. The rtlati"e solubihW
with resp<cllO 1.0 for ""Sr. is as follows (brael. 1974):

"Sr "Sr "'Sb ""83 lO'Ru '''Ru l)<c.,"'C,:"C. ·'Y."Zr.''''ce,''Mn.6O(;o
-12-' -,-. -0-'- -"-_24--"-'--0-.~--~C",""C-~' -.cc-iioio"'_'oOooiii','--'"

The ~islrib\llion or sub«:quenl "anspo" of lh. ",dimet;'-. lkbri. has been
examined p,,"iousl) in the conlext of hydroloaicallran,pon. Dutlng the year
foll0,,"101 lh. '1003" explosion. groundwater flowed into the craler to a t01al
,'olume of about 5<lO m' Radiochemical 'tudiO$ of the ""let in the craler w.~
und.ruken 10 examine lh. way lhe craler filled and Ih. role played b; l!round
",ller in crealins anificial ='o;rs. lbe major radionudKlO$ ob,erved were
"'Sr. "'Sr. 'OJR~ and '''''Ru. Also detected "ett "'Sb and IJ'C$. It wa$ nOled
Ihal "'Sr and ""Cs "ett In cation form,

Groundwater lrampon of Ihe radionuclides ".,.. 'ludied with a net"ork of
observation holes O$tabhshed at the '1003" explosion sile, at deplh. of 26 10
5(1 m. and localed from 200 to 700 m from lhe emplacement hole (I~rael e' a/..
1970a), Syslemalichydr0l"OloVcalobsc:n-.al;on. were begun Iwo month. after
Ihe e.,plo<ion. Th. authors nOINl that lh. crater shape was prose-rved dunng
one year period and that the water Ie"el, in the holes "'ere low.red by 1},7 to
1.3 m. They condud.d that infiltralion of g'ound"'ale' ,nto the cr3ler
occurred. Measurements in Ihe observation hole< confirmed the absc:nce of
radioacri,'ily con,aminat,on in the holes e,"(n after se,"(ral yea... follOWIng lhe
explo<;on.

Consider lh. p<>«ib'lil; of radion""lIde m,granon "nh the underground
"'aler. outside, B; writing down an io~ e,cha~ge equation. the reaction constant
can be determined and lhen the K., con'tant. which i' referred to a. a di,lri·
bution faclor. Th. teuer IndIcates the ~lation$hip of bound ion. in solid and in
IIqu;d phases. Th. K. "alue chan~ wilhin the range of 10' 10" for d,lTrrenl
mineral. and radionudides, The mean K,; "alue< are I{}'-IO" for ruthenium,
11} 2 x Ill" (10' in some cases) for strontIUm. and l(r' 2 x 10' for ""num

The ",erage K,; "alue for a on...year mixture offi"ion product' i' e'timated
as JiO. It i' (l-'iden, lhal K,; '" I} for lriuum (I.rael. 1974). Thu$ the ion
exchange processes lessen the polenlial hazard of underground ""Ier con·
tamination. fi ...,ly due to decrea.. of jon transpon l'elocny i~ companson 10
the "'aler flow \'elocit; and secondly due to concentration decrea.. in migra.
tion. The Row ,'e1ocity of a gi,"(n ~ubst~nce (f~) m 'he underground water can
be expressed by the following formula:
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(4,22)

"..here F. is watcr Ro" "docil) and K" is lhe relation on mInerai ,,'eighl to
,,-aler weighl per volume unil oflhe gh'en mineral and p;s apparent demil)' of
porous me<liuml.'oid frael;on, usually K" eo 4-5, 11 folio"" from equalion
(4,22) thaI a given ion In'" I'doc")' mlgraling wilh the wal«, Rows al a rale
100 to 1000 limes lower lhan the water flow "elocilY For example. "'St
migration of 1 I:m di'ta""e Wll1 tal:< yea.....,en if F. '<Iociti.. are relali'el)"
high (about 10 m1day 'I,

