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Foreword

Th. Scienlifie C<)mmilltt <)n Problems of the En' ironment (SCOPE) i' one of a
num""r ofcommiu= O$labli'hed b)" lhe non'go,ernmeD1al group of sclemific
organizalion,. the [nternanonal Council for Science (ICSU), To ro,., mulli_
disciplinary oClivilie, "hich include Ihe interest of se'eral Unions. ICSU ha'
cslabllshed 13 Sc,entlfl<: Comminecs. of whIch SCOPE is one, Currenll)
representali,e, of 40 mem""r countrics and n Vnion•. ScientifIC Commilt=
.nd Asrocial<S panicipate in Ihe WQTk of SCOPE. "hich dirttts panlCul.r
anemion to lhe needs of dc' eloping rountri... SCOPE "-a, O$lablished in 1969
In response to Ih. en,,,onmcnt.lconccrn, =.r~lO~ .1 Ih. llm., ICSU reeog·
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dISCIplines and ",,'er.1 Lniuns ""hlO lCSU_ SCOpE's firsl "sk Wa, to pr.pare.
report on Global En'ironmental Moniloring (SCOPE L 1971) for the UN
S"lCkholm Conf.rence On ,h. Human fn,-Ironm.n!. The mandate of SCOPE i,
to assemble. re'iew. and asses, the infonoation .'ai1abl< on en"ironmental
ehan~es al\ributabk to human acli'-IlY and Ih. eITcell of Ihese ch.nges on
humans: to asscss and "alual. Ih. methodologies ofme..u=nl ofen,iron·
mental paramete,,: to preY-ide an intelligence se"ice on currem research; and
b) Ihe ""'ruitmcnl of the be" o".iloble scienlifi, infonoalion and eon'lructi"e
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centre, of fundamenlal =arch .nd of orpn"a,ions and ogenei.. opera_
tiunall) eng.ged in studie, of the en"ironmenl SCOPE is governed b)' Ihe
General Asse-mbly. "hieh 1nC'Ct< .,cry thrtt yea,,_ Bet"ecn such InC'CllO[tS its
a,t"iti•• arc directed b) the Executive Commiuce,

Thi' I'Olutn< repons the findings of the RADTEST (RADi.tion from
nuclear TEST e'I'I05ion,) .Iud). "hich rail' "ilhin SCOPF, He.lth and
En' ironm.nl du,let, Thi, du"et i. focused on project. thal de,'e!op methodo­
10il<S for a.....ing ,hemical risk 10 human and non-human targelS. and use
case \1Ud,C'S of .n,'itonment.1 centamlnation to a,;.cs, the health and en,-iron­
ment.l risks of specific ,hemic.I._

E,ceut"e n"tttor: V, Plocq Fichelet
Secrelariat: SI boul.,.rd d. Monlmore"cy 7SQ16 P"n$. han""
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Preface

The RAOTEST .tudy_ reponw here. wa~ stanN in Apnl 1'N3 I" a'Stmble
infonnation on all the lest, ...,ried out on nuclear I«"pon,. It wa.exteficiN 10
COl'.' the ("'Is ll"umW ,n 1996 hI Fran"" and Ch,na ,n vie" of publie interrsl in
conclusion of Ihe Comprehen,"-. Te't Ban Treal). Information "'as al>o
,=;,-0<,1 from IndIa and South Africa. The ,«ord of all data a'-allable i,
included to all''w' stud} of Ihe ...lease, and their l'''nsfer in rornpanmenn of th.
en,'ironment and ttOS)>lcms as ,opono<l;n th••"her R,\OPATH ...port.
'RadioecoloiY after Chernob) r, Thi. can be ",r..,.red to for Mlail•. alon~ ,,-jlh
th. SCOPE ENUWAR report. "En"ironmental Con~u.nees of Nuclear War.
On methodology. modeb. i",topes and unit<.

The 'h= rq:>Or" gi,-. 'Oktaile<l information di'''''ted to a ,pocialiud sciemific
readership but can be of u,;e 10 those "itb more general Interest. They "ill find
infonnation 'ha' same early ,cs,s in the almosphen:, under wa,er Or neae Ihe
surfaee. cau>«l high le"el. of radialion in an:a, nea,by. sametimes because of
wind changes or high yi~ld, lkeause medicallttonh "ere not a\'ailable in same
cases. recon"ruelion has been allempte<l alon£,ide the sludy of health etlecn.
Ther. 's a..uranee lhallhe 1996 "'s's p'" no rele."" ofradio.cti,'ily' lo ..a Or
atmo,ph~n:.

The RADTEST pwgramm. in'ol\'OO '~p<n, from major "-.apon, lestlng
na'ion' including FSL, LSA, China. France and l K, besides ",preson"ti'es
from inletn.t,on.l organizalions .uch as ,h. "'orth Atlamic Trealy Organiz­
ation ("ATO), the In''''national Insti'a", fot Applied SY"em$ Analy.i$
(IIASA). lhe Inl"'national ,>,wmic Energy Agell<") ([AEA), the lnt.rnalional
Lnion of Radioecology (LJR) and 'he Un;led 'alion, !Xienlif" Comm",«
On 'he Etl"",s of A'omic Radial;on (UNSCEAR), II ..., up Ihr« "orkmg
grou!" on, info"ruuion and da'abase. dost reconstruction. and he.I,h effects

Workshops '0 pre..n, and d,scuss findin,. "",. h.ld pcnod"all~ through·
ou, the dura,ion of the projecr, Dunng 1994'''0 major in'ernalional "ATO
Ad"anced Resear,h Work-hops wcre ,on"ened at ,h. lmemational A'omic
Energy A~ncy in \'ienna. AU$,na, and in lbrnaul (Sib<oria) RU,>Ia, The
\'ienna meeting .""mined the en,ironmen,al and human consequen= of
atmo'pher;,; nudear 'est> and pw";ded an o"'roll 'ie" of the American and
FSL !",!ing programm., Th. Bamaul meet,ng " .. conceme<l wi'h radio­
acti" fallou' in lhe AltaI (S,b<oria) rcg;on of Ru'''a. pnmarily fwm the earl~'

nudear tem underlaken in th( Scmipala,insk ,(;, ,;(( ,n Kazukhstan, A third
"orkshop "'lSS held early m 1995 in Brussel"li'ge. Ilt:lgium '0 (,amin. ,he



PREFACE

rntthodologie; ofdose reconmuetion. epidemiolog;. and su~urfaa: lransport.
A final mini·"'",hhop In OclOber 1996 in Beijing assessed material from
French and Ch,n= tel1>.

The projecl ",as directed by an ExCCUli'-e Commiuee. lluidW b)' a Sciemific
Ad,-iwry Commiuee (SAC) of miniSler_le,-d indi,-,duals. and monitorW by
SCOPE', Exccuti.'e Commillee. A sinille Sleering Comminee guided lhe
closing 'tag"" for 'J·mh..i, of the findings to a limely conclu,ion,

An archi"e of malerial associated "'ilh lhis (and the previous E~UWAR
and RADPATH) project "ill be maintained at lhe lJni'ersity of Es",x.

Sir frederick Warner
Chairman, SCOPE_RADTEST
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1 Synthesis

The RADialion from nuck.. TEST explosion!. Of RADTEST. projttl is one
nf the Sci""tific Commill'" On Problem' of the En,iron""'''t (SCOPE) pro­
grammes. It falls within SCOPE"s Heal1h and En'ironment cluster.

The test"".• plosion of nudear ".apon. has maM a far lar~r impaCi on lh.
world en"ironment than .nth. operation! and accident. with nuckar power
generation. This .tudy of lhe 2~ 19 lem between I~5 and 1998 records tho past
and p,esenl un<kmanding of the result. as th. ".apon. 11.,,, b<en d.,-oIo~

and tested, In >Urn the les1> 113\. yielded explo,;\. enern equi'-alenl 10 550
mIllion tons "fTNT. ,,"h lhe LSA and USSR alXnunllog for 8(1'/. of the ItSlS

and 90'10 of lhe )ields, Allhou~h there 11.". beon e.' lens;'. global stud i., on
fallout. pubhcation on local effte's. ospcciall) on human health. has betn
une'en, The RADTEST Slud) pro"ides much informalion lMl umil no" ha'
been reslncled or "na"aibble

The area, for nuclear "capon' l"'ling were cho,.,n for ,..,molene" from
human habilalion and obsenation. Falloul affecting life and health ha' been
'ludi«! e-lensi"ely and publi,i,«! m ,,,,,h a,..,aS a, 'e'''da. Auslralia and
island. in lhe Pacific. That informalion i' ",-o,amine<! here, wilh ne"
RA DTEST 'ludi.. of 'he Altai s.mij)lllaun,k and :-':o,a;" urnlaya n:gH)ns of
lhe former So,-iel Union (FSl:1 and of lhe Chinese t"'ling pound al lob ~or,

The m"'l recenl 1"'"; 'here are ':o,ered a, wen as lhe senes 10 French Pol;-n""a
l,mited informalion is a'ailable on tho IOSIS mado b) India and Paki,lan in

""Mood. for pcWicling sh"" and long-term heallh effect, requin: bolh
meteoroI"gical data and popuIalion rn«!ieal record, al lhc Urn. of lh. e_,plo­
S'OnS and study of lhc changing pallern, o"er the lears unlil no". Poor medical
record' ha... to be interpret«! and supplemenled b; the extensi,.e knowl«!ge
from lbe Hiro.ltima and :-':agasaki bomb< and lhe ''''I, in lhe Pacific. The
object i' to "'tabli'h lhe path",,,;-s h) which radionuclide. teach human beings
and lhe dose' of radiation recei'ed by population, and indi",d""l, from iniual
and ronllnuing e_,posure un,il lhe presenl, Differinll 'ystem, of radioloJical
protecti"n and medical record' in lhe rountn.. >!ud,«! ha'e bttn OOrnpacW m
order to ~i'e f,rmer prediCtion for any fUlure accidental or deliberate reIea..

.'''_ r".c._" _ ....H_'-<.
E<hl<4 b) So< f " ..... aIod ~ J c );O'rll!lwol
• >000 SCOI'£ .-..",..- "'u". S- ua



1';l1ClEAR TEST EXf>LOSIOSS

One result of RADTEST i. a current inventory of radioaeti'it) al or ""ar
test ,ile, "'ilh polential for remodialion or restoralion. Actlvit,es are m general
much lowe< than tho", e,perienced al Hirmhima and Nagasaki, Thos< al Altai
are high enough 10 ha'e significanl health effoel' and 10 lhrow hght on the
conll'o'-erlial low-do", regimes, In panicular. dose reconstruction from th•
•IT<et, on .yes and t""lh are being a,scssod b; indi,;dtl"1 and ca",..::omrol
sludi.s as di'linct from lh••"umptiom for populations in cancer prediction_
Thi' i' of current public and polilical intere"

Th. d<lailed infonnalion and di""'''ion in the follow'ing chapl.... 'lart "-,,h
an inlroduclion 10 Ihe background of lhe Repon and lhe contributions of
Ih. NATO Worbhops in Vienna and Siboria. "hich included the Vis;l 10
Semipalatm,k. General conclu'ion, on human, an,mar and plant lrradialion
.ff<ets from lhe Fr.nch ca"'sludies in Polln.,ia follow, and th.n lhe com_
parable mulls from lhe LSA, fSU and China

In Chapl'" 3 lhe hi'IO') of weapon de,-elopmenll opens wilh lhe s,mpl.
Iission bombs of World War II, yi.lding about 20 XI, 10 lhe I.ler boo:sled·
fi'sion, hydrogen fusion, and combined fission fusion fission weapons_ Th=
led 10 nalional a"",nals Wilh a 10lal of more lhan 2S000 "'lIrheads, mainly
around 100 kt bUI ""ith some up to 1 Ml, l1Ie '-a'};ng ;i.ld, from Ihetesling of
lh... w.apon dev.lopmenlS are di<cusscd_ The dilTe<Cnl siles and lesling
lechniques are <:<lyered in detail. ""ith ,ummari.. of th. numbor of t.." "'ilh
lh." nplosi,.. and radionuclid. y,elds, accurale figures for ",I"ch haye hccn
released only ~ntl;, Of lh. IOlaltests, S41 "'-.re in the almosph.... and Ig78
underground

Chapt.r 4 d.lail, Ihe immediale .n,'ironment.1 impacts followin8 lhe for·
malion or dlfferen, rad'onuc!ide compounds and Ihe aerosoltranspon in Ihe
almosphere and ,he troposphe,e_ l1Iese local. remme and global troposph.ric
pan.ms are expressed b)' malhemalical model., The>< are then used ",-ilh lhe
aCII",1 da,. on '" hich Ihe; are based fo' lhe r.,nl.rprela,ion of early le"l1 in lh•
• 'mosphcr•. II emerges clearly lha, lhe radioaCli.. products from fission
r.aclion, 'ary ""ilh th. proccsil of delonalion. and lhal firing condilion' are of
greal importance, ConlaminaHon of geolog,cal fonno'ion,. "lI,er ond oil from
und.rgrouoo teslS i' con'idered in lhi' chapler,

Chapler 5 discusses pathway, ror e.lernal and imernal ••po,ure in Ihe
human body foliowlDg inhalalion and ingcs"on or conlam,naled foodSluffs.
looking al specific lest·sites and regions, The radioisolOpe> of iodi"". slroUlium
and caesium are of gm"." inl.resl be<;aus< of Ihe amounls rel.a>«l. lh.ir
read) 'ran,f.r to human boinliS via lhe foodchain and high relali". aeti'ities
becaus< or shon half·Ii'·...

Chapler6 ,ummari2.. the "limalion ofdose '0 human boings ",-ilh reference
10 Ihe ,est ,il" in "',,·ada. South PacifIC, Semipalatinsx, NO',,}'1 Zemlaya.
Lob Nor, Mururoa_ f'angalaufa and Australia. The "arialion of local and
regionallnel. and of c'lcmal and inlemal irr'dia'ion are discussed. Exten,iy'(



SYNTHESIS ,
and detailed do.., reconstruction from local falloul has SO far \lttn carried out
only at Ne,'ada, Th' esllma"d cO[[«:1i," do.., to the .....orld·s population i' 50
times that from the Ch,mobyl accident. The'" ~obal le"els are of cou~ a
'mall fraction of lh. exposure to nalural bac.ground radiation bUI local
ContamlMuon e-n gi"e far high.. d.-. than the a,erag'

Chapter 7 .xamines in delail the health con..,quence-< for exposed popu·
!ations in the USA. FSU. French and Australian t.rritories. Mo't falloul
.xposures of indi_iduals noar test siles from hiBb local fallout ha,'. alr.ad}
\lttn rttt"'ed. The most highly e.'posed cohorts face increased h.alth ris.s and
deterministic effects seem t(> be appearing, E,-..Iualing risks of a ",oehaSlie
nalure require. lons·term follo"'-up,

Chapter S discusscs f.ll(>\lt models and tries to brinS toselher the diff.rent
approach.. in earlier chapters. Tho discussion sho"'s that further .....or. is
noeded t(> establish mod.l, "hieh are betler for e,planation and prediction

Many of th. dilTerence-< ari,. becau.., the capacity of mod.m compulers is
no'" much grealcr than al thc 11m. earlier mod.l, "ere de"oIoped, The rate of
change ii veat and demonstrated in lhe ad"anee bet"een first and second
"olume, of SCOPE 18: EOI-;rQ/1"","tal COIIH<{"""U' of ,\'udNlr War in the
models of seneral circulation of the atmosph.re, To th... there are added the
problems of particks, their relation to cloud formalion and tho spttial
properties of nuclear a.rosol,. including muhisptties "'ith morphologies and
properties unlik. normal a.rosols in lh. atmosphere

The appro.,imation. made in early models "'Ore asses""ent, "",-.-ring fallout
from hundred' of "..eapons and compromises, Recent de'elopmeniS In under·
standins microphysics, plume cloud. and weather code' haY" yet to be applied.
In particular. formation of panicles can no'" be examined more closely. i.e
partick1 in the submicron range that were neglected earlier.

The.. are other difficultie' because of lh. lari' proponion of material
carried along WIth the 'mall amount of nuclear ma"rials, Th... difTIculti..
nero adding to lhe mod.lling of ......ath.r and fallout, Th. chapter eod. wilh
suwsting lhal an immedial~ jump in capabihl) is now possible. "uh 'he
elimioalion of many uncertainties.

The Appendix summarizes lho ...leasei of ..dioae,i"il}' from all atmospheric
and ...nt.d underground t.St" Recent tests deep underground hay', oot added
to natural radioaeti"it}' in the atmosph~r<: or Ottani

Thi' Repon 'hould h.lpen"iroomental understaoding and guide the ma.ing
of poli") On the tesllng and eonu(>l of nucl.ar "eapons, It has been made
po"ible by the commitment of sci.nt;sts to see. out information pr.';ou,ly
.ept secret for mllita" ;.ecunty This collaboration .....orld·"';d<: i, one of the
fruits of the ending of th. Cold War. Publication ,hould ~ncourage the open
discussion of stOp' nov. belni considered for th. centrol of nuclear "'.apon
production. induding the cessation of testing and targetmg, and the detection
of clandestine t.sting. Although th~ Compr<:hen''''e T..t Ban Treat}' h..
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lt5sened the fear of nucltar .....ar. il is [0 be hoped that the iDlom'tiona]
collabor4tion c'tabli,hed by SCOPE-RADTEST will «mlinue -and aSSiSI 10
the safegua"hng and d"po""l of nuclear weapon. material,



2 Introduction

R. J. C. KIRCH,\!""". L. APPLEB\' AC'in c. S. SHAPIRO

2.1 GENERAL FRAMEIVORK

I.U Ori;in orSCOPE·RADTLST

From 198810 19'91 SCOPE carried oul a project 'Blo~eochem;cal Pathways
of Anificial Radionuclide' (RADPATH). "'hieb ""' ,=sfully concluded
wilh lhe pubhca""n of SCOPE 50. Rmii"".ology aller Cnernob)'1 (Wam.. and
Harrison. 1993), T.kinB nole lhat the "'ienlilie potential oflhe project had nol
heon fully exhausted.•,pert> alth. RA DPATH Scientific Adv;sory Commiutt
Mttting and at Ih< 5,h Conference 'GMchemical Path"'ay. of Artificial
Radioal/elide> in the Biosphere" (Puschino. Commonweailh of lndq><:ndem
State., 1991) recommended lhal SCOPE continued aet;,;tie, in Ihi' field.

This proposal "''liS dIscussed at the 8th SCOPE General Asscmhl}' (S<;\'ilk.
Spain. January 1992) and lhe iMa of a ""... pro.J«'l organization wa, ,up.
portw. In \lay 1992. Prof..""r Oarles Shapiro (LSA) met "'ilh eJlperts in
China rep~nling SCOPF, China Nallonal Commllltt and lhe China
RADPATH Commille<. which repr=nted 24 inslitutions wilhin China, These
meetIng' resultw in ~ .la'emenl of agrtem.." that e,ptt<scd lhe mterest and
enthu,ia.m of China for panicipation in lhe proposed 'ludy.

On lhe milialive of Prof..""r ShapirO and the Ru,,,an Nali"nal SCOPE
Commincc. a meellng of a ilOUP of eJlpcrts from RU>sia. USA and China was
organized in Mo«ow. ~·7 ~ov.mber 1992: l"entl e-'perts anendw lhis
meeting. Al lhi. meetin". il was decidw to narrow lhe focus of the .ludl 10
faUoul from nuclear t..ts. A memorandum "f undenlanding was drJl'lw On lh.
organization of a new SCOPE project 'RADTESr {RADiation from nucl.ar
TEST e.•pIQSion.).

In April 1993, the SCOPE Execuli,.. Comminte mtellng in Pari. formally
adoplw RADTEST as an official SCOPE projecl. The RADTEST project was
established initially "'ithin SCOPE's Biogeochemical Cycl.. Clu'l". and ,ub·
sequentll wllhin lIS Health and En"ironment ClUSler. following a reorganization
wilhin SCOPE. In order 10 conducl lhe project. a RADTEST Slrcring Com·
minee (" ilh international members) w~. appoinled. under lhe chairmanship of

"",,_ r",,,_. F.o' __ H__u

EdiIOd bj Sot F. w"""' .... R. J. (. lU._
c:~ SCOPE _ bj k'"'I Wilt>" """ Lid
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Prof~>or Sir Frtdem;k \\amer, and a ctJltral Stcre!arial was e<;labli,hed allh~

Unive",ily "f E,,,,x. UK. I" a'si,t "ith obtammg and disseminating inf"'mation
re!aling W th~ pr"jo<:t

2.1.2 Pro~1 ""~Ii'..

Th~ RADTEST projecl ha' been in,·ol,·~ in namining rhi: tran,pon. d~pos.i·

lion and human h~alrh ~fT""l5"f rddi"acti,'~ fall"U{ fwm nucl~ar w~apon, t~>l'

thwugh inl<:rnationaL collaboraliv~ ,Hid}' The m,-oh-~menl of wanIn.. such
as Russia, USA, Chma. Fra~ and UK and of O1h~r int~rnalionalbodi'" "as
achj~,~, induding parti<"ipaljon of nucl~ar se,ent"" who "~rc direcll}' or
mdire,:tl}' m,'ol,-~d wjlh nudear t"'ling. C"nsequentl}' Ih~ pwjecl has enabl.d
p!<"iousl) r"(Sn"icted work. HldudHlg dara. m<>d~I. and lmo"'ledg~ aboullh~

fal~ "f Ih~ !<'Iea'" of radionuclides and th~ir pos'iiblr human h~ahh .0'=5. 10
~ dis.:u,>e<! and consid~red for Ihe firsl lime

An important objecti,. of RADTEST !<'Iat.. 10 ·bridg.. building" On~

cannOI und~rt'St"nal~ Ih~ pol~nlial imponancc of rll"=j,e communicalion and
collaboralion of "'ienti'" "ho ha'e been in,o],~ in studies of Ihe radioacli' e
fanout from nudea' leS"_ The'" communilic, of ",i~nlim, hcretofor~ isolal~

from ~ach olh~r. can eslabli,b "-orking ",Ialions.. collaboralion. and lrust "'ilh
eacb olh~r. This can g.",all~ facililat~ scientific consensu,. wbICh is necessary in
",achmg and carTying OuI agr..m~nls al th~ polilical le'el Such 'bridg~

building.' truly is in lbe ,pirit of SCOPE.
RADTEST has focused on th~ follo";ng principalla,h.

I, Updating lbe in'-enl0r} of ",Ievanl nudear le5l"
2. Establishing an in"nlory of dala on m~asu=nlS of radionudid.

deposilion d~n,iti.. and idenlifying gaps in these dala,
3 C"mparis<:>n "f old and. "hen n<ffi~. dc,d"pmenl "f n.., models

of radi"acti..~ transport 10 b,mer und~r>tand lhc d~lX"ilion densiti.. of
'adionuclides. bolh on and n~ar the nud.ar [(,I sit... including a",as
d""'n""ind "here pol~nliall)' .igniftcant epi<od~, of f.llout hl'e occurred
(,uch a, Ihe Allai region of R."ia).

4 Slud) "f lhe migrati"n "f radi"nllClidcs Ihrough lhc bi".ph~",. including
all pathway, 10 human,. and Ih~ >Iudy of Iho ~O'ects on olh<:r b'Ola lli..
h3\e impact' "n humans. Ih~ main focu, bein@ Ihe chardcterizalion "f the
nalur~ and magnitude (>f lhe dO>( to humans, This 'nclude. dO>( recon·
struclions from past ",ent<, and als<:> an increased capability f"r d"sc
I'r~ictlon from ]>05Slb1e fUIUI'( accid~nlal 0' ddiberal~ c~plosion,.

S. Anal),i, of the dala on ~rreclS of th.", doses lincluding I"w do,.s) on
human health,

In order w achie"e lhe prOjecl', Objo<:li,-... RADTEST organized. conlinuing
pwgl1lmme ofm"linl'. informali"n dissemination and coordinalion acti,-itics.



Il<ITRODUCflON ,
Th~ serio's of RADTEST "orhho!" comm~r>ced "ith th~ ,,"onh Allantic

Treaty Organization (NATO) Ad,an=:! Rosea",h Worhhop (ARW) h~ld in
Vj~nna. AuStria (10 14 January 1994). This AR\\' e.umin~d the Environ­
mental and Human Consequences of Alm",ph~ric Nud~ar Tesls. The s«ond
NATO ARW for th~ RADTEST project ",as con,'ened in Siberia (~ 10
September 1994) and related predominantly' to the radi"",.liw fallout in th~

Ailai region of Russia. eman.tin~ primarily from nudear tests und~n.k~n at
the Semipalalinsk t~st sit~ in Kazakh"an. These m«tinp are reported in detail
in SC<;1l0n 2.3 and mput 10 them f"rmed the hasis for t,,·o separat~ publi<:ations
(Shapiro. 1998: Shapiro e, uL 1998).

A third RADTEST "leclinll was held 10 Brussels/liege (l>1a"'h. 199~) to
e~.mine ~n,ironmental ."nsequences "r local radioa<1i,·~ fallout from n""k.r
test ~.plosions and th~ a»<xiated health con$«juences and epidemiology for
th~ e.'posed population. A final Mini-"..orkshop "-"S held in Beijinll. Cltina
(19 20 and 23 O<-tober. 19961 in order to retti"e ChInese and Frer>ch contri·
butions and preliminar) manus<ripts to ~nabl~ a synth~sis of th~ project's
findinp 10 be: prepared,

A seoo of ud !1M lYI«tinll' I"a. con"~ned during Ihe period betw""n th~

Belgian and Chin""" m",,"ngs. in ordeT 10 ad'ance lh~ synthesis summarizin~

Ihe findinp or the programme, These included informal discussion m""1lng'
held in ~lmsk. Belarus (Marth 19%) .nd editori.1 meetings in Vienna. Aumia
(April and Jun~ 1996). A m""tina of Senior EditoTh "'as held 10 Esse•. UK
(F~brua~ 199') to ad'ance Ih~ finalization of Ih,s s"mhests publl(:ation.

2. L3 Logjc, 110..

After summarizing the o,erall findings of the RADTEST project in the Syn_
thesis (Chapt~r I). this "olum~ then ~xamines th~ ha.kground 10 ils estah­
lishment. its objectives .nd h"" these have heen .ehie'e<!. indudinll i"u",
relatin~ to lleneral con""pts. Followin~ a detaile<! "'amination of Ihe sites and
t",ts I' hi.h ha"~ heen carrie<! out. the volume goes on to examin~ Ihe en' iron·
mental dfe<ls. indudlng ~,po,urc pathways, A consid~rat;on of th~ est;malion
of doses I~ad. on to a dis<u"ion about human health ~fTects.

A key f~ature of the ,olume i. th~ comprch~n"ye listing of all1Cm which
ha"e led to releases (including 'ented underllround t"'ts), Finally. Ih~ 'ol~me

~xamines the conclu.ions. and re<omrncndations. "hi.h may be drawn from
the slud;

2,2 FROM THE FIREBALL TO HUMAN EXPOSURE

Dunng a nuclear ~xplosion. th~ fiSSion prod",,". residual fi"ile mat~rial and
structural material' a,socialed with the de"ice art ra;,ed 10 suffi.;ent1l high
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lemperatum to be present in gaseous form, Fo! nplosions d~onalro in th.
atmOlph= ncar the .urf= of the Earth. a con.ilkrable amount of "olalilizcd
",i) or rock material mal al<o he <:Illrain"" in 'he firthal1 jUNSCEAR. 1977a).
Somo a<l;',u;Oo product' a", al>o ~n."led by neu1fons. After an explosion in
Ihe atmosphere, lhe firehall expands rapidly and "><C' due to buo)'an.)'. As it
meS. cooling causes the volali~led debri, 10 conlkn",. forminll an aerosol ".-jlh
a wide distribution in panide "tt. The radioocli,-ny that falls Oul of the cloud
after the expl",ion is called the radioacti". rallout, In lhe ordinary atomic
bomb. for example. for each 10 kl of T~'T «!u"'u!ent of e.plo,,,'. energy.
about I kg of radioact;'. malerial is produced In thi' I kg of radioact;"c
mate".] are so"", 9() diffe,.nt radionudides ,,,,rym! in ]ifellmc: fTom a fr1l~lion

of a second \0 man) years. Thi' mixlure of radioaeli"ily decrea.., in such a
wa}' thaI fOT e'-'cr)' .."enfold ,neTCa.. in all<'. ,he tot~1 radioacti\'it}, i' d..,..,aS«!
tenfold (libb)'. 1956.0). A, Ihe in"emory of radioaCli"il} produced by Ihe
fission ",ac(ion ~hanges ltS eharaeterist;cs <:<>minuously and rapidly afte' (he
bomb delonation. the firing <:<>ndition' a", of prime imporlance in determining
the fallout qualit}, and effects.

Man)' radionuelid... p....nl in falioul emil gamma rays and <:<>ntribute to
the do.. from e.\\ernal irradiation. The mOSl important from thl$ poml of "ie"
are a number of shon·ii,·ed radionuclides. Ihe most sillJ1ificant of "hieh are
"Zr and ils daughler ":-;b. and Ihe long.lived "'e, (Ul"SCEAR. 1977b). A'
the time required for ingeSlion imo the body is long. ingestion is unlikely for
the shorter·It,·ed fission prodL>Cts. and Iherefore the prine,pal hazard' for close­
in fallout are radial ion e,J'O'ures by gamma radiation of the whole body. and
1>:' beta r~dia\lon on Ihe ,k,n. O,'er longer urnes. wttks and month' after the
explosion. the in~ti' e hazards begin \0 become important (libb}'. 1956b). see
Figure 4.1,

A bomb fired On the ,urface of the Eanh. ho"e"e,. may ha"e an appreciable
ponion of 'IS Tadioacli",y ..\lIed "'ilhin ..Iati,el} 'hon distan"",. "hereas
bomb< fired beneath the 'urface of the Earlh rna) place essenliall; no fallout
radioacti"ily in the almo'l'heK, T1lcrefOTe. the question of the area of <:<>n·
taminalion 10 be expectod from nuclear weapon' cannot be an",.-ered "leg'
oriea1ly withoul speeif;'ing the degree of .onlact of Ihe fireball "'ilh Ihe ,urface
of the Eanh. and probably also specifying Ihe charaeleri<lics of Ihi' mrface.
For weapons fired On Ihe ,u,face. the acti"ation of the .urface materials is a
possibil;t}'. bUI ;n &eneral ;t appeat1 Ihal mOSI of Ihe neutrons form stable
isolopes and Ihallhe amount of radio,,'i,'it}, produced. at !eaSt wilh oroma!)
surface materials. i' rela",.ly small. The principal radioa~ti"e products of
nuclear \'--'''pon' are produced in lhe w.apons Ih.mseh·... and nOt in th.
en,'ironmen( (l,bby. 1956.0).

A consequence of the presence of r1ldionudtd.. ;n lhe en,'ironm,nt i, tM
polenlial for increased radial,on exposure of Ii' in~ organism" The impact of
radlonudide rei...... On organism, rna}' be a,..,sed b}' conSld.ralion of the



l/lo'TRODl'CTION ,
likelihood aDd a\al' of radLl'1OIl e>;p<lS<ln: and po",nua] ""Mequon,ial etT«I$
(Le_ radiobiologial rnpoII$t)

One must aoo consodl.'T lhe bela dosoes. .·hd ""t'n: CSUJrLIIMIO be approJll'
Rlaleh "''''I timts hip..... ,han pmma~ altbough lbe doptb of pme­
mUon of btt:a radlanoo 1.$ an ""Iemal dote D ,~ lutuI«!_ For blllD&O.!.
alntllll beta dote (20. c:a_ <.kIn b\Irn$ (lU '" lbe ~ianhallc2 :and Lud)
Dra~ qIisodcs). bill don IlOI I"t a "h<Jk..bod~ dote comparable 10 pmma-,-
1.3 :-"ATO ADVASCED SCIE'CE INSTITI.'ES

In !be COUrY of 1M RADTEST p<Op1Il11me.. ",0 'onh Al1an~ Tmoll
Or....nlUolJOn (l\ATO) Ad'anoI4 R_:ar<:b Worl<.bop§ (ARWs) WOK hdd '"
\'1CnfLL AUSU"ia (J:IIIIIllf) I~l :and ID B:armIiL S,m.:a (S<-pt('mbtT I~I

Thn< ,,-orb!tops ,,"ettwn'~ to <":dtlUM !he -En,iromnmt:al and HUm:lll

COIIsequm= of Almosphn1c 'ucla' Tnls' and !be -lo"l!-Icmt Coo­
5e<j\lmCn of Nlldt:>r T ...u for En"ronnt<1lul aDd Populalion Htahh·.
m;pecli'tl~, The 1:on... had a pamcu1:or fOl:U. on n"de,n ICSI$ undtrtaLtn al
lhe So"'lplllalln<.k TO'<! Slit in Ih. Alta, rq>on of Ru'>Sia.

The complete findinp of lhese ARW$ ar. ""'" pubh,he<l,n I\ATO'$ ASI
SOne> (Shap,co. 1998: Sh.a",ro., al" 1m). II""'..,.·.... abner OU"''"'''l')' of some
of the issue, address«! is pro'·,ded below.

2.3.1 Vienna ad"anM re>clr<h "·o.ksllop

Th. Vitnna ARW txa",inro the mulls of pre"iou' ,tudi.. undertaken in Ihe
former So'itt Union. USA. t"K and Ch'na.

The Russian slUdits "ere rdaled 10 /i,-t pnnl,1p111 area, compnsin" ,h.
sou= ,erm; rn<>dellinl and dGSO reconi'ruction: m,-ironmemal dal.l; ep,denu­
oJoa) and 'n''fn'o.... a, .. ,('I.; ,..II and explos,ons.. Valu.o.bIe infonnalloo
"""""min, nuclear detOlLll'lOlII a, 'M Semipalatinsl: and "0''')'' Zemlra \til
Sll....... obtaIned. In a.dd'llOn 10 ,nfor1TLlllon re1:oull.l: to ,,-ork! ....>dc 1..1 ..'os
from lbe So>iet Ra.dialion "orlltortrll Ntt..-ork (R~"bo<hapko n oJ. Iml,

The USA Itud "'O><;Cllled lhe oo-1-l,e RadilnoD Exposure R.......... Pro.J«t
(ORERPI aDd -m" ~l the , ...-.da T.... Slle (:-lSl aDd Marshall blanch.
Church ~l oJ. (1991)) II'e llll 0\ <.'f\tfW ofORERP.•1UdIlUSUme$ lhe nJllCllCe
of a rda.lioDship bt\..'UII !he e,ternal npo6Ul't aDd !be dtpooitioa of rad....
nudodes d1:l1 enabb doIc M:OCIIIn.oo:ooa ~I 1M n of !be ll$\I.. llle 10lal
ooIJectj'e 00.. in lbe PHASE 1 area (partl of :- ~ Soulhem Utah and
Aruonal iI c:aIculaIM a> SSooo penoa·mn (S80 penocI·S,). .1Inea1 on lhe
PHASE II area. ..1UdI indudc'I aU ofUtah (lIIduochn. Sal' We ClI)).lhe 10lal

coDecti''f 00.. is 1200000 pn1OIl-mn (12000 pmoa-S').
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Contemporary dala. "hich have =ntly Ixcome declassified. ha,-e provided
Ih. basis for 0\"'''';'''' of lh. USA atmospheric leslS at the Ne"ada Test Sile
(NTS), and allh. Marshall [,land. T"'t Sile. 11 is expoct<'d thallh<'$( dala will
b<: rt",K'd upon lh. d"dassifi«lllon of ["nhe' data. The M."ball I,land.
RadioecoloBJ and Do.e Reconstruction Project ha' con""nlrated on (he do,",
~,,'<d at the lime of the leslS and 10 nal;". ,slanders upon reII'm 10 their
homes,

As a conscq""net: of detonations in Australia Ih. polenllal radioloiical
impact of rcsidualcontaminalion in Ih. Marahnga and Emu ArtalofSouth=
AU,leah. has b«n studIed. m addition 10 lhe mona)ily and ca"""r incidern:e;n
panicipanls of nuclear \\ capon. 1..10 and expe,;"",olal programm... , Howe,-cr.
panie,panlS m such progcammes 'ho'" nO detectable effect on their life­
e.'peetancy or on their risk of developing cancer or othe' fatal di ...ases (Darb)"
n 0/.. 1993).

There ha"e been stud,es In China to in"estigate nudear doud rna, emtnt and
to ,mvey radioact;"e falloUl d"" 10 n\/Clear lesls (Yi n u/.. 1995). The Chines<
MiDisuy of Public Heallh has establish«! a nationwide tn>'ironmental radio­
aeli'ily monitoriDi and in>-...ligation nctw'ork 10 e"aluate the impacl of
radioactive oontammation from nuclear falloul and relalN health i,sues.

2.3.2 So,no"1 .d,"nr<'<I r-.rd1 ..ork""'p

An important i"ue oddres:>ed i' dose """n>!ruction. ,,'here there appear to be
important diITe= in thc proportion of dose f'om extemal. inhalation and
ingeslion path"".},. Much information ha' been gathered on medical biological
consequences of radiation impact$. and a summ.r)' of Altai's m«!ico-<:cological
situation i' given 1»-' Shoikhet "I a/. (1994). Their findings reveal a need to
improve our undemanding of the radiobiological ,ulL3tion then:,

The radiological ri'k for the Alta; ",sion, due to ntIClear t...1< at the Semi·
palatinsl: .ite. ha' been eAamined by Algazin "I al. (199~). ",,'ealing that the 29
August 1949 te,t oontribmN .round 32000 per<on-Sv (about 90% of the total
colloeti>'e dose in the region).

Stegnar (1994) ",por!< that the lDlem.tional Atomic Energ)' Agency',
(IAEA) prehmina'Jo' eonclu$,ons from their assessmenl of the pre",n' radio­
logical $itlL3tion indicates that the dose to those li"ng in smrounding ",nle.
ment, i' unlikely to e.=d SO /lSv )' L(including a fraction due to i"neral
weapon, fallout) from artificial radionudides, "hich represent' only a 'mall
percentage of the e'posure from natural radioaetivi'}' sources.
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3 Nuclear Weapons Test Programmes
of the Different Countries

B. B. BENNElT. L. E. DE: G[[R ANn A. OOLRY

Following the devclopm"'lt ofnudeat tel'hnoloJ)' and the uS( m combat of twO
nuclear weap<m\ at the end of\,'orTd War 11 by the USA.• few other CQunt,i.,
carrie<:! out both .tmospheric and underground le,t, 10 develop independent
capabIlitIes 10 design and produce nuclear weapons, The most active period' of
almospheric te'ting were during the 1950s and in 1%1-62. when lhe USA
ronducled 217 lem. Ihe former USSR 219 and the UK H. These countries
ended Ihri' programme' of atmospheric lesting followmg the Slgning of the
Limited Te't Ban Treaty in 1%3. Two count,i.. continued less frequent ,esling
in th. atmo,phere; FranC<" carrie<:! out 50 tests bctwttT\ 1960 and 19;4 and
China conducted 22 te~l\S between 1964 and 1980, Ther. ha'-c been no furlher
almospheric nuclear lests ,in~ 1980.

All of the countries mentione<! abo"e ha"e al'" condUCle<! tesls of nuclear
devi~s underground. The;;e have genetally been of lo",er e,pl",i"e }'ield. espe'
cially if containment of release' was desired, bUl lhey haw wn numerically
more Ihan Ihe almosphen. \O$IS. T",o other counlries. India and Pakislan,
have al'" conduCled underground lests, ruoS! recently in 1998. At present,
ho"''''er, underground te'lmg has pre,umahl}' ~ased by all countries, and.
lrealy to ban lh.... lesls has been agreed also, ahhough il has not yet entered
into force,

The numbers and yields oflhe nuclear 100ls were nol officially announced al
lhe time of losling because of 'he" \eTl,itn'e or cla"ifie<! nalure, 11 is. Ihus, only
w'i'h the publication of more reeent government reporls thaI an aocurale IiSling
of nudear test, can be pro"ide<!. Summaries of lesls condUCle<! by countries at
lhe ,'anOuS lesl ,;les each year are v,'en in labb accompanying this chapter,

This chapl"" describes the COmmon steps in nuclear v.-eapons development
and the lypes of lesls condUCle<!, The lesl siles wete scleete<! at rcmOle loca·
lions 10 pre"ent conlammation of ;nh.bite<! territories, The global dispersion
of radionudides produced in 'he ",plo'ions could not be pre"entoo, and cwn
",me e.'posmes in local population. OCCIJITe<!. as "'ill be di",u,sed in later
chapters,

,"".... T." l.""""'· y,';'_,aI'" H__~

Edil«ll» Sir r 11'""" ud R. J. C. Kir<imwlll
e)OOO SCOPE Pol>O<bod "'..... w."' .. """ ltd
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3,1 DEVELOPMENT OF NUCLEAR WEAPO\S

Nuclear weapons are qUile complex industrial product' lhal need «ten,i'-e and
;ngemous de,ign. de'elopment and te'ting befor< they ean be serially produced
and incorporate<! into a coun\r).'s military arsenal. A modem warhead may
eonsisl of some 1800 separale component<, hen lhe "er)' f,rsl nuelear weapons
were conSIdered ~omple, s~"lem, al the l;me. al,haugh 'he)' wauld now be
reiarde<l as beinll of ralher 'lraighlforward wnSlruclian. given that the fi'sile
mater;al i. available, The pnn';ple af shooling t"a piece, af uramum of non­
~rilical rna" into ane another ta make lhe 101al ,uddenly Crilical "'as used
unte'ted in the w'ar; 'h" was lhe Himshima bomb, The Nagasaki impl",ion
bomb was based on a mare delicale princlpk. not so well >!udied al lhe time.
and il ,,-a, wnsequenll,' tesled (in lhe Alamagarda desert in New MeJ<.iw.
USA) befare ill'"' used in cambaL Tooay. howe"er. implasion lechniques.
where shcll> of malerial are made la wllaps< inward, in a normall~ spherical
~eometry, are well enough known. or can fairl~' easily be studied "i'h modern
experimental and wmpUlatianal lools ta allow a Simple implosian dO'ice to go
inta a olockpile unlelled

The fl'-e establi'hed nuclear "-eapons slates h",e followOO ,;milar palhs af
'leady impm,-emenl and de,'e1opment of nude..- weapons..... hich "auld n<>l
haH been l'O'sibIe ....i'hout eXlensiH l"'linll af lhe model' al full or reduced
nuclear ~'ield. The dC'elapment has pm~ressed fmm simple ~"ion devices to
bo<>sled ~"ian OOmt>.. to lhennonuclear weapon' and la more specialiZ«!
weapon. s~'slems.

3.1.1 Firsl g"""'llon fissIon b<>m~

All five nudear slates ;larted Wilh very bas,c f,sslon dc,-i"",. based an the
implosion I""hnique, In lhe USA and fonner LSSR it was a "er; heavy and
clum,y ,pher<" wilh plul<>nium in lhe fonn of a ball in lhe comre, This d"'ill"
was a 11arling point. bUI many impm"ement' "ere shawn la be possible.
Far example. by crealing a 'oid in the plutonIum ban. lhus fonninll a .hell.
a"",elerat,an dunng lhe ,mplosion could be increased and more efficient cam·
pres,ian achie,-rd, Experimen,. were made wilh cores ulilizing bolh plulanium
and uranium. Many alher modifications and small imp",,-emenlo "ere made lO
the course af weapon' d"elapmenl. Much .... or\; abo had Ihe goal of tailor;nll
wa,heads 10 different launchinll ,~'slems dC"elaped for lhe military forces.

3.l,Z Boosfed fissioo b<>mb

The nexl major dC"elapment step was lhe introollC1ion af a I:>o<:mer slage, It
was Ml ini'ially self<Yident how lhe yield of a ba'ic ~"ion bomb cauld be
increased. All first-lleneratian fissian de"ices produced a yield;n lhe range of
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20 kl, ~imply bttaus< "hen lhal amount of energy de"eloped. lhe fuel dis­
assembled. aDd lhe nuck.. reactiom therefore Stopped, Thi~ happens .. hen
jusl 10 20"1, of lhe fuel has been consumed. A much beller ulilizalioD of lhe
fuel ..ould be achit"ed if iD I<>me ,,'ay the number of Deulrom a"a,lable could
be mCrta>cd, The anSWer to 'his is booning, .. here just a few grams of a
deulerium lritium gas mixlure are introduced IntO lhe core of an implosion
de"ice. When Ihe charge is set off the temperature and pressure build up iD the
cemre to ie'el••ulTtcientto create a .mall lhemlOnudear flame, The deuterium
and trilium nuclei fus<. producing a lillie ener&;, hut more importaDtl;
DeUtrOn. re-enter Ihe plutonium. causin& De'" fission reactions and boosting
lhe 100ai Ii"ion yitld si&D,flCanlly, doubling il or in some ..... e"en increasing
il b}' up to a factor of len The boosting principle i~ used to reach higher yield~

and all<> 10 produce more economical charge~ through beller utilizalion of Ihe
e,pen,;"e fission fuel.

3.1.3 Tbermon""lfltr bomb

Boosling and some olher mgenious schemes caD increase the ;ield of a fi~sion

bomb to the se"eral hundred kilotonne range. The highest yield test of this kind
iD lhe past "'as 400 kt, If higher yield weapoD' were needed. a compk:tcly new
pnnciple had 10 be de"eloped. Thi, was the lhermonuclear bomb. The USA
and former USSR worked ,,-jth difficulty on this concept in Ihe earl;' 1950s. The
most dire<:t idea of u,mg a fis,ion bomb 10 5eT'o-. as an ,gnilion to i""rease 'he
temperature and begin the reaction in one end of a c; Iindrical Ihermonuclear
fuel package d'd nol ..ork at all. The heal Slmpl) "dia'ed away. and lhe fuel
did no' burn, The problem has been illustrated b) a gasoline.impregnated piece
of COllon on a pico: of wood: ,gnition and eXpl05lOn oflhe COllOD fail '0 ignile
the .. ood.

The solu,"on ..... lhe product of qui,ela,eral thinkill.l!. as i' turned out '0 be
neco.... 'y '0 separale the isnition stage from 'he fuel and use X-radiation from
lhe primary fl"ion <'harge to prttompress lhe fucl. ThIS 'i done b; a prOttS!i
called ablalion. The thermonuclear fuel i' wrapped in a he,,"y co"er... hich
"hen healed by lhe X·rays expands in".. rds and out".. rd•. The in".. rd
impulse 'hen comp...... the fuel and makes il dens< enoug.h 10 keep Ihe
generaled energy from .,;caping. This priDciple wa. firs, concei'-.d in lhe USA
in Januar;- 1951 and then lhre-e ye.on later in Ihe former USSR, It "'" kept
secret for a long time until i' was accidentally made public in Ihe late 1970..
The de"elopment of different lypes and si~es or lhermonuelear charges has
been lhe main impelus for the quite exten,i"e Duclear tesling programmes, in
almo.pheric tesling and evCD mOre SO ,n und~rgr()und lesling, It has been "er)
imponant to design carefully lhe primary charge, almost e.,e1mi,"ely a booster.
and 10 lailor its radiation output to the envisaged secondary lhermonuclear
fuel package.
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3.1.4 Third gtDerllioo Docll':1If lIl'1pons

EnharK'tm<nl of 'pttifk effttl~of Ihe nuclear explosion has characterized the
de"elopmem of third generalion nuclear weapon" The besl known i' perhaps
the neulron bomb. where Ihe neutron output i~ optimized. The purpose of Ihi'
"<IS 10 produce a bomb lbal "'ould kill soldiers on a banlefield wilh a mmimum
of ooUalel'll1 damage. Another name For lhe neulron cha'lle "<IS ERW. Ihe
enhanced radialion weapon. The opposite bas alro bttn de"eloped for differenl
purpose<. the RR W. the reduced radiation weapon, Weapon~ optimized 10 gi"e
a la'lle electromagnelic pulse (EMP) are intended primarily to d...tro} dectrical
installations o"'er a wide area, 1l>e lasllhird generation "upon pursued before
lhe <nd of the cold "<If was the X-ray laser. The idea "..., 10 haw a nuclear
de"ice pump a space-borne laser and create a well focused X-ray beam able 10

destroy enemy missiles in a ,tar_war scenario.

3.2 TYPES OF 'UCLEAR TESTS

The development of a nudear device re<juire~ exten,I\'e te~ling There are. of
course. numerous non-nuckar tests ""rried Out on all of Ihe thousands of
compon<n\< and aggrell"t... of components in, ol,·ed. This. howe"er. i~ nOl Ihe
primary ooncept of nuclear tesllng. The dennition of a nuclear lesl i. a quite
complicated queslion and has become dilTerenl in different contexts, For the
rOttnlly oonduded Compreh<nsive T...I Ban Trealy (CTRT). a strict definition
"," actually a\"Oided. The treaty lexi ban' all nuclear non_zero lield lesl~

"'lhout going seriously into a definition. Allhough it i. nol 100 difficuh 10 teU.
an Facts given. "hether a nudear experimenl is a nudear test or not. all the a
priori definitions tried h"e failed to encompa.. all that is wanted wilhout
accidentally ",cluding too much that mi&bt impose restric1ions on use of
nuclear po"-er. basic SCIence e.perim<nl-otion Or. perhaps most closel) TOla\l:<I
to nudear ,,'eapons, use of laser or panide beam dn'-en fmion devices.

Bet""""n completely non-nudear t."ing and full }'ield nuclear te'ting of a
complete device. IheTO aTO a few Olher categories. In hyJroJJ'rwmit ,• .,ing Ih.
funclioning of Ihe chemical ",plnsi,-.. system is studied. normally lhe d}'nam­
ics of Ihe Implosion 1''''''''''' used to compress the nuclear fuel and initiate the
prim.ry nuclear pan, The fuel. in thi, case, can be simulated by non-n..ile
materials. e,g. nalural uramum.