Based on lhe abo"e dala. eonsider a specific ca.. and as..... possible oil
<onlam;nal;on when slimulalin! oil prodUC'lIOn "'lIh nuclear explosions. 11 i.
I:nown thatlhe former USSR "a, first to use a conlaine<l nudear ... plosion for
slimulaling oil production For thaI purpose, on 30 March 1%5, first 1"'0
de' ices of 2,31:1 "'ere e,ploded ,imultaneously in Ihe 0;1 blocl:, lhen on IOJune
1965, one mOre dc>'icc of 7,61:1 was e,plod<:d (Kedto,·sI:), 1970; ~hl:hailo" <'
"I.. 1996), A calculalion model i. deocribed in delail b)' brael n "I. (l971a),
Here onl)' lhe input parameters and mulls are <onsidere<l.

Radioaeti"e conlaminalion b)' radionuclides "'ith "olalile precurso.....uch a,
"Sr, "'Sr. "'c.. elC .. was de..rminw as a maXImUm assessment, i.e. ".rth a
uniform distribution of 40"-, of lhe abo"e radionuclides produced by the ... plo
sion in 'he ~oneofchimnc) ",bble and fracluring, h wa. assumw lhal operat;ng
hoi.. "'ere localW in the fractured zone. The oil wcll discharge was assllJllCd to
be 30 I day t. The fraclUred zone 'OIUIIlC;n lhc calcutation model considered is
about 1000m'. and at a mean rocl: porosity ofabout IS :/, (in lhe case considered
it ebanged from 0,5 to 35 ",) and oil specific gr.,'il)' of0.86 II em '(Kedro"sh,
1970). lhe specific oil eontcnl in the rocl: equal, 0.15 gem!. The coefficienl of
radionudid<lranS;1 inlo lhe oil ,,-aussumed 10 be equal 10 10 " 10", "'hieh is in
a good allree-n1<nl wilh ,alu.. obtained in practice (Ke<lro\"l:y. 1971).

The c~kula,,:<l dara (Tables ~,9 and 4,10) are conftrlned experimentally b)
oil coDlaminalion ".lues in the e.~perirnental expl",ion described (Kedro"l:y,
1970.1971)

The "'Cs conceDlration, for example. in the oil from a hole al 40 m frCIm
ground UrO, 2 4 ycars aftcr lhe explosion, was below 10 ' Ci 1 t (37 Ilq I· t)
(Kedro,..I:)', 1970).

Among all the applicalions lhal h,,'e been Sludied in tbe USA. the usc of
nuclear explosives for the stimulalion of prod""l;on from gas teSOl"I'oirs is the
closest 10 commercial ulilization. Two field e,perimen" ha'e been rondueled,
projects 'Gasbu811Y' and 'Rulison' and a number of other gas stimulation
experim<:nts are under preparation, 'Gasbuuy' ",IS a :!9 1:1 explosion carried
oul al a deplh of 1292 m in December 1967. II pro\'ide<lthe first dala in lhe
phYSIcal and chemi""l eff<ets of a nll<:lear explosion in alia, teSOl"lo;r, The
changes in ooncrntration of lrilium and "Kr tn lhe gas afler expl",ion
'Ga,buggy' are reported by Nord}'1:e (1971)
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TlbIt U Tht limt lhal oil IS ddi"trro IntO ob>er\l.tlon holes al diffmnt di>tances
f,om tJ\c, ",om:

01"."""
Tim<

(l,S m

(l.6 d'l
,.
!S d.ys

,.
S!.l dais

~m

17 years

Tobl< UO T1lc ith "'dion""litk conlCnt in tilt oil q.H1 d.hlCrcd ,nto til< oil 01 'arioo'
urn< int.,....I•. Ci I 1(8'1 I ')

I d.}, 10 d';' /I.) day. I Jea, 2 l'ears 4 Jears

"" 4,10 • llO" 4,4,10'" " 8.'·10 " 7 1(I·t!
( 1471 (( 85) 116J) 1111 (1l_710 ,) (.1.610")

l)'C, 27·10" S-IO-' 7,S-1O ,. 10 ,. I 4.10 '0 1.-10"
(10) (l_~) ll2S) iJ 7~ (S.!) (6_3)

4_6 ECOLOCiICAL EFFECTS OF NUCLEAR TESTING

Ecological sll>dies ha". been condUCled al ""'eral nuclear .xplosion <lles.
which include S".' of cratenng .xperimentS and S"O'S us«! for testing nudea,
"-.apon•.