To investigale "'he1her and how Ihe nuclear re,clion, stan. very 10" nuclear
yields can be u>ed. correspondmg to less th.n a blogram Or' row kilograms of
TNT. This type of lesl i. called a h}-dr()rlud~ar ,~." Unlil very 1.le inlo lhe
CTBT negmialion, the nuclear powe" wanted h)dronuclear tem to be
permined .nd lhu. exduded from the ban, Yield limits in Ihe gram .nd
kilogram ranges "-ere di!<:us>ed before the >de. w's abandoned.

Softly UJlJ are lest, in ,,'hich a more or Ie.. fully de"eloped weapon is
,ubjected to • simulated .ccident, A, ,,'eapon~ are designed 10 g!"e no. or al
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l~aSI n~gligibl~ yi~ld in Ih~ ~wnt of Ii"", bombardm~ntor accid~ntaldropping,
such a I~'I norma II}' invoh ... no nudear yield, Somelimes. lesl can, how~,,~r,

be carned 10 lhe limil. and a ""'1' small nud~ar yield may be dev~loped,

In more full scal~ nucle.r testing, lhe explO'Siom can be carned Oul al much
reduced yield,. As lailoring lhe primary to Ih~ =ondary ofl~n is lhe main
pur~, the'" is no need 10 let Ihe thermonudeaI 'tage de\'~lop fully. Th" wa,
very important in lhe past. when Ihe Panial Test Ban Trealy of 1%3 dirttled
much lesling underground. an environm~nt not \ery ,uilable for high·yield
1...1•.

Two furtheI t~st calegori... ",,,ere muc" discussed in connection wuh lhe
CTBT. "'J"'Cially oUlside the negolialion room. These were compule, 5,m"lo­
lions and law, up",imems, Some arguN Ibal lhl> would .1I0w I"OS< coun",...
IhaI were masl~ring lh~", t<ehnlqu... 10 aClually d~S1gn n~w nudear weapom
wilhoul lhe need for nuclear te'ling. This was, howe"er, strongly demed by
Ih= counlrie.. They ~xplained that Ih<'ir gools for pursuing lhese l<ehniques
were 10 maintain present arsenals and 10 ",1\'0 fUlure problem,. 'uch as
malerial ageing and reuse of old de,igns wilh parll; diff~r~nl or mo"" modem
component' and malerials,

Of all th~ above·menllon~d I~sting cal~gories, Ih~ CTBT dearly bans hydro·
nuclear leSIS, full-scale and reduced yield tests. Perhaps it can be argu~d lhal a
su=sful saf~ly I~SI wllh absolu'~ly no nuckar yield ,,'ould be allow~d und~T

Ihe CTBT, but many would probably deny that option.
The history of past nucl~ar testing i' becomIng belIer kno"'n. as statIstic, on

lhe lesting programm... are being made public, Official statistics on nuclear
I~Sling T<e~nlly issued b) nucleaT "'eapons SlatCS gonerally Include full and
reduced )i~ld 1...1S and saf~l; leslS, Hydronud~ar leSlS, \\-hich ar~ banned by
lhe CTBT. aTe not included in Ih~ labl.... The Russian Federalion ha' "ated
lhal thO}' carried oUl around 100 such I~SlS, It i' som~"halofa paradox thai a
saf~[y Ie" wilh no nud~ar )1e1d at all is induded in the "alislics. whe[ea, a
"ydronuclear lesl of I I nuclear }'ield i' nolo

A confu'ion 10 "'" >lali'tio, is inrroduced by Ih~ faot that many und~r·

ground leslS wore carried oul ,imuhaneou,ly in whal "ere called sal\'o ex~ri­

ments. Thi, "as mainly done for economical reasons, bUI ,uch 1...1' also
detracled flom del<elion by ..Ieseismio mea,uremenl> abroad. Today lhi' is
wilhm the public domam, and lhere is no reason 10 regard one ..perimen!
invol"ing fi"e different nuclear de\'i= as on~ nudear lesl when the sam~

ex~rimenl carried oul dunng fi\'~ differenl day, would clearly be considered .,
five le,I"

3.3 NUCLEAR TEST SITES

Te'I' of nude.r wt"apon, ha"e btto carried oul al seyeral ,il"", generally
selected by countries for Iheir ..mot~ location5. Th~ ioitialle.1 by Ihe USA wa,
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al a miliwy )lIe in;"e'o\ \lclK:o. but most oflhe lower jield atmosphenl: tests
and neatly all of lht llnckrground leSU ..~~ rondUtltd at lM r-<e-w TC$l
Sll~. The hip yield lunQloph...-.; lC$U"'~ rondUCIed at E....... tt.k fEnn"flok)
aJ>d. BikinI Alolls ,n tM P;,c,flc. Otb...- sites utilizcl for atnlOSphcnc [.,,,
included Chmunas l!bllld and JohnRon lWlnd in lbe PociIic. and lb= ["IS
"'-= roOOllCled 0\..... tbe wuth AtI.,Il;'; Ocean. SorM iDd,,--'uaIlmderJrouod
~ "WI: ro<>d...-wd 11\ Colorado. :-.c.. MeUco. .\l.......pp' and on Amchnh
In 1M AleuIWl loIaDds off [be~ of A.I:ai.b-

Tbc fonn.:o- l,:SSR bfpn 'IS~ It tho Scmipalatiml Test S"e. "I\"b IS It
~I ..ithin the COWlU) of KaatJuun.. """'"'''WI: 116 aunospbenc tests
"'"i!.h • 'oral peld of 66 \11 ronduetcd It lhio <iu btt\ltt:ll 1949 and I%.:!. In
additioll. more l!w:I JOO IIn<krp'ound ,~ ud "''0 ,,",lerinJ npulU",nlJ "WI:

coodUCkd [!>tTl:. Tbc 1al'F )leld aunospberic tests "'WI: c:ondUCIed II Iht
'ortbem Test Sn. '",a~. ZanI).. in 1M Sm-.n An:ne.. MlSWo<launo:hod
......""'" \l."..., '<$led From tbe 1m SUe near KapuWJI Ylr In 1M Astrakhan
"'gJO<I of the RIbWaD !'ed......oon. St'\~ <ltes "WI: utilized for md"'lh....1
undttgnXlOd lests othtT Ih.in the Scnul"'latiMl Si,•. .ool>(\,nllocallom In the
RUS.§i.an FederallOn. Kn"khslan, UI::nllnc. Lzbekistan. and Turkmenistan

'PCIeor testonel utilized by the UK incloo<'d Emu. 'fom. 'kIlo Island and
Maralinga in ... ..,lrah....nd Chnslm.os and Maid"" Islands in lhe Pacllk Some
und.rground 'n" b} lhe L K .......d"~ in conjul>Clion .,mh ,h. LS'" Tn's by
Ch,na ....'" all at the Lob 1\01" Tnl SIt. in .....t.m China. Fral>C<' bepn ,<sung
at l"".it<s in Ailima. but follo""n, only a f." 1<s1S. ,helesl prollramrne was
transferred '0 Mururoa and Fanplaufa A1<>II, ,n Fr.nch Pol)n.slI, Und.r.
ground I.... w.r. conducted by India and Pakistan at .Iles In lheir relJX('t"'e
countries, Th. firsl lelt b} India "",..red in 1974: fi,'. funher t<SlI w.r.
conducled ;n Ma)' 1998. Follo",n, lh. lalter series. Pakistan relpond<'d by
conductin, .ix underground t.,t. allO in Ma) 1998. If all coumrie:l uCttd. to
the c<lmp",hen,,,. nuclea' les, ban t",al). th. h;'tol'} <lr all nucle.., l..(tn, may
nil'"~ ha... been """,Iuded

3.4 'l.:MBER A'O' IELOS OF I"UCLEAR TESTS

It IS only ,nth'n ,h. po.!! f... )"e1lrs 'ha' the OOIlnlnes 'ha' cond""'<'d nuclear
t.." ha,.. relea5Cd I.oCC\Iral. ",(onnalioo on the number and )lekb or t.."

included in theIr 1C$1111, prosranunl'S. TIns. Ihnefore. 1.",,",1 .. defin'tl'. I"", to
be dra"l1 beneath ttus """" CODCIuded practice. The numben or "UllOlphmc
<esl> Illhe VlIl'1OUl1est ,u.. alld the uplosl,. ~~Id>..,..Ii"'''''' T..bles 3.1
],5 The UDderp'ouod .....lo. ...........rizul ia Tabk 3.6,""'\00 n..merovs to II'.
ladivw:lual da... 1.tld Joo:atlMS. In _ c:I>ellbe }iddl or the tesU ha,.. onl)'
bem spcci6ed to be "1l1w1 '"J.nous ran,.. or ."",pes. Tbmfono. the lotal

)-..lds Cl1IDOI I'" be 1.oCC\I1lI1el) It""""". 111 order 10 estimate lhe total)1dd or
atmospberic: teuJ.. lhe C",..d ''''_ Scimu6c Commmee on the Effectlof
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10 Ap<· 0.68 M' 12 Apr: o.on Ml 16 Apr: 0,32 M'
22 AuX: 0.52 Mt 26 AU8: 0.1 k' IJ Scp: 5,9 .,
26 Scp' 0.(1I) M' 18 De,,: 0,011 M' " 1,1191

1')<8 4J.n·ll.L 17 Ja,,: O.S k' 11 M",' 1.2 "
14 M.Jr 0.0.15 M' 15 M.JI 0.014 Ml 18 M.J': 0.16.t
211~b, OOI2M, 11 ~br' 0 018 M' • '!.U~2,%, I Sepe 1),016 MI 4 Scp: n.OO9 MI \ s."p: 0.016 MI
6S<1" II};, 'I Sep: O..J~ " IOSeI':O.K8 "
II Scp: 0,3 1;1 IJ Scp' 0,00\ M' 14 Scp: 0,4 1;1
17 Scp: 0.05 Mt 18 Scp: 0.00-1 kt 18 Scp: 0.75"
19 Sep: 0.03 kl W S<:p: 4,81.1 21 Scp: n.8 kl
26 Scpe 1.2 1;1 1 Oct: 0,003 M' 4 Oct: 0.01l MI
12 Ocl: O.ol5 MI 17 Ocl. 6,6};' 190..1: 0.005 MI
2\ 00,: 0,5 k' ,.)Oo",· 0,(1')., 1 r4,,, 2,7.'
2 r4o,' n.6 kl ) r4", 0.001 .t 3 r4m 0.9.,
4 No, 0.2.' '" "" ,.-c",,,,",,,,,· <m·Th'if



T.bk· J.l ....,"n.....1 ,.
•

N"mt><, T,,,,,,
Test si,os Vear I}.te .r><l )'",Id of inJ,,·>d..1,<>l, of tost> y",1d IMti

,%, I ""g. 2.4" j ""8: 1.6" 4 Ao.: H kl
7 ""8' 9,9 ,t 18 ""~ 7.41" 18 AUI: 5,8 kl
21 A"I: 0.05 Mt 22 A"~ 0.00.1 MI 23 AUI: 2.S k'
2l ""8' O,OOl MI 21 Aug: 0,011 MI 31 AUI: 2,7 ~I

22 Sq>: (l.21 't 2~ ScI': 1.2 kt 25 ScI' 0.007 ML
28 ScI" I \ ~I Y (let: O.OOK MI III 0'" 9.2 ~t

l'o...t:4'J~, 1,1 Oct: O.OOS M' 20 0" ~,7 ~l

28 t le' H~I 28 Oct: H kL JO Ocl. 1.2 .t
31 Oc,: 0.01 Mt I Nov: 0.003 M' .1 Nov: 4.7 ..
4 Nov: S~ kl S Nov: 0,4 kt II Nov: 0.1 kt
13 Nov: 0.001 I" 14 Nov: 0.012 Mt 17 No.: 0.(118 Mt
24 1'1",,: 0.001 h 261'1",,: 0.031 kI I 0«, 2.4 kl
23 0«: 0.001 kt 24 fx>::: 0.007 kl 24 0«: 0,028 kl ,. 0.224

Subt"I.1 ,.- ..,
To"•. "':oM I'J~ 14 ScI" (11)4 M1 O,IXIlI

1916 2 I-cb: (1.1 kI 0.000'

S"bl"'.1
, 0.0038

No,.. )" "..emfya 1955 21 ScI'. 3.5 kl 0.0035
19S7 7 ScI" o,on MI 24 Scp' 1.6 M1 6Ocl:29MI

100<1' 0.(11 M' , 4.542
19~ 13 f'ob:Ol\(>Mt 17 f'ob: 0 lS MI 27 f'ob' I.S M'

f4 M." 0.04 M' 2f M." 0.65 MI J() Scp: f.2 M1
10 So,.p o,~ MI lOc, 0,29 M1 ,~, II.O-l M'
4 Ocl: 0.009 M' S 01:1: oms ML 6 Ocl. S,S kl
fOOcI 0,068 M' 1100:, f.45 MI 15 Ocl 1.5 MI
ISOc! 2,9 M' "fu 0.<14 M1 f9 Oct· O.OOf Mt
20 Oc!. 0,44 MI 2f Oc!: 0,002 Mt 2200:1 2.8 MI



""" , M' II oa "191>11 2SoaOIM, " 16.1)
,~, IOSq> H Jolt IOSop.O.Oll toll 12Sq>' ISM'

1J Sq>' 0006 101, ,. Scp' I 2 "ft '(,Sq> "I)M,
I'Srp: I Iol' 2OSq>:OSM, 12S<p OJ6M'
loa 02-'1>1, • oa 4/.11 60...4/0.1'
• oa O.OIS "II 20 ().~_ I 4} 1>1, !Joa •• ~,

nOn- 12.j ~h lS 01:1. OJ Ill' :n 0<1. 0.016 ~h

1lI On- ~ 104, JI Ott SM, l[ <.tel CU loll,- OJ! 1>11 , O.ll 1>1, • Noo- OOIS '.11.- OS 101, • l'ooo- 6 M' 9l.61
,~ SA.,ll 1 1>11 IOA~O.S Mt lO"''' 11 1>1,

n,,"I! 16 loll n ""I' 0.006 !>II 2S "'..- 4 1>1,
21"",-421>1' 1 S<p 00l~" ."" 1'1101,
USq> 11 M' Il> S<r US M' """' I n ~h

"s<,> 4 "I, 21 S<v 24 !>II 2SSq> 19 I 1>1,
21 5q>: 17.6 1>1, 1 oa, OJ2 ~h '1OCt OOIS /til
n o..~ 1.2 Me 210...,,0.16 Itt, 19 0.,. 0..16 1>1,
.10 oa 021 1>1, I N"" 0.24 M' J N.,... (U9 MI
J N"" O.~S "II 110«::0.111>1, II~ OOli'l roll
2(lt~Ukl 22 0..:: 6.J k' 2J D«:: 0 43 M'
2J0..:: S)k, 2J D<c- 1.4 k' 240«::1 I 1011
24 r:I<,c 20 M' 2) [>oc, 1.1 !>II 1} Ix.:- I S k' • 126, I

."uN..,,,1 " 2W.S

K",...."" V.. 1957 19 J,," 1101 1>1, , 0,01
19S~ 1 No>: om MI J No", 0.01 I>It , O.M,., ~S<I':OOII 1>1, (, 01:1 0.04 !>I, 27 Oct: 1.2 k'

27 0.:, 1.2 k' • O.OB,., 22 Oct: 6.) M, 28 Oct: o.J Mt 1 No, 0.) Mt , o.
s..b<0I.1 '" 0.98)

101.>1 '" 241.l
'"~



•

l'ol>lt J.J """""pt>e,", node" Ie." or ,!Ie UK

Number TOI"I
1""" ..,eo Ye." lMe .,HI y"'kl or ""j"odua' ,<Sl, of "'slS jl<l.J (Mil

""" ....",,,' 1~~2 .1 (),,;l. 1J.(I2l M' , oIJ!S
l~j3 14 Oct. U,g, M' 16O", OUOl\ML ,

OUI~
,,~ I b \1,,) 0.015 M' 19 J"" (1116 101, 27S<p;OOI$ML

4 OCI: 0,0015 loll II (Jc,'O.OO)ML 22 (ll;t: 0.01 101' • 0.105
1957 l~ Sop: O.(XH 1.1, 25 Sop: 0.006 "It 9 O<t: O.02S M' ; 0.0)2

Subtotal " 0,180

I'"";f,,," 19~7 15M,,): 0.) 1.11 31M'): 0.72 1.11 19 J"n, 0.2 1011
8 Nov; 1,~Mt

, 1.02
1958 28 "I""' .\ M' 22 II"" O.o!4 M' 2Scp: I M,

11 S<p' 0.8 loll 2' Scr: (lO!~ 1011 , 4,~~

~ub'o,.1
, 7,81

T"", " 8,05

• T""." M""" ","10 b.IoDd; ) Ott. 1912; I. ~b,. 19 Jun. I~...... " Em., 1400., M Ott 1913; ",11<, ,.... " M...hnp.
•• T"".t M.1d<n h""" Il 101.)" ), M.y. ,9 JU" '9~1; 00"" tat." ChriYmo' hlond



'10 ....' J.4 At"~"ph<n,,"""I"., ",," "f I'm"""

Num"", r,,'al
r." "t., y"" I)"," .,>d l,dJ "f ",.I" >dual,.",,, "f ,,,,,. y,dJ IMO

Alger.." ,~ I) I"!>' 0.067 Mt 1 Apr: 0,00' M' 21 1)<", (}OO2 Mt , 0,012,%, 2S Apr' 0,(1007 Mt ,
"~

Subtotal , 0,01'

Mu,""", ",,,I ,- 2 J"I IJ02R 101' I" J~I IIU5M, II s,;,t"0,11 '"I .,,,&,,,,,,L,· 14 ""'P' 0 121 M, 4 (J... , UlI'\Mt , '1..12
1'X,1 I J",,: (1014 M' 21 Ju,,: 0 12 Mt 2 lui: 1l.U~1 M' , 0,16
,~ 1 J,II O,IIS 101, 15 Jul 0,45 101, ,1 AU3: 0,15 Mt

24 "'"8: 2,6 101' ~ ""'I': 1.28 Mt , 4,60

"m IS M.~: 0,(1) M' n Ma~: 0.224 101' JI) M.~: 0,945 101,
24 Jun' 0.012 101, J Jul: 0,914 101, 27 Jut 0,05 kt
] An8' 0,012 101' 6 AU3: 0,594 101, • 2,17

1971 5 Jun, °0)4 Mt 12 Ju,,: 0,44 Mt 4 J"I, O.lJ09 M'
8 Au" 0,(104 101, 14 Au,: 0.95S 101, , 1.44

Iqn H J~"' 0,00' 101, IUJ",,'OOO-lMt !7 Jul' 000'" M' , 0,01 ,
1'17' 21 J"I "1111 101' lR J"I "U'k, IR A"t, O,lll-! \1,

24 A"~ 0,2 ., 2X AU~, lUlU'" 101' , O,U!1
1974 1(, Jun: 0,00-1 ML 7 Jul: 0,1.1 M' 17 Jul: 0,'104 101,

25 Jul 0,000 M' IS AuS: 0,096 Ml 24 Aug: 0,014 M'
14 Sop: 0 112 M, , 0,01

S"bIO,.1 " lOll

T(~.I " 102

..
"



T.bIt 3.5 A,moopl>eric "",,"'.r 1<." (J( Ch,n.

N"n,"", T",.I
'r«, "'e ¥<:" nco' ...~I ),.,IJ of ""I"',d,,,1 ,.." or '''''' },eld I~h)

1.<.... No,
"~ I r, ne' O,OZML , um,%, I~ M.y.IJ,t).l M' , OM,.. 9 May' U.J M' 270.:<: 0.02 />t' lS I)".:: 0,3 />t' , 0,602,%, 17),,":31>1, 24 IX<: I) 02 MI , ),02".. 27 ll«' J Mt , ,,- 29 Sop: 3 "II , ,
"m 14 Ocl: 3 M' , ,
1971 18 Nuv: 0,02 MI , 002
1912 7 Jan: 002 Mt 18 Mar 0.1 M' , 0,12
197.1 2.\ Jun: 2.S M' ,

"1974 17 Jun' {H. M, , 1).(,

197" 2' J,," U.02 M' 2" Sci" 0.1 M' 11 N.,.: 4 M' , 4.12
1917 11 ScI': 0.02 ML , 0,02
1978 15 ~hr: 0.02 Ml 14 [)n_. 002 M' , OM,= 16 Oc\; 0.6 MI , M

Tn'.] " m'

"



NUCLEAR WEAPONS TEST PROGRAMMES "
T.ble 3.6 Lnd<rvound nud." to...

Number of 'es"

Ve,r L'SA USSR ", ,"= Chin, India Po.;'ta"

19~ I ,
1955 ,
1957 ,
1958 ",%, '"

,
,%, " , ,,%, "

,
''''' " , , ,,%, " "

,
,~ ., w ,,%, " B
,~ " ",~ " "wro 00 "1971 " "1912 " "1973 " 22
1974 B "1975 B B ,
1976 '" "

,
1977 B "

,
1978 ID " ,

"1979 " " ,
'""W " "

,
"1981 " "

,
"1982 " " ,
'"

,
1983 " " , 0 ,
"" " " , , ,
1985 " '"

,
". "

,
1987 " " •1988 ,. , ,
1989 " " ,
,~ W • , ,
,~, • ,
19\12 • ,,w,
,m ,,w, , ,
,,% , ,,w,,we , ,
Total OW ,~ " '00 ,2 , •

Total for all countries: 1878



30 '-'t;clEAR TEST EXPlOS10~S

Atomic Radiallon (U:'>SCEARj is aS5igning )ields alr.o 10 these unspecifitd
,.,1•. Thel<: yield estimate, an:, tna'. Mill subjec1lO adju'tment. 'hould further
infonruuion ~m. a,ail.bl•. Spttific yidd. for each underground I." h.,-.
no, yet b«n a\'sIgJ1<:<1

The nuclear test ina programme of the USA included 210 atmosphrnc ttsts.
ti,.. undorwaIC' Ina and 815 underground 1..1' 100E. 199-1). As Ih. under·
,..a,OT 1..1, ",e,.. uncontain<d. t!>ts< tests an: indudtd wilh the atmospheric
,est, in Table J, L The u.. of '''0 nuclear weapom detonated in Japan at the
end of World War II at( also include<.!: 'hese add (0 Ih. 101al number of
atmospheric explosion" In 63 underground le.l'. simultaneous detonation
or two 10 f,v. S<p;l,a'e chargeS occurre<l. As lh= Can b< distinguished as
indepcr>denl ,..IS. the total number of und.f~round lesls should be increaoed
by 95 'em, Thi' explain, lhe number of unde~round les"(910) gi,en in Table
3.6. The 10lal number of les" "''liS 1127. There "'ere 24 underground lesls
eondueled joind) '" "h 'he UK. Th= les', are 1i>lr<J "i'h ,lie lall« <Xlun,,} in
Table 3.6.

The former USSR conducted 219 almosphenc te,t, (induding fi,e under­
water) and 496 underground test< (MRF. 1996). Thi' gives a to'al of 715 te,t,.
bu' an addilional 254 chargtS ",'ere detona'ed ,n ,imullaneou, underground
tests, These are gi'en ..parale designation in Table 3.6. The 10lal number of
,ests by lhe fonner LSSR was. lhus. 969.

The UK <Xlnducled :! I almosplteric ,es" and 24 underground lOSts. lhe lalter
jom,ly wilh 'heIJSA (Johnslon. 1995), There "'ere. in addition. 12 safely test<
<Xlndueled on the land SUrfalX. "'hieh. allhough of no yield. are by con"enlion
added 10 lhe number of atmospheric tem, The almospheric te'" a, lhe ,ariou,
Ie" siles are listed in Table 3.3. and lhe annual number of underground 'e,,, in
Table 3.6

The almospheric lest programme of Fran~ is ii"en in Table 3.4 There were
50 atmoopheric les" (Dou" and Musa, 1996). induding fi"e safety 'es1>. and a
IOlal of 160 underground lests. The 10lal number of leslS "as :!!G. Official
infonnalion of Ih. nuclear 'ell programme of China is Still laeking. The
recorded number of atmospheric leslS is gi'en in Table 3.5 (U:-':SCEA R. 1993)
and the underground 'e,ls in Table 3.6, There '" ere 22 teslS of eaeh t) 1"', 44 in
lo\al The underground ''''IS of India and Paki,tan are recorded in Table J.6.

From the abo'e enumeration, one deri'e•• 100al of 2419 nuclear les,s
earned oul b)' all eountri'" be'U"ttn 1945 and 1998. 541 almospheric and 1878
underllround. The 10lal e,pi05i,-e yield of each a,m<>sphene 'esl ha' been
reporled or "'I'matr<J. The yield of almo,pberie 1..1S. 440 MI. exceed' lhal of
all underllfOund tem...ltmated '0 be 90 MI. A summary of to,aI numbers and
)'ields of 1"'1S for the "'parate countries is gi"en in Table 3.7. The Ii"ion and
fu'ion proportions of Ihe testS ha"e not yet been fully di,'uI8r<J. h "ill be
imporlanl '0 oblain lhis informalion in ordor to detennine lhe amounts of
fission, fusion and acti"alion radionuclidos produced In lhesc explosions.
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NlXLEAR TEST EXPLOSIONS

Eltlnums of radioDoclide production are den,'ed from the fallout meamre·
mc:nl, that were mad. throughoul lh. world dunng lh. lime of t.sting. The'"
measurements art the starting point For the do,," eslimates to be discu:;sN in
ChapleT 6,
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4 Nuclear Explosions and their
Environmental Contamination

n;. A. lZIlAEL [. D. STU,I...., \'. N. I't:TRO\. L. ASSPAUGli.
A. DOL'ItY. R. J. C. KIRCH.\U:",... AI\D r.. VA" DER STR1CHT

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.

.'",_r",L_ &_",,_H__~

E<tiooI '" Sit F .. .....,..u>d R. J. C. h_
e:!OOll scorE _ .... J.- "''''' ..~ I.>l
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E.plosioD

""M<lCOrol0i:'uJ "lI1i.blo::s: ,~

...il>d vel<>eity _ V(I,It), JW!iOKtive sow«
WI ".I<>ei'y_IV(,), JW!lonud"lc. _ Q (It.')

pt«ipitation ....roool.-N(d)

'\
Fra<:lionaliOli of radiOll""lidea

----/

'"/
Ex'ernal T<lTo::Itri.o1

- W"u-- ,.- _t:minoti""P(I),D.(I,I,1 P(.<,y); 0; (.<.y)

7·"·""~? " ..,iabili'y

Conwn""""d ~~ Cont:minotcd
lIIimili ,~" ~

~
L- TOlal Internal ,,- -,~ ... diel

.lgtlt<~.l The ocl!<m< of trt.n"ormation aDd '",o;port pa'h....l~ of ,.d,ooudidn
from n""lear .xplosion. and ,h. OO0""'l ...n, atm",pl!<ri< aoJ '<m:"ri.l rodi"""iH

oon'llIIlJnalloo

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



m

l'(;CLEAR TEST EXPLOSIOSS

,
, S,

~
, ,

0

• ,

•
-'1'''' -;:riI•~

B, Y
, ,

,/,
• • ,. B.

0' "..
0' ./

'" M - .~

o
o

o

•

o

•
•
• ,

• .• .

/·'" ., M -•
", , , ,

,

• /-- om '"
• /',

V -,
/

, ,
•, -o

~
•~, ...,

,.•
'0
'0

..­••
, .
Z•, 0

38

.,...... 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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r... S<COfld. or lOll ..pk>s.Ion (~.'" ob,.",.d rt'Ofll USSR mol., ••pIosion shaft '1003'1,
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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
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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
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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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0,1 ,..,o/h

",,

bI

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),
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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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'"'
•\

IUfU

w·

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
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~'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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--- , '0•• ---~--'r_
---

,,..

FiK..... 4.11 Pro,im.1 (;mm<d;.t<1 f.lIou' (i.ooo.. ra'." .nd i>oehron') pallrnl of.
125 kl fimon .." nplo>ion on a barge. Rig.l. on 24 S<pl<mber 1%6, at F.ngalauf.

-,

~o
r.dI~

-- , 0.01 udl~IIURUROA - -u-

N/ 2H ----' -------
n_

--0.0 l ndlh • -'" ,-- -) -- • n_

PA1lGAnurA -- '"il ,----
1l9° llSOlO' 0 "

- iaodou .. t ..

hochrons

Flgu.... 4.12 Prmimall immNi.", falloul (isodolC rateS and IlIXhronl) or. .l4 kt f,,>ion
lest e,plol'on ben(oth an air balloon (271 m), D,o"". on 5 lu"" 1971. a\ Murur()O..
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I " ~, '~-?li -''\, ,
I~

f" 1-.••• • • ~

" ,.. ,
• ~'..., , ,, , •

,:~ t.... 0' , ,

~ -- ·"1/
.

rAlOC>".""... "0'". ... ']1"0" ... I n' I.'

,......... n",
I ..........

F'liPn.u.J ~( l "".~I_aacl~I"".'UO\' ......
_ oplo+_ 1Iolxa1II .. u lldoooo (~'l).~ E.DDe!ade. "" 1~ J_ ,9"1 .•' \,.....

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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Figur< ~.2~ Pro.imal (imm<di..., fallout (is<>door rat...0<1 tsochron.) of. 9~5 I.t
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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;..t>CLEAR TEST EXPLOSIOSS

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.
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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.



E"VIRO:>.ME:>.'TAL CO:>.T A\\1 'AnON

hblot 4.1 'T'b< r.,~.....J<rp'OUOld n\dcu lab ""mod 0.11 ~ Indl&
111 May 1M

THle T_ Do. E>llIIIaled l<dd Ck'i

~-
lq~ II.HI "F_ l~H II.HI "bporimatul I~H II .s 91 -~

£\pe, "I I~ ~I IH9I -"E>pei i·1 Inl 1)..5.91 _ O.l

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
,be iJ,,<rm<dia,. and =note rona d_ .. 'e. R h j (85 mGy-'1

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.
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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)



90 NI;CLEAR TEST EXPLOSIO.....S

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



ENVIRO~MENTAL COSTA \11"ATlON

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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5 Pathways for Internal and External
Exposure

P. J. COUGHTR£Y. R. J. C. KlItCHMA:\':\. f. HARRIS
A:'>O S. L SI~IO~

5.1 [)\''TERNAl EXPOSL:RE PATHWAYS

5.1.1 Inuocl""lion

The main path""ys leading to intake of radionuchd... b) humans following a
nudear e~plosion art inhalation of conlamilUlled ae,osols or gases and
ingestion of conlam;nated "'aler or food'IUff, as di«;u,se<l below. Radio­
i.,,{op<1 of iodine. stronlium and cae,;um af<' of most inlerest in thi' respect
because thO)' are both rolea>e<l in considerabk quantitIeS during nuckar
explosion. (Chap,.r 4) and .'" readily (ransfem:<! to humans by foodclWn
pathwa)'. and then .ubsooquenll) absorbed through the ga>1fo-imeslinaltran.

5.U In.... lali""

Inhalation (>f radi.",ui,. gal."S and aerosol' may occur during {he inilial
pa...ge of the radioaet;\. cloud and al later {imes a. a con""'l~nce of
I'e'luspension of material p""';ou,ly ~JlO'iled on ngelat;on and other
,urfaces. In this ~pcct. it i' n~r} to conoid.,. both human> and grazing
animals. "here inhaled malerial may either be absorbed ,'ia lhe lung, or
remo,ed from lhe lungS 10 Ihe gastro-int..tinal traCl for ,ubseq""nt absorp­
tion, For human,. there are internationally accepted model' ,uch a, tho..
dne!oped by leRr (1980) for calculalinll absorption of "'dionuclide'
follo"ing inhalation, tabnll into account factor, ,uch a, pan;cle 'ize and
"'dionuclide composition, Such model' are based on ICRP 'reference man'
(l97S) and therefore mal not be enlirely a!'Prop"a" to the population.
surrounding nuclear t.., siles at lhe time and conditions in "hich the most
significant e.,plosion, CJCCurred. Anal)'.i, of e"posure pathway. during the
pa"age of a radioseti'-e cloud i' relati"ely maightfoNard. It ;n'·ol,..
application of lCRP models with appropriate modification of parameler, to

,-.._ T,,, £_- £.>__ 11__"

EJiaol bj Sit F w """ R.) C. ~",blaml

C 1000 SCOPE ""_ "" ..,.. """ • s- ""
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lake into il;CQUn\ factors such as the distribution of particle siz~ "idtin the
cloud and Ih. physical and chemical form of radionuclidts "';Ihm such
panicles.

Modds for application to grazing animals lhal form a potential pathW3}' for
"ansfer are nol as w.ll dc'"cloped as are tho," for human,. According 10
roodi\;on, during. th. pa>Sag< of the cloud. it is '1Ulle po5$iblc thai inhalation
could contribute to """""Dtrations of radionudides ;n animal products. This
"<IS demonstrated d..arly aflor ,I\(, Chernobyl acc'dent ,,-hen: 1J)1 e'p<»U'" of
hOUsN animal' ,-ia inhalation resulted in contamination of mil~. although al
mu,h 10"'" conoxntration, than ,,~r. obse" cd for ammals .'posed 1(> similar
air con~nlralion, but in free-grazing conditions (Coughtrey or ul" 19901.

Analysis of inhalation path"'ay, following a nudcar e,plosion rcqulm
con'ideration of lhe e.• lem of ground comaminalion and l~ degree 10 "'hieh
dePO,llS are resuspended '0 lhe a,mosphere a, ,-ariou, "mes aft,,", Ihe deposI­
tional evenl. Resuspemion "aries as a function of Ihe nalUre of the ground
surf= (e.g. urban or rural conditions). me'Nrologjcal condItions (e.g...ind
speod. rainfall) and ph},ical diS\urba""". such as lhat crealed byagricuhural
acli,'ili.. (ploughing. rainfall) and urban acli,'il;" (e.g. meet ' ......ping.•pray­
ing "';Ih "'aler 10 reduce du'l. etc.). II is panicularl)' ...,n,iti,.. to local chmate
and en,'ironmenlal condition'.

The importance of the inhalation pathway for an ;ndi,'idual mcm~r of a
potenllall)' exposed populalion ,,'ill depend on the folto..'ing faclors.

l. The time of lear al which lhe ,,'ent occurred (alT<:c1ing bolh ground
condilions and lhe person's habils).

2. Localion and activitl during Ihe pa'>age of Ihe cloud, i.e. whether indoors
or ouldoors...nether at "'ork or at rell. and Inc nature and pattern of
work.

3. l"ature of place of re'idence follo"'ing the pa""ge of the cloud. i,e, ..nether
rUnll or urban

4. Occupalion follo.. ing Ihe passage of the cloud. i.e. whelher ..orbng
indooT$ or ou,dOOT$ and. if th. lanr<, ..helh" ,""olved in aeti';li.... hich
result in. or are related to. hlgher-lnan.... '·erage rosuspension.

For grazing animals a funher set of faCIOr> appll. i.e. ,helr loeatiOn at the
time of pa""ge of the doud. and their subsc<luen, hu,bandry and feeding
\>eh",'iour following pa''''ge of tbe cloud.

S""h fattOTS ha" to be taken into account .. b.n estimaling nposure to
radionuclides that h",'e been released from nuclear explosion•. Their na'ure
and reI3'"'' Imponance ..'ill haw dilTere-<! betw",n test sites. and ar:eor<!ing to
the year in whicb tbe mo,t significam "'em(,) occurre-<! (due to societal
changes) and 'he ..aroon of the lear in which those tests o«urred. Their
contribution to uncenainties in eslimated doses cannot be ignore-<!.
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~,l.J Ingestion
'"

[ngestion of radionudides b; humall'l fonm',ing nuclear e,p[o.ion. can occur
from ron.umption of comaminale<! "egetable and anlma[ product•. waler and.
in some eases. soil. The laner can be quite imponant for ehi[dren, The main
palhway. lhal require comideralion whil't eslimaling doses are summarized In
Figure 4,1.

Plant product' may be contaminate<! dir",Uy as a conS«/uenee of deposilion
of panides. in "hich ca.. radionudide intake by human, "ill depend 10 a large
utent on the manner in "hlch planl_basro foodslu!TS are prepar«l prior '0
consumption. Piant produe" may also become contaminated indir"'t[y as a
conS«/uena of the tran.[ocation of radionudides from fohage or from Ihe soil
to the ha"ested prodUe1. [n this ca.. the intake hy human. i' los> sensiti"e to
the me,hod of food preparalion, For shor1_Il\'ro radlonudides sueh as tll!.
dim' contammation tends to dominate over indirecl COlllamination. The
opposite applies 10 long.._h\'«! radion<>clides such as ""Sr and mes

Radionudides can be transferred to product' den"ed from grazing animal'
as a conS«/u"",,", of ingestion ofeontaminat«! plant>. water and soil. Meat and
milk are b; far the mo" imponant path"'a;'. in Ihi' respeet, Radionudides
'uch a, 'J'I and "'C. are tran,ferred relallvely etTeet,,'ely '0 both meat and
milk. with transfer to milk of gO"" and .heep more etT"'ti"e than that for
canle, Conlaminal;on of meat wilh l>l[ is of lilde "Smlleanee apan from lhe
thyroid. which i, ,enerall; not ron,ume<! by human,. In COlltraSl. WC. is
relalivdy unIformly distnhuted throughou, 'he bod; of moSt grazing animals
and is retained "'ith a biological half_life ranging from ,.'eral days to a few tens
ofdays (Coughtrty .' ill.. 1983 ..g6). Conlamination of meat "ith radiocaesium
can therefore pro"ide a path"a} for prolrae1«! e,~posure of humans a""ordlng
10 the e,'lenl 10 which it remalOS a,'allabk 1o 'he aOlmal ,'ia consumption of
plan.. or soil. Radi"'trontium tend. 10 be a""umulated in lhe .kelelal part. of
most animal' and therefore i. not of role"ance for me~l producls,

The lransfer of radionuclide. 10 animal products i. >en,iti,.. 10 bolh diel and
animal hu.bandry, In gon....1. free-ranging antmals ,ho" higher transfen; of
radionuclides than do lhose "hich are kepI in more inlen,i" 'ystem" Thi. i.
the efTeet of a combination of fac'ors. .uch as lhe are.s a_ailable for grazing.
,e1eeti"tly during v~zing. and lhe quantily of soil in the diel

There are "ide ran~"" \n reponed feed-to-meal and feed-to-milk tran.fer
faetors for radionudides such a. "Osr, IJ\1 and wes, If spec-lf", dala are nOI
",ailable for 'pe<:if" assesSmentS it i, imponam to seleel parameler "alue'l
which relate as much as po"ible to the particular condlllons oflhe aSlleSSmem.
The use "f generic or a"rage "alues rould. in many cases. ,",uit in an IInd,,_
es'imate of Ihe aclual tran.rer

The beh3\'iour of radioDuclides in aquatic .."'ystems can be "ery comple..
a""ording to Ihe rneehani,m or eDt!)'. i.e, dir"'t deposition or transrer from lhe
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surrounding watershed. milial ph~1 and chemical form urlhe radionudide,
and the pb)'sical. chemical. hydrological and biological charaC!crilUO of the
ocosystem. Ne,"cl1hdess. 'he polential comaminal;on of aqualic o'ianisms,
especially fi.h. with r~dioca.sium should nol be ignored. especially as concen·
lrations can be maintaIned for prolongttl periods whero p<>lassium CQllCCnlra·
lions of ,he <cosy.tem are 10'" or where the potential for fixation in min.,.,.[
sediments is limited.

The transfer of "'Isr. 1>,\ and "'C. 10 human. via the foodchain i. also
dc:pendem on chemical faclOrs such as the backvound stable iodine conlent of
soils. plant< and animals. and nutrient ,talus fpota,s;um in the '""'" of radio­
caesIum and ClIklurn m ,h. c~ of rddioslrontium). Where conceDlration, of
stable iodine are low, intah. of Ill] may be transferred more efTeeti"ely to mil~

and bl<>c~ed Ie" ~adily by Ihethyroid, The boha"iour of""sr in the en"iron'
monl is ~laled 10 lhal of calcium, There is ~<><>d e"id= 10 indicale thaI lIS

nansfer rhrough soil plant ammal f<><>dchains i. ~latW to that ofcakium. The
1in~ bol....'...n polassium and radiocaesium i' not a, clear a, i' Ihal botw...n
calcium and radiOSlronlium. The 10n~-I«rn a"allablht}, of 13'Cs for uplake by
plants i. relalw to Ihe qu.anlily of anilahk pota"ium in soil a. "..ell a< 10 the
quanUly of spttifu: mInerals whIch ""n result lO adsorption or fi'<luion of the
radionuclide. The discrimination bot......n C. and K i' much greater Ihan i' lhal
bol"-...o Sr and Ca

AI Ihe lime of the moSI imponantuplosion! al dirr..ent le.1 .ite•. Ih..e we~
spttif\c en"ironmental and populalion condilions .. hich Wet(; ..cry dirrerwt
from th"'" Ihal a~ eaperiene<d in <qui"alent populalion. al Ihe p....nt lime.
Such condilion' could. polenlially. ha,-e importanl con""luenoes .. hon rtt<)n­
.tru<"ling pa,t c,posures. The fo1\o..;ng SI:C1;on, .ummari"" tho.. faClors that
are kno.. n 10 ha.. b«n ..Ie,anl for .pecific populations and leSI ,il<s.

5./4./ N~

The main radioocolog;cal impaci of uplo,;o". allhe Nevada T<st Sile (NTS)
has b«n demon"ta,ed to bo contamInation of mIlk with "II. Anal),i. of
radioiodine conccntrallonl in milk has indicaled n\(>re than ,n otdCl' of
magnilude variation in tran'fer 10 indi,;dual caule ....ithin a herd (Appleby.
1998), As a con""lucnce " ,,'as necessary to consider bulk milk and milk from
fannyatd ""ule ..paralel) Addil;Onall)'. becau.. there are dirreren<:e:s bot........n
Ihe tr"nsf..- of radioiodine to goalS milk comp;..-ed wilh cows milk it ""as
necessary 10 consider ..p.arately the conscqucn<:e:s of l<stini for con.umers of
goals milk.
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During =nmuetion~ oflhe ~onscqueneesofle<lIng al :">.'TS, a..urnplions
oonceming agricullural praClice hne proY'ed 10 be Ye,} imponanl, as hay'e
assumptions aboul the dislribullon of oontami""led produCl~ <lIeh as milk, ",
populalions oUlSidelhe area immediately affeCIed b) Ihe e,plosions (Chureh <t

,,1, 1999).
Do.. =nSlfllC1ions at ''TS idenlified Ihe need for applicalion of sne·

,pecifie data for inteTttplion fraCIions of fallout. lnf'mnation deny'ed from
sludie, in 1953 indicated ime=plion fractions that "'erelen lim<'S lown Ihan
values ,..hi~h "'ould otheno;ise hay'e been deriy-...t from Ihe literalure (Appleby.
1998), For ,..el deposilion. e.,perimental 'tudies "'ere required to deriy'e
appropriate parametm (Bouville er a/.. 1998) and it "as recognized that local
enbanced ley'el. of falioUI oould be relaled 10 thundershower aCliY;ly (Chur<h
"aI., 1998).

Malhematical model. such as PATHWAY haH been applied during reeon·
S!ru<:tlonl of doses from le'llOg at NTS. This has reqUired a major inY'estment
in analysing data and in ..Iecting paramele", "'hich are appropriale 10 agri·
cultural and o'her oondiuons "h.,h 'Xisled at Iii. lim. of 'he lests (Appleby.
1998; Bouyille" 01.. 1998, Church el 01.• 1998: Coughtre) n "I.. 1998).

As....sm.nlS of the pot.ntial impaCls ofeontaminat,on of ground,..ate", as a
oon..quen.. of testing at ',S hay'e inY'oh'ed e'tTCmely conservati"e assump­
tions. for .,ampl. abslf1lCtlon of drinking ,..a," from ".lIs driven into Ihe
oontaminated aquif.... (Anspaugh. 1995).

5.1.4 2 s"m;palallnJk

As at NTS. a"umptions ooneeming im.reeption bay'. proY'ed 10 be imponant
in dose =n$lructions for 'e<1S at Semipalalinsk. Da'a from the 1961 e.,plo­
'ion indicat. thaI onl~' panicles < 7S I'm would hay'. ronlaminaled grass and
that lb. aY'ailabihty of young. growing. gra.. was a major faClor in uptake of
radionudides by cattle. As>umptions aboul chang.s in solubility wilh dl~tance

also proy'ed 10 be "ef)' important (Gord"""" 0;.. 1998).
Gordeey "al. (1998) also TCponed Ihe result. of inY..tigallon' on a herd of

100 dairy row. located 105 km from II\(: sil. of lesl nplosions. Th.... inY....li.
gation' were used to d.fiy'e tim.-depend.m param.le", fOf Ihe uptake of a
range of radionudid., to rows milk. Th.y also demonstrated tli. marked
.ffeCI. of tim. of )..ar on rate of dechn. of radionuc~deroncemration in row.
milk. as w.lI as Ihe .ffc-ct. of rainfall follOWing period. of drought.

for bread products, Gord= el al. (1998) reponed that tl\(: ralio of specific
aetiy'itl in fresh grain 10 that In gra.. was 0,22 and proY'lded relationships fOf
estimaling speci6c actiy'itl of radionudides in bread produm, In Ihi, respeC1 it
was nOted lhal lb... w.re dirrer.n= be1,..<:cn br.ad lhal ".-as produced from
'higMs\ grade' and 'second ral' flour.
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Vlasov (cited by Coughtrey. 1998) rtpOrted that miabilily in external do>t
",a, only a [.ClOt of 0,2 "'hereas for ingestion doses it "... a faeto' of 1.7.
[nge,,;on dos.e' from agricultural product, "Crt b(,w«J\ 0.2 and 1.2 time'
eXlernal doses (She,ht.•11«1 by Coughlre)'. 1998). It is nOI clear why Ihi' ratio
"'as higher for Semipalalin.k tests tban for ~,.S (",Is (Anspaugh. 1995). One
factor could be lh. large dIfferences Ihal exi'ted between diet and life<il)le of
Ibe \"'0 population,.

Fallout from Semipalatinsk was dismbuled ow, large di'lances and in
differem directions. Significant difference< in deJ"l'O$llion and en,'"onmemal
beh<l,'iour were obs<:ned at different d"tam:., from the source. reOeeling
panially the nalure of'he affected ecos}'Slem. Some information ••im on sM­
specific 'ran.fer faero... for Semipalalimk fallout but such information appears
to ~ far from rompl~t~ (Co~ghtrey. 1998)

Studies following ~xca,-alion of lake Chagan h",~ demonstrated high~r

conc..."rations of radionudides in horse m~.t rela""e 10 Ihal from <ank. This
i. Ihoughl to reflect differences in grazmg habit.; horses grazed feather gra..
and wormwood near to lake Chagan whereas callie 8razed cuhh'ated pa.tu"'.
(AkhmelOv n "I,. 1994), Additionally, n,h and wal~r bird. maj ha'-~ pro"ided
a possibk roul~ for ingeslion of radionuc~des by Ihe local population. Such
palhways h3>'e been reported not to provide anj' danger 10 human h~.hh

(Akhmelov n "I" 1994),
In a """nt studj (IAEA. 1997). data on local di~tal) habits ..~r~ obtamed

by lalking to local inhabilan... "The information obtained indicaled Ihal m",t
of Ih~ foodsluffs used ,n ~lllt1Dents close to th~ 1...1 ,il~ were locally produced,
The principal exception, "'~re flour. rice and ,ugar, The diel appeared to ~
dominated by animal products and bread Or other flour-based food'tuffs. Fruit
and "egetable produclion W,IS .lated 10 ~ "ariabl~ bUI g<"IICrally low and some
ind,vlduals claimed 10 eal nO f",it Or ,'egelables, Table S.l pro,';des a summal)
of dicta!)' information pro"ided 10 Ihe IAEA mission. II i. not clear 10 "'hat
~"ent the lifestjles and hab'ls observed in 1994 rcfl«;ted tho~ that would ha,'~

penained during the period of t..ting al Semipalatin,k. HOw"e'...... th~ obser­
,,,tions thal milk and m,lk products formed a ,igniflCllnl ""nlribm;on 10 d,tt.
that drinking w"t~r w-as mo"ly pro,ide<! from w~IJ•. and lhal f"'it and
,~g~tables appeared to ~ grown in small plots adjaCt1\t 10 hou..,s and farms.
are not untypical of what might be ~xpec1ed for the "'ral population. pre..,nt
in the 19505 and 1%Os. If anY'lhing. it can ~ assumed that locally grown or
produced food'tuffs would ha,'~ formed an ",en ~atrr proportion of diet at
that tim~.

5.1.43 Nomf" Zemlfa

The main radioecologJcal ,mpact of explosions at ",o,-aj" Zemlya ha. been ,'ia
the lichen-n:mdeer-human foodchain (Rarnzaev eI "I" 1993), Radionuclide
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T.b1.~.l SumlIl3ry of di<..,y inform01ion pro"fd<d b)' in"bi..n" of ","lement< n<ar

the sem,pala1Ln,k >ite in 1'194 (IAEA, 1997),

L<x.,ion Sou,ce of foodstuff Food'tulT De,.il,

Dolon Home produe<d M.at !leef. mutton. poultry
Vegetables Carrot<. 'omatoes. cahbage.

potatoe<. cucumbe...
Fruit Plum'. melon,
Milk />to>!l) ,urned into milk

prOOue"
'W

Brought in from ,l"''''hm' ""M
Flou'
Suga'
,~

Anim.l feed lh). wheat, barley and millet

lk,iozka Home produced ~le.t
,,~ Milk No ".getable,. no fruot

'W
Brouiht in from c1>O"'h.re Flour Bread is mad' at the farm

Ahhar 1I0me produced Mea' lkd. muUon, poultry
V.getable< Carrot>, tOmatoes. <Ilbbal\<.

pot.,oe•. """umbe"
FruIt Alack"urr.nt<. ""wberTi..
~Hk Mostly tumed into milk

product<
Mu,hroom< From the wood.

Brouilu in fTOm e1",,,,h.,, "=,
Flour

tran,fer through thi' foodchain w'as approximatel) 10-100 lime' more .IT~_

ti"e than for the grass-cow-human foodCham, and the absorbed doses for
radioca..ium and radiostrontium in reindeer were quite do'" to limits that had
been e,mbh,hed for perwn, who work«! with radiatIon. The high..,t rootami­
na,;on of mndeer occurred ;n the Kola peninsular (Munnansk Province).
some 500-600 km from Novaya Zemlya. Here Ihe tTansfers appeared to be
mot< efficient than for OIher urea> ,uch., Yakutia

The critical group for 1';0"ay. Zelnl)'a has been eStablished as the aboriginal
dweller< of the extreme North who we,., employed in reindeer breeding
oper.tion,. herdsmen, reindeer breeders and their famIly member' (Ranuaev
e' 01.. IW3l, Thi, reflect< th.ir ronsumption of coOl.minat«! meat. U>< of
melted snow for drinking and cooking. consumption of freshwater fi,h, and
con'umption of partndge meal. The size of the group wa, estimated at 30000
perwn" A further 300 000 persons (m""ly ,m.lI-<:it)' dwellers} alw ronsum«!
,.,mdoer meal but al mu.h lower rates. Alaskan nat;"es were ie,s at ri,k due 10
different pr.ctice, in herding and the time of slaughtering reindeer.
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Th~ key fa<:tor in Pacific lests i. "-h.th.... {he} occum:d 0"'" wa,,,," Of land and
"hether or nOl Ih. population had b«n evacuatro (O<>ury. 19%), For lhe
Marshall lslands th. main problem was radiocaesium and lhe terreslrial
foodchain (Ki",hmann" al.. (993). Assumptions C<lm:.,ming Iifest;k pro"ed
to be critical in estimaling d~ due 10 v.~ ,~ific practices. such as ,h.
collection of sap from lrees. lh. dryins of fish on roof•. cooking outdoors. and
the method' u..ed for roll""'ion and .torage of waler for drinking and "ashmg
(Simon. ciled by Coug!Jtr9. 1998).~ esUmates pro,-ed to be 'OCT) >eD.i,;,-.
to ."umplions about the en'-;ronmenlal hair_life of radiocaesium in conlam,_
naled eroS}"lem•.

The beha\'iour of radiocaesium in tropical ecosystem, is very ditTo,..,nt from
thaI in temporal' en'-,mnmenl' (Klrchmann eI a/.. 1~3). Thi' n«<l' 10 be
taken into account" hen eslimating do~ and" hen considering issues ,uch as
the migratiOn of rad"",aesium 10 groundwater>,

An IAEA Ad,isor) Group (IAEA, 1998) re"e"ed the I""" independenl
as.sessrncnt, that had been performed to e,..luate lhe polentlal doses 10 a
population lhal mighl li,e On Bikini Island in the future. and provided 'he
dala gi"en in Table 5,2, Thi, seTVes to demon'ITale lhe greal range in food
item, currently con,umed in 1M region, There i, no reason 10 belie,e Ihal a
similar "ariet}' in diel "ould nol ha,'e niSlcd a"h. time of '<sling of nuckar
de,·~. Table 5.2 empha,izes lhe importance of breadfruit and coconut in
lhe du.t, CQCOnut appears 10 ha,.. a particularl; hIgh up,ake of 1'lldioeaesium,
Lillie i. known of the uptake of radionuclide' b}' many of 'he liSled dielary
components,

In 1994. Service Mix'e de SU"'eillance Radiologique el Biologique de
I'Homme el d. rEn,ironment (SMSRB) in",,"galed 1M leyell of radioacl,,'ity
in dietary component' of inhabitants of French Pol; nesia. The Mud}' in"oh'ed
171 sampl., and a breakdown of lhe "arious food lypes In,'ol''ed ''It'''en in
Table 5.3 (SMSRB 1994). h emphasizes tbe di'e"ity in diet of inhabilant' of
i.land•.

Ver)' liltle informallon ha, been oblained on lhe en, "onmental and population
characteristics of persons likely '0 ha"e been affe<:t«l by explOSIons al lob
~or, It can be a'\limed thaI. a' the time of lhe explosions. there would ha"e
been con'iderable "anability in lhe environmeOl' that were affected and in lhe
living and d,elary habitS of th. affecled populalion

Liu VinS and Zhu Chanpbou (1996) commenled that potentially critical
groups Ii"ing in the north of China and in Inner Monll"lia had nOl been
in'-.s'igaled. Zhu Chans,hou eI ai, (1996) pm'ided es'imates of doses for



PATHWAYS FOR [~TER'ALA'D EXTER:-lAL EXPOSLRE

Tablt 5.2 0;., mo<kl. fOf aduJ" po«nliaUy b' "'II On B,k'ni ,sland
([AEA. 1998).

'"

Food "uff

Red fish
Tuna
Mobi "",hi
l>larine ""'bo

""","A...
Tro"hu,
Trid"""" 1I11l"""
Jedrul
Cooonu' ""M
~~,

TUIlI<
Ch",ken m"",1e
Chioken Ii,'",
Chiohn iittard
Pork m"",1<
Pork I"..r
Pork hurt
Bord mu",1<
Blfd eu<
Chicken eggs
Turtle egg>
Pand.nu, fn.Li'
Pandanu, nul>
8 ....dfn.L,t
Coconu' ju,"",
Coconu' milk
Dnnkmll rocon"' meat
Copra .......t
Sproutinl =nu'
l>1a"haid< cake
Papal"
Pompl"n
Banana
Arrowroot
Citn.L'
R.mw'""
Well u"'"
M.101o
Coff<t/tea

Local COOlp<>flrnl
of.n ',mpomd'

food. d"t (J d.; 'j

24.2
1l.9

'"'.M,.u
'"0.10
1,67
,~

31)
01,."
'",.
'"S.67
2.60
O.ll
2,71

'"7.25.."'M
""Z7.2
~,

SI.9
31-7
12.2
7.;9

11.1.."
1.24
O.Ol
l.93
0.10

m
W,

'"228

l.oc<Il food.
only d...
(II day')

868
no
11.4
19S
352
581

0.24
11.4
19.4
14.9
49,0
17.8
JU
17.7
l12

13.9
6.70
0.61

:16.4
22.8
411

m
63.0

2.00,.
m
122

'"7l.J
112

"27.0
,~,."
~.

O;!O
629
,~

""
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Toblt SJ pwducc han"C$IN <;IT fIShed knll) or brougbl m
f'om otb<r i,l.nd. in Frrnch 1'01)"",,"- (S\ISRB. 1994).

Main d..,ar) compor><nt

Sea food.

Fruit

Bruk down of compo~'

Local bee,
Pioeappl< juoc<
Drinkinll ....'<r
Lotal milk
l<o<al root ......,
Local do, ",.at
local bttf
Local <u'
local polk
local chick."
Oil; <j"' scad
Skipj.<k me.'
Fresh,,-..", p","-n
Com fish
Y<lkYo.-1in '0"" me",
e_
Sp,n; lobst.r
Octopu,
BnsIey torban
C.bbogt
~.

Len"""
Taro lea, ..
Ell p1.nt
C\K"ll1Ilh<r
French bean<
Tomato
B,udf'un ,= frun
CarTo'
Manioc
Turnip
S,,-«t poMo._"
TIro wol>
White '",0 "",,,
Pine.pple
AH""do
~.~

~"CO«InUl mea,
Mingo
Muskmdon
Ora"i'" and ,aoFflrl<

Gr1Il'< f'""
P'P"l"
WI'or melon
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urb.tn and rural communitIeS aDd noced hlJber do..,,; for rural popuI.allOllS
compared "'lcb urban popu}allOros. ThIs dTect ........Ctribuled Co lhc 0'......11
h>&h<'r ditwy inat. of rural populallOnS. Rqional diffOKottS ........ altributed
10 diff= in lhc ron\CI1\ ofcnnls '0 CM d>d- Hou Jiok-., Q/. (1996) noccd
1M 0CC\lrm>t:l: of bot puticln al \\ u1wnqi ia XinJiani PronD<% fono."ull'tslS
'0 1961 and idontillcd a aIIicallJOUp of bmhmm "'bo _r ha,~ COftSIII1Iocd
....,... IMI""..,..-. Lou Yml and Zhu Cl\a.nasbooo (19961 DOled thallDiIk "'"U DOt

a major <bnaIy compoaonl for adults bul chac lhc doot <0 lftf....1'1 "'"U Juabor
than for adults duo 1o intake of "'I "'~Ih COIItam1D.Ited milk. lhu Cha.Qphou
aad Lou Yiol! (1996) noted lhal lhc m&ul oompoO..."U of C1noae food are
oeoeak aad ,-qeuobla b.1l thai both milt and fish "'~ "'t",6c:on, d ... '0
nod~ ,rans/"rt

A flll'tbor and poccn'iall) ....portanl fac:lOl" ....., be dio:u.r}. IDlakts of mbk
iodlM. Some of lhc~ PrO\lncn pocm~ arr ed by explosions al
Lob SOT d>owcd diotal} iod'.... ,o'ates. in ........ co Co sud! an O1\C1lI
thaI mrasuros uion for hilma'll ,,"hb J)UIll(mS (Hou Jiok- '" aI.• 19961

5, I 46 IfaralM&Q

Palmer and Brady (19881 ","o"<led • '~ry dnailod sludy on ,110 dJct .nd
hfcs'~k of aboriJi ..... in ,110 .\Ianhn,.. area. Cooled moa" con,umed by
abon.lH'cs ,ndL>d.. tanga,oo. rabb1l5. lurkey, e..hblo g,ubs. lizards and ,,,,,nflll.
Th. cocal bush "",at consumed pcr pcrwn per yoar "as appro~imal.ly221 kg
(605, day"). Kangaroo repre>mted th.. moSt commonly consumed meat.
followed by rabbits and th.n turk.y. OruOs. hzard' and goanna w.... con·
sum.d aC a much low.r rale, All cooked "",aCs ".r. consider.d 10 provid.. a
poc..ntial for contamination ~wc of p...paration on I..a"es or a pi= of
cardboard on the ground, lhe u!<= of eanh 0".'" and tb. facclhal ra ... meac IS
moisl. Kangaroo was al." stored for up 10 thrtt day, in tr= durin, wintrt
pnor to consumption.

Ie " ... noable Ibal clio specific popillalion siudied by Palmct" and Bnd,
(1981) !Lad noc onlj a 'CI} h'th ,ncak~ of meaC huc also of brud and lIour
Addilionall), relali,~ 1o 1110 AUSlraliall did ,n ......raL Ib.. daily ;nLal~ olew
"'''S bJp.

It is dear that I'" appbcauon or.'......F s",ustics "ould not accounl for clio
hkdj unpatU of past n....hr uapons leSlin, on Iocol .botwnc populauom
thai "ou\d ha,~ been partJc1l1art) ...sccptiblc. both lIS ......scq........ of lbnr
parlJC\llar diet and lbetr habn"

!.1.5 CO'OCLLJSIO'OS

The IIItO$ cbosl:n for =1 of ntlClQr dC\icn ilIlhc 1~ aDd 1960s 1Yi,~ •
nwnber of common factO" n:~.."c CO pallt....." for 'adi....llldido <ntISfer
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Fir;( they wert all in remote locations, t,e. surrounded by large land masses
(NTS. Scmipatarinlx. lAb Nor. Maralinga). or the ~a (Marshall lslaod.,
French Pol)'n<:sia. NO'-3)"a Zernl)'a). Secondl). because of lilt locat,on and
oft." hostile environmental conditio",. th. local populations present al Ih.
time of the lests often !i,e<! '"CI')' close to the land. obtaining much of lh<'ir
agricultural produ<:c locally. Wate, "'ould h,-. been obtained from rain,,-.t«
(•. g. Marshall [slands), local weU, (SemipaJatinsk) or mell<d 'now (No,"ay"
Zmllya), In so\"Oral cas.os Ih. basic foodstuffs would h.,-. rep~nt«l locally
produced meal often raised in semi-natural conditions (e.g. kangaroo at
Maralinga. rein&.:r m areaS affe<::ted by ,estinS .1 Noya)a ZemI)ll. and
~bly hone< al ScmipalaliMk). or milk (eithtr the hou..,hold cow as at !'o.'TS
or in areaS of 'he Ah.i aff"'led by leSling al Sertllpalalinsk, Or ",'on goalS and
shttp). Basie diets "ould ha"e been supplemented by smaller eontributions of
unu,ual food'IUffs such as mu,hrooms (;n lemporate dimales). grubs and
hurds (in Auslraha), and ..afood (in island populalions).

The en,'ironmenlal rond,uon, associated "'lh Ihe Iell silOS are nOI. in
goo",,!. th"" for" hieh Ihe majorily of radiO<'COlogieal informallon on radio­
n""lido lransfer applies. This faclOf, in conjunclion wilh Ihe ,pecific dietary
tnt.kes of the affOOled populations need, 10 be taken into accounl ,n d""
reconslruClion 'tudies Wherea, "lensi"e informal ion is a"a;lable for
populalions alT<:c1.ed by loslS al NTS, and some information is a'-ailable On
pol<-nual d,eIary ,n!>lhs for populalions affreted by loslina in the Pacilk.
Mara!inga and local population. al Semipalatinsk. m""h less informalion i.
a,.. ilable for more dislam populalions affreled by tesung al No,..},. Zoml}'a.
Semipalalin,k and lob Nor. Careful ronsideration of basi<: radiO<'COlogieal
information IS required when performing dOl-O monstrucl;ons. The accuracy
of such sludies would be impfo"ed ronsiderabl)' by ulilinllion of sile·.pecilk
informalion.

S.l EXTERNAL EXPOSURE PATHWAYS

3.2.1 Nalural .adialion sou•.,...

5.:'.1.1 Co.<mic RiuJiali""

Co,mic ray's, which originale in space. and solar panicl.. enler Ihe Eanh's
almosphOf<' and begin a ClI>eade of seconda'} imeracl,ons and d",ays. The
resuham ionizalion is a function of oolh ahilude and lalilude. The ,on"ing
component of cosmic rays produces, on a"erage, an absorbed dOl-O rote in ai.
of 32 nGy h I at ;ea 1eHI in lbe m;.j·laliIUdei. corr't'Spond,nlllO an efT<:c1.i,'e
do.. rate of 32 nS, h '. The neut.on romponent of cosmie rays r't'Sw.. in an
effecli"e dose rale of 3.6 nS, h " The inlonsi"", OfOOlh romponenl! inerea..
"ilh allitude, more SO for the neutron component.
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Taking imo account shldding by buildings for the ,on'1>ng componen' and

the di<lribution of world population with altitude. the population·weighted
,,'erage annualelT""ti"e dose from cosm;c rays is 380 1'$,. Tbe effttti"e dose
rate received during a commercial ftight is about 31'S' h '; the per caput
annual efTecti'-c dose for the "orld population due to air tra.'el i. 21'S,.

Exposu~ to gamma m)'s from natural ",d,onuclides OCCutS outdoors and
indoors. SU"'C}" by direct measurements of dose rates ha.'e been cond""ted
dunng tbe laS! few dttades m man) countries, Na'ional a"Otages range from
2.J to 160 nGy h l

The dose ""e in air ""rdoor. from t.~trial pmma rays in normal
circumstances is around 57 nG)' h " National ••-crag<:> r.nge from 24 to 160
nG) h " Soil and survey data yield similar \'alues, Communities li"ing on
mineral sands rna)' well be exp<}'ed at two order> of magnitude mo~.

The gamma_ray dose rale indoors is estimated to be 80 nGy h '. the
populalion·"-cighted mean of measured values "'orld-wide. and the range of
rqx>rted natlonal a,'erages is 20 190 nGy h " "These mults are in accordance
with .'alues inferred from outdoor measurements and the concentration' of
radionudides in buildmg malerials, Applying a roefficicnt of 0,7 $. G)' 1 to

con...rt absorbed dose rale in air 10 effecti.'e do.. and using an indoor
occupano) factor of 0,8. 'he world·wide a.'e",ge annual effocti"e dose from
external exposure to terrestrial radionudides is 0.46 mS,.

[n comparing the inti,,,,, and ""'w'" ••-crages. il ;s seen that the o.'er.1I
effect of surroundinll building maleri.l. is to increase the dose rale 40-50"1..

The ratio of indoor to outdoor dose rates .'aries from 0,8 10 2,0, In only two
coumri.... [""land and the LSA. are ,,'erall" absorbed do.. rates indoor>
judged to be less than oUldoors, This rat,o 1$ sensll,,'e to the structural
properties of d"-cllings (material•. thicknesses and dispositions) and is of
limited utility for estimaling ",pesu..s in particular c.... from oUldoor data,
Howe"er. the relati..I)' narrow range of the indoor outdoor ra'io reft",,!! the
fact 'hat building material! are usually of local origin and that their radio·
nuchde ooncentrations are similar to those;n local soiL The building materials
act as sources of radiat,on and also a. shield. against outdoor radiation. In
wooden and light"'eight hou.... the sou= eff""t is negligible and the "'ails are
an inel1kien' sh;eld ,,'uh respect 10 the outdoor SOurces of radiation. so IhalIhe
absorbed dose rate in air could be expeete<l to be somewha,lo,,-cr indoors than
outdoors, In oon,rllSt. 1O mass;"e ~ouses made of brick. concrete or stone. Ihe
ll"mma ra).. emitted outdoors are efficiently abwrbed by the waUs, and Ihe
indoor absorbed dose rate depends mainly on the aeli"it) concentrations of
natural radionudido:s in the building materials.
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5.2.2 Artilk:ial en"ironmental TlIdiatiOlI

'UClEAR TEST EXPLOSIOSS

5.111 lHp"'siri""

Mechanisms of deposition "-ere discussed in ",me detail in lhe UNSCEAR
Comm;u..,', 1964 rq>ort. After enlering the ",opo,ph.,. from above. fission
products are transported down to the !e,-.I of the rain-boating cloud.. mainly
hI turbulent mi'in/!;. This downward m"vcmem "enhaoccd ow. amicyclonic
.),.tems and =lI;cted ,,"or cyclonic s)'stem'. Belo..· thIS le,-.!. Ih. "'dioaeti'".
particles .r<: rapidly "a,bed out by pttcipn.tion and deposited upon the
.urface. In addition. dry removal of fission products take' pl.ot through
"",-eral rmchanisltt'l. Dry rtmoval by ••<lImentation requires panicle. to be
larger Ihan about S I'm and is important onl)' in local fall-out. Dry deposnion
of world·wide fallout makes an importanl CQnlribut;on 10 the total fallout only
in areas of low rainfall.

Fissioo products cao enter raiowat.,,- by processes ""ithio the cloud. the so­
called rain-out, or can be picked up by raindrops belo",' lhe cloud, tbe so-called
wash-our. For aerosols of "",all panicle size the wash-out i. ",Iati"ely quite
slow so that rain-out is probably the most important wet-<!eposnion prOttSS
The small contribuuon of wash·out procems to total deposition probably
accoumS for Ihe faC1lh.1 tbe activit}' of fiSSion products in ground·le"el air
does not seem 10 be ~reatly inOuenced by precipitation ratcs.

Se"eral of the artificial radionuclidcs that a", p",sent in fallout emit pmma
raj'S and thereby give ri,. to ao external radiation dose. In addition to ,'arious
short-lived radionuclides. tbe most important of "..hich are 9lZr and "Nb, the
mam contributor to "remal gamma rad,ation is IJ'Cs. whicli has a ph}S1cal
half·life of 30 years,

In principle it should be possible to calndate the external doses from the
short·lived radionudide' using the deposition dala for eacb radionucUde and
appropriate dose·ra.. conWT'Sion factors. For ""C, the diS!nbution has be<:n
as,umed to be exponential ,",'ith a mean depth in Ibe 50~ of 3 <:111. For tbe short·
li"ed fission products a linear distribution was assumed,

For the ,bort·li,'ed fission produet,. the'" is lillie leaching into the soil
before Ihey deca}'. but for mC.. Gale eI ai, (1%4) fOund there was a rapid
mo"ement into the soil during the first few years and hencefortb the distri.
bution remained fairly static. The amOunt of penetrauon depended upon the
"';1 type. but in all cases most of the me. "'mained in tbe top III <:111 of soil.
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6 Estimation of Doses

A. DOUVILLE, L A;,\SPAlJGH, M.l. BAlO'iO\'. K.1. GORDEE".
V.1. KISELE\'. V. ~I. LOBOREV, N. K. LUCKYA;'\OV. E. PAUll,
w. L ROBISON, ~1. SAnm". V. V. SUOAlWV A~O S. ZELE!\'TSOV

6.1 lNTRODUCTIOX

The eSlimation of local and regIonal doses resulling from environmental
relea.... f,om nuclear weaponllem conducted at lhe main nuclear lest site, is
discusw! in 'his chapler. Global doses. as eslimate<! by UNSCEAR for allthe
le'I' from all nuclear lesl sites. are also presentM

The main nodear le,t 'ite' that a", considered are: the Nevada Test Site and
{he Pacific Grounds for lh. explo'ions carried ouI b; the USA. S<rn.ipalatimk
and No,-aya Zemlya for the fONn'" USSR. lob Nor for China. MUluro. and
Fangataufa for France. and AUSlra)ian ,ires for Ih. UK

The stalUS of doS' r~n'truct;on at these nuclear lest sit..,; is fim des<nbed
in general terms. More lechnical >ections then address specifically:

l. the mdlvidual doses from e."emal irradiation:
2. lhe individual do.., from inlernal irradiation,

The nature and amount of infocrnation lhal are a"ailable vary according 10 lhe
nudear lest site thaI is considered. Although errons ha"e bern made in thi'
chapter to prosect simIlar informalion for all nudear lest sit..,;. this has nol
alwa;s bern possible.

The wartIme e,plosions al Hiroshima and Nagasaki are considered 10 be
beyond lhe ,,"ope of lhis repon,

6,2 NEVADA TEST SITE (USA)

The USA began almo,pheric lesting of nudear."',eapon,-relale<! de'ices althe
Ne"ada Test Site (NTS) on 21 January 1951, Tesling conlonued inlerminenIly
until 5 Augu't 1%3 when lhe USA signed lhe Limiled Tesl Ban Treaty
prohibiting the tesling of nuclear weapons in the almosphere. underv..aler. or
In oulet space (US DOE. 1994). Dunng lhe period of almospheric lesling, 105
t..,;ts were conducled abo,.. ground surface., the "TS and 14 Nher lests "..ere

,"",,,", T",~, &_"'-'H_'_"
Edited by SIr F, \\'UDer aDd R. J C. KiJdi.m>n.o
e llXJl SCOPt: """"""" by """' ,....., ~ "'- '-'"
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at depths where ,onlainmenl was not expected (Church et al, 1990). The total
energy yield of lhe...xplo,ion. wa, approximately I Ml of TNT-equi\ alent
nplo'i'-. enorgy, Mo" of 'he atmo,pheric r.lea~, of radiooeliw malerials.
including about 5 EBq of Ill] and 6 PBq of ,-"C,. look place in lest series
conduetro;n 1951. 1952. 1953. 1955. and 1957.

In addition. approximately 800 lem. conducted undorvound since 1951.
we~ dos,gn<:<I for ."n>a,om""l of radi""c,i,"<, debn.: 38 of these: had rdeaS<'S of
radioaCl;ve material. lhal "-er<: SJrulJl in comparison wilh Ihose of Ihe atmo­
.pheric le,lS, bUI,uffi<1enl to be detected by monilonng equipm<:nlloca,td "fT.
'ito (US DOE. 1994).

6.2.1 SlalU'l of dow rttOflStru<tiOll

Public concern began 10 .urf.ce in 1953. when ""eral detonations of the
Upshot Knothole ,<,I ",00 led to conoiderabl< falkml 10 the n"fih and eaSt
of the test site. and continued to build during lhe late 1950s and earl}' 1960s
(Church., aI., 1990). Congressional hearings were held in 1957. 1959. and 1%3
to evaluate the impact on the public from fallout of nuclear e,plosions (US
Congress, 1957, 1959, 1%3), Allhough estimated doses to local populations
from e,ternal irradiation. reported by Dunning ,n 19~9, .."«e low and ofhnle,
if an}'. local concern. the preci.. magnitude and uncertainty of those: e,po.ures
were nol .."ell establi'hed during the 1960s and 1970., Public action groups
.."e.. formed to seek Federal Government ..hef for 'fallout \ictim'-. and
Congressional RepresentatIves from the States of Utah and Ne,..da began
propo,ing legi,lat;ve ..lief for persons ,ulfering from cancers aUegedly cau>ed
by' radialion. By the late 1970., hundreds of damage claim' had been filed "'ith
the US Government alleging that iUnesse>. primaril}' cancers. resulted from
nuclear lesting acti';lies at the NTS, The publication of one: particular epi.
demiological stud}' (l}on n aI.• 1979) implied a causal relalionship between
radioacti"e fallout depo,"ion and childhood leukemia. Public personalilies
and som< scient;'l' que'lioned the ..habilit}' of e,J>OSu" estimates pro,'ided in
1959. especially a. doses from internal irradiation had not been con'idered.
The....'ent' and concern, prompled the need for a thorough "",,'aluation of
radiation "p"'ure' to the public rrom rallout produced by nuclear detOnalion'
althe NTIi (Church n al" 1990: Whicker n alu 1996). In the 1980s. fOUT major
dose·reconstrucuon >ludies were undertaken: these studies are no'" completed.

The rour major dose recomtruction 5ludies are known as:

I. the Off·s"e Radlali¢n Exposure Review Project (ORERP) study oflhe US
Deparune:m of Energ; (DOE):

2. lhe Ulah leukemia ca..~mrol stud}',
3. the Utah thyroid cohort stud~:

4. the National Cancer Institute (NCI) faU¢ut >Iud}'.
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The firsl three studi"" are concerned wilh doses rece"'ed by 'local' populalions
(less lhan 800 km from lhe NTS). whereas the fOUMh 'tudy deals with the
e'timalion of th)'roid doses rece;,-ed by populations across lhe continental
USA. In all of Ihese sludi"". uncert.o.inly ""timates "ere atlached 10 the calcu­
laled doses_ The ilt'Cond and third studies "'ere COndl>Cled in lhe framework of
epidemiological sludies (Land. 1996)_

6.1/ I TM ORERP Sludr qf DOE

In 1979. DOE eslablished the OlT_';le Radialion Exposure Review Projccl
(ORERP) to:

collCCl and Mganize alOne cenlrallocalion all rel",anl document' and
dala pertaining 10 falloul in the olT-sile area and make lhese documents
a"I;labie to lhe public:
produce a dosimetric re""'alualion of the off·site area chameleriled by
region. communityllocak. and age/occupation (Church., al_, (990)-

A methodology",... de,-elope<! by the ORERP to model doses to individuals
resulting from specific NTS ",·ent•. This methodology is based on lhe estab­
lishmenl of dalaba... conlaining. for each Iocalion of interest. an ""limale of
Ihe exposure rate at 12 h after each event (H + 121 along wilh lhe estimaled
\lme of arri'al (TOA) of the falioul at lhal localion. Measured and calculated
relation,hips between exposure rale and relati'" amounts of each fission and
aeti,-ation product for each NTS ""enl as a fUnClion of time afler the esplosion
(Hick,. 1981. 1982) were then used to eslimate the deposition per unit area of
ground (also called depo,ilion den,il}') of each rnd'onudide_ These expo,ure
rates and deposition-<lensity estimates were used both to calculate external
dose, and to eslimate doses from internal irradiation based On en'-Ironmental
transpon model•.

The firsl pha... of the ORERP. designaled a, Pha... l. was performed al
locations "ith;n approximately 300 km oflhe NTS. where ground·monitoring
personnel mea,ured gamma espo,ure rales follo",ing nuclear e,-ent" These
,ur'-ey'meter readin~. along "ith available fallout pattern,. were used to
compile lhe To".... Data Ra.... with 1910 =ords ,n'ol'ing 74 ",-enlS al 353
localions (Thompson n al,. 1994). Each record in the Town Data Rase con­
la,n, Ihe '-alues and esUmate$ of uncenainues for H - 12 exposure rale and
fallout arri,-aJ time for an e'ent at a given location (Thompson. 1990).

The second pha... of the ORERP. designated as Phase II. included the $ta1<1 of
Arizona. 1'\'...... Mexico. 1\OIada. and Utah (excluding areas in lhe Pha... I study
region). southeaSlern California, ",-.stem Colorado. southern Idaho, south­
eastern Oregon. and southwestern Wyoming. An analogue of lhe Town Dala
Base. Ihe County Data Base (COB), wa' de'-eloped for the 142 counUes and
county segments that are pan of the Pha... II sludy regIon (Beck and Anspaugh.
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1991). The COUDI)' Data Ba5e was conltructed From !l'Cs deposilion-den~il}'

",,;mates for each of the 142 counli", and counlY segment. for each ",IS .'-em
th.1 depooired .illnificam fallout in lhal county, The manner in which the TDB
and Ih. COB ha"e bttn prepart:d has lxtn dcscnbW '0 dela;1 by Bc<;k (19'96).

O<>..s From external irradiation were calculated 'lOchastically using Monte
Carlo te<:hniqU<1 for nine age!<=upation catt$ones for each Phase [location!
.'col combination in the To"'o Data Ba", and for each countyl.,-cnt ",m·
binalion in lh. Countj Dala Base (Henderson and Smale, 1990).

Doses from internal irradiation "'"re estimated using the PATHWAY model
(Whicker and KIrchner. 1981). The modelling approach used .tate-<lf·lhe·an
dynamic models and sito.'pecific data on agricultural. Iif<Sl)k and <o,'roo_
mental ,ranspon paramctffl. Where possIble. model pr<:<!ictions w~", t~,t<:<!

again'l actual, independenl data sel' prior 10 u'" for lhi' analysi" Compu.
lation, "'~re c~m<:<! OUI for 15 S6S l0c0lion/.,'.nl rombinalion" 20 radio­
nuclides. four age cia,..., and 22 organ" L:ncenaimies in dala and mod~1

param~lers wcre propagal<:<!lo do'" ",timal'" uSing Monle Carlo 'imulation
lechniques, The ,hapes and magnitude, of uncertaimy distribution' of the
parameler values lhal ...... used in lh. model' ...cre "'limaled based upon
~xlen,i,'~ lit~ralu", "'arches, the elicitalion of «pen opinion, and lhe judg­
menl of the InvesugatoN_ The radionucbdc concenlralions in foodStuff•. the
human imake' of radionuclides, ~nd lh~ resulting ~S\imaled radiation doses
...... lypically best d~bed as lognormal distributIon" Therefore. medians or
geometric means (GM) and geomelric standard lknations iGSD} we,.. used a,
lhe d~ptors for cenmll tcnd~ncy and disper<lon. r.specli,-dy. of lhe radIO­
nuelide roncemralion' in foodstuff" of lh~ human imakes, and of th~

eStlmaled doses (Kirchner~, 1'1.. 1996: Whick~r., al,. 1996).

6.1.U TIt. Ulah Leukemia CaJe-mIIl.al Siudy

The Ulah leukcml~ ca".-<,omrol Sludy. ",hich was funded by lh. Nalional
Cancer lnstitule. "'-a, designed to te" earli~r obse".ations (Lyon CI al" 1979:
Machado er a/.. 1987) lhal seemed to ,ndicale an excess ofchildhood I.ukemla
in soul~m Utah fol1o"'ing atmosp~ric lesling of nuc~ar ""eapons at lh~

1\'TS, A subject's inelu'ion in lhe leukemia "ud}', e"her as a ca", or a, a
oon,rol. ....as based on lh. following criteria:

I. a date of birth prior to 1 No,=ber 1958. as hsted in the records of l~
Church of Jesus Chnst of Lauer.Day Sain" (LOS):

2, a date of dealh betw""n 1 January 1952 and 31 December 1981, as indio
caled on a Utah death certificale (Sle' ens" al.. 1990: Simon n al.• 1995).

Cases con,iSled of all indi,-jdual, ""ho meIth.... criteria and died of leukemia:
1177 cases "'..,.. idenufi<:<!. A rontrol population of 5330 subjeclS was seJ..,ted
randomly from deceased Ulah residen" and ""ere matched by age. sex, and
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year of death, Information on the residence of the ,ubject' durinl\ tbe period
was made a,-.ilahle h}' Ihe LDS Chureh f<om i15 r«ords exclusively for thi'
an.I~"i', Therefore.• emerion for inclusion in Ihis study was membership in
Ihal church,

The tissue of inlerest for leukemia is lbe ""ti"e hone marrow, When aU
pathway.. of exposure are considered, external irradiation from radi<>nuclides
deposited on the wound prtSCnt b~' far tbe most importanl dose COntribulion
to the acti"e marrow (Beck and Krey. 1983). ACli'e marro'" doses from
external irradiation ""ere calculated for an of the 1177 cases and 5330 controls
included in the study, The information nece.... ry 10 perform those calculations
include"

1_ the resIdence hislOI) of all indi'idu.als considered;
2, the lemporal '-analion of the e.posure rateS at each location where the

cases and controls re>ide<.! durin8 Ihe exposure period;
3. an age-<lependent con'ersion coefficient from ",posure rate to aCIl\"C

martOW dose;
4. shielding factors accountin~ for the fact that people spend most of their

lime indoors where exposure rates are lower than in the open.

The dosimetry melhodolol\} "'-''' ba>ed on the 1\\'0 ORERP databases (lhe
TDB and the COB). ,,-hieh pro,ide estimates of e'posure rates oUldoors at
12 h post·<letonalion as "en as tbe lime of arri,..1of the falioul cioud at each
location. "'ilh their associate<.! uncertainties. The >ariation "'ilh time of the
exposure rale had alw bttn estimated by Hicks (1982) for each NTS e"ent
within the framework of the ORERP, A residencr histN" database was cOn­
structed for all individual. oonsidere<.! ",ing mainl) the ~a,"" Membe"hip
File and the Church Census Record of the LDS Church. although .upple­
mentary information was pro, ided by telephone and CIlY ditCCIories (Simon er
01.. 1995). Con'''rsion coefficient' from exposure to acti'e marrow dose and
shieldinl\ faCIO" "'''re taken from lhe literature (Simon., 01.. 1995)_ The dose
assIgnment for the 6S07 subjects in lhe case-conlrol 'tud~ is one of the mosl
comprehen,i,'e and detailed e,er assen1blW for an lnl'esllgation of radiation_
indut'N leukemia,

6,11.3 TIle Utah Thyroid Cohorr Study

The Utah th)'roid cohort 'ludy..... hich ""as also funded by the National Cancer
In'titute, was a follow.up [0 a Stud}' COndUCIe<.! in 1965- 1970 by the Bureau of
Radiolopeal Hahh. in which children li,'inl\ in Wa,hington County, Utah,
and Lincoln Count). ,",nada. had been examined for the presencr of thyroid
abnormalilies. and children of Graham Count). Ariwna. had bttn used as a
comrol group (RallilOn el al.. 1974), The Utah th~'roid rohon study con'isted
of local;nl\ the same cohon of subjects idemified in the 1965-1970 slndy and of
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!'eo(xamining them fOT the presence of Ih}'Toid neop\aSlll§ and other lh}'TOid
di",a>e. Altogethtl. doses WC'" assigned for 3S4S .ubJeCls. of ,,-hich 3122 W"C1'e
re-examined (fill e, al.. (995),

ThyToid dOSl:s from :-.:TS fallout ace mainly duc 10 lhe consumption of
food'lutTs oonlaminale<! ,,'ilh 1)11, ..-jtb other. minor, contributions rtSulling
<SS<':nlially (rom th. oonsumPlion of foodstuffs comaminated "ilh "'I. from
external irradiation from fallout activity del'O"ited on lhe gmund. and from
inhalation of ai, comaminaled wilh bolh Illl and "'I. Because of lhe smaller
rna,. of their thyroid gland. child...n retti,.., highrr doses than aduhs for a
gi'cn intake of '" L The consumption of fresh 00"'. mill u,uall)" acroom, for
most of the dose because milk is consumed regularly and;n large amounl' and
~ause of its sho" shelf liCc. OIber foodstuffs with .hort Shelf Iif•. such as
leafy 'egetables. may also contribute significantly to the thyroid dooe. The
,"Formation~I) tocakulate the Ih}wid dooes recei"ed from ingestion by
all indi"iduals in Ihe cohort includes'

I. the depo>ition densities of 1)11 and 1))1:

2. the transfer coefficients from the deposition densities to the radionuclide
<:oncentration, in co"'s m~k and other imporlant roodSluIT,:

) 'he dietary and liFesl)le h.a.bits "f aU indi,iduals in Ihe coh"n;
4 the thyroid dose codliciems.

The depo>Ili"n ...lImales were "btained u,ing 'he OR ERP methodolo!}' and
the Iwo ORERP depo,ition databases. supplemented "';tb an additional
database. the Chher locations Database. specifically de,-e1"ped fo' Ihi, stud)_
Depo>ilion eslimates were ascenained for 5804 locations of subject l'e'iidences
andlor locati"ns of milk producers_ The lran,fer coefli(ients from the deposi.
tion densilies to Ihe radionuclide concentralion, in co"'s milk. goats milk. and
leafy '-egetables we.. oblalned usmg a Sulle of models and a su,-,.'ey of dai')'
management praclices (Simon" ul.. l~)_ A di.,. lir...tyle. and l'e'iidenct
bistory survey was conducted to obtain specifIC information on the milk con·
sumption rat.... the frequency ofconsumption of kaf) ,..,getables. tb. source of
milk and wgetables. a> well .. on l'e'iid"""" li",o')' Finally. 'he a~specific

thyroid dose coefficients "-ere based on literature dala.

62./,4 Th~ ,,'CI Falloul SlwlJ'

The N'CI fallout otudy consISts. in pan. oran asses,ment ortbe expo>ure oflhe
American people to 1"1 to fallout originaltog fr"m th. NTS (Wachholz. 1990)
Thi' 'tudy is carried out in response to Public Law 97-414. Section i(a)...'hich
sels fonh Ihr« requiremrnt!:

(I) oonduel tcicntir;" researeh .Dd prepare lnal)'"", oecessary to ,;e..'elop ,..hd
IDd on:dil>le '''''''''''''llS of ,be ri'ks of lllyroid <once, 'hal Ire a>so<iated ""h
Ih)'r<»d doses of tod;ne 131,
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(2) a>odll<'l .......lifi< mean:b ond~ aul)-~ 10 1lt>..1op '-a!Jd
ond credible IDrthodi '0 .'''''''''. 'Ilo "'1-.....1_ cllod"'" DI Wl:or< ......'od
b) oodJ'iduak from o..::ItM bomb I"doIll;

ill a>odll<'l _"fx' fefftrtll ond -"aul)_~ to Ilt>dop '"Obd
ondcttdible .,,= n.. dthe ..~ '" 1_ 131 thai the AmencaJr, JlCI"I*
....,.,.."" from the "c>-ada .'='1 t Ie __ .......

The cstim.atioD of \he oposurt atld IIl)TOId c;So,.,. r=:j,ed b) the Ament::an
pcoplo as a n::<Ul1 of n'l f.IIou' from the :"'TS has been compkted Cl'CI. 199~1
F...... in& the ' ............ndallOM of tilt ..nlOOrY comntJu,,", W' t$U.bo
b.tlcd 10 _ tilt "'"Cion addrtSilllllllo<: t&Ih. lIlyroid doocs eswMled
ror f<'I'l"C"CDtau... iDdi.,-,dual< III t'adl of tbe .I'J'f'W'I""dj 3100 COIUIUOS of the
con"l"""'" USA ror eacb ~_I.I the ''TS WI resulted iD sipific:anl fallouI_
upoou..... 10 "'I,n fallout """",f<! lIUItnly from tilt pti!ute--al'll miD: food·
chain_ Other. Je.s importanl nposurt roulCO (inhalatioD of IJ'I<OI\tamlUtfd
&If. and inJ"Slion ofrood.5tuff. Olller IIwt fmh <:000"5 mIlk) a.... aho~
bul III amuch n d<uiJed maOlltl". In lbe usnomml oftMnposum from tilt
~>1urt---<:oW-milkfoodo;haut. Ktima..... '" "",d< of:

I. lh. acti"i~of '" I t\cp<:ffilf<! on ...,,1 .nd 'tI"'alion:
2. lbe ilI110unl of 'Jtl COOlumed by da,ry ""'"5 and Ihe .....ultml "'I con·

cmlf1lI'ons in oow, milk;
3 1M "'[ ingesled by people;
4 Ih. absorb«! dose< from '1'[ on Ih. Ihj'ro,ds of p«>ple (80u,'ille tl a/,.

1990).

Con""ptually. this Study is -ery limilar to rho ORERP Iludy (as far as the
""imalion of thyroid dol'S from' "I "con""rned) and to lh. do'imetric efforl
relaled 10 Ih. Utah Ih}'roid cohorl Illldy. Th. basic d,fferenetS bet"...n Ih.
lh .... Iludi... are IMl:

in lhe l\CI falloul lIudj. lh< popul.liofll acros>lh. oonhguou. USA a",
con<idc-red....herea., lbe olher IWO lIlld.., deal only "ilh p«>pIc: residlnl ,n
a f"" .tat.. in the 'lCln"j oflhe N~-ada T.., S"c:

2. lhy1"01d do<c:s in tbe ORERP Sll>dy and in the SCI faUoul stlldy arc
a""sed for "'~tau'e. unspecified indi,idual.. ,,'hcras Ih)TOid doteS
'0 ",""ufied D>dJ'idual> are num:alf<! m 1M l.'tah .hyroid ""hon $tlldy

Special cfToru ....... made 10~ tilt dcpo<.ItioD of n'l IoCI'OM tilt
USA for cacb lOpt,6can, e'ot1ll al tile l"~-ada Tcst Sne. BIL (Ett"l'OIUltlOtW
M.......-m>ctll'l Labonttoryl I"ftI1Dlld-fiIm data ooIlcctcd bent..... 19S1 aDd
19S! ftom the 40 to 95 _lOfUlIlOUS Ioc:ated Ihrouibo<tl the COUll'!)" al WI
umc ....... It§Cd 10 c:akuIa.. csllmatn of d:aJlr dc-p<::$tiolll;, of n'l a' thoosc Illes
(Beclt el 111_ 1990). Dcpo>Il>C)II of '''I bet....... IDOIlIlorin! ..lC:l; ..-u <Wmalf<!

b) m\C1ll'Obtioo I15iIll Pf'Kip.talioa data aDd appropriate otistic:al tedt-
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niques, especially kriging (Gogolak fl aL 1988). for those [em durioa which
lh. gummod-film network "'" not in place (i", dunng lh~ Ranger lesl sc:ries in
1951 and for l..ls ... rrio<! oul afl.r 1958). an almospheric di,persion and
d.posilion mod.1 wa' de\Olopo<! 10 pro"ide "Iimal.. or OJ'I during lhose 1..IS
in lh. areaS (>flh~ LSA when: rainfall coincided wilh lho pa""go Oflho fallout
eloud (Hoecker and Maehta, 1990). In adduion. lhe ORERP mimates w.r.
usod for localion. in th. 'icinily of Ih. 1'I."ada Test Sil.,

Th. a......ment of th. thyroid dosos abo nOtt>sit~l.d information On th.
paStun: pr.<clices. milk dislribution. and con,umplion in th. contin.ntal USA
in lh. 19SOs. S~ial 'UTW)'s. along with .,;t.ns,,'. Iit.ralun: se:arches. w-en:
caniod out for tbat purposc: (Dr6cer n al.. 1990).

6.2.2 lotal and r~lon.1 dose< from exltrnal Irradial;""

Do... from txt.rn.1 irradi.tion ha". onlj l>oen ..tim.lo<! by lh. ORERP for
tho populalion, of th~ Phase: 1 and Pha... 11 ar~a" lIi'toriea.! ,...ul~ for lh~

Pha.. I an:a ha"~ l>oen compilod and analj;ed bj Anspaugh and Church
(1986) and by An,pau@hnal, (1990) 10 ..timate lh. eumulati," collocti'e and
indi"ldual •.'P"Su"" bj ,h~ communily in tha' r~glon. The resuh~ ~re

pr...mo<! in Table' 6,1 and 6.2; the tOlal eoUecti," ",,,,,,un: i' e'timatod 10 be
about 80000 porson.R. ,h. mos, imponan, ~onlnbution~being du~ (0 the tesl
serio; of 1953 and 1955 Most of the exposure, w.n: kM than 0,5 R (J.3 mGy)
and w~n: C'SSellllall; due to shon-li,'od radionudides (with a Iullf·life of los>
than 100 day,)

Thompson ~I ~I. (1994) used lhose: hi~to,,~al rttOrd~ and th~ published
fallout pau~rn, to prepare th~ Town Data Ba... "hieh pro.'id.. e'timat.. of
eAposun: rate at H - l:l and or falioUl am",J ume for 74 nudtar n<lllS and
353 location' of inle""t in tho Pha.. I area. A 'imilar errOrl wa, c.arried oul for
Ihe Ph.. II an:a and n:~uhed in lilt Coun,y Data fuse: (Ik<:k "nd Anspaugh.
1991). These t..'o d.laba.... used in conjunction ,,'ilh tho radionuclide
di~tribulions publi~hed by Hicks (1981), allo.. estimales of th~ d~fIO';lion

densily of all signific.nt radionuclid.,. productd by eaeh 1'o'TS e'·em 10 be made
for any localion in the Ph.>e 1 and the Pha>e II areaS.

U,ing lho TO"l1 Dau Base and taking imo .ccountthe amount of ,hi~lding

arrordod by Structures for mn~ generic lireslyl... Henderson and Smale (1990).
within th~ framrnork of th~ ORERP. d~ri\"ed eslimat.., fo,"

I. whole·body and 'kin do,"" due to g.mma ray, emitto<! by lhe radio.cti"e
m.t~rial, deposited on tho ground:

2. skin doses due '0 bela panIcles .mllled b, r.dlO'c",·~product' d~positN
on tho skin;

3. skin d~ due to bel" panicles nnitled b,' (he radioacl"'e malenals
deposito<! on lhe ground,
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Tobie ~.1 Cumula';\< collect;v< «,ima,ed extomol exp<>sute
by ,<>t ",ric••nd 'im< perioo (based on An.pouih "01.. 199(1).

Colle.;t;'·e e.'p<>sure
(pcrson-R)

'"

Roni'r
Bu"<r·Jan~1<
Tumbl<r.Snappcr
Ul"hot.Kn'''hol<
T"PO'
Plumbbob
Hardtack 11
se,~ral

Many
Total (rounded)

1951
1951
1951
1953
1955
1957
19~8

1%1-1%3
1963 1975

Sm.lI

.""00
~~
,,~

,,~

"00".,W
~8000

T.bI. 6.2 Distribu'ion of indi,·;du.1 cumulali.·o o'p<>sure> dunni 'h ....
,;mo pcnod' (An ,poup " al.• 199(1),

hp<>surr rang< (R) 1951 to 1958 1961 '0 196, 1963 to 1975

<0.01 to OJ ,,~ 180000 'W~
OJ 100.S ""~ ~ "0.5 10 \.0 ,,~ " •1.0 '0 S,O 20000 " •5.0 '0 10.0 'W " •10,0 to IS.O " " •To,.1 (rounded) ,w~ 180000 'W~

Organ and retal dose csnmar<' ",-ere alw calculaled. The nine life<lyl... con·
sidered included four adu!! lifeslyles c1a"ified accordinillo Ih~ Iype of occupa·
lion' homemak~r_~mplo) ed indoors ($<;hool t~acher. sale' derk. ele.), employed
outdoors (farmer. lelephone linesman. ~IC,). and sliepherd (assumed 10 be full
tim~ OUldoor,). The orher he Iif~\t)'lcs",ere age--dependenl: newborn (birth to 4
mOnlhs). infanl (4 mOnlhs to I y). pre-school child (I 106 YJ. elememary 'ludem
(6 to 12 y). and sec<>ndar) Studenl (12 ro 19 y), The reiul" $how. a\ e'p""-'ted. lhal
lhe greal~r "'hole-bod) doses from ~'lernal irradiation are recei.ed by people
spendmg all or most of the" "me ouldoo.-s (Hend~fWn and Smale. 1990). For a
g\"en plaee of ""idenee. ho"e'er. lhe differenees in lhe "'hole-body doses
re<...,,-.d b}' p<rwn, in the nme lifeslyle calegories are relatlyely small.

Estimale, of bone-marro" dose' for lhe 6S07 'tudy 'UbjeclS of lh~ Utah
cas<:-conlcol study "'..re abo deri"ed from rhe Town Data Ba'" and from llie
Counly Data Base (lIo)d el al,. 1990; Sle"ens el al.• 1990: Simon 'I ~/., 1995).
In the conver<;;on from expo,ure 10 dose. an age·dependent con"ffiion faclor
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T.... U l.:Lilb ~ll'ol S100y:~· oflCl"'t IIlilTO'I
...... (mV)1 for MOl ..<>dy .u\>J<cU (Simon ~llllll.• 199"

c_ C~_ 0",.,
\l"",, dooe 2.9 ,- a
M_dooe 3.~ " H
Mod< " " "Mm • • •
M~ • ~ ~

T_U c-.r- 01 npoollft ........ (R, obuiDod by •....-lIlC\hodsl""-1
OIl lbobI .. fill. Ii",", nd OIl Uord .. 01. (19'!1O '. no. _ rdn 10 """""""

Ioca""'" aid _1D1<p1l1<d f... '- otllTJ\oI otr.-' ................

~- Sool c.' "-"".. S"","," ......... Iln.:k TL

E!). :'Io"V OJ ,,
HUJTicaD<. ur " ,. ..
Kaoab.. UT .- 2.J ~.9
La vema.. ur " " "Lu\'qu, SV •., •.,
~m " "So1lI' G«q<. LT U " 6.~

Sal! Lal. G'). UT ,: l.Z
Wa.m"l'OIl. ur 2( " ~.9

• E>.poo..... booool oft _11 or "'0",000 (8«• ..., Kr<). ,ft})
Expooum _ oft Prrti... or t<>UI bou. dcPOO;l>Ofl .....,""'" "';,h ,.....,...:I iIltn (11«1"
,~,

, Ex"",."" ba><O O'l ,tie ,.....11'" of 'Urv<)' m<I<' ,<0<1",1' (An,pa"l!> """ Chur<n, 1~l. ,,,"III
~~'" 00'''·0_ '0 "",101<.>0< "1'0'""" ""'" ;"fioj" ,~.