The effeet> of the le"ing programme al lh.,. sites CannN. on general. ~
as.cribed solei)' to radialion. beeause of lhe eoncomitant effeelS of blasl and
heal. fUl1hennor•. human ••ploitation of the nalural f(:$Our= ,n lhe tesl
areas has ehanged markedly as a conoeqllence of the lesling prollramme.
Al'hough man) signifiC'o1nt and complex .!Teet> on <COS)'SI<mS ha,'. been
obseryed. lhe "'<:0'''') processes following tesl cwlo'ions ha...e been relati'ely
",pid and ...igorous. Del.,eriou, e!Teets on marine and t.rreslrial population.
ha\C nol been persisleDl. presumabl)' because of lhe rapid deeline in the
tntenS;t}' of radialion and oth.r impa<:lS. lh. selee"'. eliminalion of d.feeti, e
gen.tie infonn31ion. and lhe recolonizalion of damaged areas with healthy
indi,-iduals from distanl 1(}I:alities (IAEA.I992)

J.6.1 C.... ,,"")-: \luru.oa KJOd '-OJIlataufa

A ,ummaty is pro'-ided of the mam results of the eeologlcal studies perfonned
b) French sci.nlistJ at [h. atoll$ of Mururoa and Fanl"laufa. which appeaB in
lhe conclu,ion. of the V"lume III. U milieu "imnl eI >1m frolmi"" (Babl., .,
al.. 1995).

4. 6.1.1 Co",eq",,~r<5 ul' ,h. pr-eNnrr uf'~ '(",'n". d'E,pirimmtu'i"" ""
Purifiqur CEP '"" T••r-est,iul Flor" and f",ma

In 1m. lhe te""strlal fl",,". whieh ,,'as destro;ed or burnt by lbe .!TeetS of
atmosph.ric tests. islinl. dilTerenl from lhe original flora. bolh in di'-ersil) and
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in siH, H""",'er. ""..,.... mounds. llloK ....~llo theok!t:s' tri..J.k.lhe: 'i« of
SOme planlli (GUC:llarda Ind Sco..."Ol.a) is sm.aIJer than;n 1966. nu, tl. Inn·
buud In lbe dep;ldation of lhe soil• .alread) onpn..u~ 1m fc:nik. b~ lhe
thnmal /I;uh of ,'mo<p"cnl; ''''S, Flnpu.url obehm:d. in 1966. numcTOUS
coIoIuoeJ of bink ",-...",.. lICSl S"., "''fft Sfnad .all ov.,. lhe: tnw;,~ o;J'O\IIlI

Thm nwnbcr. "hiclt " ... ,motl~ dllllllUSlla;l .as I n:suIl of lbe dirccI ril"CCI. of
!be ..... of !be nuclear leg. Ind lhe dtsIppe.arancc of their h:abit.al., "'OS r-n:torod
Irt.,. ~loraUOll nl t!w:u" h:abiul III I~. !be population nl bird. "''OS com·
ponble: 10 WI in 1966, \lean""",". $pCcicS of sm.aD oi« bo,. ,-.msbcd and lbe
lIOSU .,teo"", DO'" hrmud 10 ,be motu (1llOUDd) nllhe: Pa'iIIoD IOCI..- T1us
redUOO1JOIl nl 1M ....bitol "al d... to lUIl<>OpIlcnc 1tJI.. bul also to the~
nl hwnano and 1M ",II ...~, "wit. "'hdt d_e 1M birds t<,,,"1rd, lhe
lrIoOU <hw.nl and Jc.a.l; penurbcd IIIOUnds. E'-.,.,IIIa1l}.!be prUIif....l>(lIlI nllbe
,roa If"'. C--"'~'Mlot. ",tlt an~I of br.Incbeo lhal dotJ
no! .a1lovl lhe buiJdin, of lint. could apb.ut lbe ",lau,~ .....nd.nU nlllw
.,luI;"n. E..ponrrw;"u h,;,o'c bc'Cfl ""1Tle'd oul 011 ,.".mut.ale<! nul< of coonnul
palm Irtt< planled "" tbe mound• ...,,~ to hiaJt~' atmosphtnl: ItJlli. In