Ex""'..... _,-..I from 0'><0'.'_" of """" '0 qua'" '0<1",,,,,,,,," h<i<k' (110...11 .. ", lll'Ul

was usod. hu, i' "'as assumed 'ha' 'ho amoun, of shi.khn••fforded by s,rue·
,um was tho sa"", (or alllubJKlS. Summary l'C'$ult, an: ~'ed rn Table 6.3
Tbo median dose "'u "'llrnaled to lie aboUl 3 mG}. bo'h for ""~ and for
coolrob. Th( ma.umum doses w= 26 and 29 mG~ f<>r cues and for ron'rob.
=poai>'.ly. The mInimum dotes ....... ltro.•,,, "'-....HUm<d 'ha' people "'ho
lived ""'SIde of ,he <101m," consodered (I.•. pan or all of UUlh. ' ...-ada. Icb.ho.
WyominJ. Colondo. , ... \ltxlltlO••nd Arizoo..J.I dunnl the period 0( Ul,m·
si.., fallou' (from 19S1 '0 19S81 tOCt>,'(d 1>0 from ""S (allou,

For the purpoxs of >allda,,,,,,- bric:k ples "'= ta1<"" from RrlIClU1C'l
Rand;", $U'IO! tb: tqUln,n. oftb: falloul period and ....... aaaJ)ocd to) ID£ID'I

of~ dosamcU}. (Haskell ~l ..1_ 1'J').t1. PaUl JIlo.,-n III T.bk
6.4 indic::o...~ aJllallCn, bc1..ttIlUat n:sullli otIUoil>cd ",th Uus teduuque
and ..j,b oda method, lIiCd 10~ the TO'VlD DaUi Eluc and ,he COOIIlI)
PaUl Base.
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6.2.3 !.«lll and regional doses from imernal irradiation

0<>... from imernal irradialion are mainly due to inhalalion of air contami·
nated .....ith radioacti,," malerial' and to ingeslion of fO<X!otufTs oontammated
wIth radioaeli"e malerial" A, far a, local falloul i' ooncerned, d"",s from
imernal irradiation are. for maS! organs and lissues, sub,tantially 'mailer lhan
those from external irradiation. The notable exceplion is the dose 10 the
thyroid from inlemal irradiation ......hich dominales he",'ily o"er both the doses
from external irradiation and lhe doses from inlemal "radIation 10 other
orga", and lissues (Whicker .., "I.. 19%),

Only the thyToid doses are oomidered in lhis seclion, As menlioned earlier. lhe
thyroid doses from NTS falioul re,ulted essemially' from lhe ingestion of milk
comaminaled .....ith llL 1; olher. u>ually less important. path"ays of exposure are
the oon,umption of leafy ,egetables and ew.

Thyroid doses from NTS falloU! reeeh'ed by lhe populalion, of Phases I and
II of the ORERP ha,'e been Studied exten,ively. Anspaugh eI al. (1990) oom­
pIled lhe e'timale, of thyroid doses for an infanl jj,ing in 51 ~rge. Ulah
"'hen lhe evenl HARRY occurred on 19 May' 1953. 51 Oeor~e was one of the
mare he",'ily impacted communities and lhe evenl HARRY aocounled for
most of the thyroid doses In Ihal area. The resull' ofAnspaugh eI al. (1990) are
presented in Table 6.5, It is of interest lhal lhe hislOnCal "alues, .....hich .....ere
deri,ed from meagre mformalion, are relalively close IOgether, and that lhey
compare .....ell .....ilh lhe modern 'alue of Ng .., al. (990). cakulated for lhe
ORERP, and with lh. preliminary estimale of the 1'C1 falloUI study, "'hich
.....a' added to Table 6,5 for oomparison purpo....

Estimates of jndi"idual thyroid doses for the 3545 ,ubject' considered in lhe
Utah thyroid cohorl study are summariud in Table 6,6 (Till el al" 1995),
O'·.rall mean lhyroid dose for lhe cohort .....a' 98 mGy. "'ith a median dose of
25 mOy. The muimum cakulated lhyroid d"", for am subject .....a' 4600 mGy,
For praclical purpose'. uro doses were as,igned 10 135 subject' "ho did nUl
resldc wnhm lhe domain considered betwttn 1951 and 1958,

The imporlan~ of the OOnmbUlion of lhe con,umplion of milk 10 lhe
lhyroid dose is illustraled in Table 6.7, The mean do," among the subject' who
did not drink milk wa' 12 mOl', wltereas lhe mean do," among Ih. 5ubject,
"ho drank milk w"' 100 mGy, Of parlicular imporlan~ are the IS5 ,ubject'
who drank goat' mHk al SOme poim in lheir childhood. The mean dose among
lhi, group wa, 300 mGy. and lhe highesl dose (4600 mGy') ""as found for an
indi'iduai in lhal group. Fi"e subjects recei"ed an absorbed lhyroid dose
greater lhan 3000 mGy: all of Ihem drank milk from a family owned goal
These data clearly demonstrate tlte imporlance of lhe goal mIlk palhway (Till
et al.. 1995),

Another important feature of lhe Utah thyroid cohan sludy i> Ihe e"alu­
alion of the radioiodine exposure while in u!em, A tOlal of 480 'Ub)ecIS "'ere
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Table 6.~ HISlOrical and CUTlenl CSIUllalCS of lhyroi<l do"" for an infant
li"ing in S, G<ori<. ljlOh 0\ lhe time of 'he .,en, HARRY (19 May 1953)

(Baoed on An,paugh ~I "I., t99(l).

Au,hors

Mays (1%3)
Rei.. (1963)
P<ndk'on" "I, (19631
Knapp (1%3)
Tamplin .nd Fi,her{l96i)
Perez and Robin"'n (196i)
NiNa/.(lm)
NCI (prelimiMl)--)

Th)r<»d dose (Gy)
Cen,ral ..,imat< and range of u",,"ain,y

0&
1 '0 7
O~

U '0 4.4
0.78 (0.1 '0 1.6)

O~

0,66 (0.1 '0 1.9)
0,5 (0,210 104)

Tabl< 6.6 Summary of 1h)'roid doses (mGy) from V,.h thYToid oohort "00)' (Till
el a/.• I99S),

W"hini'0n GrahamCo"n,). Lincoln County.
Coun,). V..h ,-- Nevada O"erall

l'umber of ,nbj«U ,,% ,,~ '". '"'Mean do.. "0 " " ~

Median dose " '.0 ~ "M,n,rnurn " " 0 "Maxtmum ""' .~ .~ ""'Mean GSD 1.7 '0 " ,.
Tab!< 6.1 Compo'i",n of 'h)Toid doses (mGy) be''''",n milk drinkers and non·milk

drinke.. (Till" "I" 19'95)

~on·milk drinkers Mil, drinkers Goa" mi]}; drin''''

Number of ,ubjec"
Mean dose
Medi.n dose
M.xunurn dose

3337
'00
~

.~

exposed in ""'<0 during the fanout perio<!. The a,,"mge d"'" to the thyro,d of
the retU, was 39 mGy: 'his accounted. on a",raSe. for about 20% of each
subject", lhyroid do,e (Till el "I,. 1995),

The NCI fanou' 'tud) i' the only on~ m "h'eh lhyro,d dOS<'S ha,e been
e;timated for each count; oflhe USA and for each important nuclear te'tlhal
was ",ndueted at the NTS. The metho<!oloS) and the data used 10 "'limale
the lhyroid dose" along wilh illumalioos or re,uh" are ",'ailable in hord·
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T.bIt 6.8 Comparison of pe, cal'"a lhy,old do... (mGyl
,ummOO ac,,,,,,.11 NTS ""en"

___0",'="",-'_-,'='=1 (1997)
245 III
125 62
113 7.S

" ~42 42
24 2l
0.67 0.93

St G<ori<. UT
Utah Connty. VT
La. "eps, NV
Sail Loke Count)', LT
Web<l- Counly·. vr
Bomalillo CounlY. NM
Lo. Ansel.. Counly. CA

ropy (NCI. IW7). and the delaJled ,e",hs for each nudea' ICSI. several age
groups. and several 1;1"" of diet ha,'e been p""led on the Imernel (address:
hUp:\\www.nC•. OIh.govl. Table 6.8 presenlS a rompa'i,on wllh OHERP's e",·
male, of "Cl cakulalion' of per capita lhyroid do"", ,ummed across all NTS
e,'""t> for localities in Phases I and [I. The NCI resull' a'e. for mosl localilies,
,imi[ar to lhose of ORERP. gi\'en lhe large uncerlaimies auached 10 the
.,lim'lion of doses '''''ei'ed .bout 40 years ago. An imponanl ,e,uh of lhe
NCI fallout 'ludy i' that depo,ition of "'I from NTS failoul occurred at one
lime or anOlher ,n e"ery Coun" oflhe conliguous USA .nd Ih.1 it i, likely lh.l
a[mosl all. ifnot all. oflhe people who re,ided in lhe contiguous USA belw..n
1951 and 1958 r«:<:i,·ed. lhyro'd dose from NTS fallou'- The colleclive Ihyroid
dose 10 the USA populalion from NTS fallout i' e'limated 10 be 4 x 10"
person·Gy. cor...sponding to a per capil" IhyrOld dose of .bout 20 mGy (NCI.
1997),

6.3 PACIFIC: ENEWETAK AND BIK[NI (MARSHALL iSLANDS)

The USA conduCled 105 testS 10 the Pacific RegIon between 1946 and [%2: [2
at John'IOn ['land, 42 a, Enewel.k (Eniwelok). 24 .1 Bikini (including ane
,hoI detonaled 100 km '0'-'''1 af Bikini). 24 al Christm.. [,[and, .nd lhree
eise"here in Ihe Pacific (VS DOE. 1994; Simon and Rab,"'n. i997). Exp[o,ive
yield ,·.Iues .... a,'.ilab[e for ali bUI fi"e of lho"'tesl'. The 10lal ene,gy }'ield of
the lesl' with a\,ai[.b[e ;Ield' "a, ,lightly g,e.ler lh.n 151 MI (Simon and
Rob'son. [997), From the po;nt of'iew of radialion do,",. the tests conducted
at Bikini and Ene"'elak Atoll, in lhe Marshall [slands were the mo,t import·
am, The 24 lesl' conducled at Bikini Atoll had a combined yield of about 77
Mt, of ,pedal impon.ntt amang tho.. lem W,S Ihe Shol Bra"o. a 15 Ml
Ihennonudear Ie", conducted in March 1954. The 42 tem delonaled al
Enewetak Atoll had a combined }'ield of aboul 32 Ml (Simon and Robi",n,
1997).
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6.3.1 SUM of cIosf rrronstr.-liOll

"LCLEAR TEST EXPLOSIO'lS

Dose"""""""'U 1I>o'"C bml made for ,he popul,"ions of the Marshall bbnds.
nimlially fo' 'hm: reasons:

L ,he ldocalIOO of lbe 166 lllhabillUlU of Bikini AloII and of 1M 1~5

inh2bitanu of 1M fM'<onok Atoll 10 OIher uland' of 1M ManIial1 llbndt
an:hipelqo before tM lint Ie$U in thMe alOlh (Jwe 1946 al BIk"u and
Aprill!l48 al EMv.=k):;

2. the ben) falloul ,n Ronpp IdaDcI and l;bnk Aloll mllhlll, from lhe
teSl Bra•.., in \b.n:h 1~54;

3 1M n<boIopcaI ~lld) ro>~"1 all aloth III the nonhml Man.llall Island.
Lhal ..... COfOmI.....ontd by the Republic of 1M \lusball IslaDds GOVtt!l.
menl ill 1989

Detailed informallOrl on e>'eIIU maled 10 alomie ......pons tnullI III the
\lanhall I....nds ""n be fOllod III Semon (l~·n.

6.J.U BiJcilri _ &romJt A,()/I,

1l>e Bikim A'o/l conSISts of. n\llllher of <mall Island. on an elllplical ooral m:f
surroundin, a IaJOOn Th 101.1 land area i' aboul 6 km;. Most of the 23
nllclear lests Ihal look pl_ II Bibni Atoll re rondUCIed on liarIt'S
anchored in the la,oon or on Ih. m:f. All island' ere subjecled to ,aryln.
degrees of prollmal faUout. Musl "f the radinacti__• oontammatlon on Blkmi
1.land was due 10 the B,.,·o tnl of March 1954 (Gudikscn.' "I,. 19(6), A few
of Ihe individuals of the Bikini oommunit) lhat had b«n r<lo<:al«l in 1946
retumw 10 li>e on Ih.Il nalive islands In 1970 afle, a dose aSJCbmenl
determinw Ihal "'habltalion "'II aoceptable. Hov,enr. it ....~ u,ltt disco>ered
Ihat Ihe Iifnl}'ks of the returned resldenlS It>ulIW in llrtaler inlernal dllSe$
Ihan a"ticipatw (Mlllenbel'J<f" 0/.. 1987). C0=<luenlly. the small Blkmi
communily"',1S "'loClI.tW .pln in 1978 and. as of lW7. had nOl "'Iumed
(l'ied""thal. lW7). An nt""si,~ datahaoe of radi""""lode COl\CC'llirallOflS in
11K .1000 .......)SI= has been lk-.~Iopcd and used 10 make dose Isscssmm" for
aD oPOOSU'" path..... )" (Of llI5tItkmenl optJons a, Blkim AIOlI (Robison rI uI.•,....,

1l>e l!'t"'I"lpboc:al StTUCtllR or tbe EnN"elak Atoll " s"ndar to 111>01 or the
Bikini AIOlI. Al 1M lJJnO or lhelr ldocauoa in December 1947. 1M EnN-e<.k
people "'" "IN or 1"'0 IJOUP" the DR! (Dispboed Res>&ml llldl&n\OUS)
Eajebi. "'00 _ned 1M land tiFIS on uland. in the nonhml b.alf or lbe .tolL
Iftd the DRl Ene..-rtak. "'1>0 _ned the land ngbu Oft.......u III 1M _Ihem
b.alf of 1M 1101 (Robison n •.. 1987). AD nlcnSl'~ radiolop:lliW"'t) of
the llaD ..... earned out UI 1972 ·1973 in order 10 i11lliate ptt'pIorillom for the
mum 10 the .1011 of II> _tom (US AEC. 19-31 Tbe """'t) resulU "'-eK
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,ufl""cn, H} determine that i,land' in lhe SOUlhcrn half "f the al"n could be
resettled because lhe p<>lenlial d""" were '-ery low, h"wever. lhe p<>lemial
do"" f"r Ih. northern half of lh. atoll w.re judged I" be too high t" all""
T'C'ClIlemenl "f lh. relocaled Enjebi people, Reselllement in lhe wUlhern pan
of the aloll took place in 1979. following cl.an.up of the atoll and a seriC$ of
new en\'ironmemal radialion measurements (Robi,on eI al.. 1987). A n.w dose
asses,men, for Ihe Enj.bi 1,land wa, prepared In \987 on lhe ba,;s of lhe
analy,i, of Ihe ""sr and [J'G concenlralions in man)' s.amples of food crops
collo:cled betwttn 1979 and 1987 (Robison eI al,. 1981), To da ... th. southern
half of Enewetak AlOIl ;s inhabited and the norlhern half of tho atoll i. onl}'
a"ailabk for food gathering and \,;,;lation. and not for unremicled liv;ng
(Marelli, 1994),

The dose assessments related to lhe Bikini and Enowotak AlOlls rely essen­
liallj on lhe large number of on"lT(mm.nlal radiation measuremom. lhal h,·.
been made m th. last four decades. W;lh the oxc<:plion of lho soulhern half of
the Enewelak Atoll. lhe do"" may be deli"ered only ;f tho p<>pulation, are
ttSCllled. Those p<>lemial dose' would be primarih' due to Ih. ingestion of
foodstuff' comaminaled by wCs, Stronlium.9Q and Ihe transuranic radio·
nu<:hdcs ("··"·Pu and W Am) would comribule rola'" .lj hlll. 10 lhe internal
dose, Tho eXlernal doso from '''Cs deposited on the ground would be th.
Stt<lnd mosl ;mp<>rtanl path"ay of exposure. Inhalalion. dnnking wat... and
marino food palhway, would conlnbu" only slightl,' to lhe dose (Robison €l

al. 1996a).

6.3.1.1 Rongdap Island and L'tirik Awll

In lhe .arly morning of I March 1954. a lhermonuclear de\'K:e nam.d Bra,o,
wilh an oxplosi\'. y..ld of \5 Me was detonaled on a lower at Bikini Atoll, An
unexpected wind .hear condil;on resulled in h.av) fallom .aslward ralher lhan
OHf open seas 10 lh. norlh, About 3-6 h afier lhe explosion. tho radioact"'.
cloud dep<>,ited particulale. a,h·!ike malerial on 64 ,nhab,lants of Rongelap,
localed aboul 200 km eaSI ,,'ard of th. dClonation 'ile. on 18 other Rongelapose
who were fi,hing and galher;ng copra al tbe nearby Aihngnae AlOIi. and on 13
fi'hermon on a Japanese v.,Sl:1. lh. S,h Lucky Dragon (Conard, 1980: Less.ard
el al.. 1985: Robbins and Adam,. 1989). Slighlly funher east. 28 Ameri~an

.sen-'icemen On Rongerik Al0ll were .xp<>sed. About 20 h after lhe explosion.
lhe radioactive cloud rea~hed Ulirik. localed about 600 km from lhe dOl0na·
lion ,ite. where 167 people were afToclod by a much decreased. invisible fallout
(Robbin' and Adams, 1989: Conard. 1992). Within a fe'" day,. the Ma"hallese
were e"acualed from Rongelap. Ailingnao. and Vllflk AlOlb 10 Kwajalcin
AlOIl for .linical evaluation and trealmenl (Cronkile n al., 1997). Whon
radialion levds on the residence i'land_ decreased to acceplabl. lev.I_, lhe
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people Wert aUowe<! to rtlUJD. The midents of Utirik ~Iumed 10 their atoll in
June 1954. The resident. of Roni"lap Atoll we~ r,lume<;! to thei' homeland
in June 1957 "'ilh restrictions imposed as to ".-hich i,lands could be ,'i.iwt and
"hieh oould be used for galh.ring food. Howeyer. in 1985. the Rongclap
Community. concerned abouIlhc ""rely of lheir people.•n~S1ed lhe assistance
of Grtttlpcace '0 ~"'cuale them from ,h." islands [0 an island III the
K",,,jalein Atoll (Maroni. 1994), Finally. tb. 23 fishC1'Tl'leD of the 5tlt u«ky
DragQlt. their "'dianon nposure unbeknown to the au,horlt;<s. relUmed to
their Japane.. harbour afte' 14 daY' of naY-igalion and ",-ere h",pila~zed in
Tokyo (Conard" al.. 1980).

Asst"mems of the d<l'es r=i,-ed before ..'acuation hal" been made on the
basis or limited porwon,1 monilQnng (radIochemical analyses of urine
specimen. and "hole.body gamma. spectrographic analy"",) combined with
the results of radiation measu=nlS On rhe alTected Atolls (Conard rr 01..
1980), The doses retti'ed before evacuation "e,.. essentially due to "'temal
imldiat;on from .hort·hed nldionuclides (with radioactive half·hes of up to a
few days) p.......nt in the radioactive cloud or depo>ited on the ground. and to
internal irr~diation caused by the ingesuon of short·ii'-ed radioiodine.
deposited on foodstulTs and on oookinil utensils (Lessard" 01.• 1985),

The doses =i'N after the Rongdap and Ltirik people ,..turnNto Ii'e on
their home i.land. are d"" to ra<!;onuclide. "ith relati'-ely long half·h,-es
(pnneipally ""Co. "Zn. 9OSr. and u'e.). Th"'" doses ".,'" ",sew:<! on the
basis of a large number of meaSurementS O<l peoplc and ;n the en";ronment
(Conard'lol.. 19801, The polential expo>ure, that could he itICurred if the
Ronielap Atoll "'ere resettled in the future h..'e abo been estimatN on the
basis of c,v;nsivc radiolog"al surveys (Robi>on " 01.. 1994)

E'-cn though ..ve",l radiological sun'eyo and d"'" as>essments had been
sponsored or conducted by tbe US Go'-crnmenl ,n 'he most alT..,ted "land.
and atoll., a. well as in the nonhern Marshall Islands. the entire nation of tb.
Marshanlsland. had nner I>«n evaluated un'illhe Republic of the MaNhall
Islands (RMI) commissioned in 1989 an independent radiological monitoring
provammt-the "'ation"ide Radiological Studj'-to determine Ihe degree of
deposit,on and tbe gcollraphical extent of "-eapon' test fanout o'er its nation.
the total land area of "hieh is 180 km'. d"'idN among 29 atolls and Ii-'e
separate islandS. dIstributed o,'er 6 ~ 10" km: of ocean (Simon and Graham.
1994a.b. 1995: 1996), The Nation"ide Radiological Study "as completN in
1994. In that Stud}'. all 29 atolls in the Marshall Island, we,.. sur\'eyed. Over
1300 in SilU gamma spectrometry measurements "'ere made and over 800 soil
surfatt sampl... ",e,.. analysed for gamma. emitters (",C•. essentially) and
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"··''''Pu. Natiye fruits, in paniculat roconul, w~r~ al'" s.ample<l ~xtensively,

Ext~rnal and internal dose assessments w"re m.de on the basis of lh=
measurements (Simon and Graham. 1997).

6.3.2 local aDd r<>glooal doses rmlll uTero.1 irndiatioo

Exlernal e~pooure ~akul ..ion; rdalW to lh~ ~"~ntua)jly of a reseltlement of
lh~ Bikini Atoll were made b; Robi"'n et al. (l996a). These calculations are
based on;

I. mca'urern~nts of upo'~re rat~' rnaM on Bikm; hland In 1978 and 1991­
the yalues are decay ~orrected 10 1999. daTe a"ume<l for the resolllement;

2. assumed dislributions of tIme indoo~ and o~ldoo~. based on o~r..alions
and on di<cu"ion, wilh Marshallese people.

A,,~ming that:

1. 10 b day 1 are 'pent in lhe bouse wbere the ayerage expooure rale is 1.6 R
h ':

2, 9 h da) Lare spent around lhe house and "illage area "here lhe a'erage
npo'ure r~te is g,5 R h ,;

3, 3 h da; Lare 'penl ;n the inl«ior region of The i.land ",h~re lhe a'erag.
exposure raTe;' 19 R h ':

4 2 h day I ar. Spenl on lh~ ""ach or lagoon "h.re lh. a,erag. ~,pooure ta'e
;$0.1 R h ':

the "'hole·hody dose from e'tern.1 irr.dialion arising from mCs released
during oud.ar weapon. 1.'Ting i' ..,l;mated to "" 0.42 mS.. y L in 1999
(Robi",n €l al.• 1996a), Doses for years oTher than 1999 can "" esTimaled
asswn;ng an annual decrease of about 2%. Th~ elTeCl;\~ dose accumulalw o...r
70 y would"" 15 mSv (Robi",n et al.. 1996a).

Sim;lar cakulations ...~re mad. for Enj.bi l,land;n ,h~ north"'" part ofth.
En~v'-eTak AlOIl on lhe I>;"i, of mea>uremenl. m.de in 1979 after debri,.
bunk.rs. and ",m~ "'il had bttn remO\'ed (Robi",n" a/.. 1987). Th' averag~
.nnual whole· bod}' dose from IJ"Cs was esTimaled 10 be 0.22 mSv;,' for 1'l'9O
(Robi'on" fJ/.. 1987): lh~ corresponding valu~ for lh~ year 1999 would be 0.18
mS,· y " The effective dose accumulaled over 70 y would "" approximal~ly8
mSv (Robi",n ~I ,,/.. 1987). A more recenl evalualioo by Simon and Graham
(1995) yielded approximately lhe same ,'alue for tho median annual "hol~·

body d= in Enjebi Island. and a "alu~ of 0.094 m$v}' 1 (in 1994) for the
emi.. nonh~rn pan of lhe Enowotak AlOll, In compari",n. lhe median valu~
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TUlr.., btumlCd ~1IolMody dosn from alCnlllllTldallOll
~ from "'" Bnl'" *'>01. n.. -.= akublCd r«lOll "'"

.-sa olr~ ...... co...,......, um<,lc>urd".~ 198~1

Eot.alCd .---""'" -C"",'>',",=_
":_~"_..__ So.IIoo... _ IIoood. 19~5 t-d ..... 19M

Raqdap U' 19
Aibnpo< 0-.69 I I
Rc.l..,,-il; 071 0,11
Uunl 0,1. 0.11

for 1M annual "hok·bod~' dose for Ih~ ~n,i" ""Ulh~rn Pi'rt of lhe Marshall
lilands, "'hich "'a, resettled ;n 1979. "'U ..limaled by Simon and Graham
(199') 10 bt: 0,0056 mS, ; , in 1994.

6,3.1,1 RMgdGp '-,IGod ""d Uli,ik Aloll

OaK ..umal.. from ~.,,~rnal ,.....d... lion are a'aiL1bk for'

Ih~ ClOrl) ~.~pomres (bd'~ ",,'IoCU.lllion or bd'~ the JaPi'~ fishenncn
roo"""

2. ~ co,duation lIIllde II) l.c:u:Ird~, <II, (19S~1 on !be buIS or mcllSunme,ns
or !be rad>otJlJl:hde """'posol"'" or fallmu .....t or exposure ral"'. Rnul'"
an pr'e'mted iD Table 6.9: lilt ,~o !lei, of ,,,Ioes are 111 f~ IOOd
JIItt"""',_ 1l>t .I>ole-body doIa llf'( estimated 10 "",~ beta of ,be order
of 1 Gy al Roo~p. Aihnpae and RlXI,erik.and aboo' 0,1 G) al l:tirit.

Tho 23 JapaDeOe fisbeTmm of lbe jill LMdcy ~"" ~'el"t t~~ 10 hc:a,)
falloul lhal ..'U ~ted on !be enlire boll (deck. cablM. eu:.), DurillJ !be
moil Intenoi,., falJoul period. 1M fil.llnmtn could not keep Ihtlr "'mUM and
tyes open, and falloul d~'Posntd on lbe ded "'a. thick enoulb 10 ""'"
fOOlprints (Conard n oJ. 198O), TIlt doses f,om external ,lTlIdl&lion d~ <0

lad_eli,., malcnal. dellOSlled on Ihe boal ""err ..,;mated 10 ranI" from
.boIlI 1.7 10 6 G;. depending on ;ndi'idual bt:ha>;our in lhe boal and lhe
conlamlnahon of Ihe cabin, ThO$( do<cs "ere 'e«"'td durin, lhe 14 day.
sepa'allO' lhe on"'l of fanOUI and Ihe !"elurn 10 harbour; half Or more of the
external dose< ",e,. rece"'td du,;n, lhe fir<l da, aflor the onsel of fallout
(Conard., 01., 1980),

ReJiduol E:,p()JI"~J WhoJe..body doses f,om .,;lemal irrad,luon lhal "'=
recci,'t<! up 10 1979 bl adullJ who murned 10 th." ISlandJ to 1M 19,5Os are
numaltd to ilIDOWIl 10 aboul 20 mGy for Rongelap and j(l mG) for l,;llnk
ICOlWd., <II~ 19801.
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POlemi,,1 £xpQlUrr. The "'hole-body doses from e'lemal "radiation lhat
"'ould be incurred jf lhe Rongelap Island, localed in the soUlhem pan of
Rongelap Atoll. was resettled ha"e been estimaled by RoblloOn.1 "I. (1'l94) to
be ew:nlially due 10 "'Cs and to amount to 0.11 mGy y_l during the lim y.ar
of reselliement (a"UmN to be 1995) and 10 aCCUmUlale to 39 mGy ow' a 70-)
lime period. Annual doses for olher y.... of ",..ulement can be "limatN
using a d""ay rale of aboul 2'/ per year.

There is a significant difTe",nc. betv.'cen lhe SOUlhern half and lhe norlhern
half of Rongelap Atoll The concrntra\lon of radionudides in soil and
,'egetalion i. about a fa<tor of five lo",,,r in the southern half of Ihe alolL
COnlaminalion l.vel, in Ihe nonhttn half of Rongelap are rna", 'imilar to
Bikini Island because the crnl'eline of lhe falloul pallem cro=d th. northern
half of Roniel.p Atoll (RobiloOn ., "I.. 1996b). R...nlem.nI of i,lands located
in lh. nonhern pan of Rongelap Atoll would resuh in dose' high.r lhan Iho..
"'tim.led for Rongclap bland

6.1.1,1 Olhe' }.f(miuJillslonds

The whole-body do... from C'lemal irradialion in lh. remainder of lh.
Marshall Islands were .,timaled by Simon and Graham (1994a) to be. on
",'.rag•. much smaller lh.n those Oblained for Bikini, Enewetak. Rong.lap.
Rongerik. Ailingnae. and Ulirik Atolls. CurreDl ",erage whol.-bod}' dose
mle, arc .slimaled to be I." Ihan 0.01 mSv y-' in the remainder of the
Marshall I'lands.

6.3.3 Local and region,' doses f'<)In internal irradi.tion

6.1.J.l Bikini and Ene~"'ak AlOils

DO>e ...."memS arc a"ail.blo for:

1. Ih. people who resellied Bibni belwcen 1971 and 1978. and the soulhern
pan of Enewelak Atoll ,incr 1979;

2. ,h. people v.ho oould resettle Bikini and lhe northern part of Enew.tak
Atoll in lhe future,

For those populations who were nOI'.,posed 10 early f.l1oul. internal efT""ti"e
do= rC>ulting from nucl.ar t"'ling in lh. Mar>hall Islands contribule about
90% to the 10lal efTeeli\< dose from eXl.rnal and imernal irradiation. These
internal doses are mainly due 10 Ihe consnmption of foodstuffs contaminated
with "'Cs; their magmtude vary according to the ongin of tbe cODlumccl
foodstuffs
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76-) dI«tio... <be (mS»

·M...... <bol' '1.0<:11 don'

,.""'",.­
lrC.

"">--,..''''"
"'Am

InhalalMln
""'''''p",,, Am

E".mal

T",a) (fOWldC'd)

1M",; AU'" Greenhou'le rr ai, (1980) calculaled I"" 101a1 .. hole·bod} do5es
r-..ttI,~ by lhr Bthni ~tnll bct..'ftIl ]9~ I and 19~8; lhey <:$IlI1Ial<d lhal 1hr
a'~ "hc*-bod' """""" from a\n'I'W and mlemal irnd1&lioll. ..= 2 J
mS, y '.
~ mlemal doon lhal "oWd k ddMnd la peopk raorIdlll' B:kmi Illand

III 1999 ..=...wnated ~ Robotoa r, '" (1996&), Ll>IIlI' nlefUl'''' radionuchd<
CCIDOenlral..... <!ala den'eel from anai)1oIS of food cropo.. pOVJld ....w-, C>~
....lIlT. fiI,h and od>IIT nurtlIo<~ ammah.;ill. and soil. T..'O t)l'"' of die!
....... 0l'l0JIdered: one "lIh Ioaal foods onl). 1M other ",Ih a mullin' of local
foods (60'!. or IhI: d,"1 and IIllporlcd food< (40" of 1hr dltl] L'oin,1bo
UiumpUon lhal on!) Ioca.I foodt ..-ould be ron.umed ('local dl(l'~ IhI: mni­
mum an""",] dl"O<1"" dose ,,'Ould k aboul 15 mS, ) '. and lh< dl"O<1i"e d_
accumulated 0''''' 70)' ..'ould tit 560 mS, (Rob'SOD rI <d.• 1996&). If a mixlure:
of local a"d ,mpon«! food. rm;,ed d;rr');' ."um«!. the Cil;mar<d doses are
lov...,r: lh. muimum aDnual.fTO<1;ve d_ "'ould be aboul 4.0 mSv y I. and the
effO<1;"c dose accumulal.d o\'.r 70 y ,"ould be 150 mS•. Table 6,10 pr=ms
Ih. contribulion, of inhalalion and iDge,uon and of ....,·.ral rad,oDuel;d« 10
Ihe ;Dlemal 7Q.y elT""tl'" dos« nl;mar«!a"um;Dg a 'Iocal' and a ·m;.'cd· di.t;
do>e1 from exlernal irradiation are: Idded for romparison purposes.. I, is clear
f.om Table 6.10 lhal mool of lhe tslimaled do>e1 arur malDIy from "'C.
uptake 'ia lbe le-rresu-ial food cha"', and WI ""s. ronlributeS '""'1 hule 10 ,hi:
dl"0<1"l: doK '\I Wll">1lO11; lhlS 15 W roDlfti' '0 .. 113\ IS P'flIITlIlly obwr>-ed in
COrIUfle1\la!. 1ilicI·ba>ed solis. (or "'ludIlbe uptakes of"'Sr and of '''Cs .re or
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th~ ",me order of magnitud~. It is "'onh noting that a comparison, for th.
~,posed populalions of Rongdap and Utiril, of Ih••stimated 'l'Cs d~ri,'ed

from assumed di.la!)' intal~, and from m.asurem~nt' by the "'hole·body
counting lmthod show that the 1"'0 SClS of"alues are ,n g<X>d a~m ....t if il is
a"umed that the di~t includes both local and imported f<X>d. (Robison and
Ca,!"'r Sun. 1997).

E,.....·.,uk Atoll S,m,lar cakulation$ "'.Il' mad. for Enj.bi [,land in th~

nonhern pan oflhe Enewetak Atoll (Robiwn el al,. 1987). U,ing Ihe a>sump"
tion Ihal only local f<X>d, would be consumed ('local diet'). th. maximum
annual errecti"e dose "'ould be aboul 3.2 roS,' } L. and the effect;'-e dose
""",,umulatO'd 0""'" 70 Y would be 115 mSv (Robiwn .' 0/.. 1987). If a 'm,.,ed
diet" i. assumed, the maximum annual effecti"e dose is e'limated to be aboul
I .5 mS, !' '. ",h,1e the err""ti"e dose """,,umulated O'er 70 } ",ould be 54 mS,.
Simon and Graham (1995) used differeol die1ar)' a"umplion, 10 estimale
efT""tiv" doses from in1ern~1 irradiation for the nonhern and the southern pan
of Enev.-elal Atoll; for !"'rsons eal;n8 a ditt of aboul 18"/. locally grown f<X>d'
and 82% imported f<X>d•. th.}· "um.ted median annual .rrecti,-e doses of
about 0,2 mSv y L (in 1994) for the nonhern pan of the Enev'e1al AtolL and
of abou, 0.01 mSY' y_t (in 1994) for th~ southern pan of 'he Ell(Cw~tak AtolL
The corresponding "alues for person' eating a ditt of about 7S'1.locally gro"'n
r<X>ds and 250/0 ritt wnh no other U'I1ponO'd f<X>d would be ~bout I and 0.05
mS, l' " respeeli,-ely,

6.3.J.2 Rooge/ap I./and and CIi,iJc Atall

Dose estimates from internal ;rradial;on a", a"a;lable for:

L th••arly e,rosures (befo", e"acuation or before the Japanese li>hennen
"'turnO'd 10 harbour);

". for the residual •.,rosu..... rettl"O'd by the people "'ho r<'$C1Ued Rongelap
bet"een 1957 and 1985, and Utirik Aloll 'ince June 1954:

3. for th. potential •.'rosu"" that could be incurred if the Rongelap Ato)l
were resettled in th~ future,

Early Exposure$ Becau.. of the e,..cuation of Ihe mo,t aff"'t«l populations
"ithin a r.w days after the detonalion, the dooes from internal irradiation s",
essenlially due 10 the inhalation and inge-st,on ofshon·l" O'd radionuchdes. The
mos' ,mponanl of those are the nldioiodines. "'hich concenlrale in the thyroid
gland, and the radiOleliuriums. "'hich d",ay into radiOlodines. A ,horough
evaluation of the thyroid doses was !",rformed by Lessard tt a/. (1985), ThaI
e"aluation i~ ~ on the mealUIl:mt:nt of "'1 in a pooled sample of urine
colleeted en the 17th day post-d~onation from 6--l persons evacuated from
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TI.bIt Ci.ll f,llm.ltd Intakes of radKl«:llurium, and of radioiOOines. in ~lBq_

,<sultiJlll from the >hot Dr"". 11>< i"uUs.r< calculated from ,he " .... of
fallout until <,"aOu>t;on lim< (i.d.sard "at" 1985, Robbin. and A<bm•. 1m)

Int>k.' (Mllq)

R.d,onoclid. Half·life (h) Rona,l>p A;lin~n•• Ulink

'''-r. " 16_3(1 0.' 0.9 03 0.6,.....,.. " ,~W 2.1_4.8 11_41
,>I r 19) 2.0-J.6 OA (1,7 0.5..(1.9m, 2.l 11-21 25-U 2.2-4 T
"'I :og 4477 " " 59-12", "' 25_44 16 29
"'I ., ~,. 25-44 2.9- ~_2

Rongolap [sland. Complememary mea,u,«l '" deri'e<! information include ,h.
lo;,;al l,me of am,-a] of falloul and its duralion. ,he 5j,. and rndionudide
compo'ition of ,h. fallout. and dina')' and ii"ina pattern•. The intake, of
radio'ellu'ium' and of radioiodines, estimated for lh. aloll, of interest from 1M
onSCt of fallout un,,1 ~'aou",ion lime. art nllllol)' due [0 lh. conlamonation of
foodstuff, and of rookinll ute",ils, as 'he prepara,ion and consump,ion of food
in ,he Ojl<:n "'as a commOn prac6cx among ,he Marshallese people. 8t1m,ned
"alues of in'akes a"" presented in Tablc: 6,11. The in'akes of all radioiodines
and radio'ellurium. are C'Slunall:d 10 have ~n higher at Rongolap 'han in ,he
o'her a'olls. The intake of '''1. a radionuclide "ilh a rela,ively long half_life of
8 days. i'llreater at Ulirik 'han a, Ailingnu, but the snua,ion is re'-erso<J fOf all
Nher radionuc!ides sho"n in 'he 'able, "hich h..e a shor'er half·life than '''I.
lbi. is due '0 the fac"ha' il,ook about 2Q h longer for ,he mdioacli,'ec!oud '0
""ach U,ilik lhan 10 reach Ailingnu. allo..-ing 'he ,hon·ii,·ed radioiodines
to decay substantially dunng tha' period of time. The C'Shmated thyroId doses
for 'he evacua,ed people of 'he 'h.... a'olls are presented in Table 6.12: 'here is
a .tronll '-arialion a. a funClion of ago. wi'h ""'"mum values f,,< 'he ,nfan...
....ho ha,-e a smaller Ihyroid Ihan older children and adul ... Abou, half of the
Ih)'roid dose ..-as due '0 ,he int-ake of '''1. whereas I" I contribu'ed 10--15"·, of
,he thyroid dose at Rongelap and Ailingnae. and about 2ll"/. a, Ulirik (u-ssard
e, 0/" 1985). The maximum Ih)'roid doses are es'imated 10 have ~n four time'
Ihe a'-eral!" (Lessard el 01.. 1985)_

The ,hyroid doses from "'I 'ha' "'ere ~i,-ed b) Ihe 23 Japanese fishermen
oflhe 51h Lucley Dr"KOn were eslima'ed by ex,emal oountinglo range from 0.2
10 1.2 Gy (Conard n 01.. 1980). In addi'ion '0 '''I- otho< roon·hed radlD­
iodines contributed to the thyroid dose. Assuming that 'he fishermen inbaled
radioiodines for 5 b after the delOnalion. the lo,al,hyrold dose was estima,ed
'0 have bttn about 0.8 '0 4.5 Gy (Conard.' 01.. 1980).
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Tablt 1>.1! Estim.t«1 .,'era!:. th)Toid d"",,' from mtcrnal irradi.,ion duc to
thc shot B",.o (L=rd "01" 198'1.

A,'cro!:. thyroid do... f,om intcmal irr.diation (Gy)

Adult mlI",

Adult f.m.1<
Fourteen'j".' old
T",..I'..-yc., old
t-.i"..)..., old
S;';-j".' oKl
One-yoar old
~'c",l>om

'" uu,o. 3rd trim..te,
10 u""', 2nd trime""

Rongelap

""""W
"W
",..

Ailing"'o,.
2.9

"",.•
""

Utirik

",.•
2.2,.,.•
H.,
"',.
2.6

• The ""''"ttlWll th'l'nKl d"'" ar< '''imo'ed to b. fou, 'imes J""" t",-" tOe '''''''J<
,h"nKl d<»e<.

Resi,iwll Exposure; Whale-body dos<:s fTOm int.mal irradiation that w.re
tttt"'ed up 10 1979 by adult' who returned la th.ir i.lands in the 1950< are
...imat.d to amount to about 20 mSv fo' Rongelap and 14() mSv fo' Uti'ik
(Conard eI "I" 1980), Mo't of the whole.body dose at Uti"k was contributed
by "'Zn, a ,.dionudide with. ,.dioacti,.. half·lif. of 2~5 d.ys, Rongelap w.s
,""sottl.d th'ee y.ars .flor Uti'ik.•llowing time for "Zn to dec.y ta ,'ery tow
l,\,.ts ~fore Rongdap ",a$ 'esouled. Con>equenlly, the internal dose. rec.i,'ed
by th. peopl. who resel1led Uti'ik are subslantially greater than tho.. recei\'ed
by the people ... ho rese"ted Rong.lap, ",'.n though th. falloUlI,\,.ts at Utirik
w.re lowe, than at Rong.tap,

Potemi,,1 Expo",re, The .ffecti"e doS'$ from internal irradiation Ihal would
~ incurr.d if the Rongdap 1,land had been reseuled in 1995 ha"e been
estimated by Robison eT "" (994) 10 ~ ew:ntlalt) due 10 th. inge..ion of
foodstuffs contaminated with "'e. (Tabl. 6,13), U.ing the aS$umption th.t
only local foods would ~ con,umed ('local diet'). th. m..imum .nnual effee·
tivedo,. would ~ about O,~ mSv r', .nd the effeeti"e dose ac<:umulated ,Wor
70 y would be 18 mSv (Robison" o/.. 1994). If. 'm;,ed die'- is .ssumed, the
maximum annu.leffeeli". dose is eslim.tOO to be about 0,26 mS,' r J , and the
effect;"e dose ac<:umul.too over 70 y would be 9.7 mS", Simon .nd Grah.m
(lma,b) used differcnt dietary ~ssumptions to estimate effective dos<:~ from
internal ir,.di.tion: for persons <O\lng a diet of about 18"/. loc~lIy grown food•
• nd 82% imported food., they estimated medi.n annu.1 effect;,.. dose, of
about 0.3 mSv y 1(in 1994): Ihe corresponding value for pel"On, eating a dIet
of .bout 750/. locally grown foods and 250/, rice with nO other imported food
would be 'bout 1 mS" y_l,
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Toble ~.13 E'timates of riJ-y eff«t;'. d"'" for Rong.lap
bland re,ident> forcur",nt ;.land oondition. when impaned
fc>o<b arc ""il.bi< ("m"cd di<f) and w'bc:n only local food'

are ""o;amed ('Ioeal dief) (Robi«>n" 01. 1994).

Mode of "po.are 'Milled dief 'Local dief

Internal

Inmtio"
PC. " """ D.ll 0,48
''''''"'P\l .... 0.23
'''Am D.OS7 0,10

lnholation
""""1'0 01) 0.13
""Am 0,08

"~Extem.1 " H
To..1(rounded) " "

6.3.3.3 Oln" .lfarsnalll<lorul.<

The effect;". doses from mt.rnal irradiation that are currently =eiwd in the
remainder of the Marshall Islands were ..,;tim.ted by SImon and Graham
(19940) to be. on awrage. less than 0.1 mS\'} 1 for persons ealing a diet of
about 75% locallj gm"" f<>Ods and 25'1. rice with no other imported food.
Cumulat;'-. effect;,-. doses incurred bt,,,..,o 1959 and 1~ "ould be. On
ayerage. I,,, than 5 m$,' (Simon and Graham, 1994a), Almost all of lhe
effecti"e doses is due lO "-es

6.4 SEMIPALATlNSK (KAZAKHSTAN)

The Semipa1alinsk Test Slle (STS) i••illliUed in Kazakhstan. al a distance of
aboul 200 km from Ihe border wilh Ihe Russian reg",n of Altai. The former
USSR began atmo,phent ,esl. of nuclear de';';" al lhe Semipalalinsk Tes'
Site on 29 Augu'l 1949, During the period of nudear ,,'~apons lesling. 456 lesl,
of nud~ar de'ices ..'~re carried out at Ihal ,ile (Mikhailov, 1~1), There ,,'ere
88 almospheric lesls and 30 surface le<ts, Th~ lasl almo<ph~ric lest was con­
ducted on 24 Decrmber 1%2, The firsl ground th~rmonuclear test on 12
August 19S3 (400 ktl and the high-ahitude nuclear lest on n No"ember 1955
(1.6 Mtl had lhe greatesl )1~lds. Th~ lotal energy yield of almospheric nudear
e,plosion. al Semipalatin,k Test Site was about 6.6 :>'It (Dubasov "al" 1994).

Following the Sl8mng of the limited Te'l Ban Treaty (Moscow, 1%3).
which banned nud~ar tem in the atmosphere, open space and under waler,
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exclusi"ely underground tests in plleries and mine> in mountain rocks ,,'ere
conducted al Ihe STS. More than 300 devices were e.' pi oded underground
including four exca'"tion explosions of which two cratering explosions took
pia", on 15 January 19M (140 kt) and on 14 October 1%5 (about I kt)
(Loborev N al., 1995; Mikhailo". 1997). The last nuclear teSt c<md""ted at the
STS OoXurred on 19 October 1989.

The main contribution' 10 the local and regional en,'ironment.1 radio""ti"e
contamination are attributed to Ihe atmo>phefi,' nucleaf ,elts that were
conducted on 29 August 1949 (22 ktl. 24 September 1951 (38 ktl. 12 Augusl
1953 (400 kt). 16 Man;h 1956 (14 kt) and 24 August 1956 (27 kll. These tests
are eSlimated to ha'" contributed more than 950/. of the expected C<lliecti'e
dose of the exposed population living close to the STS (Dubasov .r al.. 1994a).

Underground tests. in comparison. have a small en"ironmental and health
impaCt. The radiation Impact of underground test< could result from the
leakage into the almosphere of noble radioacti"e ga"" from the e'cavatN
underground eavities produced b; Ihe lest,. Due to the mixture "ith almo­
,pheric air. however. concentrations of radioacti"e noble jill"" rapIdly
decreased with distanC(C and, a, a rule. remained undetected wilh radiation
su"ey inSlrument' beyond the boundari.. of Ihe lesting grounds of Ihe STS.
Those release' of radioaeti"e noble gasel resulted in negligible radioaeli,-e
fallout on the ground surface, ThUs. underground nuclear t..ts produced prac­
tically no impact on Ihe en""onment and on the heallh statuS of Ihe populatIon
residing close to the STS, An exception must be mad. for four experimental
crateringdetonatlon5 peffonned wllhm thewope ofa programme on the use of
n""lear tests to develop the country's economy on I5 Januar; 1965 (140 kt). 14
October 1%5 (LI ktl. 21 October 1%8 (0.24 kt) and )2 No"ember 1968 (0,24
kt) (AndD,hin e, al., 19%),

6.4.1 Stat"" of d__sttllC1lon

U,ually after the tests, measurements of gamma radiation levels ,,-ere con­
dueled around Ihe STS, In SOme ca"" these mea,urement, extendN as far
a"'ay as 1000 km (Anon;mous. (994). In the fanner USSR regime. until 1991.
r(j;ults of 'hese measurements were Slrictly c1a"ified and kept in .n;hi,'" of the
Ministry of Pefe"'" and other State Pepanments (the State Hydrometeor_
ology Committee. and the Federal Agency of Medical Biologic.1 and Extreme
Problems of the Minist') of Public Health). Ne"erthele" in the populallon of
Ihe regions adjoining the Semlpalatin,k TeSl Site there wa, an .waren.., of a
potentiall;' negative health impact of lhe lesls that Wefe Conducled at the
Sem,pala'in,k Tesl Sileo These reelings became public during the late 1980..
and. more "idely. in the earl) 1990s.

In 1993 a resolutIon of the Go,,,rnmem of Ihe Russian Federation marked
the beginning of a Federal programme on the rehabilitation of the population
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and on SOI:ial and economic del'elopment of sel1lernmts of the Altai Region
e.'pos«t to nuclear lesl' at the STS. The ""O~ and charaCler of rehabil't.t;\,<
measure, applied 10 ttrl.in groups of iodi"idual' is specifitd in ~gula'oT)' lexls
and is expressed in terms of efT",,!;... dose (Gord«v, 1995<;). All persons
exposffi to nuclur lests al the STS are divided into 1"'0 group'-

individuals with. lotal effective d.,.. greater than 250 mSv. as "-ell as their
children and grandchildren;

2 individuals with elTeclI" do"", ]0""0' than 250 mSv bUI greater than 50
mSv Ingelher "'jth their children and grandchild'en,

I'crson, ."igned to the first group are entitltd 10 compensation measures
\lhereas members of lhe SttOnd group members benefit from general rocial
mea,ures. Ordina') ",n;tary and hygienic control of the heal1h ,talUS is
administ~red 10 'UbJttlS exjX>SW to dose' 1"" than 50 mSv.

A law .dopted in Russi. in 1995 ~xlended soci.l t>en~filS and compensations
lo lh~ populauon exposed due to place of residence when lh~ nudear d~,ona·
lion' w~re perfonned. Thus. lhe probl~m of dose rtCon\truction for irradiated
;ndhiduals pTlmarlly Originated within the >cope of a social probl~m 10 identIfy
lhe groups of resid~ms lhal were exposed lo nudear 'em

Within lh~ "'ope of the SCienlific dir"'lion of Ihe Federal programm~ on
rehabilitation of lhe population and soci.1 .nd economic M,·~lopmenl of
seHlemems of lhe Alt.i Region ~xjX>SW to nucle.r tcllS. a numt>er of we1l­
koown retrospttti,c population dose reconstruclion method' were applied, lhe
m.them.lic.1 mod~lling of f.lloUl fonn.lion and of fUrl her migration of
rnd,onudides in lhe en,·ironment (Loborev n al,. 1m): use of r.dialion 'ur..ey
me.surements conducted immedi'lely .rt.. 'he tem (Loborev N al,. 1994:
Gord~ el at.• 1994. 1995a); measurement, by electron param.gn~lic !'tiOn.nce
(EPR) of r.diluion effeelS in looth enamel of «posed indi,'idu.l, (EPR
dosimelry) and of lhermoluminescence (TL) of qu.rtz-ceramic m.terial, (TL
dosim..ry) (Gordee, ff Qt. 1995b); and measurement of residual ,clivities of
long-lived radionudide5. in p.rticular. "'es. in lh~ soil (l.gulin el QI.. 1994)

Pr=ntly. lh~re .r~ se'·...1 groups of Rus".n e'pens lh.t .re aclively
m"olved in Ihe reconstruction of doses recei'ed b} the popul.tions of lh~

Altai r~gion ., • result of nude.t ~xplosion~.t 'he $cmlp.lalin,k Test Site, The
most important groups are lhose from lhe Moscow Inslitute of Biophysic< (lBP)
.nd from lh~ e~n'tal PhYSIcal Techmcal InSlilute (CPTI) of lhe Russian
Mini,uy of Defense, Although both groups assess the dose' from e.xlemal and
from inlernal irradIation. the group from the ecnlr~l Phj"Sical-T",hnical
In'litute concentrales on lhe atmospheric lransporl of radioactive parlicle, and
develop, mathemalical models of almospheric dispersion of radioacti,~ par­
lid~s and of lh~ir depo>ilion on lhe ground. Th~ main con~m of the group
from lhe In'litut~ of B,ophy,ic/; i, lhe eslimation of imernal radialion do,",
rcsuhinll from the deJ'O'ition of radioacli,·. mat~rials on the ground. Th~"
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models simulate the lr~~,po" of radioacti"e particles in 'oil. vegelation and
animals. lhe activily ;nlake by human beings. and, finally Ihe doses from
inl",""al irradialion,

6,4.2 L«al .nd regional dOS<'S from e~ternal irradialloa

The essence of malhematical modemng as a method of popUlalion dose
recomtruclion Ii.. in Ihe use of a "'I of phy,;cal and mathemal;cal models thai
describe all slages of lransformation of radioacl;"e producl' in space from lhe
moment of the explosion 10 lh. formation of .,lernallOdi,idual doses. Such a
sel, ordinarily. comprises the following malhematic.l model, and method"

I. a physico·mathemat"al model of the formalion of the isotope conlent and
radioaeti"e character;'tic> of Tadioacti'"e particles'

2. a model of a ,'olumetric source of lhe comamin.t;on of lhe environment.
"hich is a ,urn of e~pre,,;om that describe the distribution of rad;oacti"e
particles by sitt and spaee of the cloud when the cloud stabihttS in the
atmosphere:

3, a physico·mathematical model of the distribution of radioaeti'e
admixtures in the atmosphete,

4, a method of calculation of dose fields aoo"e. comaminaled area

The me,hod described "as e>lablished by a group of :\Clenlisls from the
Central Ph}'sical-Techmeal InSlitute of lhe Russian Minislry of Defense
(lobo..., ., 01., 1994b). This group proposed a model for the fonnal;on of the
isotope contem of radioacti"e part~les thaI describe<l pr<lC<'sses of lhe forma­
tion of two types of parlicle<

L Particles formed due to the imensi"e heal and mechanical Impact of
lhe delOnatio~ on the soil coveted by lhe fireball al initial slages of it>
de"elopmem. The dis!<"ibulion of lhe rna" of these parlicle< by size is
appro,imated by a logarnhmic normalla" "ilh paramete" lhal depend
upon the nature of lh. ground ,urface (granite. cia). :;and).

2, Th. formal ion of particles conditione<! by mechanisms associaled with the
condensation of 'oil "apours and "apouri~ed conSlruclional materials of
lhe ammunition and fission products of lhe nuclear fuel. The distribution
of Ihe.. parlicles b) size in accordance wilh lhe a"ailable material is also
appro~jmaled by a logarnhmic normalla". with Ihe median diameter of
lhe distribution and Ihe mean squared de,.iation of the d,ameter's
logarilhm bemg _1.1 mkm and _015. respecti\e;Y

In the case of ground le,lS a, g,,'en heighlS -0.3 < ii " Hlq'" " 0.3 (H is lhe
absolute heighl oflhe lest. m; q is the yield of lhe Ie... t), in order 10 represenl
the formallon of paniclC$. an unbalanced molecular kinetic model is used.
The model makes use of a comple' approach 10 lhe problem under study. lhe
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general Features of which art described hj Frtiling fl al. (l968). A cI~t

analogue of ,t>. model was publi,htd by Krasilov ., "I. (1971) with 1\1 e<>mpkte
description siHn in a book Ihal was published recentl}' in Russia (Bocharov or
al.• 1997).

In the case of detonations at gi'~n heights H >0,3 m I "'. the calculation of
'he isotope conlOnl is p<rform<d on th. basis of a half-cnpiri<:al fractionation
scheme. which repr•..,nt' the sum of model. koo".-o in the literature as models
of 'the distribut'on by radius degr=' (Frciling. 1961 >and ·'h. thermodynamic
balance' (Miller. 1953; fzrael. 1973).

The modd of a 'olumetrio:: sour« of ""dioae''''e oonlaminalion of lhe
en';ronmem is based on 'esnlls of modc1lilli the d"".lopmenl of the cloud
from the 11:,1 using numerical methods and actual data Obtained by radial;on
sur".y using aeroplane, to monitor clouds from nuclear explosions. In accord·
ance with the data. Ih. distribution of part>:les in th. radioaet",. cloud and the
size of particles is appro,imated U,inii the follo"inii laws:

I. in the horizomal plan. b) a circular normalla" ";Ih a he,ghl-<jepcndem
'''riation;

2. in the heiiiln of lbe cloud by a normal 13" wllh paramc:lers (Ihe "erueal
'·ariation. the po,ition of the center of the ma",) that depend upon the yield
and type of the detonation;

3. m Ihe size of panicles b) a logarithmic normal 13" "ith a median "alue
that depend> e,c1usi"el~' upon the h.,ght (de<:reaS<:'S ".,th Ihe he,ghl by an
exponentialla"'). "ith con,tant decrease.

The distribution in the atmo,phere and Ihe fallout of radimcti"e panicles
under the innuence of air currents. atmospheric turbulene<: and gra,ity are
described by a half--empirieal equation of turbulem diffusion, The mc:thod
applied to $01... lhe problem was a system ofequations that represent 'pace an<!
time e.'olution of the di'tribution the rna", co"""ntration of panicles. numerical
solutions for dilTerenl fraClionations. The den,ill of radioaCli,.. fallout is found
by lumming all size fractions of panicles, A detailed description of the malhe·
malical model of fallout of radioaCli,'e panicles follo" ing a nudear te,t i' ~i"en
by Ilocbarov el al. (199"71,

Based on tbe models described ahoYe, denSities of lhe rontamination of 'he
surface "ith certain radionuclides and the fallout dispersion romem presenl
initial data for calculation. of extemal exposures of an indi,.,dual and the
inlake of radionuclides "ilh contaminated air and foodstufT' of local origin,
To e'timate oral intakes a method of accumulation coefficients described in the
Iilerature (GUst" n al.. 1991) is applied, Adjustmems roncernin, rondition. of
major agricultural work and a mtiif"tion chain of radionudides cbarneleristie
fOT the area under Sludl are made to the method adopted lbe transfer from
intak"" of radionu<:lides to ,nlernal d"""" is earned out by means of the dose
coefficients recommended by the leRr,
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SpecialislS from !he Cnmal Ph)'SICa1 T.-:hnx;al Inslilute (CPTI) of I""

Russian ~{inisu)' of Defeo,.. (Loborev ., III.• 1994) and the MOSOO'to' In,UlUlC
of Biophysi<:s (IBP) (Gon:I«'. .f III. 1994. 199»'d) prop<l§Cd method, of
popubotlOll dooe ~tno;tion bafCd on the radi.ltion ,u"'~ <!ala \tathe·
matical models al IlI= r.~l$ fonn the foundation of tM~ adopted.
Mudeb.~mtt;rJdcd fOf lhe cakuJaUOft of:

I. radi.ltioo <ituatioo plBIDC1cn '" hidI determine e-.tcmal and I>ltcmal
exposure (absorbed do>e> III thc IlIr hom lhe ra,boac,i,e faBout and thc
doud. thc ()OIlICCIIU'J.l>OQ of radioal;1l\~ pmdurn in tbc abo>~cround1lIl.

lbc demit~ of JOiI CO<llan1Ullltion "'1111 eatai:n radionud>dn "'ben fallolu."""",
~. plrameten of thc """'-'aUOft and h)pmc ...11&...... (ootIl2mUIatioo of the

'etfl&tioo. mal. milk and OI.bcr prod""" of local ortgln);
3 d'fcn"" doses ofel.lcmal <lnd IIllcmal nposures as "'rll as do2lI ill anal

human orpns.

lbe melhods <Je-"dopcdt~ .f 111.• 1994. 199».d: Loboml.f 111•• 1994)
UI~"", on lilt "'hok. "",~ar InPlU I>lfOfPlall()Jl. Th"" main componenl is t""
k\el of pmma mialion measuml by lile rldialion ",r.-~· abo,~ lhe alft of
rad'O&Cln e fallout. The methodl d,ff., III "11)-' of rlclr:rminina dem"ed plrI'
met..... lilal depend on IIIe delonanon', characleriSl1c5 and yield: 1M CPTI',
mothod uSC'S lh. mallltmatll;lli modcl1 dncnbt<J abo'e (Loborev., Ill" 1m).
"horea. that of the: lBP april., empirical formulae dOriHd by Pn':>CeSimll
.,perimen,a! data.

The follo\\ing o'pr•.,;,onl are proposed for calculation' of the densily of soil
conlaminalion. inhalatot) and or.1 ;nt.kes of rad,oaeti,-. producl"

G~""Hk

(6,1)

(6,~)

"'be-re ", ;, thc demit) of lOll <Oll1&llUll&_ "",lh 'M iLh radionuc:lick ",11m
faBout', ...opped; G'!'- .. thc ,'&lue of mbalalOf} mule of lhe /Ill radionlOdilk
durina fallout fOlllUlioa.; G if; !be inui. of !be iLh r.dior"dick "'ith tile fth
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food,lUfT in case of the aerial contamination of agricultural prodlillS: P, i> the
)'icld of gamma radiation f,om the radioacti'-e cloud abo'-e ground at a time I.
afl« a \l:St: >.., and Y, are the con'tanl of nuckar fi,sion and the cumulati,.e
output durinS the 6..ion of an ,)h radionuclide: >.c. and Yeo are analosou,
,'alues for "'G: «Jl is the reloti,.., contributIon of mC. into a total gamma­
equi"alent ofa miuure of fission product. which are contained in a panick of
a diameter d: d i'the median 'lu nfpanicle, which formed fallnut at the point
under 'tudy: k, i' the ionizing samma-alnstant of "'c, (I:, " 3.242 R m-'I
(lOCi h 'j): I: i, the stretch codlicic:nt-ir[P,]" R h I. [".I" Ci m '. [k,) "
Rem 'l(mCi h-'j. then k "" 3.3; 'i.e.(Jl is the fractionation coc:/1icient of an 'lh
radionuclide to "'Cs in a particle of ,i"" d, V, IS 'he rate of human lung
'ent~ation: HI is the annual consumption of a jlh product; kZ i' the coc:fficiem
of the 'ransition of an Ith radionuc1ide from falloUl into a jlh food product
pro,.ided its complete bioloSical a,..ilability and a maximum retention of
panicles by the ,.getation: flu is th. rat. of a -dry' precipitation of an
impond.,."ble admixture on the surface: (30 " 0.036 km h I); j,.(d) is the
distribution of rad;,,"cti"e fallout panICles in a gi,-w am< by si",,; ltld) IS
the rale of the gramational precipitation ofa panicle ofdiamc:ter Ii. af(dj is the
conteOl of an ith radionuclide In the ,'olum. and on th. surface ofa panicle of
diameter Ii; J.1(d) is the coeflicient of biological a"ailability of an ,)h radio­
nuclide-in order to esuma" the ,.al"" of the coel'ficient it is =ommended to
apply the follow;ns expr....ion

(6.4)

whcrt: <r.(d) is the content of an Ith radionuclide on the ,urface: of a panicle of
diameter Ii; fJ)(d) is the function that re~nt' an ""presston of ,he coel'ficlCnt
of Ihe primary aerial contamination of the ,,,getation from the 'ize of fallout
panicles--accordinS to \~asov ~r al. (1994)

{
l.d<dO'

3)1J)" (dld~r·.d > do. {6.S)

",-hert: "I i. 'he coc:fficient dependent upon the 1;1" or the '''aetation and the
$lage of its d..."lopment (If)" 0.8... 1.1) and do" 40 .~ pm; and Ct.(d) ii th~

coc:/1iciem of aerosol aipira,ion,> with

Ct(d)={l.d<5: SO l'm
• O,J> SO I'm

(6_6)

Equation (6.1) rt:nect' a theort:tical connection between the yield of gamma
radiation abl"" an in6",le nat sourtt wllh an "en dl,tribution of the activity
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and radiallon characlerislics of the souttt. Equalion (6.2) rence!S a wnnce!ion
belween the fallout density and the wncentralion of ,adioaclive products
weighted In the neat-ground alr during lh. passage of ,h. cloud. Equalion (6.3)
is the result of lhe method of coefficients, wilh adjuslments made for lhe
dependency of coefficientS of the primary aerial wntaminatlon on 'he ,I.. of
fallout panicle"

Radiation charac'eri'lics of parlides (";(d), a)(d). old)) In equations (61) to
(6.3), coefficienl' of fr~c'ion'llon of radionudide' (r,.c.(dn as well as a
characteristic of particle fallout di'lribullon in an area ([,·(d), J), and the lime
't of ,hel, faUou', are derl,-ed ";Ih the help of lhe model. described abo\t,

Formulae described below form the hasi, of lhe dose recon'lruction melhod
(Gordeev et al,. 1994, 1995a.d), For lhe relalionshlp between the surface
demlly of soil contamination. ". and the Ie,-cl of gamma radia'ion, P"

is used for 'he lo'al of fission products and

i, used for Individual radionuclides, u here o~, ai, 3i are .-mpirical coeffidenlS
P, (I " 24) i' the Ie"cl of gamma radia'ion calculaled from Ihe moment il w-as
measured 10 24 h afler the lesl and X, i.lhe distance ••\tmawJ by lhe formulae

W~X
X"_

, H ...,V

with Xthe dislance from the cenlre ofa 'esllO lh. g,,'en ",nl.-mentlaken along
lhe route of the radIMell," "loud, W~ the rale of lhe gravllational precipl.
lation of aerosol panicles with an aerodynamic diameter J" 50 I,m, Hma• th.
maximum h.lghl of lh. lift oIT of lhe radioact;'-c cloud when il slabilized in th.
almo,plle" and VIlle a\trage s~ of lh. wind from maXImum almud. 10
lhe ground surface.

TIt. dislance 10 lhe cenlfe function of th. proportIon of radioactiv. fallout
products on th. surfatt for panicles of diameler d< 50 J1m is delermined by

(6.9):

It is assumed lhal ;1 is this fraclion of radloacti,-. particles lhal d.lenomos
""n'amination of the ,,<setallon in lhe area of r~dloacti". fallout and the
intah of radioacli"e products in th. Inhalatory ~},(em,
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The moment when falloU! ceases is determined by

X
""l/+tll. (6.10)

,
"hert..'.I" 1.5 ; and L is lhe "idth at distan"" X fcom \h. cenlrt of the le.l,

E"emal gamma ,.,posu". D"". is delenmned b)

[,." ( ,,- ,.) ;,.,']Dm "0,87 p. (24) -:aT T. + k +~ ,
,] "kdd ,]

(6.11 )

"hert To is the period during which an indi"idu.l remained outdoors "'ithin
24 h; k, is a oo<fficieni for ,,-hi.h Ihe value dep<nds upon the char~Cl'f of Ih.
distribution of radioact;'. produclS in the cloud from the lest (k, = 68. _.91);
k" is a c<>cllkient that rtpres<:nlS n:duclion of gamma radialion from fallout
through shielding by a building: k,lO is a coefficient that represents ..dueti"n of
gamma radiatIon from the cloud through shidding by" building. The first item
in equation (6. I \) conditions lhe dose obtained from the moment "hen f.lloul
ce.ses 10 • oomplete fission of radionudides.•nd the ,""ond oondition' the
dose over the period of f.llout.

To o.kuJ.te .verage fallout oon<:entrations of radio.cti... product' in the
.bove-ground .ir. theoretio.J expression i, used which describe,. relationship
betwe.n Ihe value sought and a dose of radioactive aer"",1s weighle<l in the air
in approaching their even distribution in space. i,e

i:, D",
C~==.

~I' ,
(6.12)

where D,,,, IS lhe dose due to exposure to the cloud of the tesl; E, i, Ih~ avetag'
yield of gamma radiation of lh. cloud of th. te't; and i: is tho sizeabl.
coefficiont

The valu. of Ihe dose accumulated during tho fallout period (the seoond Item
in equal;on (6,JJ) is tahn as an e,'allUlt;on for the ,alu~ D,,,,
Th~ ,-alue of the inhalation intak' of an ilh radionuclide in a critical organ is

furth.r derived from th••,pression

"'." (1i .)"G, =Lr"J,ido-V"~,·F."-ki(d<50r ....
~

(6,13)

"here k'j(d < 50) i' the ooefficient of biological a' .ilability' (solubility) of an ith
radionuclid. in particle, of ~ize d<50 I,m; f~~ is the ooefficient for Ih~

precipitation of the aerosol in respiralory organs (assum.d F.,," 0.7); and F;"
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Toble 6.14 btimate. of <"<mal do.... In mS,. in lh. op<n and for lwo iroul" of
inhabltanl' of lh. "illago Ve><loya",k in lh< Altai ",gion aft., the e,plo"on of 29 AlIiu"

1949 (Barkovu;" aI.. 1995J.

Tim<: of dose ;nt<gnt;on Ou' of doors rarm<rs Indoor worker>

Dose dunni lhe PM'Oi< of the cloud ,.•
"

U
Dose for lh. firs! day ,~ " "Do"" for lh< firsllhreo day, ,~ " '"Total do'" ro, '" ..
i, the proponion or an ith radionudide from il~ INal detained in ,.Spiralory
orgam "hich ",aches a CrihCal orgaD. provided Ih.,. i' complele solubility of
the r~dionuclid<.

The S, Petersburg group (Barko,·,ki .1 al.. 1995) ."umod in lheir eXlernal
d"", asse"mentthat radioactiR falioul ",mainw althe ground surface and lhal
the ground surface w", a two-dim<nsional pl.ne (a"umpli"n ofan infinile plane
sour",). They look into con,iderali"n the fraclion of lim. lhal "",,pl. ,pend OUI
or doors. and lhe fraclion of lime lhal "",,pic ,pend in wooden Or brick bou.se..
etc. Ooses w.re calculated for 22 li,~u<s and organs of lh. bod)', This model wa~
used for instance 10 e~tlmale doses for inhabitanl' of the ",11.11" Veseloyarsk in
RublSO"sk dislrict .fI.r the explosion of 29 Augusl 1949 (Table 6, 14), Because
lhe oUldoor expo~u,. rales are subslantially higher lhan lhe indoor ex"",ur.
rates in lhe same locaiity. lhe average external doses recei' od by indoor ,,<,,kers
(0,(16 Gy) are 'maller th.n lhose receivw by fanners (0.2 Gy),

The """ond approach to est,male lhe depo-silion of radioacti"e malerial' on
lhe ground. and. ~ubsequ.ntly. the dose' from external "radialion. is based on
lhe contemporary measurement of long·hvcd radionuchdes such a, ll1e.. "'Sr.
,,,·,.°Pu, etc. in the soiL It is ,upposed that if the radlonuclide compo,ition of
e"cry te,t "plo,ion i' known. lhe compo,ition of dePOSiled radionuclides at
thaI tim. can be delermined from the comemporary mea'uremeDl of a fe"
long_II,'W r~dionuclides (Kozmin "al., 19%, [zrael n al,. 1998). This melhod
r<quires "cry p=ise mea~urement'of maay baroly delCCtabl. concenlralion,
of radioaeti"e male,ial, in man, places and al diffe"'nt depth,. This approach.
which ,,'as~ to rccon'lruct doses from lhe Ne\'ada Te" Site (Bec~ and
Krey. 1983: Beck. [996), has yet to be applicd to the Semipalalin,k Tesl Site.

[n addition. it may be poinled oUllhal a number of dose estimates ha" been
deriyed from Ihennolumine"",nC(C (Tl) aDd electron spin resonanC(C (ESR.)
measurements (Gord.... eI al,. 1995b: Takada <I ai.. 1996: J. Takada, personal
communicalion, [997). ThermOluminescence measurements of a few sampl.,
of bricks collected in 1995 in populaled areaS near the S<mipalalin<k N'udear
Tesl Sit< point 1o whole·body doses of 0,21 Gy m Tchagan, 0,27 Gy in
b"yetska, 0.36 Gy in the city of S<mipalatinsk, and 0.89 Gy in Dolon (Takada
el al.. 1996: 1. Takada. personal communicalion. 1997), The doses in Dolon
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Table 6.15 Coll""'i,-~ dOl<; of .".mol irradialion re,u1ling from lhe cons<qu~nccs of
n!>Clear t..to by ~-y period' follo",n; the bciinnin>; of j;ro"nd and almospheric t..".
for the inhabilanlO of. number of pop"lanon CC1l' ..... of lhe Abal'. Bcshragay .nd

Zhana,.rncy d"'ricu and Scmlpalaun,k city (T'l b " al.• 1990)

ColI«t"e do,. (person-Sv)

Di"ric' or >el,~<nl 19~9 19~3 "" 1958 1958 "" Total

Abay districl W, 018 6021
Ik'hraj;ay districl "" " " 1397
Zhanas<mey dlmkt ., , ..
5e'mlp.lalin,k cit}, W, M'
Total. (rounded) ,~ ,~ "

,,,,

and Tehagan an: Sim,lar lO p"'vlou,ly ",ported "alue' (T,yb " 01,. 1990);
how.-·". the value for lhe city of Scmipalalinsk. which i. much higher lhan
p",'iously reponed (0.006 Gy), will have 10 be confirmed (Takada cr a/.. 1996).

Esumales of coll"",i,·. dol-eS from ""lemal irradialion are availabl., In the
,icinity of lhe Scmlpalatin,k Tesl Site. lhe larg.,t collecti,-. dol-eS w.'" recel"ed
in tho Abay and Bc,karagay regions of Scmipalatlnsk ObiaSl and in Scmi·
palalin,k Cily (Tsyb ~I al" 1990). Results are pr.",nled in Tabl. 6.15 according
to 5_y lnl.,...·al' bet"een 1~9 and 1963; according 10 lh. rc,ull$ of that RUSSIan
study, lh. 10",1 oollecll\. dose from .xl.rnal irradlalion i' .stimaled 10 be
aboUl 3000 person-S'- for th. populations Ii,'mg dOl< to lhe leSt S;l< (T,yb ~I

al" 1990). In Table 6.16, th= esllmales are compaml wilh those that oan be
derived fronl =nl publication, by sci.mi", from Ka.akhSlan (B.!. Gu",v
and N,N, Kuraklna. unpublished dala. 1996; Kazakhstan. 1997). Th. dose
estimates derived from lh. Kazakhstan studies arc hlgh.r lhan thol< pre"",ted
in tb. Russian SlUdl'; lhe rea",n, for lhe dilTerenoes belween lh. two sets of
resull' remain 10 be explained. Regarding th. populallon of the Aha; regIon. II
is esllmated (Kisel",' 01 al.. 1994) lhallhe oo!lecti"e .IT,,,,,ive dose =i,-ed by
lhal populat;on i' 42 000 person-Sv. including. romribulion of 32 000 pe/SOn·
Sv from Ihe .xplo,ion 01.:29 August 1949 and a conlribUllon of 3000 person-Sv
from the explosion on August 1962,

A research group fTom the Altai State Unl'ersitj i' aCliv.ly working on Ihe
de"elopmenl of m.thod, of population dose =oo'lrUOI;oo USIng lh. present
valu. of fallout mes on the ground (Lagutin n al,. 1994), Th. basi, of lhe
proposed method of .xt.rnal dose reconSlruollon Is made from mathematioal
model' Im.nd.d for lhe descripllon of lhe formation of panicles and assess·
ment of param.ters of th. dispersion ront.nl of n,dioaoU\'e falloul at a>slgned
distance' from lh. lCSl ground.

The model of formation of r~dioacti,-e panIcles i' 'imilar. In regard to iI'
cont.nt. to lhe on. pUI forv'ard by brael (1973), Thi' mod.1 is used to estimale
a<ll"illes of nude; of an ilh radlonuclid. that fonnedlnslde (V,(I» and on th.
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Tobl< li.16 E"imate. of doses of aternal irradiation r=i"<d by Ih. population, of
Kou~h"an li"ina in Ih. ".,inlly of the S<mipalalm,k T." Slle during th, 1949 196.2

lime period (Gu,",' .nd Ku"kin•. 1996, Kaza~h"an. 1997, T.yb " a1.• 1990),

Coll<C1i"e d""" (penon-Sv)
Average,.., ,"em.l d"",' Kaza~h T.ybetdl"

Di"ricl or ci'y population' (penon_InS,') >ludies ,..,
Aba; di",ic!:

Koraul 233l 3S7.9 ."Suzhal m 1163.3 ..,
l&>Il'o'al) 602 (total)

Be.karap) di"rict'
Budene m 1679.4 ""Dolon .., 2174 ,%,
Klnonorka 1227 .." 1032
Mostik "" 127 •
Teh<remu,h~y m '" ".l634 (total) 1397 (total)

Zh.n..."",) di"ric'
Sa"ran '"' -.., "Znarnenka ~; -.., M

43l (10101) 0.11101.1)

Semipalatin'k city 1630()() '" 607 ('otal)

Sum of colk<,i'e
dose' (person-Sv) "00 '000
• Gu,,,'" and Ku"kllll. (1996)
t [>.cop< fo< S<mipilil;n>' <il,. Ih< ""Un>.«< of....,..&< """",-,I dose .re "k"o from K...'h"..
(,m),
I hi... of ""llecti'" _ ~·.re. for the K...l;hm.o "udie~ ob<"r.e4 ., tbe p'04.... of ,be 1%Ol
_"',"'" .ed or the ....,"&< """",-,I dose, ,he ,'.1 .... ref<-rt«i 10 h,b " <d. (11'90) .,.. d;"'"
q""'.. f,om 'ho' reference
, Th< <>um>lW ....,.... 0>:""",1 00t< for tbe s...upW'lns' "udy ~.. 00ta,ee4 .. ,be qUOlie1Jt of
lhe ""II«:<,\< ~"'" report<d b} h,b" 01. (19'JO) .ed or ,he 1%0 popw.u"",

$urfa"" (5,(1)) of T.dio.eti"e panicles, B}' the model of aerosol faUout the "al.e
of lh. expres,ion V;-IS, i' "'limated, wh.,.., V. i' the \'olum. of fusion of all
r.diO;OCli'·e fallout at some dhlance from Ihe ""ntre of the e~plosion, and S. is
Ihe surface area of Ihese partides. Further, from deri' ed ,'alues of paramete...
Ihe d.nsily of fallout of an ith radionudide is cakulated'

_ ' V;(I)k + S;(I)
",,(I) - "'c.(r } Vc,(I')k+ Sc,(,.) (6,14)

whe~ I'c,(I'), Sc,(I') a~ activities of "'Cs in Ihe YoJumc and on lhe surface
of panicles al a time I' > 20 min;
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(6,15)

with VIS the relation of a fusion ,'olume to a ,urface of all particles enga~ed in
the irradiated area; <'c.(r);s the dens;ly of fallout of "'C. calculated as

"c,(r) " (,,(,(t.) - u:,,(t.») exp{(I. - I').\c,} (6.16)

with <,,,,(I.) the densit}' of contamination of soil with lJ'C. measured at a t;me
I. after the test, <1,(I.} lhe density ofglobal fallout of "'C. at a time I. and -'c.
the r~dioact;ve decal constant of t"Cs

ESlimat;on of effecti"e d""" of external exposure;, perfonned with the help
of rate dose coefficient' (pSv S-L~(H.q m ') fOf dilTerent ~amma ;rradiat,on
nudides. Values of lhe coefficient. in question are obtained from published
data (Jacob eI al,. 1988),

In order to make up a hst of tests that ,,",ulted in fallout on the territo,)" of
the Altai Region. trajectories of the tr~nsport of air masses from the centre of a
test ....'ete m",klled (Loborev 01 al.. 1995), In addition. an anal}'s;, of fallout of
beta radiation on meteorological station, and adjacent areas. from 1952 to
1962, was carried Out (Gamayunov 01 at.. 1995).

An interesling melhod of identification of nudear test, that could h3\e
conditioned radioacti'e fallon! ;n area, with an anomalou, content of mC,
was proposed by Illael nul. (l998). The method i' ba>ed On the analysis ofthe
content in radioactive parltdes identifie<! from the radioactive falloUl palleln
of Wme long-ii"e<! radionuclide<-nudear fuel fiss'on prodUC1S. soil neutron
aCli";ty ('''Eu. ''''Eu. etc.). and the comparison of lhe ratio of lheir panicle
content wilh similar ratios for other product' of a test. Implemental;on of the
proposed melhod. howe'er, requires precise measuremenls on the edge of
capabiliti.. of modern equipment,

Of other ,lud,es rdated to dose reconslruction methods, nOleworthy is the
work by Barko"ki eI 01, (19943) lhal demon,lraled lhe necessily to consider
beha"iour 't)'les of a populalion ;n oontaminated areas, and lhe one by Via",...
(1994) who put forward a probabilily method of calculalion oflhe stroclure of
radioaCl;"e conlammalion of agricultural products,

For practical applicalion of method' of mathemalical modelling in problem'
on do," reconslroction iI,s necossul)' to have delailed informal ion on the
.lrocture of air currents "'hen nuclear tesl e-,plo,ion, were perfonne<!, A
network of 'lations for hIgh allllude ",unding of the almosphere in the area of
Western Siberia-KazakhSlan was not dense enough 10 recorullruol the ,truc_
lure of air current, wilh required preci,ion toda;. For lh" reason, methods of
full-scale mathemalical modelling haw nOl been widel}' adopled in practical
works on recon'truction of doses of Altai Region and Kazakhstan populations
due to nuclear tesl' at lhe STS.
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Al pre>cnl Ihe firsl resulls of Ihe Altai population do>c a,se"ment ha"e been

obtained on Ihe basis of data from measurtmen" of currenl me, conlami·
nalion of SOIl. These re,ults. howe"er. have not been publi,hed yel.

Mo"" reliable and numerou, dala on Ihe a'se<,menl of dose< of Aluu and
Kazakhstan residents ha'" been obtained with Ihe help of melhods based on
mathemalical pr""""ing of archival radialion 'ur....y dala. In particular.
Lobore.... ~I al. (994) and Djachenco eI al. (1998) wilh use of aClual dala
(Andr;-.;hin eI ul.. 1995) conducled reconstruclion of external and inlemal
effecl"" dQl,e, and lhyroid dose< of resident' of Ihe Altai Region and
Kazakh<lan due 10 nudear upla<ions on 29 August 1949 and 7 AuguSl 1962.
This group of ,pecialisl' estimaled dose< for lhe population of a number of
seulemem, in Kazakhslan due to all nudear explo,ion, at the STS (whore,'"
al.. 1997). Gord""" ~I ai, (19950) eSlimated Ihyroid doses for Ihe Allai Region
populalion due 10 lhe nuclear lest on 7 August )949. The results obtained
demonstrale Ihe following detail,.

The nuclear expla<ion on 29 AugU<l 1949 produced Ihe greale't impact On
lhe AltaI Region populalion. In Ihe Uglovski districl maximum external dQl,e
(ED) "alues attained ~ I&J() mS,'. the length of an area from Ihe conlre of Ihe
lest where dose. e,ceeded 250 mSv ".-a. ~ 270 lorn (Lobo""v ~I al.. 1994). and
lhe colleclive dose for the Ailai Region population was ahoul 30 000 person-S'
(Djachenco eI al,. 1998).

The largest a""a of conlamlnalion-pracliCall}' Ihree-quanen; of the Ahai
RegIon terntory-wa, Ihe resull of lhe explosion on 7 Augusl 1962 (woore,
n al,. 1994). High po<l_l..l population expo>;ures are nOl expecled: Ihe highesl
ED ,'alues. formed in lhe nOrthea'lern pari of lhe ""gion. did nol exceed 30
mSv. "ilh lhe coHective dQl,e for the regional populalion being about 3000
person-S' (Djachenco eI al,. 1999).

6..4,3 Local and regional d""'" from inte....1irradiation

As for dose< from external irradiation, dose< from Inlemal irradIation are
deri'ed from the knowle<lg<: of the acti,;tie, thaI we", depo,ited on the ground
There are four po"ible ways for radi""cti..e malerial' le) enter Ihe human body
(Gord"." n a/.. 19941'

1. lhrough food. when people eat food'lulh polluted by radionuclides:
2. by the inhalation of polluted air:
3. contact. when radioacti"e materials penetrate lhrough 'kin,
4. thrOUgh wounds,

The most Imponanl pathwa:'!, of e.• posare for Ihe ~eral population are
usually ingestion and inhalation

Internal do.. by oral intake of all radionudide<. e.'cept radioiodines, i,
deri'e<l on lhe hasis of the method of accumulation coefficient'. To estimate
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intakes of radioiodine with mill; an exponential model is applied. The model
has lhe following fonnula

11,(1) "Ai...., "p{-(\ + ',)(1 - I, .... )} (617)

,,-here A/(I) i.the specific contamination OfTt1llk with an ,1h radionuclide al a
lime I after a ,est; 11,,,,.., is lhe maximum specific contaminatIon of milk
monitored at a lime "D''': >'i;$ lhe ConSlanl of lhe fission of an Ilh iodin'" and
>.." i. lh. con.lanl of biological purification of pastu~_

The calculation of internal exposure through rale, of oral and inhalalory
imake. of radionudides in Ih. organism is porformed on the hasls of dMi.
metric models of organ' which the authors hay. dey-elope<! themseh-es. and.
generuny .peaking, ore different from dosimetric model' rt:rommended by the
JeRI'. Researchers from the Moscow In'l,lule of BIophysics ha'-e de'-eloped
an e1aborale model for the aSseSSmeDl of mternal dose' (Gordcev el al.. 1W4.
1995a.b), In lhe model for inhalation. il is a.sumw lhal panicle, "'lth a size
e,=ding 50 I'm are too large 10 enter Ihe respiralory ,yslem lhrough eilher
lhe nose or lhe mouth_ Another assumplion is (hal radioacti"e male rial' enter
lhe human body lhrough unprolectw brealhing organ. only altime D(I). when
lhe radioaclh'e cloud pa>...s lhe locality cons'derw.

The amount of radioacti"e materials which can enter into lhe re,piralory
lract system and remain there, G""" is cakulatw a,'

G",,"F..,'CXVXIXR

where F." is lhe fracuon of inhaled acti,;ty lhal remains in Ihe re,piratory
sy'tem: C is lhe ",erage concenlration of radioaeti'e aerosols near the ground
during passage of lhe rad,oacli'-e cloud (ei I '1-it is proportion"lto the net
dose, contained in the doud. when it passe, the location: V i' the brealhing rale
(L h '); and R is lhe fraction of acti,-ily in the cloud that can be inhaled, A
similar expression is recommended for lhe calculation of lhe amOunt of any
part;cular radionud;de in lhe body. Afler Ihal il is possible 10 <:<timate the
di'tribution of ;nhaled rad,oacli"e matenals III different organs of the human
body. e.g_ nose. lung,. blood and lhyroid.

The main source af internal radiation i' food. According 10 Gordee, el al.
(199Sa). food i, re,ponsible far 90-95"1. of the dose from internal irradiation.
One af lhe Ill"'l imporlant paramelers lhal enters into lhe calculalion. is the
fraction of falloul act;'-il; that i' retained b}' "egetalion; Gordeev el al. (1m.
1995a,b) e:slimatw the >alues of Ihi' paramelel as a function of the distance
from the ceDlre of ewlosion and the dens;l}' of 'egetalion. In agricuhural areas
"here cow.. are kept on pastu","" milk is the main palhway of e_'pesure to
humans. A<xordmg to Gordeev el ai, (19950). if ~, is lhe rale of radioacti'-e
decay of radionudide i, and ~~ is Ihe rale of grass growlh, lhen concentration
ofa radioisolOpe in milk al momenl I. A~lt may be expressed by the folio"'ing
fonnuloo
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11'(1) " A:.,.,' exp[ - e\, + ),.,) (I I...,)]

where I..., is lhe lime of maximum radioiodine con';enlration in milk and Ai....,
descrit>e. lhe maximum concenlration of lhe radionuclide i in cows milk-il is
proponional to daily g,....'s consumplion and in,er... to excrelion of the
nuclide,

Although mo,t fi"ion products ha,'e a low uplake 10 blood. some of Ihem.
'uch as L 0. and Sr are absorbed effectively b}' the blood syslem and accu­
mulale in "arkm' lissues and organs of the body. In the model of Gordee" n
al. (1995a), lhe dimibUlion between organ$ and lissue, of the mDSI importanl
radionuclid<s en1ering lhe human bod}' with milk isestlma,ed. The net dose for
a gi"en organ by Ihe ith Tadionuclide ~" as a function of (1) m,11: con$umption
V"" measured in litres, (2) lhe effecti"e energ)' of bela irradialion of ,)h radio­
nuclide £,. and (3) the mass of the con'idered organ. m. i"

Dk = 5.12 x lQ'gd,£, -'-(1 _ expH.\, + ).,,),1])
m),. ),.,+),.,

... e~( -~):I _ exp(.\, _ ).,,)>11

where g, is the amoum of the considered radionuclide thaI emeIS the bod) in
lhe first da)'. it is proportional to Vm; Ii i, lhe amOUnl of lhe nuclide Ihal
reaches lhe considered organ; lhe last portion of the nuclide enters tlie bod} al
'he moment >1: ),. is a comlant of effective excretion of ,he nuclide from lhe
bod}' daily; and ),., + ),., is an e!Teeti"e rate of milk purificalion from lhe ith
radionudide.

With Ihe help of (h,s modd. doSC$ arising from internal irradiation were
calculated for inhabilanlS of the Allai region afle' the explosions of 7 August
1%2 and 15 January 1%5. Calculalion' include eSlimates of intemallh).roid
doses for almost every "illage in the Allai region that wa' e~posed to radiation
impact resulling from the nuclear lest of 7 August 1962 (Anon)'mous. 1995)
Th= do... estimates. show1t in Table 6.17. were obtained b)' specialists from
Ihe lBP,

Table 6.18 gi,·.,. obtained doses in different organs of an adult from test, on
29 August 1949 and 7 Augus' 1%2 (u.borev" al" 1994; Djaclienco N al..
1998). For the test on 29 AUgUSI 1949 a point is considered _ 24(J I:m aW'ay
from the centre of Ihe e'plo,ion on lhe axis of the route of the radioacti"e
cloud (Uglo',ki district), For lhe te,t on 7 August 1%2. a point is considered
at a maximum falloul area lfi the northeastern p.art of lhe region (Zarinski
district).

As seen from Tables 6,17 and 16.18. there is a significant di!Terence in
thyroid dose as,.somenl of "'sideots of the Zarinsk di'trict afte' Ihe explos,on
on 7 An8ust 1%2. Do..-. calculated by lhe IBP's methodology (Gordeev el al..
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TobIt6.17 Inl<mlilhyroid dole< due tn tho nll'kalltsl OD 7 August 1961-
mG,

Ai< iIT'up

s..."le1TIen, " " W, '" ~,

Aiciok 00 ,~ ,," ~ """. ,., 00 ,~ " ,~

llama"! ,~ ," 'W " ~

lIurk. 'W '" " n "Alam!xli' ,,~ ~ -,., ,,., "00
Ra"yp."y,' W~ ""

,,., ,~ ,~

"almonk> no '00 " " "K""ikh.o no '" 120 n ro
I'otp<likha ,.,

~ ~ m '"Rodi"" ~ '" '" • -,
Rublso"k ,W "" ,~ ,~ '"Udo,'.ke" 'W 210 'W ,," '00

• SeI,,,,,,,",, of ,I>< Lonn,k <1",,,,, locot«! ,n ." """ <:>f """m"", f.I"'"

T..... 6.18 [."mat.d d""" mGy, in d1tT<rm, "'P"" of. h)'po"<lical
adul'. For ,he '0;1 ."pIosioo OIl 2'J Au,">! 1949. the I"""'i"" e<>tUid<m1 i<.
po;ot approxunatell~,j(I krn .~ay f"'m ,he STS In ,he U""....l" d",nc1; for
,he 'est on 7 AoJUSI 1962. ,lit locotion ron"der<d i•• poin'.'. maximum

r.llout uu;n 'he nonh""<m pon of til< ",gion (Zarin,b district).

Dose.mGy

T." 00
OrIOn 29 "'DiU" 1949

Un...ry bladder 20
Stomach J7
Small III,...i"" S6
Upper pan of tilt 1a'1I" ,ntoshoe 230
l<>",~ port of 'he t.'¥' m,..,i"" 660
Kidney> :ro
Lj'.r 21
LunR' )(i
Skeleton 116
Yellow hoI>< rna""", 136
Red bon< m,or"", 70
Skin 18
SpI= :ro
Tesld 19
Th)"oid 2&00
Ute"" 21

T." on
7 A"lInl' 1961

B,.,
"".205
2,6

""...,
H
B
24

,~

27
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Table 6.19 Feed anim.ll~..n.fer facton from feed to .nimal proooct. (m<>1 .nd milk)
IVl.uov" cl.• 1994),

,~ ......1(flq ka ')lfflq d.y ') Fe«! milk (flq I-')/Iflq d.) "
Radlont>elide Minimum M",;mum ~l'"lJtlum Ma,;mum

" 2.0xlO' 6.0 x 10-' 1.0x1O' 2,OxlO'

" 5.0xlO' U x 10-' 5.0x 10 • ].SX 10-0

'" 2.0x 10-" ~,OxlO' 1.0x10· 1.8 x 10-0, 2.0xl0·' 6,OxlO' 5.0x 10 ' 1,5x10'
C, 5.0x 10" 1 1X 10-1 5.0x1O' 1.5xlO-',. 2.5xl0· 7.5xlO' J.OxIO' 7,OxlO-'
C, S.Oxl0' 1,5xlO-o 5.0x 10" 1.5x 10-0
~ 5.0x 10" i.5 x 10-' 5.0xI0' 1.5xlO-o

1995d) are nearly a magnilude hIgher than those deri\od b) the melhOOolol\..\
de\'eloped by the CPTI (Lobore\ el al,. 1994).

Another model wa, del'eloped in Obninsk (Vla>ov. 1994). The model
asse,,,,, the oontamination of agricultural produ,,". 'Ianing from grass to
meat. by randomly distributed radionuclides with a gi'en composition. The
model takes into accountland·use structure. soil cond"inn,. inhomogeneity of
contammalion of arable land. eto. The model was usod to estimale the con·
centration' of different radionuclid.. (Sr, Cs. Ce and Pu) in agricultural
products of the Altai ",gion after Ihe explosion of 7 August 1949 (Vlas(>\' N al..
1994). The animal feed transfer factors for radionuclides from fodder 10
anImal products (meal and milk) are shown in Tabl. 6, 19.

Estimates of doses from internal irradiation are also available for Ih.
populations hing in the' icinll) orthe $emipalatinsk Test SilO (Tables 6,W and
6.21). Internal doses presented in Table 6.20, pmumabl) in lerms of efTecli"e
dose. are aboul equal to Ihose due to e"ernal irradiation (Kazakhstan. 1997).
In Table 6.22. e<>lIecliw doses from inlernal and e~ternal irradiation are
compared (Tsyb £1 "/.. 1'J'9()). In Table 6.22. Ihe internal doses are expressed in
lerms of organ or tis,"c doses: as expeclod. the Ih}TOid do,"s are much grealer
Ihan Ihe external dose"

6.5 ;-';OVAYA ZEMLYA (RVSS1A)

The first nuclear ",eapons lesl at :-"o"aya Zemlya (Northern T"'I Site) was an
underu.aler shot of 3,5 kl conducted on 21 September 1955. and Ihe last one
was an underground Ie" on 24 October 1990 (Andr),h," £1 ,,/,. 1996), NO"aya
Zeml)a was Ihe sile of Ihe la!)'eSl nuclear weapons le,t. a SO MI e,plos;on aI

an altitude of about 3.5 km on 30 October 1961. In all. 130 nuclear leSl, look
place aI NO"a)'" Zeml)a. '" ith a 10lal c.'plosi'·e )-'iel<l of 26S MI (Andryshin et
,,1.. 1996)
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hbl.6.20 E"im.tt<I dose> of ..temal .nd ill1ernalmad,ation Iecci~ed by the popu·
l.o,ion. of Kozakh,tan li,-;oi in the vicinity of ,be S<:mip;11a<insk Test SI1< doring ,he

1949-1%2 period (Kozakll't.n, 1997!-

,~ A.<TO¥< .".m.1 A,·....i< internal A"orai' total
Di"rict or city ""pula';on" dose' (mSy) do..' (mSv) d"", (rnSq

Abay dhtoct:
Koranl ':335 3579 ,W ,W
Sa"h.l 8.12 1163] ,~ -!k<karaaaY dimi.t:
Bud.n< 32\ 1679.4 ,~ "'"Dolon ~ 2174 O~ "'"Kinon.," 1221 840_9 ,~ nw
M"'tik m 12.7 ••• "Td•• ",mU3hky '" '" ", OW

Zhan.",mey dim""

s.a...."'" '" -~ -~ -",
Zoam",h W, -~ -~ -",

• ON'" 000 Ku"klll& ,1m,
t KOLOkh"'_" (1997)
, K"",kh>"o (1991)

Tobit 6.21 E"im>ted th)'mid .nd efT«ti". doses
r"",,,-ed b, '<siden" of the cily of Som'p.I.,,",k. U,,·
K.m.noll~...k. Ku",h.tov.nd t" .."I<men' ofCh'pn.
for .11'''1' condo<:ted .. the STS (LobofO' "01" 1'197),

Soll""",n'

s<mlpal'M,k
U"·K.m<nollo,,,k
KUfchato,'
Cha¥an

Adul'th)'mid
dos<.mG;

T.bl< 6.ll Col1<Cti,~ d.,... of "'t<mol and inlem.1
orradiation (I'j-b <' al.. 1990)

Col~i,-c internal (nu"""ator)
and "'lemol (denominator)

--cc',==.t porwn-Sq

Dm,,,,' Of .."lement Thj'roid Bone m..ro~

A~, d""ict
8<,k.rap, dimict
ZlI.nalO'm<, di"""t
semipal.,,",. city

lS96I60l
21""In(l

6G'6J
6100'607

1956/602
5411330
-16.1

<ro'
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6.3.1 SIal... ord_ r<'ro/lSlNOlioo
'"

E,-en though the nuclear t"'l' conducled on Ihe No'aya Zomlp i,lands
accoumed for aboul halfof the IOlal ene'llY yield of all nuclear tC$1$ carried OUI
"·orld-wido. lhere i' "ef)' Iinle a,-ailable informal ion on 'he local and regional
d01e1 ""ulling from 'h01t: 1"'". It i' likely. howe,·er. 'ha' ,he local do1es '0 off·
,ile "",dem. were rela1l"el)' low for 1"'0 reason'.

1. mOSl of 'he almospheric dc,·icc1 were exploded al high al1ilud... so 'ha"he
e.<panding fireball did nOl louch lhe ground surface. Under 'h"'" condi·
tions. ralloU! occurs 'cry ,lowly and i' dilu,ed o"er "ery large area', Only'
one surface IC$1 was COndUCled. a 32 kl delona,ion on, Seplember 195,.
There were also 17 underground le'l1 lhal ,=ted. resulting in most cases in
on_.i,e conlam,nalion (ml) (DUNSOV (, a/.. 1m)

2. T1>c No'"ya Zomlya tesl 'ite is large and isola'e<l, The t"'o N",,,ya Zomlya
islands ,ogelhccr mea,ure aboul 900 km in length and gl loOO km' in area.
The ne....' village. Amdenna. is 21lO km away The much larger popu·
lat,on centre of Arkhangelsk i, approxima,c1y 1000 km away. and three
"illag.-. lie al intermediale dillances (IPPNW. 1991),

An integrated research prollramrne of analy,i, of lhe seismic, radia'ion.
sani,af)'. and c<:ological ,ilualion ,n tlie a..,a of lhe 1"0' aya Zomlya tesl sire has
been undcnaken (Dubaso' el "I.. 1994b) bu, ""ul1, ha,. no, been publi,hed
y.l. The availab1c infonnal;on "mainly rclale<l1O on-sile comamina'ion and
10 Ihe doses re<:ci"e<l by' reindeer herde... ,,'ho are lhe crilical popula,ion in ,h.
lichen-reindeer-human foodchain, High values of we, concenlralions. and.
10 • smaner degree. of ""sr. ha"e been observed in reindeer m.al. which i,
Ihe Slaple food of ,h. r.,ndeer herders, Th"", "'C. concrmration, rough!)
dc<:reascd ",'i,h dislance from 'he ,.., 'ile, Lt,'.I, of ,,·c, in reindeer were high
becausc Ihe l;eh.n,. ",h,ch arc an imponanl food for Ih"'" ammal' dunng
winter. efTecli"el) entrap a .ubs'an,ial fraction of 'he ,'·C, actj,'ily falling on
to lhem. and relain il for sc' eral years. A comprchen,i"e IQ,csligalion of lh"
foodchain has been performed for lhe en'ire Ru'sian coo,1 of the Arcl;e Ocean
(Rarnza., er "I.. !993).