order 10 "lid) lhe r.att of 'C'lCUUOIl UIIdoor lhe: eondllJon. of exl........ pmsu",.
lempml1Ure and r.adilllon, Those Ihll1 sur.'i'e<! do not ,Iln" In~ res,duol
anomalies. Tht ""n~l>("""of radioa(I""ly ,nducN b) tbe almospheric lesll
h"c been "tT)' "'uk in comlXlnoon "'ith lbe bla.. and Ihcrmal "-'''~. An} after
ril"¢<:t, of rad,obioloj;"al oni,n. that is 10 llay ••n(.--;ne<! by di1ttt i'l'lIdi.t;on
from Ihe almo,pher;" tesll or Ihe" failoul. has not been aplXl",nt. eilher ,n the
realm of ,'egelation or on,mal>.

The underground experiments c.rried oul bentath the raised crown ,"ulted
In a companion of soil around ,ht ,urf.~ lIround zero po,n". In tht south.
"e,t Ittlor. ,,'here Ihe hillh.en.,lI>' ,hot. ,,'crt carried out. ",me mounds
oriimall}' "crt ytry sligh,!) ra,>ed. but Ire now immcl\td and thi' has caulCd
Ih< d","pptaran~ of lerrestrial ,ellCUlIon

',6, LJ CotUhl"",rUJ olll!<: Pr,·WI('t 1)/11w CEP f<l,. ,Ir.- Jfa'iM FkH-o """
F_

The Ibcnn.all\.a$h ofmcp'on Iffi. haSdeollO)cd a IIIii' proportion of wpetfic>&l
conIl aDd mollusc popu!atlOn.. III pI.~Lar IIIoost of th~ n,crnal pial., and of
tlte alpl <rtsl near tbe ,round lm) poinl of the I.,IS lbe "'hil......' ofomoln
Sur"" "'J. c:oIoouts. b) the k>to> of Ihnr zoo.u"lhe:Ilat. ..... bttla <qularl)
otr.ened up to lhe OCHIII"'" of the llmospheric \tSti. lbe pIle""",e"on hu
,n,roduttd I disrquilibrium ""0 lbe eroJ)"SIaII c:oonl"""'bIt ,,-j,b , ...., procluttd
after lbe pl.""'" 0( a Iropo.;al ~tl<>nt or an ailoo<mll!) hoi snmmtr pcnod
Flft""" )t.an afl<r lbe cod ,Ji .'moopbcnc -...,. the ,-..>r.aI population of tltosc
a1crnal p1ateo "'.... =torcd.. "'tlt I dl'tnIly aad a rate of ......-ny alCIIpatable:
"'itlt tltcl5e nistiD, before 1M tt)ts. The rapidJl) of this ""'oration is proba~
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explained by the weak degradation suffered by the substrates. The population of
mollusa of these areas has al'iO bttn re~tablish<d to kcw:1s comparab~ with
those of 1966. excrpt for Tu<U;w g.andil1tllllJ. populations of"'hich 'till remain
scanere<!. The pre>sure """"eO induce<l bl the atmosphe"" and underground
t<Sts In the lagoon ha"e resulted in hanJ.uhstrate degradation and some increa..
in the rale ofsedimentation. From thi' perspec,i\e 'he underground nentS had a
!feater impact on account of their di,persion and the considerable p=sure lhat
they generate around the ,urface ground zero poInts.

The "itallly of the <oral communit;" of the Mururoa and Fanptaufa atolls
"anes greatly from one site to anolher, from one biotope to anolher. as a function
of the natural en,ironmenta) condition. and pa,t and presenl penurbation,.