6.5.2 Local anod ~iO<lal doses from .......nal imodia'ion

Currcnl •.1po<ure rat", in thc 1"o,,,ya Zemlya islands 'af)' ~neralJ)' from 810
12 I,R h ' . ..-hich i' 'imilar 10 the range obs...ied in adjacent area, and rep­
rcscnl5 .-ISCOliall)' nalural background radiation (Dubas<>' el al,. 1994b).
HowcyCf. much higher expo,ure ,a,es can be measured in -Imall area, locally' in
IOn. 'A'. '" here Ihe surface nuclear IC$I ..-as detona'ed on i Seplember 1957. Ihe
cxp<»UtC ra'c docs nol e~cccd I mR h l in an area I.,s than 10 m1; in lOne 'U·.

w~ic~ is (~c sitc ..-~crc lhe underground nuclear t",1 conducted On 2 August
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TUIt U3 M~WOl:tfIlfIllODS 0( ,,·c, (Bq tl ' j ill~ 1'CIlIdm. aDd 01bc:r
••" ..........IaI ....tmalo fMllllb< R..- ollb<Artu< 0<:a4. r...... 1963 to 19\10

(Du~ 199-l~

Typo '" oampIe 196J ,... 1",-ln 19l1O-19U 19U 19\10

M_ ill-:60 '" .~ -,~ "..... I'll 110..... "SO 1"00 I )l)l)...1700 "SO-ISOO._- -5-'-0 10-1100 lIOJ"O "',. <0-"',.. 16-r " " lOo-l.· a-J.7 H
Milk ., .. ." .~

Goeto. <ho;ks I' -22 " " • S-IS

1987 '<filed. 1"" exposure rale il up 10 80 "R h \ in an area ofabout 100 m:; and
in lone ·C·. whICh wa, lh. ,it. of atmosphenc .,p1OSI0nl, tlle exposu", ral< does
not .>.C«d SO I'R h ' in an arc" of about 0.5 km' (Dubuov., al" 1mb).

Infonnolion on "PO,UfO ,ales or doses from "'<rnll] irradiation In OfT.•il.
areas hu nOl been found.

6.5.3 LonIl .... ~.l ........ r... 1m..... , irnHIio'ioa

Rcsu.ltl 0( rTln$\Imn<'Il'-' of WCJ ,n l~bm. mndcrr. and otbtT en';ronmenllll
....1nWi (rom II>< Russian toUI o(lM Amic Ocean are preocnlCd ill Table 6.13
(Dubasove,aJ.. 1994bl· Tbc "'Cs Ir\'ds in mDden meal a... mudl pa,l..-than
\host IJI nu.Ik. fiih.~. or duc4 Thc1d"ore. people oucb lU I'eIf>d«r borden..
..1M> uK reuKlcer ",...1 a> a lolaple food. =ej,cd mllCh "'chn il11emal do<>oe5
\han llw: IIfbI;n ~u.. ...100 con_ i(....x•• ....,.1 onI)'~~ II"
""lIDlIled that the reuKlcer biudullla,·~ncri'w iDtanIl ~«tn~<10K ral..
fl'Olll Iren",,". 10 a ......tIer dqr<c. rrom --Sr. of 1 mS, ) ., 011 a'-ma... """" tbt
carl) I960t (RamzK'\ ~I aI.. 19931; ilx dOtG 10 Ilfban rnidmu.. ill <:OIl1rul. an:
numated 10 ha,~ been aboul 100 limes Iov.w (RllJ1\2U'\ ~r aI., 1993).

66 LOa NOR (CH1:-'A)

Ch;na conduclr<l)4 nuclear ",..aponll..ls !>ell....n 1\l64 Ind 1988: ofl!>ese. 22
"'..... Ilmospheric lesl' and lhe olhefl "'.... und~r¥round (IPP", W, 1991; De
Geer. 1996; Liu Ying and Zhu Chan..hou, 1996). Th' lolal '-'rio,"'" )',dd or
Ihe 22 almosrher;c 10m "'II lboUI 20 Ml.

6.6.1 Sta"" or dow ,__I......,1on

lillie UlromulJOn is a il.abk 011 dote reconstruction efforu earned oul ;0
Cluna For cadlltiL M'alsurW)10& mnho<b "' ,,00<1 UI ol'lkr 10 ,xl","""""
tbt mjoaOf) of lbe cloud eal'T)i"l tbt radlOKli ckbnl. Balloons n:leasc<l
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before the test helped 10 prediCI lhe IrajeclOI)' of the radloact",'e cloud. After the
test, an .eropl.ne equipped with sens;ti\'e radi.tion monitoring instrumontS
flew b.ck and forth to detenn;ne the posilion of the cloud .nd w measure
exposure rates, Also. sounding b.lloons carrying r.diation delecto~ were
released below the ra<!i<>;<Cli-e cloud in order 10 measure the vertic.1 profile of
rad;oaet;"ily wilhi~ the cloud (Zheng Vi €I at.. 1996), A model of almo,phe,i,'
transport and deposil;on wa, developed in order 10 prNliet external exposures
up to. dist.nce of 800 krn downwind from the tesl sile (Zheng Vi., aI., 1994
1996).

I~ addilion w the early detection syslem described .bo,·e. a nationwide
mon;loring netw'ork for en";ronmental radio,cli, ily of 45 stations was sel up
in lhe early 1960s by Ihe \1;ni'tl)' of Public Health (Zhu <I al.. 1994). MonI_
toring data include lhe deposition densities of import.nt f.lloU! radionuclide'
and radlonudide concentratiOn> in air, drinking water and in foodstuffs
(China. 1990. 1995). Dose' are deriyed from lhe me..urNlle\'els using ICRP
and UNSCEAR model, (Ye. 1994: Zhu el at.. 1994: Liu Ying and Zhu
Changshou, 1996),

6.6.2 L<>eal ond ~onal doses from external irradiolil)ll

The .bsorbed doses in air mea,urNl ouldoors in """'eral populalion centres
locate<l downwind from lhe leS! sile al di"ances ranging from 400 10 800 km
are presenled in Table 6.14 (Zheng ~I aI., 1996). The measured le"els. ".-hich
include exposures resulling from .Il imponant Chinese teslS.•re compared
Wilh predicte<l \'alues obtained us.ng lhe atmospheriC lr.nspo't and deposition
model (Zheng V; €I al" 1996). A re.sonable agreement bet""een measured and
predinNl "alues i' oblaine<l for mOSl cities. The aYcrage absorbed do,,", in
outdoor air is 0,18 mGy: a"umi~g Ihal people spend. on a\'erage. 80% of their
lime indoors where lhe sh;elding f.clor to ouldoor radialion is 0.2, and that
lhe con"et1;on coefficIent from absorbed dose in air to effecli". dose is 0,7
(UNSCEAR, 1982. 1993). a mean effecti"e dose of 0.044 mS, is estimaled for
the population, l;vi~g downwind of lhe lob Nor nuclear tesl ,ile'l distances
ranging belween 400 .nd 800 km.

6.6.3 loc>Il and regi<Hlal doses from inf~rn.1 imldiafi<Hl

The en\"onmental contammalion caused b}' llLl h.s been reponed b)' Liu
Ying and Zhu Chang,hou (19-%), The highest depo,ition !e"d, measured m
the $lation$ of (h~ nationwide mo~iloring nelwork are presonle<l in T.ble 6.25.
and eslimalNl lhyroid doses for adull' are 'hown in Table 6.26. The adult
thyroid dose' arc found to r~nge from 0.06 mGy i~ Taiyuan 10 2.S mG} in
lanzhou; th}TOid do,,",s to i~fant$ would be .bout 10 times higher. Th~ a"~rage

th}'roid do,,", recei\'ed by lhe Chin= population as a resull of the tem
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Tobie li.24 Outdoor air absorbed dOlO', in mGy,
in url>a" ....., k.",,,ed b<:''''ccn 400 .nd 800 kill
downwiod from the l<>b Nor .." 'it< (Zh<nJ Vi

<I al.. 1996)

Cit; Or 'Own

Xihu
Ami
T.,h,
QiaowlI.n
Yumrnzh<n
Yumen,hi
Jmt.
Ji.)ug~n

A,··....i<

"~
O~

0.065
O.ll
0-015

'""0.0045
O.Oll
O.IM

Tobit 6,~ falin"' of "'I. in kBq III '. in "'",. ..goon, of Chin.
(li" ViOl and Zhu Cb.n~hou. 1996).

Test number "nd <la,.
4 (27 October 1%6)
5 (28 December 1%6)
12 (7 i,nuoI)' 1972)
IS (11 June 1974)
18 (11 No"ember 19;6)
22 (16 October 1m)

R~on '''I deposition (~Bq III 'J

Xi." (3)

Sh<nj'.nll 4.&
Lanzhou 5,1
Lanzhou 10
Hohhol 0.22
Xinina 10

Thl'mid Effe<t,,~

R.g,on do.. (mGy) do.. (rnSv)

Chanj!<h"" 0,16 O.DOllI
Sh.ny.n~ " 011
T.,yuan O.OS9 0,003
Xi",n 0.14 0,0012
It.niZhou a.ls O,007J
Cbang,h. 0, II 0,0054
N.nning 0.097 0,001
Hohhot 0.97 0,0$
Xininll '" "'bn.hou " 0.1 J
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""ndueled at Lob Nor i$ e$tnnOlod 10 Ix about 0.14 mGy (Lu Ying and Zhu
Changshou, 1996).

The long. lived fission produclS ~r and lJ1C. ha,'e l:>e<n monilo~

lhroughoul China since lhe eafly 1960<. E'..n though the a"erage deposition
<knsil} of""Sr $«ms 10 b< hale l:>e<n lower in China lhan in the remaind.. of
lhe Korthern Hemisphere. lhe imemal doses from ~f are eslimated 10 b<
higher ;n China than in lhe remaind.. of lhe Northern Hemisphere. This
apparenl discrepancy i' explained by the faci lhal the Chinese diel i$ not
l}'p;cal of lhal of lhe populat;om of Ihe North..n Hemisphere (Liu Ying and
Zhu Chanllshou. 1996). The a' eralle effeclive dose =ultinll from the intake of
""Sf is eslimated to b< 0.27 m5\' (Ihu .r al.. 1994). Mos' of thi' effeclive dose i$
due to tem Ihal were not conducled On Chinese so;l,

6.7 SOUTH PACIFIC: MURUROA AND FA~GATAUFA(FRANCE)

The French nuclear leslS in the atmosphere were carried oul al Hamoudia near
Reggane in lhe Algerian Sahara in I%0 and 1%1, and on the unmhabiled atoll'
ofMurwoa and Fangalaufa in French Polynesia from 1%6 to 1974(Ooury and
Mu,,", 1996). Nudear test. were interrupled in lhe Sahara m 1%1 hecause of lhe
impendi"t! independence of Algefia in 1962. French Polynesia was lhen selecled
a, a new t"'l site. mainly t>ecau;e only 5000 inhahnant> 11\ ed w'ilhin a l000-km
radius of lhe planned gfound zefO in Mumroa (lPPNW. 1991). Fouf almo­
spheric 1"'1S were conducted in Ihe Sahara and 46 ,n Polyn",ia (four at
Fangataufa and 42 al Mururoa), The 10lal energy yield of lhe 5(1 atmospheric
lesl' i' equivalenl 10 10 Mt ofTNT (Ooury and MUla. 1996). After 5 June 1975.
all test< in French Polynes;a were condueted underground (lPPNW. 1991).

6.7.1 SIal'" of d.... re<:oBStrllClion

No public infonnalion has been found On dose recon<!ruction effom relaled to
lhe leslS conducled in lhe Sahara. Regarding lhe Ie", condueted in French
Polynesia. annual reportS on the radiological situation in populated atoll' and
island' around Mururoa and Fangalaufa are made a,ailable 10 lhe puhlic and
are communicaled 10 lhc Unite<! Kation' (..... e,g. RF. 1970. 1984. 1993. 1995.
1996). Because French Poljne>ia i' composed of a ,·er~ large numb<r of islands
sca!le~ OHr lafi:< distance>-lhou"'nds of kilometres-in Ihe Soulh Pacific.
radiolollical mOnilOrin£ ha' been mainly carried out for se,eral islands deemed
to b< represental;..e of large afchipelagos or grou!" of island"

1. Tahili (l1O(j()() inhab"anlS) for 1I,. Soc;el}' 1,land,. localed al more lhan
I(j()() km away from Muroroa and Fangalaufa'

2. Tureia atoll (140 inhabitants), the population crntre in lhe Tuamotu

archipela£o lhal is lhe closeS! (120 km) to lhe lesl ,;lee
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3, Hao {liOO inhabitants). also in the Tuamotu archipelago;
4. Mangareva (600 inhabitants) for the Gambier Islands:
5. Tubu.; (1700 inhabitant') for lhe Tubua! archlpelago;
6. NuXu Hiva (1800 inhabitants) and Hi,-. O. (1500 inhabitanlS) fo' the

Marquise lslands (RF, 1984).

Doses are asse~ on lhe basi, of radiation measurements for lhe ",,1"'t<'<l
;slands co".ring lhe terrestrial and lhe marine en'-IronrnenlS. Although occa­
sional v.nting may h3'" occurred follov.'ing Ih. underground {esls conducted on
or afier 1975 (lPPNW. 1991). it does no' seem [0 have lod to a deleclable
,nCrease in lhe .wo,u,e r~l'" or in lhe radionuclide concent,al;ons in foodstuff'
(RF. 1984): thi' implies Ihal annual do~ haw generally decreased 'ince the
mid-l97Os.

6.7.2 u",aJ and .oglonat~ ftom e~lern.1 irradiation

Doses from e'lemal irradialion have only been reporled 'lnet: 1982; lhe
elTeclive d= rates ranged bel"""n 1 and 10 $,- y I in 1982 (RF, 1984) and
"ere eslimated to be Ie" than 4 Sv y" in 1995 (RF, 1995)

6.7.3 Local and rrgioullloises from iOlerl1lll irradiallon

0=, from intomal irradialion ha"e only been reponod ,in.. 1982, Iho
elTectivo dose rate, have been eslimaled 10 raoge from 2 to 32 Sv I ' in 1982
(RF. 1984) and to be 10""' in the e.rl}' 19901 (RF. 1993. 1995. 1996), Tablo
6.27 summarize< lhe dose eslimates for lhe populations of ,·.rious atoll, and
i,land. of French Pol}'nesia in 1982 (RF. 1984), As in lhe Marshall Island"
m"'l of lhe d= is due to the midual presen.. of "'c, m lhe en'-Ironmem.
Tho collecli"e olTecli," dose ,alo for lhe population, of French Polyn..ia i'
esl,rnaled 10 ha,-e been aboul 1 person·S,- in 1982,

Even lhough doses "ere nol reporled before 1982. e'limales can be deri"ed
from reported radionudiM eonet:ntratioo measurements on foodstuff', For
example. lhe thyroid doses due 10 Ihe comaminalion of milk by llLl in Tahili
have been cakulaled b, lhe UNSCEAR Comm,ttee for most years dunng Ihe
almospheric lesling period in French Pol}'nosia (UNSCEAR. 1977). Results
are preseoled in Table 6,28: lhe highesl anoual lhyroid d=s to infants are
estimaled 10 haw been aboul 7 mG}' and 10 h"'e occurred in 1974,

6,8 EMU. MARAL!NG,>. AND MONTEBEllO (AUSTRALIA)

T"el,-e full-",ale lests of nudear "eapom "ore conducled bl Britain 10
Australi. in fi"e ..nes bel"ecn 1952 and 1957_ In O<lobe, 1952. the only toSl of



ESl'IMATTOS OF DOSES '"
ToW. 6.21 blimo,.. of <ff~,,¢ dooa <=Ivtd ;" Fmd> Pol) ...... '" 1m... I
.....1' ofltmOSp/KriI: ...1> comod <)<I' II F.....II..c. &Dd MUJUIOII from 19l16 to 19U

fRF. 19S1).

ElT<etmO <loot rala {S~ ) C~.

"'-b~ ,~ .....
"""- -- lob'I"_ '.....- ,-, <_S.)'}

,- "
~-

, ... U ".... , ... '" •,.- , ... " "TltIlIupon , ... " ",-- o.on,- ... >D 33.... ... U ,
Gom_ ...

Manptt'l " ~ U W
Morq..... ....

"uku-Hi... , ... "
,

A_ "Tub.., , ... ,,. W

Tol>I< 6.28 CO<K."¢l1'ro'iOll' of ," I ,n m,lk In Tahit; aDd oorrnpond.
,n, 'h)'fO>ld d""" '0 ,nf,n" dunnl ,be "moopbenc tnt;nll"'riod in

FTnKh Poll,....,. 11%6-1974} (UNSCEAR. 19771-

'",~
'"'"~".noo

Timo.inl"rlltod m,lk
.,••",. con«ntraMn (lIq day 1 'j

,~,%,
,~

,~

""lonl
,~

19~3

,n

Eotimatod 'hyroid d"'"
to ;nf.n" (mGl)

0.55.,
"~J
0.11

"..
!he KM HlI1"I'iI;:an¢ ..... oond...:te;l on • s1up lICal" \Ion'dodio l$bnd.. W", 111
Oc<ob¢r 1953. !he ~o leiUof!he smes T_ ..~ ""'ll"if:d 0'111 in Emu Fi¢Id.
SA. in \b.) J\DlO 19S6. !be t..o l6tS of 1M KM \l.-i.e ..~ tkIonated OIl
Monldodlo I$bnd.. WA, row IlIOf't WSU"'¢n' ooaducud ill lhe series Buffalo m
Sq>tcmhtt----Qrl:obn 1956 in \IM1Imp. SA; 6naII). Ul Scptnnbcr-Oc<obn

195-, t"" thttt leSU oft"" smes "otlor ..~ dotonated '" \lon.bnp.. SA 1M
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yield of1~ testl \alle'll from 110 60 kl of Thl-cquh'.lctl1: the lotal eoo])'

}rld of tho!;e 12 (<$I, "as Icts than 0.2 Ml of T'\T-equ;'lllmt (\\1~ and
Moroney. 19851.

Ul Sfa_ ....... .-rwct"
Roqb estimates ofdOlI< ha,~ been made for local PJPUIatoon ""'IreS as "'dill
for populalioa. orntrn lhroulboul AlISUll1ia (V,;';" and MOI'OIIot). 1985\

Tbt nwn bod... of radl.allOll dati. and Olher ~1UI1 mfonnauon .,"1.11&1*
10 estimate the do>e> l'bUllUlJ froon lilotc te>U 1IIdtxk:

I. for lbc Dint ntJdea' 1$$ compnsml Ma.aic. Buffalo. aDd Antlc1" lou.!
bm an;'1\..s of r1d>oaucl>dcs m f:allou' d<PMllion aDd '" ... from
AU'ltrll.lia·... i<k lDODltorml propammc5 {Butemellt ~I ill.• 195-, O"}fl" ~I

aI•• 1957);
2. for aD 12 ..uo;kar LnlS--trlI..JCC1onc:s Iakm b). the 13dioacI,,~douds IoCI'OSS

AlI5lraJia (Ga~. 19~. Gale and Crooks. 195-1; f'riroon, 1955, Butemelll
~, 01.• 1958; Ph,Upot. 1951. (959) and metwrolotical rondUlOIli for popu­
l,nlQn c:entrn. u>ch"d,n. rainfall:

J, for lh. >e>''''' ItslS of Buffalo and "o,kr ",l...-nal dooc rate and Lotal bela
aet;,ity of ",diQfludldcs in fallout lkpositioD and '0 lIT "nhon the
proximal regIon of failoul (Carter, 1957: Oal. 1957; Calcr, 1958):

4, for lh, two 11:111 of Totem airborne so...·") of around contamination
(Cambra)' and Munnock, 19S4):

5, for thc lhr<;t tCStS of Ilurric~nc and Mosaic iround conl~m;nallonelf th.
nearby coastal regIon of the mainland and of di<tant population <;tntr.s
(Gak and Crooks. 19S4: Matth ....man. 1957),

6.lU J..ocs,I aad , ..Ional doMs'roon ul......1 irradialiool

External do>ts front local fall""l are not a'lI.ilable for t'" scnes Hurrica....
Totem. and M.....ie of 19S2. 19SJ. aDd 19S6. respect"..,I) External doson for
the series Buffalo aDd Antln of 19S6 atld 195" ..= estimaled from the local
measurm>t<l1< of nl"'lo""' n~ and fallout deposil. .uum,n, llwlll'" e~tet1lal

doie nt. '-an.d as a flJl\C\ioIl of time. I. as r I :. and i'" tiJlJ tbe e:.temal
doie .alC 10 I )_ RnuJu ..,.., ~ted ill. Table 6,29. lbe hole-bod) doses
from exlcmal inwbauoa are ewmaled 10 ha,.., been < I mG) III all local
populauon CC1lUU that ...= _tortd.

For dilunl populat>Oll CC1l1re1 ll1roulbout AUSlraha. .... e:.,emal ...-lloIt-
bod) """"" D('I for Mosaic. Buffalo. and AOIIn' ...= calclllaled
......, .... (............, tq lIOIl:
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Tab'" 6.29 ESllma,ed .,.....¥< .,;,<ma[ whole-body do...
from pro,ima[ fallou' f'om nuclea, t.", of 'he ><ri... Buffalo

and Anti., (""10< "nd Moronoy. 1985),

'"

s.ories and '<>'

Buffalo, ,,,,t [
Buffalo, 'ost [
Bull.lo, lCOL [
Buff.lo, lesl )
Bnff.lo. 'cst 4
Bull.lo. 'cst 4
Ann.r. t<s, I
Antl.r. 1." 2
Antler. te" 2
An'lcr, to" 2
Antler. tes, )
Antler. Ie" j
An'ler. t<>t j
Antler, ,,,,t 3

Popu[>tion =1...

Coobe' Pe<ly
Iniom.or
McDou.ll Peak
),1.ralinp Vill'J<
Coober Pe<ly
Ingomar
'm.
Coob<r Pro)'
Ingomar
~hbel Creek
Bn1llannia
Ea[biIno
MoDou.ll Peak
Mulgalhmll

EJI'.ma[ whok-body
d"'" (mGy)

0,2....0,68
0.11....0,)

0.0;
0.003
0.045
0.12

0-05-0,)7
.~

002
0,0)5
0,00.1

0.26....027
0003

0'

D(t) '" 0.17 x 1°'''''' F" S

where D. in lOGy, is ,h. e"ernal whole-body dose d.li"....d dunng Ihe fim
y.ar following the e,pl",ion (In faCI, Wise and Moron.y (1985) "pms Ih•
• "emal dose in I.nn, of .ffecti"e dose .qui,'alent. Th. numeri<:al mults of
lhe two quanlilie, are similar in lh. case of .,lem.1 irradiation from fallout.);
I, in days. i' lhe lime of falloul me.surem.m after lh. O'plosion. in the range
from 0.110 2() day>; F, in MBq m ',i, the .mount offalloul per unil a...a of
ground' and S is a shieldmg factor lh.l lakes into a"ount the ground rouglt­
ne" and the absorplion of gamma radialion by wall' (For Aumalian oon.
dilion,. lhe average "alue of S w.s esl;mated 10 be 0.28 for urban cent ....
and 0,34 for rur.1 communities. Th. overall a\'erage for Australia was lahn tQ
be 0.34,).

The number of di"ant p<>pulalion cenlres that were monilored was 85 fQr
Buffalo and Antler. and 29 for M=ic, Estimales of e"ern.1 doses are anil.
able for .ach monilored p<>pulalion cenlre and for each te.t oflhe lhr.. serie•.
External doses for lhe series Hurricane and TOl.m were e'timaled by ocaling
the resul .. from .imilar nuclear tesl, oflhe serie' Mosaic. Bullalo. and Amler
a"'ording to the known yield' of lhe explosions. The ."erage do'" from
external ,nadialiQn for lhe AU'lralian p<>pulal;on we.. found 10 be quite low:
OJ)II mGy for M=I<:, 0.0041 mG)' for Buffalo, and 0.0031 mGy for Antle,
(Wi,. and Moroney. 1985),
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Tlbk 6.)(1 E,timat~s or a"crage indhidual a~d oolle<:li"e elTecti'e
dose eqU"~I,nt oommitmonts ",.uJtml from fallout in 'he Briti,h

nuclear Ie'" in Australia, 19S2-1957 (Wi", .nd \loroney, 19S5),

Col!c<ti.'e effccti."
Se,io< T,.. Av=l" off«,i.', dose equl¥.Jcnt

dose eqUI¥.Jcnt (mS,) (porson-S''l

Hurricane , 0,012 '"Tot"'" , 0,001 ;0

TOlom , O~ "Mosaic 0,001 '"Mosaic , 0,0055 "Buffalo , O(XISS "'Buffalo , 0.0012 "!:Iuff.lo ; 0.0059 "Burr.lo • 0.011 '"Antle, , 0000) ;
Anllc, , 0.00)(1 '"AnIle' ; o.om ".
To,"1 (rounded) 0-07 '00

6.8.3 Locol ~nd region.1 d.-. from Inlernal Irr.dl~lioo

DoSC$ from internal irradiation were .,,,I,,,,'e<l for: (1) the ingestion of fallout
radionuclides in food, (2) Inge,tlon of fallout radionudides in drinking wale,>
and (3) inhalation of fallout radionudides iu aIL Standard models of ~n' iron­
mentaltransf~r from d~pos"ion to air. drinkin~ water, and foodstuff, w.re used
(Wi$C and Morone" 1985), It was found 'ha' internal irradiation accounted. on
a'erage. for 83% of th~ total effective dO$C equi,alent.

Estimate!l of mdi, idual dTecti'e do.. equi"al~nt', ",,,'aged 0' er the entire
Australian populalion. and ofcollec,i.'e effecli' e do'" eq ~i,'alents are presented
in Table 6.30 for each of the 12 lests, Th~ a'erage individual dTecli,e dose
equ,,'al,nl for all t..ls conducled io Aust,alia" eslimated to be 0,07 mSy,

b9 COLLECTIVE DOSES TO THE WORLD'S POPULATIOX FRO\1
ALL TESTS

Coile<li.-e do,""s to thr "orld's populalion from all l..ts ha" been estimaled
by the UI'SCEAR CommlUo:< (UNSCEAR, 1977, 1982, 1993). In ord.. to
eslimale the full radiation impacl oflhe le,1S. th' L'-.SCEAR Committee u""
lhe Conc,pl of coll"ti' ~ dO$C comm;lmenl. "hich indud.. the doses deli"ere<!
in futur~ times, U01il complrlr drcay or remoyal from lhe en,'ironmrnt of the
radionudid.. produced by th~ nudear e,plosions. Th' collective effe<1i,'~ do,""
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T.bl< 6.31 Collective <l1"<cti" do,. commi'ment to the ~orld·. population from

a'mospheric nuckar te"in¥ (UNSCEAR, t993).

Collecti,"< df«ti," dose commitmen,
Acti,'it), 11000 1><""'0-5,')
prod""t

R.dion""hd, Half_lifo (Ebq) Extern.1 [ni"'tion [nha[otion Total

"c 5730 y 0.12 25800 2.6 ,,~

'''0 30,1 Y 0.91 UfO 6,' ,, '"00"", 21L6 Y OW ~ " '"·'Zr 64,0 d '" m ., 278
""'Ru 372 d 118 ,~ "' m
'H 12,3 ) ,~ 1,6 " '""'/>In 312 d 1.2 '" "' '"'''C, 285 d 29,6 .. '" '""'I 8.02 d '" " '" ., '""Nb 31.2 d m ,.• '"'''5b 2.73 Y 0.52. " "' ..
"'" 24100 Y 0,OO6S2 ,. '" '"'''Am 432 )" 8" • "'''''B. [H d 732 .. 081 OM ",o'Ru 39.3 d 2JS " " "~,. "" , 0,00435 " " ""Fe 2.74 y , ,.

O.~
,.

'''Pu [4.4 Y 0.142 001 " """ ~.6d 91.4 " .. H
"y 58,S d H' .. ..
'''Ce 32.S d '" " " "
Toul (rounded) "" 27100 ~ OO~

commitmenl to the world', population from an lests is estimated to amount 10
3 x 10' person-Sv (UNSCEAR. [993)

Table 6.3[ p=n" lh. contribution' of lhe most important radionuc!;de,
and e.•po,ure TOules to lhe collecli"o effeclive do« commitment. By far. lhe
mo,t importanl tadionudide i' "c Be-.tuse of its 'ery long half-life (almost
6000 y) .nd en.ironmental mobility, I·C "'ill keep dc!i"er;ng very small dose
rates to 'he wOTld's population during Ihousand' of ,ears al about lh. same
rate as it does now, It i' lhe accumulation of those Yer)' 'mall dose rales for a
,ery long time over a WI}' large population lhat explain, the latgt ~ontr;bution
of "e to Ihe collective effecli"e do« ~ommilment from nuclear "'eapons
l",ang.

The =ond most important radionuclide wilh =pect to the colleclive effec­
live dose commilment i, IrCs, The importance of wC, ha, already been noted
in doses from local and regional fallout

Ik<oause ofi!!; shon half-life (aboul 8 da)'s), 11'1 is onl)' lh, mnth contributor
to lhe collecti"e etTecti"e dose commitment.
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6.[0 CONCLUSIONS

D"", e<timat« r«ultmg from nudear weapons t«tong ha"e been reviewed.
Emphasis ha' been placed on the doses from local fallout (wilhin a few
hundreds of kilometre' fmm Ihe t«t site) and fmm regional fallout (within a
few thousand' of kilometre> from the tesl 'ile. Because the t«t sites arc
i'olated and lests can be conducled under f.",urable meteorolog,cal
condilions (avoiding the e,po,ure of relatively close residents). dme' from
local failoul were muall; low, [{ i. only when unexpeeted e"enIS oocurred (wch
a, thme related to the Brayo le't) lhat high radiation exposure. were incurred,
E"ens;ye dose ttten\tructions related to local fallout have only been carried
out", far for the tests conducted by the USA,

There i~ little infonnation on the doses from reg,onal fallout, The ~tudy

relate<! to the: Ne'ada Test Site indicates that high e~po.ur« oocurred mainly
when the passage of the radioactive cloud CQm<·,ded with rainfall,

Finally, the dose' from global f.nout ha"e been reviewed extensi\Cll by the
Ul'SCEAR Commille< and are only bne/ly discussed on t~i~ document,
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7.\ INTRODUCT10:-

[n the early 1<MO., global Fallout from nuclear {ostinil and it' JlO5,ible .(fecl on
human health became a major public COnttm. This .nn<:em and reducM
international "'airy led in August 196310. limited ban on atmospheric testing
(U,\SCEAR, 1993). AtmoSpheric lesls by countries de,elop,ng nudea, ann,
"'enl on until October 1980. al~it at a much 10"'" frequeoC)'. At the end of
atmospheric testing. a total .,plos",', j;<!d of 545 Ml Tl'.'T-«Iui"alent had 'otto
released. Longer-he<! rodi"".t;'-;ty tOlalled OOOU113OO EBq (I Ebq " 10" Bq)
ongma\lng from fiSSIon of '''Pu. "'u and nlU (IOlall;,,;oo yield aboul ISS
\h), much oflhat yield came from lhe third stage of'he large bombs based on
lhe fi,oion rusion fiSSIon process. In addilion. fUSion ",acUOnS mulled 10 thc
production or large amount> of 'H and '''C. 240 ESq and 0,22 ESq, "'spee·
li'd; lnl.mational as><:SSmcmS (UNSCEAR. 19,2) or lhc .nsuing 101al
effecti'. dose commitmem to th. "orld population "ere d.rived by lhe ,urn·
ming up or C'po$ures rrom .'tema! radialion. inbalalion. and ingestion on lhe
basis or population."eighled rallout deposjtion. and mulled in an estimate of
3.' mS, for a \hcoreu.al in'mortal human being hing lhrough the "hole
tcsting period in the 'o"hem Hemisphere. $c'enl; pcr cent of lhe dose
commitment is dd"'em.i b; "c al a "cry low dose ral•. i.e. only 10% unlil lhe
)-.ar 2100. Th. nexHanking radionudides are we, 03 ,comribulion). ""sr
(3 )."Zr(2.4%). ""Ru(I.'" f....l>!n(I.S%).I""C.(IA land lJll(I,4 oj. The
r.lali,'.ly unimporlam '·'"Pu causes only 18 I'S, or 0.5 "or lhe total dose
Th. eollm;"e oomrrulled effeeli". d05C 10 lhe world population amount, 10
about 3' 10' person.S, (l;l'SCEAR. 1993).

A. raT as posoible heallh effeelS are concerned. lhe radiological burd.n
rrom global fallout contributed only a ""'all rraetlOn (" th. detriment <au$Cd
b}' nalural and anthropogenic .xposures 10 ionizinll radiation. ThereFor•.
noticeable increases ;n cancer. generic. Or teratogenic- dFects. are nOI 10 be
e,<peeled, How.,·cr. ;n lhose inslances. ,,'h.re almo,phcric bomb testing led 10

"",_ T.u~ "''-'--.1H_ '-~

Ui1<>llo, Su F. \\'UlI<r tnd ~ J C lill_
• 19lO SCOPE _ lo, ..... """ • _ lid



,.., NUCLEAR TEST EXPLOSIOl>S

considerable local OOnlamillllioni, exposures of the populations in the ,-icmilY
of lost siles might have been far higher than Ihe global ~n '-alne. For
.xample. ('temal exposures exceeded I Gy on ""eral occasions. and thyroid
doses from oJ'] ranged up 10 200 Gr in One inslance. Exposu," at lhi. le,-.I
pose a considerable health ris~ and might ha'-. led. or truly 'till lead. 10
significant change. on morbidity and monalily_ At a urne ,.-hen formerl,.
classified informallon is increasingly accessible, careful assessments of local
expo,ure, and health effects a", becoming po$5,bl•. Although doses decreased
rapidly "'ilh time after the .\plosioo. a careful r=nstruct;on is n«ded as a
prerequisite for lhe prop'" .valuation of p,.setll and future heahh risk. to lhe
affected population•.

7.2 RAD1ATlO" AI'D HEALTH

7.2.1 BioIog"'aJ effect< of radiation

An understanding of ra,halion.inductd health effect. has 10 be buill from ba.ic
conceptS of radiobiolo~' a, given in thi' introductory section, Biolollical
effect' of ionizing radiation reoull from the modification and de'truction of
""Hular component<. The large encrgiM releasffi in fi'sion reactions or radio­
acti"e decay are in the ,.ng. of M.V por doeay (l.6 ~ 10'" J). In comparison.
th. binding .nergy of ty pical cb.mical bonds in organic moloculcs amOuntS to
only J.OO U mol '. i,e, about 3.V or 5 ~ 10 19 J per singl. bond, An eloelron of
I MeV energy product:< about 30 000 ioni""'ions in an aqueou5 soluuon and a
st~llarger number of ..,;citation! o'-cr the 'hon di'tan"" it lra'-e". Biological
reoponse 10 '''''h highly I"",aliud energy depo,i,ions is comple.•. and depend5
on man}' different paramelers. Radiation qualily. i.e. ionizalion d.nsity along
particle \raCX5, 15 important. In "iew of the faCl lhatthe CXJlO5ureo consid.red
here are mad. up alm"'t .,clu,i,-.Iy of gamma and beta radiation. i.• , 'pa ....ly
ionizing 10"- LET (!In.ar .neri)' transfer) ",d'alion. the follo"ing ~on5id.ra·

tions of basic principl.. of radiation biology are reolricted to thi. radialion
quality

I. About 70'10 of biological damage from low LET radialion i' duo to the
indirect a~{ion of flff radicab. and 30"/. to lh. direct a<:iion on tho target
molecule. The indirecl radia,;on component can be s'rongly modified by
the presence of oxygen. radioprotectOr>. and radiosen'itizer>.

2. 0:11, from dillerent li,s= vary markedl}' ,n radiosensi,i"iW Al doses up
to about 2 G}'. low LET radiation. are relati,·.ly in.fficient in kiUing tho
majori,y of ,he SlcnI <:ell$ of a ,iuuc. The 5u,,""'al CU""'. shows a sl~per

downward slope at high.r do....
3. Th. "'di....nsi'i,"}' of cells ,'al"iei ao::ording '0 ,he" slage ,n the cdl cycle.

tho G2 phase prior to mito'i' being mosl sensiti' •. In gen.ral. tho
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sensitivity of mammalian cells to ionizing radiation i' dir~lly proportional
to their rate of ceU di,';sion. and in"e...ly proponional to their degree of
cellula' different,ation. The'efort'. the cellular kineties of tissues is
important in terms of rt'sponse to radiation, embryo/foetus and newborn
being mo", sen,iti,.. than adult•.

Radieal" formed mainly' by inle-raction of radiation with "aler molecules in
the cell. maj ",act ,,'ith critical st"",'ures. 'uch a, the D"A of the cell nucleu~
the car'iet of the genelic informalion, The amount of primary radialion
damage in biological muctures per unil dose i. modified bj many physical and
chemical agenlS. The most ,ignificanl chemieal modifier i' molecular oXjgen.
because. b)- combining "ith primary free radical, fonned f,om waler, il can
j ield mo", damaging agenl>. ,uch a, the peroxyl radical. Many oonstil~ntS of
lhe ""II can !Ca"enge radiogeni<: free radical, befo", lhe; allack critical
structu"". Radioproteclor molecules cootaining .ulllt)dT)I groups. 'uch as
81nlmh,one 0' cysleamme, are mOSI imporlanl ,n the dqneons environmenl of
lhe ""U" other molecules. such as hydroquinones (,ilamin, E and K) al50
prottet from free radical, in hpld companmenlS, Al a laler Slage, electron and
hydrogen donors may ",sto", the nati"e chemical "ructu"" through the
breaking up "f labile bonds of radicalS wilh cellular macromolecules, For an
in-<lepth t",atmont of molecular radialion biology. the "'ad" is "'ferred t" the
e",,"lIen, monOgt'dphs d.,.'o,ed 10 lh" field (SOl: e.g, Hall. 1994),

7.2,2 H... lTh effects

....on."'paired or incortecllj rt'pa,red modiflCalion, of radlalion.induced D'IA
damage can affect cellular and organ fu""tion, and consequently the health of
the organism. Table 7.1 shows how di"inct ""dialion effecls at lh. cellular level
a", linked 10 clinical endpoints, Some of these health effeclS emerge only at
higher dose rates. Manj deterministic effects a", due to loss of prolif"ati'·.
capability and ""ult onl)' "hen a high proponion of the stem ""Ils of a
functional unit a", affected: h.nce, Ih.y .xhibit a Slcep dOl( .ffecl 'clalion­
ship. usually "'ith a threshold in the range of a rew sie..ens, In general.
deterministi<: effeclS show up soon aft.r exPOlU'" Loeal skI(} bums. epilation
(hair 10..). or thyroid dIsfunction a", typical example, of deterministic .ffeelS
found in the most highl}' e,pose<! "ict,m$ of atmosphenc tes's,

More subtle changes in the genome may lead to <loehastic effeclS such a,
ca"..,r or gennhne mutali"ns. "hich may .,.'en .'p.... themseh·.. decades or
llCnCrJliom later, For this dass of damage. thool'}' predielS that 1"" or modi_
fication of gen.,ic information 10 one single stem cell maj cause fUllCtional
inabilities. d.",gulation of cellular growth and later "n, cancect

Loss or alt.ration of crucial genelic ;nf"rmation in llonadal ceUs can ",sull in
an el.,.<lled ri,k or h.rclitar; diICa>es in subsequ.nt gmerations,
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Table 7.1 Cl.rni[lClllion of ccUular di!llalll' caultd hI' loniring radiali"n, and the
resuJli"i <ff<d1 OIl tb< orpnism.

Cd! dea'h

I.<>u of proJif... 'i"e
capaCl'y

DiYUplion of o.pn
forma'ion

(',II'ran_formau"n
fol>COi"'" lK1.i....tion
lumour 'ul'l're»o'
lllaeu'OIion)

Cell mutation

Exi..."", of Do<
EfTecu OIl ocpni<m Ih....hold ."
A<u'o ..... of body fnO<1ion•. v. ~

doalh d"" '0 CNS (<="01 ••or",...
'}>\<o» 'j'I>dr<>rn<. ,_uJa, "'JIlp'"

LD",,,, j. human. ,-,
lO» of immun<: and barrier {"O<1ion•. (Yes) , ,
death ",'j,hin "....,. f,om b..a1<6o>o11
of ,It< ,mmu.. 'j'stem, ,nt"Hnall,nmp

O<"oIopmrn'oJ <kf<cu during , ..
<Jllbl'}o~'

Tumours. ""'lICOr afl" a late",,; I"'riod ('0)
ranpng (rom yran '0 decode<

0.0"" m the DNA of germ coli.
,,,,,,.-..u.g II>< polrntial of ge_icallj'
eau-od def«t. in oIT_pring "

The follo",ing din~al cndpoint$ nmllO be CQnsidecW as polcnua) roiult. of
expo'uroi from almo,pheric bomb tem.

), Atule 41«1. (detmrunislic eITeelS) l)'pically ha'e threshold d"",s and
indude skin bums. epilation. (eratogenic cff.,·ls. "'asling syndrome. 'h~To,d
gland dy,funclion and autoimrnunodisease, Substantial organ doses in lhe
range of I $,' o' mon: an: nmled fOf the induction of such arute eITeets,
ThUs. only ..l.ali'dj small numbers of prop)e. loch as a >hip =" and
Pacific islanderi after the Bra,'o lOil (l<:e S«Iion 7.3,3), and ,'illagers in Ihe
nearfitld of the Sem.ipal.alin,k Tesl Site (see S«Iion 7,3.2). are I<oo"n lo
haye incurred acute effeels such as radiauon sickness. Sl<in burns and
Ih)roid malfunction, Delenninislic effeel' may be the result of exlemal
"hole·body i'radiation (waSling.•ponlaneous aboMion). of skin and hai,
contamination" ilh local falloul (epilation, skin burn.). or of in~e51ion or
inhalation (thyroid d"function),

~ T"{Jwge,,;r rffulS from eXJ>O"ure 10 ioni2in~ radiation in earl}' pre~nanc)
an: of spoecial concern During brain fOmtalion in week> g to II (and less so
until ""ttk 11) fetal ""II, were shown to be especiall) sensiti"e to irradiation
(UNSCEAR. 1993l. In lhe absence of (It;ftnili,'c data, a relali"el) 10"
Ihroihold dose of lOll 10 200 mSv has been assumed.
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3, u,u <OmI>fi~ rJ!ufS. e.pecially rom...,.•• are ...gard«l lhe mO!it enti""l

w><:hastie .ffects of radiation. and the linear non·lh",shold model is
applied ta .,sess Ihe risk of cancers al 10",-<1<>50 r.dialian, The r••son for
Ihis is based mainly on t"'O stll of consider.tion,. One is an analy,is of
radiatian effecll in "'hich bialogically hanoful dama~. 'uch (\$ DNA
double strand b",.k. is induced hy ,,'en a ,in~l. lrack of radiation,
Secondly.•pidem;ologKOal .tudies indicate that the incidence or sohd
tumours .mong .tomic bamb ,un,ivors inc",."" linearly with dose la a,
10'" as 0.2 S,. How"er. molecular biologic.l analysis suuests tha' the
process of camnogen..i, in' 01\·... m.ny g.netic and .pig.netic st.ps in Ihe
same cell I;n.a~. which should lead to h,ghl, non·linur dose .ffect
",Iation,bips. In addition. detail«l an.ly.., indicate th.t biolo",al
responses differ qualitati"ly' and quanlitati'-el~' between diffe",nl cell,.
tissue .nd organi,ms. In 'iel< of tbest uncertaimi.... the pmb.abilll)' of
mdue"on 10 a single ,nd,,·idu.l i. prudently assum«llo be abaut 5 ~ lO '
loS, ' effective dose for monality from all malignanci.... Th. follol<1ng
maltgnanCl'" arc of special concern
(a) Uukrmia. a malignanl &mv'lb of traMfono«l precunors of wbite

blood cells rna)' d""e!op in only' a rew y'ears afler radiation e'P0su..
An inc...ase in the incidence rate of this di....... is generally ...l.ti"ely
easy to detec' because leukaemia nonoall) is a rare disease. Thus.
leukemia is oflen t.ken as. direct and early indic.tor for the quanti.
ta,i"ely mort ;mponant but protracted risk of solid tumours. 'uch a5

lung. colon and b",.sl cancer
(b) Thyroid IWJUJUFJ and carcinomas a", of g...al concern bec.u," 6$$ion

radionudid... of iodine .... produced w,th a high Y'ield ..... mobile in
lhe foodchain and a", aeti"ely con<:enlrated in the hum.n thyroid
gland. Consequ.ntly_ thyroid doses rna) be ordm of magnitude
h,gher than whole·body doses, F.-.sh milk ,upply from contaminated
meado"" thai may ...ach 'mall child"'n i•• crilieal exposu... pa,bwa}_
In add,tion. rtttnt findings in tbe af'ennath of the Chemobyl accidem
suggest that Ibe infant Ib~'roid gland is more sen,itiYe to ioni2,ng
rad'ation than has formerly been inferred from • Iar~ data b.ase an
the carcinog.nic effret of Ihrraprutie doses of "'I in adults. Excess
nodul.rit)-' and thyro,d carcinomas did occur .mong children in the
Marshall [,land, "bo w.... '_<posed to fallo~t from a thermonuclear
bomb t...l in 1954. but the .pecific contribution of "'I to this exo...s
cannot ~ isolated from COntributions from other radioiodine isotopes
.nd eXlemal l!"mm. rays from olher radionudidrs (UNSCEAR.
1994). A rettntl)' publi,hed analy'.is of fi" differem ..adios (Ron ~,

al.. 1995) Y'ielded a pooled eSlimate of Express Radi.tion Rate (ERR)
=0 7.7 Gy' with 951, con6dencc limits of 2.1. to 28.7 for expo,ure
~rore 15 y of .~. There was a marked decrease io ERR ",In
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Tibio 7.2 SL{Mpe<;lfic lifetime rius fOT IOlid IumoUl1 and I~uhemia

[oH"" ing • "holt·bod)' a<u~ "posure of 1 S, [UNSCEAR 1')9.11.

Rio. of «p<>su,...in<loced de,'" (REID) ('I.)

Sit. ofca~

Leukaemia"
Oeoophagus
Stomach
ColonLi,-.,._,
Lung
8 ...."
~."
~~

ToUI (.""p, 1<01.••mlO)'
Tot.1

MIles

"•.,•••.,
"...,.
"lOA

11.7

••
",.••
"""2.0

"'"11.4
in

"•.,
H••L2.;
2.S

".;;.,
10.9
1<.0

• l.<:.h.",i>. .uk, ~<,< oornpol«! .urn. th< <>«$I ......" .... modd.
, SoIl<! tUlllOW n,l, -..c«"""puI«l "".1 ~n<a, Wte-=- m<><I<b ~"b ....at·
.._ ll>ol ",••p«;6< r<Jah'" h.b and. I(l.j I>."OCJ' l",;oo

j",,~a,ing age 11 .xposu..." from about 9.6 (for ••posu... al 0 4 Y of
1ge) to 4.8 (al 5 9 y) and 1.9 (It 10-14 y).

(e) Orh" Jo/id cane". make up Ihe bulk of radiation· induced malignan.
cies in Iduh•. Critical. i.e. ,.diose",it;'-. o'llan. include' lunl!. Ii'-.r,
female breast. 11Qmach. and <XlI"n (Table 7.2). For a "",ie,, of lhe
mo'l recent risk e'timates the reader i. referred to Annex A, Epi.
tk",;olog;",,1 S,"'/ies of !Wdi<JtiOfl C"rcInogenesu of rhe UNSCEAR
(1994) Repon,

4, ~elic efJe~ts could no, be idenrified in radioop1demiolog,cal ..udirs 'ueh
as rh""" conducred in the off.pring ofalomic bomb .un'ivo," of Hir"'hima
or Nagasaki. ~aule their nonnal inciden~ is high compared wirh lhe
relali"ely low rale b: which they are induced by radiation, Thi, au.picious
finding may be explained by Ihe facr that rhe genotoxic effecr of radiarion
is generally due ro llross lesion••uch as rransloca'ions and deletions. which
kill affected germ ~l1s with no consequenl 'ransmission of damage 10
fu'ure generalions. Since rhere exists no human dala base on genelic effects
from ionizing radial ion. risk coc:fficien's deri,-ed from rodems n«<J 10 be
used to predict Ihe porential effects in affected popular ion•. The delriment
from lIenett<: effecrs IS e,luna'ed ro be oon,idtlably smaller. about one­
fifth. lhan rhar from radialion-induced cancer.

Based on Ihis biomedical knOVo'ledge. pos,ible hnlth effeclS resulting from
local exposures from almOlpherie trs" mal be inferred from a careful
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asscs,ment ofdoses. For many early' atomic bomb lesls. no direcl measuremenlS
of e~lemal doses and e~\lOSurtS from inhalalion and from ingestion of con·
taminated foodslUff are a"ailable, For lhi. reason. r«:on,truclion ofexpo,ures
i. nttdt:d (set Chapter 6). These calrulation. mUSI be based on Iheortlical
consideration' such as fission yield, relea'" heighl. wealher condition•. lifestyles
and monitoring data On ""iduallong·J;,'ed radionuchdes in lhe environment.
Allhough such calculalions u,ually are fraughl Wilh considerable erro.... Ihe
e~.rcise is slill imponanl for the identificalion of potenllully alTeeled popu_
Ialions. These assessments allo..' Ihe concentralion of health care r<SOurces and
professional aclivilies on lho><: in need of lrealment or counselling.