O"erall. the recclonization of lhe coral is aeti' e. but Ihe relloralion of coral
populations folio" Ing lhe atmospheric test. il more ad'-anced than in the much
more recent unde11lround test•. which ha.'e generate<! a greater degradation of
the ,ubstrate•. The population. often present a young character. wilh some
limes a dommance of plon«r species. mdJCatm¥ a community' .till badly
,tructure<!. Locally'. the biocon'lruclor o11lani,ms can .trongly compete with
subs"tution population,: SQft alpe, Zoanlharia. Akyonaria and Actiniaria. [n
a numbor of eo.....u<h as the east sector of l>1ururoa near Ihe b... or the
na"iplion routes, the appearance of cerlain sub'litulion populalions eon bo
link<d to urbani,.uon or human p~.

On the coral con.tructions of these 5CCtors. the appearance of populations of
Pall thoa has bttn noted >ince 1969, "ilh the IUbsequent. often cyclic. de\elop
ment of Zoanthu, and Rhodacti•. A re<!uetion follo'" in Ihe ,pecies di, ersity of
Madreporaria by elimmation of a species ,hat does nOt tolerate the n" in
nutrient' and suspended or sedimented materials. The echinoderms and algae
oITer good examples of the ljllltia-temporal ,-ariability of populations due to

penurb.ations in the surroundings by nuclear e.\periments. Comparable demo_
graphic ",p.;msions can be seen in zones near urban "...,te. On these 'ites. the
'trongesl densities ob<en <d 'iOmet;mes are attributable 10 the lar~ quantilies of
organic material disper:;e<J in the environment. The opening of the Fangalaufa
jlllssa~ and, to a I....r degree, the .ugmentation of ",changes of water with the
ocean b)' the hoa from the southwest of Mururoa. should modify certain
populations. This is already mO'it apparent "here planklon i' concerned, The
populations of mollu... of a mOre open fanpt.ufa t'g<>on should .,.'01>..
towards greater specific dl\'ersities and red""tion in the densitl of origmal
dommant species. ThIS tendrncy seems to be appearing but. taking into account
the imjlllet of the nudear ",'ents, it is still too soon for confinnation.

4.6.2 C..", <lud~': 'e. ada Test Sile

htens"'e ..arch<s for ecologi<:al changes m contammated areas ha,.. alSQ bttn
carried out al the l'.. ada Test Site. In most of these studies, h"",'.,.er. lhe
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OOrnamlna1l0n ~onsisled principally of mixed /i'sion producl'. and, except for
the "ofk reported by Rhoad' and Pialt. the more dramallc ecologIcal effecls
were generally amibutro 10 non-radiologi~al perturbation,. The c.e.t Oppof
tunitie$ for ",arching for ecological effect' from plutonium alone exi,t (in a
number ofareas) adjacern to the ,,",'ada TcSI S'le in areas ur.ed for '""fety shot'
te,t,. The'" ,e,l, invol"ed detonalion by conventional explo,i".." of plulOnium
in various containment configuralion" S'udies of small mammals and grazing
cattle in the<;e areas hase failed to diocover an}' e"Idcnce of radiogenic pathO
logy Varney and Rhoads hase examined shrub' in afeas assumed to ha~e been
contaminaled primarily with plutonium, Although their dala implied that such
shrUM had Incceased frequenCle$ of chromosomal aberrations to controls, 'he
e"idence was not condusi"e (Hanson_ 1980).

The d",elopment of 'he Plo"shace programme and the execution of the
SEDAN eyern ,timulated del ailed radloecological 'tudi.. of long-li"ed radiO
nudide$. The distribUlion of l"lIum in the SEDAN ejec,a field, dimatie effects
on this distribution. and in'entory data were described in this research; the
integratro in,'enlory of fadionuchdes in SEDAN ejecta indicated that tritium
was the mosl abundant radionuclide on the basis of acti"ity per surface unit,
The bIological signif1~ance of ,es.dual tritium al SEDA N (rater was e"aluated
in plant and animal studies