In line ..-;th lhe generally sltort half·li,... of radionuclides from falloul lhe
remaining, present-day e.<po'u"" are generally "ef} 10". i,e, a fraction of
nalural e~\lOSurtS. Thus. ",gulations conoemIDg agricuhural praclices or life-.
slyle a", nol needed al lhis lime: potenliallong.rang. transfer of 'H ('H,O) in
underground aquif..... or '''Pu in lne lopsoil of arid en"ironments and SOme
lropical "lands near ground uro localions a", e~""plio", 10 Ihis stalement.

Sin"" radiogenic can""... are indistinguishable from spontaneous cases. a
direct asscssmenl of health eITeelS muSt rely on complete heallh record.. and
"'glSters of can""r incidence and binh defecli. Di",a", and death rates "ould
ha"e 10 be compared for study periods from Ihe on",1 ofleslS 10 the .nd oflhe
lifespan of the populations possibly aITected. and appropriale control' ,,'ould
ha"e 10 be eslablished. In g.neral. no prospec-li"e Studies and regiSI'''' are
available that fulfil lhi' condition. Possible radialion·induced di"'ases must.
lherefore. be alS<Sstd relrospec-lIvely. Oft.n Ihe populations ha"e lifesl)'les and
disea'" rale. lnal rna; de"iate SUbslantially from intemational averages. In
such inllances il is a generally a"""pled approach to eslimate pall and future
health impact. from local falloUl by mulliply'iog COll«:li"e dose estimales ..ith
risk coellicienll for radialion'IDdu""d di"'ases. luch as cun""r. The risk coelli.
cients are predominantly based on radioepidemiological findings and on the
radiobiological kno"ledge of the eff«:1S of ionizing radia"on. Iha' has Jx:e,n
gamed in molecular. cellular. and animal studies,

7.2.3 Radl""pld.mloJog,

Radioepidemiological "OOies assess heallh risks in irradiated populalions and
correlate e.<=S morbidil}' or monalny w,th rad,alion e.'\lOSu"". In the ~alt of
atmospheric bomb leSiing. relrospecti,'. and prospecti" cohort studies ..e",
inilialed in all areas which na,-. en<:ounlered local falloul. Howe'·.r. some of
lhcse studies only started recenlly and are "ill hampered by "",reel' on lh. pan
of lh. sour« lerm. i.e, the released radioacti'it;. and poor health records.
Psychosocial stress nol direcrl; linked 10 radiation dose. f..llngs aboul bemg
abused agam for scientifi~ purposes nol well understood by the local popu·
lalion. and compmsation i!iiUes are important pmblem, to b. addrt>>ed.
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Doses and dose rates from local fallout ha\'c In mosl instances been of "­
magnitude where bioloKical respon.. h., n01 resUltM in delerminist;c dTeCIS
and only ,(ocha'tic eff~{. are po$sibk. Howe,-.r. thyroid and .kin doses. and
,n a few eases ",hok-body doses. in ""me cohom reached Ie\.'.l, which cau..
deterministic eff"'u. [n hm =, rollo"'in~ lhe 8r",·0 ICSt in the Pacif", and
from Ih. first lOSt in Semipalalinsk. such effoc!' "-ere reported. Lens opacifi.
cation may al>o Ix a dct«mmisuc endpoim to Ix taken into consideration
unde' th.... conditions

Quanlllali,". estimates of ClIOttr ri.ks from ionizmg radiation in humans are
mainly deri,-ed from 'tudies on highly exposed p",.."ns (UNSCEAR, 1994).
The survivors of Hi'<»hima and Nagasaki al"(C lh. mos, important cohon for
this information, due to the relatively good e,tlmates of doses. th. wide range
of d<>st< cxperien~, the broad age diStribution and highly organiud and
detailed medial folio" up. The lifctime monalit) risk from kok.".,ias and
s.olid tUmours in th,s group is ",timated at about 10 to 12% Sv ' of .culO (h;gh
d"'" rato) ;rradia'ion (.... abo Table 7.2). To account for the pl"t'umodlower
biologJcal dT""ti,'en",s of protract«l cxposum. thc generally .-mplo}O<! risk
coefficient for "<>cha"ic cffoc!S from low d""'l of ionizing radiation or from
higher doses deli"crO<! at a low dose rate « 200 mS, day L) is 0.1)5 S,' ,
clf""ti"e dose. [n 'iev. of thc relat;vc[y large contributions from short-hod
radion""lidcs in a,mospheric t"'!S. some ofthc eXJ>O'um m,ght ha,.. t...n SO
acutc that the u'" of a reduction faClor (DDR EF: dose and dose ratc dlicicng-'
factor) in the cotimation of risk bocomes qu"'tionab[e. HOI'ic,'et.. c"cn ,n '''''h
e"teTM circumstan=. the d"", rato is stin much 10""" than in the case of
Hiroshima or /'.agasaki. "hcre praClically the" hole cXJ>O'ure was MIi"ered in
• few .....,nds after detonation of Ihe bomb, In that ca"'. the considerable
height abo,.. vound of the e.<p[osions preven'«l major [ocal faUou'-

Interaction of ionizing radiation with biological "'UClures induces "ar;ou,
changc$ that are ,ufficicndy "ab[e to ",n'e as indicators of uJ>O'ure. lndi·
cators of c.po,ure are important for the recoo>truClion of doses in >.ituat;on,
"here some or all e.<po,ure pathways are poorly documentod. Indicators of
individual risk are emerging from thc rapidly e.panding know[odge on the
mechanisms of carcinollene>.i, and on genetic susceptibility. If ""II don", are
p....nt that have a[rcad) unMrgo"" crucial tra",formations towards malig­
nan, growth or if there are genom;" feamres.. luch as heterogeneity for func_
tional tumOur suppre<s.or gen"" they are to be...., as determinantS of heahh
risk' in the remaining hf",pan or;n subsequent generation"~

There is l"t1e data a,,,ilabk from dos,me'nc measurements rdatmg to the
short_hod radionuchd'" from fallout. thu, retrospecti"e a,.",sment< of paot
oxJ>O'um are sUb.teet to considerable: un""namti", and erro .... Indicators of
uposure in human tissuc or blood are, thcrefore. of con,iMrab[e ,ntere" as
a means to as"". thc reliability of dose ",limat'" and to red""" the un""r­
tain'y inherent in purd; computational d"'" reconstruction. How",or. the
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quanllfication of <table radiation.induced chan8es in e.'1""""d persons demands
considerable resources and e,penise. and it is. con><:quemly. restnclc<l 10
,peclah:u:d laboralones. A funh<r conSlrain' is Ihe n«<l for biological
malerial,. somelimes difficult '0 oblain for large-scale screening of cohons
alf""'led bl atmospheric bomb teslS, Penphe1'lll Ilmphoqles.. in panicular.
display rare bu, radialion-specific lesions such .. dicemric chromosomes. In
Ihe absence of physical do<imeu)' lhese lesion' are panicularly ,uiled 10
eSlimate doses. Unfonunatel~'. dieemric aberrations are unstable. SO Ihat Ihis
panicular signal fades rapidl} "ilh lime after eXpo-Iure. Thtre are. ho".,.er.
t"o ~n,ly imroduced ,,,,,,hniques 'ha' are based on ..able signals; 'he flSH
(fluore",enl in S;IU hlbridilillion) ""'Ihod "sualizes l1able chromosome
translocallon. which are no, a.socialed w'ilh changed numbers of cemromcr"
per chromosome. and Ihe EPR (electron paramagnctic resonance) melhod
which meaSur.. radiation·induced persistenl change, in looth enamel and
denlin, Ele do,imelr)' ba.e<J on a quanlilali"e determinalion of ocull calarac"
is anOlher promising method fOl re,rospecli"e indi"idual dosimClI)I.

8e<:au... of limiled res.ources for radialion.elTect' research. lhe 'Iudy of Ihe
exposed cohons n«<ls to be jU,lified by pro"iding heallh benefits to those who
"'ere alTected by the almospheric bomb les" a, "'ell as pro'iding ne'" knowl·
edge aboul radial ion elT"",,,. The deHlopment and implementauon ofmelhods
10 quamif} risk 10 indi"idual. is important. becau... il can contribule toward.
Ihe idenuf"'ation of persons or crilical groups who mal profil from enhanced
medical su,."eillanee. There haH""'n important recenl ad,'an..., in the deter.
mmation of.pecific changes in Ihe genome of an indi'iduallhal may refle<:t an
increased likelihood of de,-eloping a ,peciflC cancer, The informallon 10 be
oblained from indi"idual genClic testing rna} lurn oUl 10 be helpful for early
diagnoses and in il>Creased ,u"i"al "'tes In Ih~ who d.,.e1op rnd,auon
related cancers.

7.1.~ Looming from tho olmOSflhcric bomb ,....

A Yarie" of SUmmar) reportS on high exposures from bomb fallout in the
Pacific and in lho ,icinitl of the Semipalalinsx Te;l Site suggest Ihat epI­
demiology rna}' nOt only help in estimating pre5eOl and fUlure local risks from
such expo,ure" but mal al>o accrue addilional knowledge on radiation n,k
raclors from these experiences, Whelher Ihe in-<!eplh recording and sludl or
health effect' from atmt»pheric bomb Ie'" will broaden our understanding of
radiation-induced health elT""" is dependent on mdnl faCloTS. Some of Ihe
n""es"'l)- prerequi,iles may be difficult or impossible to achi.,.e, Aceurnle do...
es'imates ror a majority of affected persons and rehdble heahh records kept in
ron,;"enl formal 0"'" long time periods need to be produced. The benefiu
l"Ould be ronsidernble. A full a...,,,,,ent oflhe health elT"",.. from high Ihjroid

doses produced by shon-li'cd radioiodines from bomb fallout might hal·e
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enabled predictions 10 be made on the early onset of thyroid carcinoma risk in
Iklarus children aft" ChC'nohyl.

The significanl political and economic changes of the laSI few yean in the
fonnor USSR dearl) ,ml'«,l on·gOing studin and the initiation of new
io,-nt;gations;n thIS .rc. (.... chan. Burhn. 1996). For tb= ....sons as ,,"<'II
as for ethical rellJ,OnS. epidemiological acti"iti.. need to be linked dosely to
mitigation aeli";lie<! which benefit mnnbers of the cohortS direcll). fmpr<we<!
medi<al car< and cnunsclhnll of possibl; affected persons are needed 10 relie"e
""idespread rears and a0S" about practices of th. paSI. but also to holp ,"uro
a sUlble base for epidem'ologiQl work.

7,3 MAJOR AFFECTED POPULATIONS. CRITICAL EXPOSURES
AND HEALTH El'fECTS

7.3.1 J\'....d. and Utah. L'SA

Bet,,·ooo 1951 and 1961. about 100 atm",ph,ri. 1<'51< y."", cond""t«! at thc
N"'odo T...I SilC (1'<TSJ; S¢mc multro m c~posurc 10 nearby populalions, Thc
oombinro fission ~icld ""'IS opproxiJlllllcly I ),,11. Exposurc ..limal... for
lhc ncar.f,.ld arc a,..ilahk from de>s< r<construclion dfons. The local popu­
lalion lhal "'as coosiderro in these: stud;'s amounts 10 aboul 180000 p'NOns.
"ho """"i"ro an dT""i,. de>s< ofaboul 500 p<rson.S, from ul"".1 c~posurc.

Th~Toid doses in children may well ha"e ran~ro up 10 I Gy.
Thc... ha,'c ~n se"cral health dT<Ct sludi.. ofc.ancer ris~ omong mid""ts of

area. downwind from Ihe NTS. Th""" studi.. "e... of \"3.')'ing quahlj, but al
leaS! lwo wCrC major und.no~ings m"ol"ing indi"idualiz«l radiation d""i·
=lry. Sorne: inno'·ati,·c and ""phisticalro approach... "-ere u.<cd, but the o"erall
<:<lndusions of lhc <ludic> "'ere limitro. because lhe radiatIon de>s<s ".re tOO 10"
to present much of a possibilily of"'arnin~ anjlhin~ new about ris~. Thc ""Ic
uception was thyroid cancer ris~ from childhood cxposure 10 Ill],

The geographic panern of exposure " ..s rompl", (sec Chapter 6). but the
high...t Ie"els of cxposure 10 any si"'ablc population occurred in thc s¢ulh.
",...tern corner of Utah and in adjacent areaS of "",..da and Arizona. (h'er the
ycars. a numhcr of epidemIological in""sllgalions ha'-e been c.artied out 10
study possible relalion,hlp< belw""n radiation de>s< from fallout and disease
occurrence in th. aITe<:lro populalion•. "pe<:i.llj· among ""identS of Utah.
N""ada. and Arizona,

'.3./.1 R••i....· of Publi< ift'QiI~ S.n;... Docu",.nr.

An imponant ""u= of informalion on early siudies of fallout uposu... and
possible radlalion·relat«l heahh cIT""" among midcn" of areas do",n"md
from the NTS "'as the 1979 r.pon of a panel of "'p'rlS appointro b} Ih.
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dnttlO' oflhc Nalionalln>titut~of H.alth (N[H). Thi' group was 10 ,-iO\.
archiv«l Pub[ic Hoallh Se,,-ice (PHS) dOCUlIK'nts rl:1a'«I to the exposu issue.
A n'l"'orx of modical liaison officers was ~U1bli,h«l by the PHS in [956:
shortly aftc' that it a>sum«l ...,pon,ibi[ity for monitoring po"ibl. ad,.rst
h.alth .1T""ts of fa[[oUl expo,ures. Thi, was a consullant ""vi"" for [ocal
praclition.~ who mlgh, I« pationt, suspec1«1 of haY-inK radialion·rolal«l
di"'..... and il "'IS also consid.rod 10 be a surv.illa""" S)'W:m_ The Ulah­
"'''''da, Arizona Population Study ""s d",.lopcd in Ih. 1960s "ilh lh.
participalion of lhe Di"i'ion of Radiological Hoalth (DRH) and Cen'..... for
Di",a.. Control (CDC) of th. PHS. th. health d.partm.nts of Ih. Ih .... Slales.
and Ih. Uni'·.rsily of Ulah. lts purpose "as to link and coordinal< ..".ral
,tudi~. oither contcmplat«l or ongoinll al the tim•. includinll 'ital sta!lslies
'ludies in Ulah. a CDC i"'-estiption oflcuhmia du".... in Utah and Arizona.
and a th;roid nodul. sur.-cy in ._~poscd communilies in l;lah. "'""ada. and a
control community in Arizona_

Woiss (1967) ...pon«l on a ,u,,'oillance of Ih)'roid surg.ry in Ulah and
I'.,-ada during 1948-1962 in persons below age 30_ An In....a.. o,'cr tim. wa.
obstrv«l in rates of surgel) for lhyroid cancer in "om.n. Lal.r lhat rat. ""s
found to be: statiSlically Slgnificanl in an indcpendent anal),is. but no chanll~

""cr. ob.. ,,'«1 in su'll.!), ralC' for thyroid adenoma or for non·to~ic nodular
goMr. W.i" poinled Out lhal th.... waS a strong lik.lihood of bias due 10
compl.x and changing histololi.al criteria and due 10 lh. impaclthat publicity
rna}· ha'-. had On tho frequency wllh which surg.ons in Ulah and "',,-ada
d""ided 10 operate on Ih. thyroid glands of their pati.nts. Thcs< aulhors also
concluded lhal la .. , follow-up studies might l>o mO'" CC'o'.aling In ,i.w of th.
long lalCnq period of radiation.induced thyroid cancer.

SC....ning began in 1965 by the PHS for a Sludy of thyroid d,..ase
p...' al.nee among s.'"crallhousand junior and senior high school stud.nt•. all
of whom w.... 2 3 years of age at lh. timc of the major fallout C,',nl '"
soulh"".stern Utah. "'hieh occurrod in 1953. About half (2298 stud.nts) " ...
localed in Ih. vicinity ofSt Go<Jrgo. Utah. and anoth.r 381 in adjacent areaS of
~..-ada: 2123 pre<umabl) non~_,poscd control> we.....I""ted from Graham
Counly. Arizona. ]'w.-alcnce of alllhyroid disca.. including nodul.. "115 ,h.
same among lhose assum«l as .xposed and the con'rols (W.iss. 1971).
,ndudlng immigrant, 10 St Georg< from oth.r pans of ,h. country_ There wen:
just t"'o ea.., of thyroid cancer. bolh in Ih. non~xposcdgroup, R.acti'·alion
of Ihc study was considerW in suboc<lucnlyC3rs b) the Bureau of Radiological
Health (BRH). but was not all.mplcd, [n tM ..it", of the ~'']H_appointed pan.1
of .xpens. this cohon >Iud) "'" tb. only scientificall~ satisfactory "lid}' in th.
PHS arrhi,·. for dcrennlnln~ "heth« falloul from Ih. w.apons ttits had
caused an increased incid.nce of Ih}'raid disea ...

Ao:.:ording to documents in lbc PHS arehi,"C. in'tiliga,ions by thc CDC. thc
Utab Slate Health o.,panment. and lbe BRH in\'ol\'cd se"en leukemia dust...
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identified betwccn l'Ml and 1972. The lir>l clu<;\er. investigated by Weiss el ~/.

of the BRH. was ,uuos,e;! by 11 out of a IOlal of 25 leukemia death' in
Washinlton and Iron counl;.., Utah. during Ihe 15_y period (1950 64) ha,-inl
had onset, in th. 3.)' period 1958-60. A manuscnpt of this in'-estigation was
p",parW. hUI waS nOl s"bmine<! for publication became of ..,ert un<>:crtll;n.
ti... including lh. po>,ibilily of bias. ;nconl!'uity w;tl1 current knowledge of
radiation-related leuhmia ri'k. and ullCtrtai",i.. about lhe inferential ba.i.
for alsen;ng (hal a \rll<' clusttT had """u.red. For e.ample, five of lh. 11
death., incl.wing '1<O cases of cMonic lymph",,) lie leukemia (ell). OlXU!ttd
afler age ].(I. 1"ormall; a radiation·related '.'c<css would b<: '_,~\«l 10 be
dominated by childhood leukemia. and nol ;0"01\-. eLL

In addition. four cases of leukemia in F~onia. Ari,ona (SO m,lts eaSI ofSt
George. Uta~. and 7 milts SOUI~ of Kanab. L:la~l "''ere diagnosed during
1%0-65. Iwo oft~em in 1%0 (ages 48 and 36) .nd 1"'0 ,n 1964 (.ge, 43 and
141, The lauer t"'o "'.re nexHloor neighbours, ",0 ca..,. "'ere ot....",ed in
Kanab. a mucb larg<r lo"n only 7 miles a"",) One qUCSlion ra'sed by Ihe NIH
panel of expem ",-as ,,'nelner tbe 1"'0 COmmunilies 'hould b..'e been lreated as
one.•s were lb. towns of Parow.n and P.ragonan. Utah. a location less Ihan
100 miles nonh of SI George. ,,'ilb a combined populalion of 1966 in 1%0.
Th.... lauer Iwo lown, "perienttd Iwo cases of aeule myelogenous leukemia
(A\IL) in Parowan in 1967. one in a teenager and one in an adult "'bo mo,'ed
there in 1958.•nd Iwo ea",s of ALL in Paragon.h in 1969-70. bolh in
'""".go".

Monlicello. ulah. ""'h a population of 1845 in 1%0. had four childhood
cases ofaeule Il'mphOC},ic leukemia (AlLl bet"'een 1956 .nd 1965, A uranium
proces,ing plant operated in Ihe lown during 1949 60 and a ,tream eonl.mi.
naled b) radinacti,. iKlwpts ran Ihrough the mill propeny. bUllhere "'as no
O"id= of unusual exposure of the ca.... There "a, no d",IfOClric infor·
mation 10 Iry and relato a cau..l relationship with fallout exposure

Pl....nl Grm-e. LI.h. a sm.ll lown 40 miles soulh of Sail Lake Cily.
experienced four leukemia deaths in 2 y (1965 ·67). Ih= of lhem in children
under Ihe age of 7. i.e, born in 1958 or laler. On 'he ba'is of binh dales. Ihe
clusler was unlikely 10 ha"e been related to fallout e'posure.

Thrtt ca<os of aeut. leukemia were ot....f\ ed in a residential n.,ghbourhood
of Soulh Sah Lake Cit,. a 16-}'-old girl and a 11).~-o1d girl diagnosed in 1968
and anolher 16-)--o1d girl diagnosed in 1971, Th..... "'.. no C\'identt to .uUe"
any sp«if", eau<al faeror

Eighl ca... of leukemia ot...."'ed in Flagslaff. Arizona during 1960· 71 did
nOI represent an unusual frequeney giycn Ihe <I,e of Ihe populalion. as Judged
b) Conn<C1icur Tumour Registry rales. and 'howed no du'lering by time or
neighbourhood, It "'as "onduded Ihat these ",,"'" did nOt conslitute a duster.

So publicalions ~ulted from Ihe ""en du".r investigalion" The ~IH

e,pen panel repon memion. Ihal Clark Heal~. "'ho allhat time headC'd Ihe
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uukemla Un\!. Epidomlolog; Branch. CDC. and "'ho directed lhe in"esti·
gations of an bUI the first potential c1USI"~. wrole '0 an American Medical
A'wciation offiCIal in 1971 In lhal communication he «plained thaI the
findinll' "-e", nol submi1ted for publica lion because the) ,,-ere inconclusi'·e and
In his opmion did nOI suuest tha' the c1u'ters might be due 10 falloul exposure.

7,J./.J G~()graphica/SlUd,~.

One of lhe last d<xumenlS mentIoned in lhe NIH e,pen panel "'port "'as a
handout from a 'alk liven by Lynn Lyon of the Uni'<'r!il} of Utah al lhe June
1978 m"'ting of lhe Soc~ly for Epidemiological Research. The subjecl was an
analysis (published the subscqueDl year) of dealh cenincales from lhe Llah
Slat. Register of Vital Slati,l;", in relalion 10 countl population stratified by
all". se~. and year and compared leukemia monalil~' amonll ehild"'n « 15 }' of
age) according to pia.. of residence

In 'his >Iud}'. inFormation on re.identialli;slOrie. priOf 10 leukemia diagnOSIS
or 10 age 15 wa, nol obtained because lhi' "'ould ha"e required a far more
expon,"'e Slud}'; ;nslead. il was assumed lhal an) chIld resldenl in a gi'en
counly at a gi"en tim. had the exposu", hislory ofsome<lne w'ho had li,'ed lhe'"
up 10 lhal l;me, The years 1951-1958 we"" conm!em.t 10 be lbe poriod of
,ubslanl;al fallout exposure in Utah, Child",n born hefo'" 1959 "·e", con·
sidered to lia"e been exposed 10 some IO'-'el of Falloul in 1951 or later. bUI to ha"e
httn free from prior eAposures. dunn8 1945_l95O, Children born in 1959 or
latef "-e", a..umed 10 be non·e~posed. Ase--speciftc comparisons wilhm ge<l.
graphical areas ,,-ere made of monalily among children exposed by a g,,-en age
aDd ehild"'n of the same all" ,,'ho we", non-<:xposed. Exposu", stalu, "'as
estimaled bl di' idinsthe SIale in,o northern (low falloul) counues and soulhern
(hiSh fal1ou') counties. Slandardized monality ralios for exposed '·ersus non·
exposed age-year sroups we", compuled for lhe northern. low fallout ",gion
and the soulhern. high f.llou' "sion. and lhe ,wo ralios were compared
Slandardized childhood leukemia monality rates reponed by Lyon el at. "'ere
2.1 and 3,&4 for southern and Donhern Utah. resjX<"liYely. for non-<:~posed

children durins,he pre-te'ling poriod 1944-1950.4.4 and 4.2 for exposed
child"'n. and 2,0 and 3,3 lhrough 10 1975 for non-e<posed child"'n born after
1958. Lyon·s conclusion wa, lhal the exposed/non-<:~posed morlalily ratIO was
SJsn,tlcanll}· high.. in lhe high fallout region 'han in 'he low falloul ",gion,
Furthermo",. it ,,'as concluded lhal a normallO\l rate of childhood leukemia
mortaluy p",,"'ailed in southern Ulah prior 10 1951 and equally among child"'n
born too lale to e~po"ence fallout from the NTS. bUI that ,her. w-ere i""",ase1
among exposed children follo"'ing the inilialion of abo'e_8round lesl explo­
sions al the NTS. The explanauon preferrc:d by lhe aUfhors waS that e.posure 10

falloul had temporarily inc",.sed childhood leukemIa monalily in ""ulhem
Clah.
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AD accompaD}'ing editorial (Land. 1979) urged caution in drall,ng firm
conclusion•. poiming oUltbat nol .nougb ",., kno....n aboUl olh.r faelOrs lhal
might ha"e inftuenced the comparison. In support of that "iew. a 'imilar
.nalY'Sis was p'....med bUl based on morlalily data for ehiklhood cance... other
lhan leukemia. ThIS =ond analY'Sis Indicated a quite diff.rent im.rrelation
beI.......n resion and possible effect. Th. lal.r analy,i, "'a, equal in size and
,uui'tical .ignifican<:e but OPJlOSile in dlreclion 10 that observed for leukemia.
lhus casting doubl on fallout .xposur. a, a causal factor. Lal.r, Land e, ,,/.
(1984) publishex! an analy'sis of counly monalily dala for 1950-1978 obtaine<!
from Ibe Nalional Cenler for Healtb Slatislics (NeilS). ThaI analysis failed 10
confino the leukemia findings of L}'on or ",. ,,'.n lhougb sim~ar analylical
m.thods .....re used, leukemia mortalily rates among exposed children were 4.1
and 4.3 per 100000 for south.rn and north.rn Utah. respec1i"ely. Th. low
control value of 2.8 in bOlh regions for non~xposed ehildren. yieldr:-d e.,posed!
non~xposed mortalily ,ali.,. of 1,5 for bolh regions. Ratios of 1,8. 1.2. and
1.35. similarly cakulaled. were oblainr:-d for eastern Oregon, I""". and 'he
USA as a whole. and appeared 10 ren~t a general d~linmg lrend in childhood
leukemia mortality' ral.. o,'erlhe period 1950-1978, Ho".." ..r. data for 1944­
49, "bi,h were nol a'''ilable from lhe NCHS and had 10 be dedl>lXd from dala
presemed by lyon .1 a/.. indicated lhal only lh .... childhood leukemia d.ath.
occurrex! in south.rn Utah compared "'ilh 38 in nonhern Utah, a ...markable
diffe..nce given lh. approximalely fourfold difference in population ,iz. at
lhal lim•. ThUs. Ihe differenl findings of the 1..0 sludies could be aseribed 10 an
anomalously 10'" monalil}' ral. for childhood leukemia in soulhern Ulah
during 1944---49. Th. 10.. rate mighl bave been due 10 underdiagnosis of
leukemia or 10 an id.mifiealion of leukemia monalily ....ilh associated causes of
death.

The pro;:edin.g year. Beck and K...y· had poimed oul Ihal. allhough
Wasbinglon County did gOl mo... falioul than 'he rest of lhe ,late, lhe mean
population dose "'as higj,er in nonhern Utah Ihan in the soulh.rn pan of lh.
state as a ..hole

Jobnson (1984) publi,hed an analysis of cancer incidence dala in 4125
Monoon families (Members of lhe Churcb of tbe Lan.. Day Saina) in SW
Ulah during Ihe period 1951 lhrough to 1962_ "ho ",.,.. id.mified from
telephone books in S, George. Paro",an, Paragonah. and Kanab. U",h,
Fredonia. Arizona; and Bunkerville. N"'ada, Famil}' included all person.
related by blood or marriage, and lhe s~r\"ey. by lrained volunl..... from lhe
'Ul"-.,.'ed lo..'ns. "'" filled oul joimly by th. sul"·.)"or and lhe head of lh. family.
Response ilems includod church membeNhlp. effecl< rell Immr:-dlately art.,
falloul. sll<:h as .kin bum._ .ye bums. hair loss. cbang. in hair colour. nausea.
and diarrhoea. and diagnoses of cancer among family membeN. RespondenlS
...poned a 10lal of 288 ca"""rs among 4125 family members for tb. combined
periods 19S8-66 (chosen 10 d.tecl leukemia) and 1972-80 (chosen 10 detecl
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solid cancers),~""~ wert 60% higher 'han t,," 179 ~J'"Clw according to
publishM can<:er incidence ... t.. foraU Utah Mormonsand w=oomparable to
tha, Obse"M in Hiroshima and Nagasaki su,,'i,ors "ho """i"M mort tban I
Gy, Rat. ratios wcrt .xtrt....ly higb for certain can<:ers: fi,-.fold for le:ukorrlla .
•igblfold for tb)'wid can<:er. twofold for brtllSt and braIn cancer. tbrrefold for
mdanoma. and ll·fold for bon. canct:r. "mong Ibo.. who ".-.rt r.pon.d to

ha,••utTertd from aCUte faUout etToets. th. rate ratio' "...rt 45 for Ieuhmia. II
for br.aSI cancer. and fh. for aU cancers. numbers oon.id...bly hlghe. Ihan
Ibose ealculatM for A-bomb .u,,'i'-Qfs with n.ar.lethal doses exceeding 4 G)',

L.uk.mia c1ust.rs had already been reponed in all of th... commumti~
except fo. Kanab and Bunkr,,-iU., Excess ri'k< art, of cou...... lik.ly if
communiti.. arc ...lectM becau.. rates art know" to be hIgh and art th.n
compat'Cd with oth•• communiti~ or with t,," 'lale as a "hole. This ."pla­
nalion alon. "'ould. ho".'.r. nOl uplain t,," utremely high ...tios repone<l
fo. I.uk.mia. Or ,h. high rate ratios for ot!lcr cancers, A critical issue was lb.
>ei.ntific rigour of th. data ptb.rinl! process and th. possibl. lack of allention
pa;.j 10 problems of bias. "h;';h could ha"e affected l!lc accuracy of reponinl!
of cance, cases and the inclusion of famil)" members in tbe enum....lion.
RcponM cancer"","" wert not confirmed with lhe ltate tumour rtgistr), an
imponam omission. Many othe, a.pects of t!lc study.•uch as t!lc inclusion of
an aCut. effectl lubl!roup. also appear queslionable

While th. scientific communily tends o".r the long t.rm 10 ...pa"'le ,-alid
f.om in,,,I;.j findin~ poorh' condl>Ctw s'udies can mult in consid..... ble
confu'ion. This ".-as t,," ca.. from th. Johnson (19841 aniel., panl)" because il
WaS published ,n the mOSI w,dely cireulaled medical Journal m the USA_ A
partial replicalion of Ihe Johnson (1984) SlOO)" "'as camM oul b)" Macbado el
0/. u>ml! Ulah COUnty monality statistics fo. 19SO-80; th.ir rationale: was that
incr.ases in cancer incidence of the magniludes reported would have to be
rtnected in can..r dea'h rales, The Utah commumties $U,,'e>M by Johnson
(1984) were located in Wa.hini\on. Iron. and Kane counties in Ih. soulh­
western corner of the state. and contnbutcd aboUt half,he population of th...
coumi••. Fredonia. Arizona. and Bunke,,'iU•. Ne..da. " ..rt nOl indudM in
'he Machado study becau.. ,hey contributw less than 2"/. of thc populalions
of their re'J'"Cli"e counties. '" hicb are lariC in area and had "ery non-uniform
dis'ribu'ions of rallout. MIgration into the lhrre L:tah count~s W"S eslimate<l.
and 'it....pecific moMahly rati'" relati"e 10 l!lc ml of Ibe stale ",..re ..timatM
on the basis of lhe Johnson (19M) findinl!s and with lhe assumption lhal
imrnil!rants and tbe rtmaindcr of Ihe population ha'" th. sam. rates,

Th. obsc"'cd monalit~' ratios "'.rt I!wssly incon,ist.nt with Jobnson·.
(19M) inciden.. estimates, A .ignificant tkjidt of cancer monality rel31i," to
thc rt$t of lh. 11at. "'". obsc,,-ed in the thrre south" ..tem count;" and then:
",'as no e"iderux of .xcess ri~k fOf any solid cancer Sil•. Th.r. was a .ignificant
e~cess fClr leukemia monalily (Table 7.3), ho"'·"'''''. it was far smaller Ihan lhal
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Tobit 703 uuktmia monalily risk. SW Ctah '1. the remaindtr of Utah.
1955 80. b~ of at dtath (M..ba<1o, Land. aDd ~lcK.y. 11""""."" J_ntaI

oj Epilk",icJaV\ 19$1)

SlandanJ>Ud ....t. per 11)'
per r'" (numb<r of ......) ~A

confide",,"
Ale at <loath SW nah Rest of U..h Od<h ra'io inl"'"

All OJ<' 10.-'0 (62) 6.6ll (1219) 1.4.1 ". ,~

0-14 S.lO (9) l.69 (110) '" 1.6.1-4.90
15-19 287 (a) 2.21 (122) I 12 0,48-1.SS

"" H'l (.I) 2..18 (llS) 139 066-2.'<4

"' 2S,80 (44) 17.87 (8.12) 1.36 ,~ US

predicted according 10 the John"'" (1984) estimate. The leukemia finding was
generally oonsiSlttll Wilh "hat One ,mglu '~pecI to find ;n an irr.diated
population. There was no evidence of excess risk in 1950-54. whereas in 1955­
8()--1"'Q or more yeaI'< afler the greatest amOUnt of fallout there was a
'taliMically significant .~ceso, 11 appeared '0 be larlle" for childhood leukemia.
but 'his f'<'1~1t was MsN on only nine leukemia dealhs ,n the thrtt rounties_
Thi' ",IS the first .tati'tical e,-idence of a leukemia excess possibly related to
fallout, for wbich no ob' ious explanation unrelated to radiation has so far betn
pro,'ided. Still it must be nNed that it i. not necessarily surpri,inl\ to find a
leukemia excess amonl\ residents ofan area in "hicb leukemia clusters had b«n
reported prc,'iou,l). That WashIngton count}' had the highest fallout I"'-el. in
the state is no proof of radiation causation. The Machado 01 0/. study and tbe
two prn'ious mOrlaht) Sludies. which were based on ge<lll'aphic contra,t•.
dilT~ in one main aspect, namely in the geographic comparison. that were
made. rresumabl}', the leukemia excess "ould have b«n found earlier. if the
hIgh fallout area had b«n resu-jcted '0 the southwestern com.r of 'he SUlte_

One of the major limitations of l\oographical comparison, is that hil\her
diS<'aS<' ral<S in a hlgh-dOS<' rellion is not sali,factory proof of a relation
be""cen the eXJ>O'ure and the di..a... A ca..-<:ontrol approacb. as used in an
NCl sponsored slud; of leukemia mOrlaht) by the Uni,ersity of Ulah. could
rosol"e tbe uncertaint; b; ba.ing Ibe inference on indi"idual dosimetry.
Subjtet. for lhe Slud) were born before I November 19S8. and died a. residents
of Utah in Ihe period 1952 1981; each .ubject "as required to ha,.. a ...,ident'.
death acrtifoc.ate on rue ,,-ilb the ,lale of Utah. and to be recorded in lhe
d=>ed membersbip rue (DMF) of the Mormon church. which waS made
available for the ,tudy. The DMF was used to delermine re'idential history
during the period of fallout exposure. Leukemia cases "'Ore identified from
death certificates and ,..rified through hospital and physicians" records; the
1177 cases th'" obtained "ere classified as acute or chronic. and as 1}'ntphoC)'lic
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or non.I}·mphoqlic leukemia. }idding a f"urf"ld da.,ificali<m (ALL ANl,
Cll. or Cl'l). Control' (n = 5330). indi"idu.all) matched 10 ca~ by year of
death. age. and sex. we", selected from the DMF and cross-checked ""th the
Utah death certilicate iii... Controls could h.." died from any condition other
than Ieu."",ia. Infe",nc., w.'" based "n the rdati"e dOle di"ribmion, among
the <a~ and the matched control•. Simon n ~I, ha"e deocribe<! the process b)
"hieh bone marrow doses ""re "'timated for indi,'idual siudy members. based
mainly On Iheir residential MtOne., Figure 7.1 gi,·.........ge d"'" estimat'" for
d,rrc",m <oumie.. obtamed for .ubjecu who remained wlthm a smgle county
from 19S2 I" 1958.

The main results of the study are p"en in Table '.4. There waS a ne)n·
significant a"""iation (one-tailed p = 0.08 for lrend) bet"een ..timaled radi­
ation do.. and leukemia mortaht}· for al1lllXS. e,,<luding Cll "hich is not
thought 10 be caused by ionizing radiation exposure, It i' wmewhat .urpri,ing
that lhe samek,,1 of anoeiation "'as observed for Cll. although "'ith ewn
less statistical significance. As al>o obse~ in lhe Machado., 01, stud). these
findings "'ere basod on small numbers. More pronounced asweialions "ilh
tIooe "ere found for cenain subsets. in panicular. for leukemia monalily
before:>O) of age (p = o.on al any age during 195! 57 (p = 0.041. and from
All. the most common leukemia Iype among children (p = 0,01). These are
..I",ed comparisons, of COur,.. and thO)' are interrebted, but if the'" we", a
dt»< re,ponse in Ihi' populalion. it might be e"l"'t«1 to be stronger in Ihese
comparisons Ihan in some olhers,

The "'timated number of auribmable leukemia de3lhs in the highesl dose
group (6 to 30 mSv) of this ,ubse, of Utah ""iden" was 6.2. or 36% of 17 non­
Cll deatbs. This is nearl~' t" ico as bigh as the number (3.2. or 19%) predict«1
a\-'\:ording to the kuhmia modo! de' eloped b) Ihe 1990 BEIR (Biological
Err"" of [oni,ing Radia'ion> \' Commiuee, but i, nO' enbeles, consi,tent with
it. g.,-en the wide confidence bounds on the case-oontrol study "Umotc. The
number of Icukemia death, eSlimate<! to be attributable 10 radiation in all dose
groups "as 62.2 (6.6% of 939 non·ell deaths), compared with 30,2 (3.2%)
based On the BEIR Y model,

• J.l.J A COluNf Siudy <if Thrroid Dis<:=

Almost concurrently with the leuhmia case--control slud~ and under 'hc same
l'Cl contrac!. tt.e PHS 'h,Toid disease pre,-alence stud) of "'bool cbildren in
St George. L:lah and adjacent '-"ada a~ ,,"s reac",-ated by the Uni,,,rsit}·
of l;tah, a control population "'" chosen in Arizona. Aboul half (2473> of
the original cohon "ere included in the analysl>. \\hich waS basod On re·
"am,natiOn of thc .ubj"t' th} roid gland,. inte... iews with ,ubj",,' parents
aboUI milk and "egelable comump!ion during the rallout period. and a com·
pin dosimetf)' s)'siem (.... Chap'er 6).
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Figun 7.1 Map of L:tah counties. a. d;vi<led by L)on" al. (N..., EnglMJ /"",,,,,1 D/
If,did.,. 1979,)00, 397 ,jj:m into nor(h<m. '10... r.ll,,",· ",unh.. and "'"them. 'hip
f.llou(' "'un'.... "lIich.,. S<'P"rated by tbe h••,,. Ii ... Tht ..,tries belO" the n.rne of
each county l"" ,I>< "-en~ bonr ....""" d~ in th< !at<, cut"""",,,,,1 <Iud)' (S",-""
" 01.. J_wl t>f ru A"",;"", ,\I~ A....,..iat.ioll. 1990: 2M. S85-S91). "lima,... foc
.objoel... lio mnaincd ;n • ""&I< "'WIly durinll 'he en,ire: p<Tiod of rallon' (195': \0
19S5). The aboo,bed doso ••hmates are ba>ed on an ...um«! "''elding factor of 0.5.

ESlimat<'d thyroid do= from "'I ran~ed from low ,'....-ages of II mGy
among subjects expose<J in Graham Count). Ari>:on•. 50 mOl' in Lincoln
County. Nevada. and 170 mGy (muimum 4600 mGy) in Washington Count;.
Utah. Appro,imalely 13% of the dose was .ntibuted to milk consumptIon and
lhe dose ..timates 'aried according to Ih. $OU= of milk and ,h. amoun,
reponed 10 ha.. been conmmed. Thin)~iShl of l!le SUbjeclS had non­
neoplaslic Ih}'mid nodules al ",me lim. during Ih. po,iod 1965 1986. 11 had
benign neoplasms includmg .ight with follicubr adenomas; eighl had papillar)
carcinoma", including one subject ,,'ilh bolh a non-neoplaslic nodule and a
ca",moma. Inl.,..lingl'. lh. Ih}'To;d canttr r:ne was neatly ,witt as high in
Arizona a. in Utah. "ilh four cases among eligible .ubjec1. in each Slal•.
allhous!' age·adjusted Ih}roid cancer rales a", aboul lhe same in Ihe IWO slalCS.

As .ummarized in Table 7.5. lrend lesls for dose response ""ere .uggeslive
for ca",inomas (e,..., relall"e risk at 1 Gy = ',9). "nh a negali"e 9S'!. 10""
confidence limil (one.tailed p = 0,(96); sialislically ,ignilicam for benign and
malignan' neoplasms combined (ERR = 7,0. "ilh lo".r limit = 0.74 and p =
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T..... '.... ();\I;IJ .._:md 9'!" "",f_ ........... bl' rn,,""1Cd _....,.,.. dow

ISlO\ .... n •.~'",t~.. Ii"'" ..1__ 19'10: 264 $IS 5911

000< ......alI ,.-
f"" umd

C...... cldeuh O-~ 9 IDG~ J.Q.- 3 9..a, 6.0 . 1,(' ImG, 12____'

~'""- '.00 LOlH091 U', 1.69,1.01-~S-l, ....
CbroIn.: I)mpbo<)u.:

.~- '.00 1.06 10.'6 ,~, ,~ ).61-' "J) >010
AlIeu~......

onpl eLL '.00 10110119 I '0) 1 "~IU.9-1 J I~) .'"
0.019). Ind non'SIlJ',ti<;anl for th. ""up of non_nwplasl;c nodules. brnllJ'
neopla.",•. and c.",:inoma, combined (ERR" 1.2. "'ith neglli-e lo"er limit
andp" 0, 16). The anal)'''' "er< adjU>led for stale, age, and s<:x. impll'ina thai
differe'" ..rCHIose i"'ercept' "ere e.tim.led for each ,ubset corresponding 10
>J>e<'ific , .. I.,.. or ...nlOS of ,alues for ea<:b of Ih..., ,.nab"". T1>erefore. lhe
eslimated regre>sion coefficie"'s "'ere CilIC·"eighled a'crage> of ,u~Hpe<:ifk
coeflkienll. ThUl.. for nlmple. lhe , ..I.,. ERR" ".9 for carrinomu reI\«l..
CiI........ nghled. estimlled 00... re<ponfl< oodlk:imu "';lbie Arizona alld ... nllin
Ltah 1~ ... 1da did nOl rontnbute. ha\1n, 110 ClOsesL ralher lhan a OOlIll'a$l
be1",U'O Iuper-d_ Ltah aDd .....er-dow i\nlOna. lbe ~ultl 01 .....nall~
lhal ..... 1)0\ lUllltfied by OUte "'ou.\d ha,. been .......... h;ll dotremll. for
eumple. lhe eil. led ERR for ca=nom&I problI.~ "'ou.\d ha,. been
"'''''''-''uollj IIllon "9. Tlus 1$ 1)0\ II ...urnm 01 1M llDIIl)>>s lIlal "'lIS

done but ,."lher iDdicoliou of the frapl'l) or lbese <bta aDd 1M 1m......
charao;tCf or ..ej 00Il<iusI0n ...!<t1"'8 1M llllTOOd <3DCef nsk from falloul
n~ '0 teJ-nle anal),,", ...... rq>ortN fOf """_~ nodllles Of
benip oeopLt.ms bul U ",-as .....led lhal lhe~ codliaml for lhe ..pI
CiI.....norna. "n sl~tJ) hiper lh;le lhe one: compuled fOf lhe ~l follICular
adenotrl3s considered ~nl<i). "The polnl ..mna'. 01 ERR" 7.9 rOf
...mnoma 00""'1"'0.1> 10 aboul1.7 CllelaUnbUlable 10 radial ion. 0,4 of 4;n
Aroona. and 2.3 of 4 to L<ah. For IU th)'roid nC<lpla"",. ,he oor~pondinl

numbrrs "en 0,24 of 5 in Arizona and 7.6 of 14 in llah.

7.1. 1.4 \'lIIi,m~ Idr t:"ima"s 011 ifralll' £ffrfu

A recenl repo" by lhe L'S l'-alicmal Canc:er InSlllule I 'CI) rea.ses>eI! lhlroid
doses from Ihe ....'TIl for "'~ COUnl) In lhe oonl;nental LSA aDd proJOCled
cancer n.k, for lhe L'S popuLolion. "The 0>...,.11 a,(,"" dose 10 lhe
IIWmJ.""..lel) 160 million peopl. '" lhe I;$A 10 lbe 19500 ..."" "'Iimlled to be
::'0 mG~. "'lIb cumubll\O .'era!"~ of 90 10 160 mG~ to 1DI1J' d1Ils Ii\IllS

III counlJeS ol"'e<1n'1I WlI........ted ...." and nonll ollbe '"'~ Test $llc_
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TlbIr 7..5 P~noo pn:,..knce of th)'!oid nooules, benign and malignant n~opla\.l1lS
combin«l, and canccr>, 1965-·86 (Kerber" al" J""rnal af .'1.......(""" .\I,dical

f<""''''''''', 1993: l70. ;ro-()-2Olll"

Th) roid nodu.... Th)'roK! neoplo<m..
,,,,-1OO'DI neoplasm. 'nctud'Di ca""",", Th;fOo<l ""roce,",

Rela,i,'e Relat,,'e Relat".
Do.. (mGy) SubJOCts ."umber Risk "umber Ri,k 1-umber R"k

'-" 1418 " .. '"
, '"50 249 ~ " "

,
"' " ""150 399 ,~ • "

, 1.8 , ,.
~. ,~ , D , J.4 ,.

7.).1.5 Summat)

ERR,,,,, ~ U.
p.O,16.
neill,i"e Io~.r 9$%
confidel>CO boW><!

ERR'G," HI,
p" 0,019.
Io~er 9l
conr.!el>CO bound
·0.-4

ERR'':'l- 7.9.
P '" 0,1J'Jt>.
nepl"e lo~.' 95
conr.!el>CO bound

In relrOSpect, lhe \ariou, in'esliplion, of c.ancer and thyroid disease in area,
dO"lIwind oflhe"TS, and "id..pread OOncem amonS l't1,de,m of'hese a ....as
about l'O"ible he.lth effocl' from falloul, appear 10 ha'e led ine'ilably 10 lhe
'''0 =ent "ud'" carried ou, b}' lbe Lni\C",it) of Utah. Desp"e a large elTon.
Iinle new kno"ledge "a, gained aboul radi.tion rela'ed risk. These nudie' are
a good example of the man}' diffi<uhi" ,ha' haye '0 be addressed ,n order to
quan,ify Ihe """II risk aswcialed "'ilh 10" radiation do,"" by sludyini lhe
exposed popula,ions.

In ,pile of iI' Iimila';ons. lbe deliniti"e stud,· in L:l.h, ma) wilh ils unique
<:lise ascertainmenl and dose reconSlruclion. se"'e as a model for ep;dem,o_
logjcal ,tudi", in areas more hea";I}' alTe<1ed b) almo,pheri<: bomb le,I,. hs
'lrcnglh included a 'ta'c'v,iM tumour reg,str} tliat met the exacting 'landards
of the Nat;onal Ca.,..r In'l;tule". SUf\eillall<C. Epidemiolog)". and End
Resull' (SEER) Program. rc<id""lial histories obtamable Ihrough ,he D\tF
and census rttOrds mam'ained by lhe Mormon Church "hieh included most
Llah res;dent' amons;t> members, the COUnl)" Dalabase and Town Da'abase
of the US Ikparlment of Energy for cstimate' of fallout deposilion by localily
and da'e, and indi'iduali'ed d",imetry and uncertainty cstimate,

Ginn 'hat the dosimw)' "ark will not need \0 be redone, it mal be [e..ible
to upd.le 'he Ih) ro,d ,Iud} Oll<C or I",CC during lhe eom;ng decades, Ho" e' er,
'h)mid cancer incidell<C rat.. do not increase markedl)'" .fter about age 35. and
because thyroid canCCr " normally an indolent di>ease, tbe screening proces>
may ha"e identifie<l case, thaI ordinarily "ould not ha",e l>ccn diagnosed or
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would ha'e been diagTIooW mU<h lator. According to SEER 'tali'tics. about 10
lifetime th;roid ""nee.. "'ould. in the at>...Dce of radiation e'P""'ure. be
e,pocted in a populatIon of 24~3 persons ""ith roughl) ~ual numbers of men
and women.