4.6.3 China

In China. the In'titute for Application of Atomic Energy. eslabli,hed in 1%0
under 'he au,pi... of the Chin"", Academy of Agricultural SCien.... con
ducted radioecological experiments 10 'tudy the beha' iour of fission pfoduet'
from failoul origin In crop; and soil! (Xu Shim;ng N ~I.. 19%), On-the-spot
pot eulture experiment' on crop plants were perforntod in Ihe proximal area of
a 10w_ahiluM nuckar ",plo,ion, Other e,periments were performed using the
fallout collected in the area of nudear explosion tesls, The re,ults sho,," that the
falloul (0.5'/, solubIlity) contrlbUlro a little to Ihe intornal contamination of
crops 'ia root'. Uufortunatel)-, in most of those o.xpefiments. "hich appear 10

haye been Condu.led in 'he 1%1h. onl}' measurements of tOlal bela or gamma
"ere carried oUI, therefore, the laluablo infonnation that can be dori'ro from
these e.,perimenlS i, limned

J,6A Form.r USSR

The "'timalion of genetic effecls caused by nudear te,t, at tho Semipalatinsk
Test Site was presentro durin~ tho fl NATQ_AR\\', Ba'nau! (Shumny and
She"chenko. 1994), Recurring almospheric nudoar ",plo,ions at this to" site
contamiuated <:erlain areas of Ahal from 1949 th,ough '0 1%2 b}' a~ much as 3
Gy_ which is enough to cau", g.not;' effects. !sfutagcnic efTecl! of irrad;alion In
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Allai can be: elaluated \(1) approximatel) b} c-lamming orpmmlS lIlal dJiTer
in 1M Imath of ,en<nu'e cydc:s .Dd occupy diff......,l erolop:al nlChn.. The
.~ of &mcflIloon~ IS lCOOftl""n"'" b} eliminalion of mulanl ,,,, ....nl..
aDd >0 is an add11l0,LIJ f;tC\Of lhal ~...,,,an easy ....h .... TlMnfOR II IO'IS
~l 10 uroco»-n 1lO'"h1. 1raa'S m npowm; 10 ionlZilli radialoon 10 !be
bcrcdil&C} ....1......1 a( c..........tJy Inial orp111SIlb. _I them plam. and
anunais "'!Udl lor ..booc llllC8IOI'1) ha,... ~cr been npooocd 1o ~'"
falJoul from !be Scrn,,,,,la~ nldtM 1tSIi. Wllh WI ob:Jc<;Il,e. lbe
<}1OfmCUc and some boocbmuc:al marten of npow'" 10 radlllUOCl loa'"
btt:o .....lyloC'd 10 malm.aJ from hu.man res>oJcnlS. Ulima! poJI<IiaU0I11
lCbironimids) and plain populauom (Scotch ploc I of !be alTttUd Altai .rea1-

., 6" / C,~lic 1/".",,,...,,, of IIw ,\""'1Il P"f"'Ja'iaIIs of Ch_ ,,..,,

~ has been. Ihrc<-Umc monllanol of ,",en ChinHw>mId I""l"'l.uons of
A1121 mo,ulOrcd 011 thl'tt or:c:a 199~ -1993. In some of 11.. reporl'

in'"CSIiplCd lilt: dosoe of oonln ~ialioo peaked .1 3 Gy .ncr lilt: 1949
.xplooion. Toda}. >OIl tollCCTlIIlUioM of ".c. ncar Ih. lak.. arc 1100 10 lhl'tt
limes as much as lhe JIobal falloul hackpound Sludy of .hromosome
pol}ll>Of'J'hiJ.m In ,he pol"'lalionJ of lbe 1100,~ of Ih. AlII' Ch,ronomodl
(e 'nil"'" and C I>a/"'"..,rus) m'ulcd IO,de chromooomc polymorphlim ,n ali
populalion. >Iud""', bolh in the polluled region, and In lhe ~on'enuonaJ

oomrol, Th. nndiniJlho" a difference wilnc',.,j by 'bundJos' of ft,. 10 $O'cn
unique \Oquenccs nOI rcporled in any olher population, c,-cr 11ud'ed, C~«Pl in
lhe Cheliabin'k populatlonl, "hore lhc le\'el of radioaCli' ily .lil1 remain> hilh,
11 i' nOleworthy. Ihal bolh lhe Aha; and lh. Chehabin'. popuiatlonl arc 60
\l() generalion, rcmo,O<! from Ihose e~posed 10 lhc e,plosionl of 1947 and
1957, respoel;,"ly. Pan of the neutral or adapti'c ch'omowmal anomaliC1
mduced by radiauon can penill lhrough many ge""ralions, Tilt unIque
\Oquencel the"'fore may be reprded a, 'radialion ,",,0"''' ,nduced 'n Ihc
Chironomid Fnomc fOlio" ,ng lhe npolurc to ladialion, "hich ba,c pen>,tod
fo' 60---90 ~.....ratlons.

., 6 4 2 Ex_;""I,,,,, '"~ II i1J PoptJotioou oj PImo"

Anal}'... of FfI01IC and '110$C"C'1-'C para~ of~ planl~ III Alul
popublion> npoK'd I" 100""'1 radiatiom ha!; been pc-rfonncd II) • lam of
Sl:>OIIlisu from lbe In lltulo 0(Cy1oio1) and Gc--oot"" of tbo Slbman [)" blOCl
m!be Rl>iSi.ul Acadom} of Samca.nd from the InstilUlC ofGenoralGc--ootICS
of lilt: R_ A.:..dcmy of Sc:itua:s. TIlt: Scotch ploc (PilAu ,,""",mIll •
1II111~ 10l0< "l"'cm for a 1CISl... rcI1JOIO FtX'uc h.lnlO'"Cn of npowrc <0

rad..llOO. The m<rlauonal ~'Cllll mduetd in !be 'qt'UUOCI II) nudcal' IC1I-l
....y b< ido::otdlcd u d,rrorcnas bet..........ik1 popuIauom from poUulCd
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region, and control region,. u,ing a serie! of param"ef$. mch as pollen
fertihl), seed production. germinalion of seedlings. number of cells wilh
chromosomal aberralion' in >COdlings going Ihrou~ mitosi, L frequene; of
meiotic anomali.. and polymorphism for seed slOra~e proteins, On the whole.
thi' 'tudy provides evidence that radioacti"e pollulioo of the regiom has
induced lo"er pollen ,iabililY and fenility. rend~ing more seed' un>'iable.
gi"ing fise 10 mciNic anomali.. and raising concentrations of rare and null
..ariana of 'Iorase protein in Ihe seed' of wild populalion' of Ihe Scotch pine

4.6.4.3 Lichen-Reinde" Human Foodchain

Radioecological peculiarilie, .round Ihe No,'aya Zeml;a (Russia) leS! site ha"e
been in,'elugaIN by Ramza.. ·s learn 'ince 1961. wilh spec,al emphasi, on Ihe
lichen reindeer ·human foodchain, The Sludi.. 'ho" that the SlruclUre of Ihe
lichen could inc rea"" Ihe adsorption 'urface 10 a "alue 20 10 100 limes greater
than in gra,ses; funhermore Ihe concenlralion of "'c, in Ihe thalle i' 200 tim..
grealer Ihan ,n the aqueou, solution of "'Cs. In Ihe ca"" of"'Sr Ihis faClor i' 20
times grealeL Anolher ;ntero,ting o!)servalion i' that the ab""nce of roo" in
lichens crealed Ihe illusion Ihal the radionuchde' in 'oil are inaccc>sible:
actually lichen 1'0"'"'' ,peci.l fo.ture> in regard 10 thi, and in three months
lichon can absorb caesium from "'il 200 10 400 times more Ihan grasses can.
The degre< of assimilation of ""sr from ""I is almo,t Ihe <arne as in gra,ses
(0,1 0.3%). These peculiarities of hchen havo created precondilion, for hoight.
ened 100el' of radionuclide' (e<pecially 1"e!) in the sub""quenl ponions of Ihe
foodchain. ,uch as ;n remdeer. whose principal fodder for se\'en to ei~t months
i' lichon (Rarnzaev n ~I,. 1993).
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