7.3.2 Semlp.aJatlnsk and Allal. forltlfi L'ssa'

The Semipalatin,k Test Site in KaL.akh'tan wa, used from 1949 onwards (see
Figure -.2). About 122 almospheric testS were detonated with a total );dd of
6.6 'h. '-ear·vound. ground-$urface or shallow undervound nuclear nplo.
'ions. i,e. with considerable k"'"41 fallout. contribuled about 550 kt. of which
72" (400 kl) relate to the e,plo,ion conducted on 11 Augu't 1953. Shallo"
underground explosions were undenaken 10 test the fea,ibilit) of large: eanh
mo'ement<. In a til"§l a5>essmenl. collecti"e effecti," dose from external radi­
ation to the local population i. estimated at 2600 per<on'S" ingestion Jed to
J:OOO person.Sv. Collective thyroid do,"", for the same population are estimated
at 10000 person'Sv, Soyer41 r=nt publications add""s e,posur<s and health
risls also in the mo,., distant. but more den..l}' populated Altai area in the
Ru..ian Federation. ea,t of the test .ile. Maximum effecti'" doses received
"ithin the population from the atmo.pheric bomb t<st on 29 Augu.t 1949 "ere
of the MdeT of 2 $v (Loborey n ~/,. 1994). E.timate. of the size of cohom
e"po>ed to an effecti,," do.. of 50- 150 mS.' and to more than 250 mSv amount
10 :rcoooo and 40000 person•. re,pecti"ely. A t<st on - August 1962 i. assumed
10 ha'e "'wlted in Y01) high th)roid do>es from Ing<lted and Inhaled shon.
li'ed radioaeti'e iodine isotope'. Maximum organ do,.,. a. high a. 20 Sv "ere
re<X>n"ructed (RoS<'O<on" 01.. 1m)

7.3: f $<>mipalalinsk Rrgkm

There are fe'" published ......arch data on the health efTee" of'he nuclear teslS
on 'he population around the STS in Kazakhstan. Thi. i. because 'hroughout
the entire period of nudear ttsting from 1949 to 19S9. onl}' miltta')' c'pen.
"tr~ allowed lQ carT) ou' ~mittd radia';on mea,uremtnl' such a, e"po,ure
do,"", on the ground. From 1957 to 1960. tht Kazakh.tan ".tional Atadem}'
of Soiencel and 'he Kazakh'tan )'hnimy of lltahh S<'Ot a .......rch tt.m 10
the Somipalatin.k "'glon to ""tsllptt the health effect of nuclear t<sts, '-0
epidcmiolop;al method, for comparative studies "e,., applied. Although ,he}'
found highe' pn:"aknce tn the ,urrou~ding "illagesthan in control villages for

.....__, ...""'..,,""'.-~.. "".,."..... ~......... T...._ ~"" d
... .""' .. ,...-.,....,.,. __ .. ,"" ..... I_ot.............t_ ....~_ ,......... ~ ,..,,~.-...-~ ... ot ...._I_"' ...
,,"~h 01>.", r<p<>nol -.. ~,~ d",..«d, ""'" • _,~ ,00 ,,,,""'''''t''' "lOkOO:< """"'''''I
__1>1< ""'" ."<1 <I\r",,~ 10<>] ""'" _ "fIt<ioIr f_ to. ~'" "01->0 .. 1~



""

• • f ...
..... R ..... _......_-~.,'-- ,~

"L'ClEAR TEST EXPLOSIO"S

ri~1IR 1.2 Pro,-;";o",,1 IIIllp of rallout trail. from atmosph<n" ond .round «SIS on the
PolliO" 'Oil ,;'e ocar S<mipatatilUk. lood<:« lin<> i'\< .,';maled cum.",;"" unsh..ldod
.. lemal doses on II>< lIT'uod. BioS«! on data from Kazalhst.n.Dd Ro,m.n m,n,,,,;'•.

flo,.. ~". da,. ond bomb )'I<Id;o k' nn,
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Sj'mptoms such as bronohial ha~morrhag<c. oonjuncli\e haemorrhage from
monlh and genilal•. d}'SlrOphia mt>OOOa. asthcnia uniyers.olis and "~g<cla",-e

neurosis syndrome. peripheral blood >lale aheralion. jn'enile calaracl. e1<:..

lheir relalion witli radi<>acli'll) WaS rej«1.ed al a gcn~ral mttling on lh.
r=arch l.am re,uhs h.ld in 1%1 in Mosco". Since lhen no funher r=arch
b)' KaUlkhSlan inSliluuons had Ixen allowed unl11 lhe mdependence of Ihe
Republic, The repon submilled in Moscow in 1958 de"'ribcd interim ...ult5 of
the team and wa. reprinted both in Ru..ian and Japan"", in Nagasaki in 1997.

The Kaukhstan Scientific Research InSlilUle for Radialion Medicine and
Ecolog) S1aned an epidemiological stud) on can""r inciden"" around the ITS.
Int.rim resuhs w.re reponed at lhe Second Hiroshima Inlcmational Sym­
posium in 1996 (Guse' <'I al.. 1996)_ The inilial promi;.: "a. ba;.:d on Ihe beli.f
thaI the main conlribution 10 the formation of Ihe cumulati"e effecti'e radi­
ation dose deri"ed from lhe nucleat l"'ts of 1949 through 10 1956, It "as
during lhis period lhallh. population around the STS receiyed abolll 7iY"o of
the tOlal eIT""li,-. dose_ Cumulall"••"ternal doses included eonlnbutions from
radioa'l"'. cloud. and from sround contamination, The inl.rnal dose was
~Sllmated from ing."ion and mbala"on_ The calculaled eIT""l"'. equl"alent
irradiation dose for Ih. e,po"<'d group (Main Group) tansed from 0.87 to 4,47
S,'. with an a,-cras. of about "_0 S" Net. that the >ummary .1TC<1i", <qUI·
"alenl irradialion dose for lhe Control Group "-as aboul 0,07 Sv,

Th. bulk of th. MaIn Group "as made up oflhe popula"" from nme lowns
and '-illag<> of Kazakh>lan around th. STS, The Control Group "-as formed
from th. popula"" of the Kokpeki) dislriet. whICh is located near lhe moulh of
Lake Zaisan about 300 km SE of STS, BOlh group. were formed of approxi.
malel) 10000 prople. in which the number of men and women was roughly
equal, Indi,;duals of European and A.ian descent ".", represcnled C<JuaU)_
The age repr=n'ation remained practall)' the same, The 1).10-19' l aile
group was the most represenlal;' •. il comprised half or all those included;
indi'idual< aged 20 to 39 }' made up 25 (0 2lfk and profile of 4() y and older
eomp,i"<'d 1910 24%

The lemporal developmenl of cancet In~iden<x in the \lain and Control
Group. was anal}'''<'d from 1956lhrough to 1994 at 5.y inle"'al<, Th. group
aged 4{J) and old.r that tS <ntical for ca"""r w-as rcpleniihed annuall)' b)
indi,-iduals of 20 to 39 ) of a~, and il gradually >laned being repl.niihed by
indi'idual< from th. staninll 'l).to.19·}' ag<c group, "ollng Ihal the 1).10-19')'
age group in 1990 1994 ,omi,ted of Ihos< who "ere bom an.t 1971. it is
cettain that some indi,-idual, in the Main Group did not recci"e a radiation
dose larlle enough 10 allo" for >lallsti.cally conelusi"e findings. despite lhe
random ,-ariauon in numbers, 'umbers of the populalion samples nuctuated
for reasons of death and binh rat", and natural mignl1ion_ While lhose who
am,cd from Olher region. were excluded in the ~lain GtOUP, arrhals from
other areas were incl"ded ime) statistics in lh. (onlrol Gro"p, or ";lal
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consideration is the number in the Main Group from the I"mage of Dolon.
"'hich had shrunk from 1300 in 1960'0 100-150 by 1985. This sroup "as
rqllenls!le<l 1»' po:opk f'om ano.h", ,-illag<: 'hal" 125 km distant from Dolon
but """'i"ed a do.. of no I.., than J SV from the fim lest of 29 August 1949,

Althe initial ~lag. of 1956. the official ~an~r incidence index 'n lh. Main and
Control Groups ,,'.. a. [ow as 61.7 and 6,,6 cases per 100000 population
rtSpttI;w;ly. ,ndicaung Nnsid«abk: underrq>on;ng of cancer dUlh•. Begin­
ninS in 196010 1970. Ihe oncological incidence in both groups kepi increa,ing.
In 'he Main Group_ aftcr the iniliallc\'el wa\ ...ettd<:d ,n 1%(1 h) 1.5 tim..
(from 7 to II: sec Table 7.6), a rapid fourfold increase occurred by 1965.
followed by tho climax of 36 inCidences h} ]9":0, In lhe Comrol Group. lhe
oncological incidenet b} 1970 had gro,,"'n by a substanlially lo,,"'er ""Ie. In lite
ne" 5 y. Ihe incidenet "Ole in Ihe Main Group dramatically plummetO<! from
395 10 108 cases ptr 100 000 populalion (see Table 7.71- In Ihe Conlrol Group.
Ihe incidence rate remained praclically Ihe ..me and did nO! differ Ilali"ically
from the Main Group rate. Beginning in 1975. the oncological incidence in the
Mam Group as,un .lal1, '0 grow and. in 1990." reachO<! il$ SC<.X>nd chma~ of
354 cases pcr 100000 population. The relali'e risk compared 10 the Control
Group "''3.12.35 (p '" 0.005). Begmning again in 1990. Ihe oncological mcidcnce
in the Main Group la~.. anolher di"e 10 reach 215 cases per 100000 popu­
la'ion. For the Conlrol Group. Ihe le"el of Canetr incidence: durini 'he ..me
period did not change "gJ1ificantly. The turnOut'S loeahud in thc ga.troonteric
ltact dominaled the muclure oflhe oncological incidence: Ihe carcinoma of the
OC'lOphagu. "as the 1e"ading ailment in this structure. allhough Ihere "as a
.ubslantial change m Ihe Structure of oncological morbidity during the 'Iud,­
ptriod. According 10 the Koza~h51an national >lalistics. cancer of the oe><>pha­
gus among Ihe populace of Ihe Semipalalinl~ Region i. a local patholog). and
its spontaneous Ie"el ex~ed Ihree- or fourfold Ihal of the nationala"erage
By 1970 (14 Yarter 1956). il climaxed "ilh 186 case> per 100000 popula,ion.
Among Ihe panicipam, in the Control Group Ihe cancer of Ihe "",,,phagu,
incidence grew al a Ilo"er pace. Since 1975. a considerable decrease has been
sleadfastly obse"'ed in Ihe incidence of oesophagus cancer among Ihe Main
Group. whose rate Stalilllcall)' equalled that of Ihe Conlrol Group.

During Ihea tmos plteric nuclea r les"an a"erage of ].l4000 residenIs. pri maril;
of the Semipalatin,~ RegIon .....re exposed to irradialion. An a"erage of 28 000
people recei"ed dose< of more than I Sv from Ihe pa»ioi radioaeti\C clouds and
radioaCli"e fallout 00 the ground (Table 7.8). Arter 1%2. it "a. this exposed
population only Ihal became the subject of all·round research of earl; and
delayed effectsofirradialioo. An a"erage of37 200rnidenlS oflhe Semlpalaund
Region could ha\C recei'ed doses of 0,35 10 1.00 S,' The majoril)' of the
populalion. thai is SOme 280000 people. received doses from 0.07 to 0.35 S,

1\alurally. any medical research and e'-"minalion of health .ffect will ha"e
10 be condUCled in such a ""') a, to dilTerenlia,. populalion groups .. ilh real
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but different irradiation dose<; from those with the .ame rate of disease and
disorders bUI in 'he a~nce of radialion. From Ih" point of view. the aboo,.e
comparati\< groups would be suilabl. for furth.r cohort stud). It is desirabl.
for ,uch a study to ma~e a careful and objective dose-reronstruet;on for the
non-uniform nalUre of exposure caused by nud.ar explosion. It has to be
remarked also that thcre should be no retroacti"e alterations. dele' ion' or
additions to th. input data, Th.re is a possibihty in this t)pe of study that
newly added cohorts could aff.ct the health resuh' In 'uoh a way a, 10 decr.a..
Iho incidence in the laller half of the 'tudy period,

A cro",_secl;onal 'tud). an .pidemiologioal 'u"ej in Semlpalalinsk Region.
by Belozcrov and Dzha,yb,,,'a from Ihe Almal, \l.dioal lnstitut. of
Kazakhstan, also ,how.d an int.,....,ing ,....ul1. Pr.valenc. of g.neral diseases
In 1990 was <"(lmpaced betw""n eighl dimiots (rayons), Th.se .ight districts are
rural. and consist of almost the .nlire Semipalal;nsk Region. £qui"alem
radiatIon doses were around 0,5 Gy ;n three districts, 0.5 1.0 Gy in lwo dimict<.
and I,5 2,0 Gy in four districts. Kokpehy distriCI was agam chosen as a control

From Ine Primary Healtl1 Docum.nts, pre,'al.nce rales w'ere anal}'sed for
eacl1 of th. eigl1t di'triclS and control diSiricts for Infection and parasitasi,.
cndocrinopalhy. skin and subcutaneous lissue disea.." di ..ases of tile blood
circulation system. urinary and genual di$t:a,.s. re'plralory disoascs. digesti'e
disease. blood and l1aemalogenou. tissue diseas•. congenital malformation.
memal diseas•.•tc. Th. pr."alence rate of ea~h di,ca," was summed using a
weIghting s)stem for each district, Th. seores correlat.d 1'.11 witl1 Ill. lev.l of
radiation doses. in whiel1 ,he higher Ones are from Ih"'" districts where d""
1e,e1, range from 1,5 10 2,0 Gy ,

The joint agreement of the g",.romenlS of Ru..ia and l,;K on co-<>peration
m lhe fields of mediein. and public l1.allh produced in 1994 a oompara,i,e
study of cl1ildhood cancer incidence ,n four region, around 51'S by Zaridze eT

al. (1994). Cancer record. were galhered for childr.n aged up to 14)
diagnosed in 110spilals in lh. Pavlodar. Karaganda. Semipalalinsk and east
Kalakh"an region" For .ael1 case. detail. recorded 1'.", tile .ite of lumour.
se~ of lh. pali.nt, resident ,tate (urban Or rural). "ationalil~'. and districl of
",,,d.nce. The main aim for tl1is 'tudy w'as '"e association belween risk of
cl1ildl100d cancers and distance of"'sidenee from Ille 5T5, Fifl~'-fiw di"rict' in
all were classified into four group' "ilh re,pee! 10 tile di'tance of residence: 400
km or more, 300-399 km. ]()(), 299 km. and 200 km or less, For common
eancerS (acule leukemia. l~mpl1omas. brain lUmours. boone sarcoma and k,dne)
cancer), data were anall!-Od USing Poisson regre>sion. witl1 incident case, offset
b~ populalion esl;mat.s. in ord.r 10 a,sess the exlenl and ,ij;ltificance of til.
effect of di,tance from STS.

Sta'i5lical1y significant differ.nce, belw.en regIons were noted w;tl1 respecl to
rate, ofacute leuk.mia. bram tumours and all sites ,ombin.d. Tbe highesl rales
of l.uk.mia w.re in Semipalal;nsk Region. Result> "ith respect lo distance
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showed that there was a signilicanlirend of incfealing l'l'lalive risk (1.00, 1.52.
1.65. and 2.02) with increa<ing pro~imi,y to STS foc all .i'e, oombined, While
acute leukemill maXeS up 36"1oof all cance"" it 'howed a moo"'t relative risk of
1.76 associated "'i'h living Ie.. than 200 km from the STS. compared with h"ing
mo", than 4(l() km away FacIo" other than di'tance from the STS had an effect
on cancer risk. Rural ""ident;al status is aSSQCiated '" "h oonsiderably lower risk
of acute leukem'a. non-Hoogkin', lymphoma and brain tumours

7.3. 2.1 Hea/lh Effect> of Ihe Nudel/r TCJIS Co~d"cled UI Ihe Mm,polali~,k

TO'I Site for Ihe Populal/M of Ihe Allui Regio~

The Altai Region" an admm,stcati,"C unit of 'he Russian Federation located
to 'he northeaS1 of the Semipalatimk Test Site (STS), A,mospheric nuel..r
tests ""ere oonducted a, the STS from 1949 till 1%". Wea'her oonditions in this
region resulted in most fission prooucIs being tran,ported towards the Altai
Region (Lobore' 1'1 al,. 19'94). Over a long time the medical and demographic
situation in 'he Al'ai Region has been under me... as 'hown by high mortality
rates. in particular. from tumOUf1, rtSpira,ocy. mf""tious and parasitic disease'
(Shoikhe, n al.. 1994).

To asse.. the impact and effect' of the nuelear detonations ,he Government
of Ihe Russian Fed<Tatlon set up the 'Scmipala,insk Test Site ,AI,a;' Federal
Programme (Shoikhet ('I ul" 1994),

Fallout from 48 out of 133 atm",pheric nuclear tests is presently kno"'n to
ha", aflected the Al'ai Region. with the greateSt ~ontribution being from the
lim nuclear t",t ca,ried oul at the STS on 29 Augu,! 1949. As a result of the
fallout from this test, efT<'oi\"C doses in certaIn seltlements in the southw"'l of
the Altai Reg,on <"ceedc<J ".5 Sv (Lobore" r1 al.. 1994). wilh the ooll""ti"e dose
being 32 000 person-S' (Algalin ~I 01.. 1995), E.xposure wa, mo'tly acu,,: up 10
70"/, of the enllre e"emal dose Wll> accumulated wilhin the first month after
fallout, and approximately 50'/. eflective "temal dose """urred within Ihe fif1t
4 days, The internal dose accumulated more ,lowly: during the first month,
> 40%, during the [0110'" ing 3 l', > 75'10,

A register of the irradiate<! population was compiled within the framework
of the 'Semipalatinsk Tesl Site-Altai' Programme and no", lists 40235
e~posed individuals,

Since 1992. the programme has been carrying out studies on health effects of
the nuclear teS1 oonduetcd at the STS on "9 Augu,t 1949 for residents of
affected senlements

Ruk of MOrlulily from Differ~m Fallouf-relull-d Disea.ses Currently a va,t
amount of data on mortalily and causes of death for 44 y afler e~po,ure

among indi"idual, e~posed 10 lhe nudear test on "9 August 1949 ha' been
collected. On anall'si,. ,pec;al attention i, paid 10 the assessment of aC1ual ri'k'
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found amoni irradialed indi,-iduals in compari",n "ilh risk "alues eslimalod
uSIng difTerenl pro~tlon modol•.

ESlimalion. of risks of monality from malignantlumours dorive<! US;r\i Iho
mothodoloj;) of the lat.sl modlficalion of Ihe BEIR \ model (NAS. IWlj for
risk analy.i. (BARD), "hich ha' b«n d.,'oloped "ilhin Iho framowork of Iho
·Somipalalin,. Test Sitc Altai' Programme (lklyao" ff a1.. 1994j, indic..e that
aboul a half of .,ces, death' from radiation·induced cancer duo to tho t"'t of
intcr"'t had occurred prior to 1994. with tho othor half to b<: expo<;ted afier 1W4
Timo mona lit) di'tribulion. for "ariou, t)l"" of r.diation-induced cancer
diff..: "'cess mortality from loukemia and Ihyroid can=~n rdati"ely early,
to reacb maximum '-alu", 10· I~ j' afterexpo,are. "ith a maximum ofcancer In

mpiratorj" organs afier 15 JO). 'he peak of annual monalit) for other cancer
t)pe. wa, oXpeeled much lato" within 30-3~ y for lho fomalo breast and withtn
45 55 j' for other cancer t)'pe'

In order 10 'lud)" mortality- among "",n afTeeled b)' lho dCtOn.li,,," on 29
Aul'lSl 1949. permanent ~idenl< of oxposed "'ll~n1S "'0'" ",Iocle<!, Tho
.tudy did nol include: indi'idual' who had mo,-od oul from lho afTeelod aro-••.
R.sid....ll of 36 "'ltl.-menl' from Ii,. Altai di,u"icll "ore .nrolle<! in the Stady
cohon, In accordance with 'alues of mathomalioal o'peelalions of probablo
ED (EfT«,i,. Do", ". Glossar)-) ,,-ithoul relallon 10 'hc", dt,per1ions, four
d"'" &Joul" " .."" made up. Tho fir11 dose: group comprised individual, "'ith
I::D 0.010 0.179 S,'. tho ~ond group comprised IndIviduals "'l1h EO 0.180
0,349 S" Iho third group compri1Cd indi"iduals "ith ED 0.35ll-O,m SY-. and
tho founh group comprised Indi"idual, ,,"ith ED > IS,. M.an ED ,'al"", in
groups "ore estimatod to be O.08S, 0,244, 0.468. and I,5J5 S" respeeli"oly',

The cohon comprtsed a lotal of 4595 indi"idual, wilh Iho lolal of years at
ri'k b<:inll 146751.S9 PY (person )'oars).

T"o Ilroups maM up th. control cohon. Tho fi,-,I llrouP oompri1Cd 1433
m.1o residom. of area, unafT«te<! by tho t"'l of intore't (lbroe oontrol dis­
trict'). Tho second group included 2489 individual> "ho had moved to tht
irr.diated are.. aflo, tho oXJIO'ure period (immigranl'). Tho lotal )'oars at risk
,n Ihe control cohort was 132780_S9 PY,

In order 10 'ludy causes of dealh, copits wtre madt from dealh ctrlificaltS
a'ailablt al tht Altai Roglon regislration offtct i,sue<! for ""'id....ls of Ihe
abo'o ",ukmon15 from 19 AugU'l 1949 till J I Dectmber 1993. Funhor codin&
of causes of dtath "as performtd unMr Iho 'lntom.llonal Slali,ti,,"l Clal-Si­
ficalion of Di",a"" and Hoalth Rolale<! Probkm., ninth re,-i.ion· (ICD.9). Tho
anal) 'is co,·.",d dealh cefllficattS of "radiattd ,",Sidem, "ho had died in tht
sam. "'llkmem, (the main cohort), immisrant> and re'idents of lhrct Stule·
m...." localed in OOntrol di.tricts,

Tho retr"'peeli". monalil)' 'tud) re"taled no difTe""""" in monalllY raltS
from an CO""" of d.ath. b<:1"oon lhc o'posed and lho control cohon for tho
period 1949 -1993. An agc.at-o.'JIO'U'"' anal)'si5 sho"e<J thaI individual. wnh
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Tabit 7,~ ~etll of nU ooefflClellU (confidence intmllls (95 ) In
pa<e1l1I1e's<') of ""'r1ali'l' f'<>In "",,-mal'lIfIont di>Uscs omonl "",n ..~

to th< nuclo" "'" on 29 Augusl 1949 (1949-1993),

Dose: JI'Oup

""".xposu", (V) , ; ,
"" n,lf8 0,91

"~
0,91

(0,'6-124) (0,1.-1 18) (080-1.19) (059 1491
W4' o.n .~ .~ .%

10,97 [Oi) (O!l-l I to) (0.::'9 109) 1085 I 191
,~ 1,46· 1.3.. US' '"(12)-1.75) (1.18 U.s) (l 19- 159) (0,85 l~21

All oge> OW .~ 0.97 ...
1089 UO) (0.90.1.01) 1089 105) (0.81 1 III

• p<O,05

aj!' 2'. 20 Y al .xposu", ha". a slati'tically sij!nificanl IOcroa~ of morlalily
from all Ca"",' of death, For men aged 2'. .so~' al exposuro, the relali"e risk
(RR) ,,'" Us (1.25-1.45) and oIe,'alr-d in allll",. intetyal~. For the group
agr-d 20_49 y al <xposurc. Ihe ri$k of mo"ality from all cau~ of death in the
main group "'n> higher during first 14) ,;nce oxposu .... "ilh RR being 1.19
(1,08 ·1.81). bUI during la't 10) i, low.r than in the conlrol coho"

Regarding non-mali$nanl disc-uses, in ~Dera1. in indi"iduall agr-d <.so~' at
exposu.... mO"alil) ral.> in aU dose group$ did no, differ from lh"'" in 'he
control cohon, Ho".,.'er. fN person' aged 2'. 50 l' at exposure, tho r.lati,. r;,1
of mortalit) from non_malignanl di~a~ "as Slgnificanlly high.. lhan io lh<
control cohort praclically ;n all d"'" group$ and ranged from US to 1.46
(Table 7.9).

The relativ< ri,1 of morta);t}' from solid can"".. of all sit'" for 44}' "a, 0,96
(076-1.20) for tbe group "ilh m.an ED of 0.008 S,. 104 (0.87-1.23) for tho
group "';th mean ED of 0,244 Sv, 1.16 (0.99 - I ,.16) for Ibe ,roup "ith moan ED
0.468 $,', and Ug (1.0-1 1.791 for lh. group "ith m.an ED > 100 cS". WIlh a
minimum IQ-y latent period exeluded from tho .nal)si, of deaths from malig­
nant lumoutS lhal oc<:urrr-d .arlier. eb'atr-d relal"" risks "',re obse",'r-d in lhe
thir-d and tho founb group$ of 1.23 (l ,03-1 ,JS) and I,J] (1.04-1.91), r..poe­
"".1)' ("'ilh a minimum 10 l' lat.nt period •.xeluded from lh. anal)'sis ofd'alh$)

The hiihost ",Iat"'e ri,' \'alue wa~ regisler.d dunng first 10 29 y following
lh. exposure, nam.ly 1.32 (0.94-1.70) in the ftrst group, 1.31 (I,Ol 1.70) for
lhe second ,roup, I.S~ 0,11 1.90) for the lhird group. and 1./1-1 (1.lS 1.72)
for Ihe founh group, A part"'ularl)' sulmaolial increase of lh,s ..Ine "'as
detecled 20-29) aftet .xposure, ,,'hen it wa, estimaled as 1,69 (1.21 2,30) in
the group wilh mean ED of 0.468 S,' and 2.S1 (1.34-4.31) for lho group "ilh
mean ED of !.IS2 S,',
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Tab!< 7.1 n "'""",men, of n,k coorrlcien" (rooroden"" internl< (95"1.) in
po,.ol~) of moriah'> from all malii'\an' _pl.,m, .mO"j; me"

nJ>O'OO '0 'he """.... r 'c;' on 29 AUj;u" 19~q {19~9_19'l)).

Do8o j;ro"P
Ai" at
apoourt (Y) 2 ; •
" " "" (lS1 )Ll 1.(13

(OlS-I~21 IOn 0.92) (0.-. 1651 1(U3-240)
20 ~9 0.93 0,95 I.'~ ,~

{069 1231 (0,75 I 19) (1.0)-P91 1\.04 ,,08)
,~ ". 1.2 HI() '.M

10M-IS'l1 ( 1.01 1.93) (0.6' 1441 1090 2.77)
10 59 1.01 093 1.16 1.65

~O80 12S, (0 77 1.12) (1.0' 1.·-1 11.22-2,18)
~ .. "" "~ 1.45 '.W

~O(04 1..\6) (0.69-1.22) (LIS 1.811 (119.2.61)
~ .. '" U5 155 2.05

(0 17 I -:, (0.91 1.61) (11~ :,05) (1.29 3,08)

2"

An age .ffect anal)'si, indicated that amonll p"""m aged 20-49 a' .~po­
.u.-c. the monalit), ri,k "a, "lImrJCan,ly de,."ted in lhe third and fourth dose
peup'. with RR beinll I.2J (I.oJ 1.49) and 1.50 (1.().!-1.08). re>pecli'el}.
Re!a,i'e nsk, of c:ancer mOflallty were estimated for the >l1'll1Um )()-49 j at
.'p""Urt to be 1.45 (I ,15,- 1.81) for the group" ith mean ED of 0,468 $, and
1.80 (l 19 2.81) ror ,he group with mean ED of 15:'"5 S, (Table 7.10).

Dig.'ti'. and re,pirato'}' cancer "ere major contribulors among malignant
'umOurS, Collect.d data for m.lignant nwplasm, of diges,i"e organs demon­
mate Ihat 10 29 Y foHo"ing th. lest, there "ere alread> rehabl. 'alues of
the .-cla'i"e risk in th. sc<:ond. third and founh group>. i.e. with mean ED
:> 0.244 S"

.\lalillnant tumours <>r resp,ratory organ. rankro 'lttOnd among rates of
olher cancer >it".. In tho first dose group tbe) made up 30.9'10. in Ihe se<:ond
group. 26.9%. in the th"d group. 37.7% and in 'he fourth group. 37.5%. i,.
th.y "'.re nOled more frcquentl}' in group' "ith high.r ED, For 44 y the
",la,i". ri.k of mon.lily from respir~lory C"~ncer "'., den"ro to be 0,91 (0.51
1.3.1) in the dose group "ith ED 0.088 S\". 0.78 (0.s~--108f in the do,", group
",ith ED 0.2J4 S,. 1.3-; (1.06 1.15) in lh. dose group ""h ED 0.468 S,_ .nd
1.77 (1.09--2.71) in Ihe dose ,roup ",ith ED:> I S, Similar data were obLaine<!
",h.n .,e1uding the lim 10 j of th. la,ent period, In 10-29 y aftor the ,est the
rel.ti,e ri'k of mortality"", >lgn,f>cantly de,ate<! for do,", gr<>up§ "'i'h ED
0,468 S, and U25 S,. being 1.71 (1.15 2,41) and 2.81 (1.45 4.92). respec­
t;"I)', The hlgh"'t ..tima!e> "ere derived for the ,"te"a] 20 29 Yafter the
detonation. "ben it ",.s 2,09 and 3.96 in the do"" group> wi'li ED 0.468 S, and
1.525 S,. re5pec1i\"eh·
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Thus. during the first ~4 ymen aged > 2Q} 3t elllOSure had an elevated risk
of o".rall mona~I;: lhe ..Iali,·. ri'k of monalily ""a' 1.16 \ 1.05-1.27) for lhe
cohon 20 49; al C'J)OiU.. and 1..4 (1.23 1.45) for lhe oohon 2: 50; al
.xposure.

Puw.!rnff ofChumi, .\'IOtI-mal,gN"'1 DiSi'W" The study's main Nhort Nm·
prised men and "omen from lhe regimy of lhe [n>1ilul. of Regionall>ledico­
Ecological Problem" Bamaul. These peopleli'ed in lhe "'me senlC'nt"nt> and
sun'i,'ed lill 1 Janua~' 1993, Residenll of 33 ""Ill.menl' of 6," Allai di'lricts
were chosen for lhe Nhon and divided inlO lhttt dO'" groups ,n alX'ordan<:c
w;lh I.v.ls of math.mali.al .,peelalions of probable .rr"li>"e doses w;thoul
relalion 10 lheir di,persion, R..,idenl. of 12 !CHlemenl. of five districl. Wilh ED
0,010-0.179 Sv w... a"'lIned 1o Ih. first group.....id.nl. of 14 se11Iem.nu of
three d"lric1\ with ED 0,180 0..49 S, "err assIgned 10 the s«;ond group.
....id.nt' of !C'en senlem.m, of two di'lrict' "ilh ED 2: 0,350 S, w.re
ass,gned 10 the lhird group.

A IOIaI of 5063 indi,'idual. (2054 men and 3009 women) "'" drawn fOT the
main cohorl "';lh lhe ralio of men 1o "omen being 1:1.46.

Th. conlrol cohon conS;'led of lwo groups of indi'iduals who matched Ihe
'Iud; group in a@"lhali'lh.y".., .. bornbefor.Apr;l 1950. Resid.nt' of 21
.!<:lIkmenlS of nine norlh"e'tern. north.rn. ea,,,m and <:cntral All., diSlriCl'
nol affecte<l b)' lh. tesl of ;m.....1 ".re .nrolled in lhe fim group, Th. second
group comprised ind"'iduah "ho had arri'ed a, 'he e'posed areas aflCT the
delonalion. ThO} li'ed in 16 se11lcmenu of four irradialed di'lricl',

Th. control' cons",ed of 9921 mdi,'iduals (4(1(15 men and 5916 "'omen) "nh
a ratio of men 1o "om'n of 1:1.35,

T01.1 pre,·.lenee r.IOS ofdi.!<:ases of lhe .ndOCrlne. netwuS, eardio-"a>o:ular.
gtnilo-urinary. ostoomu>cular 'y'lem., disease' of n:spil'"alory and dil!""li'e
organs. the .kin .nd ,ul>..'UI.oeouS fal. ncr,ou; d,,,,,rders in all d"'" groups of
lhe main cohon .~ceeded lh. rates in Ih. control cohor!. Among .xposed
,ubj.." '~e highesl pre'alence for.1I di;ea;e; was found in the group "il~

ma~imum ED (in l~' third group) ,,'~ile lh. 10""" p""alence ral. "'as
registere<l in I~C second 8TOUP, with Ihe first group occupying an InlCtmediat.
posjtion. Thi. ""a' charact.ristic for men and "om.n in aU age strala, Wh.rea,
'~e 101.1 T"..,"alon<:c ofdiseases ofalllhc abo'c c!a;sel among male Nntrols wa.
33413 (3274,4 . 3408 1). in lhe l~ird do.. group it "a, 6376.5 (6181 ,4-6583.4). in
lh. firsl dose group il "as 4970.4 (4778.0-5179.01 and in l~' second do.. group
" "'lIS 4OSO.7 (3875 9 4210.0). i.•. RR ,,·as 1.91 (1.85- 197). 1.49 (1,43 1.55) and
1.21 (1.16-1.26), n:specli'el~' For "·omen in ,h. dose group "'lh the maximum
ED (,he lhird group). RR ranged from 1.87 1o 1,96. in tho fiNI group it ranged
from 1.55 10 1.65 and in the 1CC0nd group it !'"dnged from \.28 10 1.36 as
compared Wilh the eonlrol eohon, II i' nOl.....·orth)'lhal p..,.. lence ofa IOlal of
di...ses .mong "omen e'ttcded lhal in men m bolh main and conlrol oohon,.
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A similar picture could l>< :>«n in II><: IOlalil}' of di"ases of inn.. organ'
(di",aoes of the endocri .... cardio-\'aocular, gtnilo-urinary '}.tems and di"'ases
of re,piratol) and digesliw organs). The RR in men w,u 1.84 (1.75-1.93) in
lhe third do'" group. 1.41 (1.32 1.50) in lhe first group. and 1.12 (1.06-1.18) in
lhe =<lnd group. whereas in women it wu 1,% (l,91-2,02), 1.56 (1.50 1.62)
and 1.29 (1.25 1..14), l"<'Spe<li\ell. h i. notable Ihat indi\'idual, exposed a,
children (under 15}' of age) ran a higher risk of all diseases. In the lhird dose
group 'he RR for the {o{a!i{} of all diseases "'as 2,03 (1.93 -2, 13) amonl men
aged < 1S Ya' expo>ure. and 1.,8 (1.70-1,87) for men aged> 15 Yal exposu....
"hile among women il was 1.97 (1.90 2,OS) and 1.83 0.78 1.88), respecti\'ely,

The prevalen"" of all di ...ucs of Ihc ""dOCrine <}Slem. digeslive. me{abohc
and immune disorders Iclass III. rCI).9) among "'omen in all dose groups was
h,gher 'han In the oontrol eohort. max,mum tslima,ts being in lhe third do'"
group, Among "'omen exposed a, child ...n 10 high",{ doses ({he Ihird Jloup).
RR waS 2,73 (1.97-3.28). 2.17 (1.72 2.65) in 'lie f,"1 group and 169 (US
2,(6) in the =<lnd group. and among individual. a{ age > 15 Y al expo'u....
RR was 2.27 (1.91 2,64) for the third. Ul (1.39 2)2) for the first, and I.5l
(1.24 1.90) for {he "",,ond dose groups.

Among men, an elC\-'ated n,k of 'he di...ases of this class in generdl was
comlantly ...gistered in all age strala ..clusi\·ell in the dose group "ith the
high«l EO (lhe third group). "'hile such a risk was found only for indi\'iduals
expose<l as childl'C1l in {he other {,,'o dose groups. Estima{ion of pre\ al= of
lhyro'd diS<'ases .howed {hal despile l><ing the same among women in all dose
groups. prevalence rat.. "e... con,iderably higher in both ale ,ara{a Ihan in Ihe
Nntrol cohor!. In gencf1llthe RR ,,'ilh lhe'" di",af><:s ",IS 3.69 (2,84 4.80) for
{he first. 2.48 (1.90·3.22) for Ihe =<lnd and 3.05 (2.39-3.87) for Ihe third
groups

P...\'aleo"" of circulalOl) diseaso; among men in Ihe fiJ'S{ and lhird dose
groups ..=ded lhal among controls in all ale .lrala. with RR for {he enlire
male cohort l><ing 1.66 (US 1.771 in the third and LoW (1.29-1.52) in {he fiJ'St
do", group, Pre\'alene<' in lhe "",,ond group did n01 differ from lhat of Ihe
control cohon, Unlike men. an ele\ated ri,k of all circulatory di",aso; "as
noted among wOmen in all age and dose groups. It allained high"'t "alues in
{he third dose group and "a, 1.94 (1.86 2.02} for {he en{i... cohon, The
minomum \-atue of the risk "as deriyed in lhe =<lnd dose group at I ,2S (I.t 7­
1.32). the firsl dose group occupied an intermediale po,i{ion. Wilh Ihe risk
be,ng 1.67 (157 1.77)

Pre\alenee 'lUdi'" of resp,ra{ory di",a... indicated that only men in lhe
,hird ~roup had an eleyated ri'k for the {orality of di"",... oflhi. cia... l><ing
1.69 (1.48-1.92) and 1.39 (Lt9-1.61) for indiyiduals aged under and above
15 y at ",posure, respecti\'ely',

For lhe IOlalily of dige"iYc d,,..... as well as for SOme specific dif><:ase, of
lhis class (ukers, chronic ga,tri{is. chronic disca... of the li\'er and cirrhosis_
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cholelithil.: di>ea>e and chronic cholecr~lili~) lh~ ri~k 1>.1\$ elevated among men
in lhe first and thuu doso groups in all age ,trala and in lhe second group only
among men expoS«! .. child..n. The RR "as I,gl 11,61 2.03) for Ihe lOtalit}
of dig"li,.., disoasos. mpe,,,,,..,ly 240 (1.85 -3.12) and I,56 (I ,05- 2.23) for the
gastric and duodenal ul""r. 2.29 (1.97 - 2.66) and 1.74 (I ,42-2.12) for chronIC
pslri,i., 2.60 (l.31 4,161 and 1.23 (1.62 2,99) for clironic disoa"" oflhe !i'e,
and cirrh",;s, 3.11 (2.66 3.M) and L% (LS6 1.45) for cholelithic discaso and
chronic choice} 'lIlis. In casc ofdisoa>es of 'he inlesline. in the Ihird and second
doso groups. elc'aled ri,k was noted al an) a~e al exposure but in the fir>!
group only among indi' iduals wilh age < 15 Y at e,pclSU".

The ptnlllence Sludy of disea>es of the genllo-urinal)' <y<lOm among men
dcmonSlnlled that for lhe 100ailly of 'he di",a>cs il "-" higher than among
control" in all age ,Irata in Ihe first and third do>e groups and among men
irradiated as children in lhe ",,",ond group, Indiyidual, .xposed a, children ran
a higher risk Ihan thos< a~ed »5 y al expo.u,".• ,~. in the third group RR
"... 3.76 (2.89-4,89) and ).48 (1.l3-1.92). respecti"ely, A similar 'ituation
could be seen in the olher 1",'0 dose groups.

Neurolic disorders (neuroses. neurocirculalory di'lonia) among bolh so'"s
"'ere mo.. frequently registered in lhe """'nd and third groups. Ihe lalln
haying the highesl pr<YlIkntt. rOT men of lhe Ihlrd group relat;'.., ri.k "'a. 3,34
12,94 3,54) and among women il w" 1.63 (1.43 ·1.85). "hile in Ihe second
group " ,,'a, 1.44 (L1~ 1.76) and 1.30 111: 1.50). re.pecli,'d). Subjects
irradialed a, children had a higher ri.k. which wa, 4,26 (3, 12· 5.0\1) among men
and 2.26 (1.% 2.60) among women. beIng 218 (168 2.82) and 105 (0.83
1.31) among men and "omen al age> IS) ale'po.ure, ""peeIi'el}',

In calC' of disoase; of lh. e)e and iI' annex., amon~ both so.,... only in lhe
Ihird group "'a, ri'k ele'aled. being 1.670.11-1.80) and 1.641143-1"'4),
tCSpeeI"..,ll· Ri,k ra'.. of Ihe age Slrata showed no d,lTe",nees

Special anenlion wa, paid 10 a pathology 'uch .. the calaract. )n highe>!
pre,'aknee ",as found In Ihe'hird dosc group. being 2.01 (1.67 2,4]) for men
and 2.35 (2,11 -2,63) for women,

The analy,is of diICaso. of 'he ""eomu",ula. »Slem demon>trated Iha! n,1:
wa, ,ignificam in general for class X (lCD-9) a, "ell .. for some groups of
di",ases (arthropalhies and O'leochondropathie,) among both sou, in all dose
groups, especially in Ihe lirst group.

The analysis indicaled Ihal pre",alence or d,sca,.. of Ihe endoc-nne. ne" ou'.
cardio-yascular, genito·urinary, osleomuseu'" ')'lemS, reSp;ralOT}' and
dige"i",e orpn'. the 'kin and ,uocutaneou, fal. and mental disorders among
expoS«! person' exceeded lhal of lhe non~xposed persons for bolh so,es and
in all agc-at ..xposurc groups, Mosl ,ubstanual Yalues "'ere round among
indi'idual' irradialed a, child'en 10 doses 0.350- 1,80\1 S"', The pre"alen"" of
d;soases ",as higher among "omen ,han among men in all age and dose groups.
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7.3.3 \laNllali Islands. P.dfic. LSA

213

From 194<i 10 1958. 66 atomIC "eajX>n~ with a total e,plo<i, e yidd of mo... than
100 \It "ere detonated at t,,·o alo11. (Bikini and Enc"ctak) of the Mar1hall
[.lands. Due to misjudgementl in weather prediC1ion•. a large Ihermonuclear
1.,1 on 28 February 19.s-t (Bra'o, 15 Mt) led 10 the contamination of the
inhabitrd i<1and. of Rongt'lap. AllingnM and /;lirik. o..pite an earlier rouline
of temporal) ...location'. financial constraints and «perienccs from the first
Ihermonuclear bla~1 had led to a change in policy. requ,ring evacualion, only if
justified by local fallout (Cronk it. et al,. 1997). Due to an unpr.diC1ed shift in
wind, and concomitant probkm~ "ith doud·lrnck,ng plan.,. ,nformation on
Ihe amounl of unpredicted fallout em.rged .Iowly' and c"acllalion by plane and
,h,ptook platt only on 3 \lalCh. At Rongdap. about 2W km away from Bikini.
e'temal gamma doses in air "e... in Ihe range of 1.9 S,. Extremely hijh organ
doses ...,uhed from s!lofl.li,rd ,odine and 1.lIurium. For Rongdup. a\Crage
thyroid doses for adull., children of9 yond child...n of \ y "ere <1limated at 12.
!! and 52 G}. Maximum '01",. for Ih. same age groups reachrd 42. 82 and 200
Gy. re,pecti,.ly. Dose. low.r by aboul a factor of se"n "cre received by Ihe
Ulrik populalion (Simon. 199", Ho"ard. 1997). The number of highly ,,-,po>ed
persons ",I> 249. \2 w.... «posed in ute"'. Exposu"" of mhabitanls al other
atoll' in the Marshall i<1and' a", .,timated to be con,ide.....bly lower.

-.3.3.' A...,/e ami Dc/erminis/;" Heallh £I!uts

About 25Y. of th. Marshall.", bUl only 5% of ,h. military personnel '.,peri.
eneW ilching and burning of 'he .kin from high 'urho.., bela doses. Skin l<1ion,.
ulcers. "hieh ,ubsequentl}' became infccled. and sometimes patchy epilalion
(hair 1",,\ occurred (Cronli" er al.• 1997). After h<ahng. dep,gm<:nted >c~ ...
panicularly on Ihe feel. "e... C'iden1. Bathing. chani'ing ofclothes or ,...ding in
Ih~ sea "a, ,hown to redllC>' ,l,n efTCClS cons,d~rnbl) Blood counts showed a
reduction of granulo") t'" to about one·founh of the normal "alu<1. Due to low
platele! COunts. f~w Ca5C-; of ew''',t''e blcWingS dO' elope<J. On~ of fi"e "omen
pregnant at tim~ of ~~po.ure "perieneW a 'till birth

[n ,i",,' of the highl}' ""bk acut~ effects. considerahle but sometim<1 poorly
coordinated effo", ,.,.,'" ~nd.nal<:n to SCCU'" proper long.trrm medic:al ca.'"
for tho>c ~ffected. Cultural barriers and growing bitterness and resentment
10ward, the USA r"n led to a trmporn')' bojcolt of medical team,. later
findlOgS inclPde a .light i""",a", in miscarria8'" and ,tillbinh,. Regular
..amination of the ej" did not Iho,," rad,alion.indue«! calaracts. Somr
child...n, <1pecially boys losl than 10 y of age lagged in gro"th, It "'lS .ho"·n
th.t Ihi' was a result of hypothyroidi,m and 'UMeq ~.nt thyro,in Iherapy wa,
able to COrrtCl growlh defIci.nci... Thyroid dpfunction wa, the major late

effect. Sin~ 1966 the e~posed lytar>hallesc popu1alion i' on alifrlim~ thyroxine
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ltjllactrn.eDl lherapl m the hope of reducing the development of ma~gnancies
of lhe lhyroid gland,

7.3.3.1 Long_leTnl IfMI'h £jjeCI$

A' expecled from l!le high 0l1lan doses, a considerable iDCrt'aS" in ~ign and
malignanl lhyroid condilions ""s .-.corded (Howard eI 01,. 1995), In Ihe mosl
!lea' ill' exposed groups from Ronll"lap and Ailinginae. oompriSlng 86 po:ople.
23 d",..loped boonign th~roid nodul.. and 6"e d""eloped lhyroid cancer, In lhe
highesl exposed group. nodule prevalence rose quicker and reached 59'% In
children under lhe all" af 10 al lhe lime af lhe bomb. In relrospecl these
findings ",ere firsl indicalions of lhe higher S"nsili"il) and lo"er lalency far
tb~T<lid carcinomas in young children, as found laler in lhe near-field of
Cbernabyl A study by H,mlilan., 01. (l9g,1 also considered possible effO<:l1
on lbe thyroid gland in people li"ing on 11 addilional alolls in Ihe Marshall
[slands preYiously con.idettd unexposed. A rela,iwll' blgh preyaknee af
Ih)TOid nodules was also found on Likiep. WOIje. Lae. Ujae and \\'Clho, A
corrdalion of nodule occurrence bolh "ith di'tan"e from Bikini and angle
from main falioUI lrails ",a, pollulaled. The preyalence rale se<:med la <!o<:reasc
approximalely Ihreefold for ey'ery 160 km distance and Iwofold for e,"ry 10'
angle. Preliminary re$uhs from furthe' Studies 'ho'" ~imilar bUI non-Slgnificanl
findings (Fujuimori., al.. 1996; Takahashi el al.. 1997).

[n ,-ie" of the .\mall group affecled. increa"s in lhe InCldenee af Olher
malignaDCie> "'ill boo dillicull 10 di"",,", One caS" of myeloblaSlic leukemia
dcYeloped in a bo~ aged 19 y. exposed 10 1.9 G, al I y of all". The probabilit}
of a radialion causalion i'lO boo considered high,

In addilion 10 lhe direC1 biological effeels af ionizing radialion. psychosocial
sIr... from displacemenl and major changes in lifeslyle. diel.job opportunilies.
etc, i' an important faclor in lhe affCC-led Ma,..hallc>< oommunities. Som. of
lhem ha,.. been SUbjecled 10 repeliti"e relocalion ('nuclear nomad,. leadinM' 10
major VS)'chelaglCallt3Uma

7,3.3.3 japan£.,~ Fishermm

The Bra_o explosion also exposed 23 fishermen aboard" Japanese fishing
,'<1SC1. lhe Fiflh FuklUyu .Ito", (lhe Lacky Dragon). The distance from ground
zero 10 lhe ship ,,"s onh 190 km al the lime of e~plosion. Stal'1ing aboul 3.5 h
after lhe explosion. "hite ashes began 10 fallon lhe vessel and oontinued fer
S"Y'Oral hours, The ere'" fell sick. returned 10 lheir home pon and "ere
subsequently hospilalized wilh acule radiallon 'yndromes In Tokyo. Early
mea,uremenl dala indicaled a specific acli'ily of up 10 4~ 10'0 Bq g 1 in lhe
coral reef "shes lhal rell on lh. ship (K umalo.i £1 01.. 1980). Estimates of lhe
re$uhing e"em"l doses for individual members of lhe ct'(w mnsed from 2 10 7
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Gy for Iwo ".-eeks. High skin comamina'ions w..~ found on unprote<"1ed pans
oflh~ body Thyroid dOS<"i from inhaled and inge<ted "'I. "'I. and "'I we~
~stimated from measuremem. af'er re,urn The imernal comribu,;on w,,, in
the ran~ from 0.8 '0 4.5 Gy Sin"" mosl of 'he do'" U'a, deli'ered by 'hort_
li"ed fission produc's. aeu'e effecls. such as prodromal syndrome (faUI\I1<'.
headache. nau..,a. 'omi'ing. diarrhoea. anorexia). conjuncti'i'i,••kin Iesiono.
and epilJlion occurred, Haemawlogical changes were .,amined from 16
March and w.rc oompatibl. wi'h ,h. abo". d"'" e<,im~'e<. One fisherman died
a fe\\ monlhs af'er exposure. probably d"" '0 serum hepali'i. contrac,ed in the
course of numerOU' blood tran,fusions (Kumalon "al.. 1980). EuminJlions
of ,perma,opoiesi, showed a drastic decrea.., in the number of .perma'ozoa in
all case< 'ha' Wcrt exammed. Reco"cry ,ook up 10 2; Thirty_s;x health;
children we~ born '0 Ihe cre\\ members in Ihe 13 ,. follow;nl\ Ihe incidence,
T\\o .pon,an~ousabonions and one stillbirth. all in Ihe period 1956 '0 !960.
were recorded (Ei..nblud. 1'19'1, Wilh Ihe """"p,ion of residues of .kin lesions
and sligh, di'tutbanCC'S of Ii,,, funClion in ",,.ral f"hermen, the long.term
follow -up .ho\\'ed that the health status of the cohort returned '0 normal.

7.3.-1 ,\o,'all UmIY'1

The near-field of No'-ay" Zemlya, the second oft"o major atmospheric bomb
'e<' ,Ltc> in ,h~ former LSSR. was ~,'acuated before th~ onl.Ct of 'he nuckar
leSls.: accordingly. no acute hu"",n radia'ion ~.posure, "~re IqX>rted from 'hi'
area. Howe"cr. ,he la'lle amoun,s of fiSsion product> relea>ed to the en,iron·
menl led to an el~va,ed deposition of "'Cs. ""sr. and oth<r longer lived radio­
nuclide< ;n '<rri'oties be)'ond fir N latitude. especiall) in Ihe Murmansk
pro';n"". the northwe'tern Russian d;stricts of '·enets\.. and Komi ASSR
(RamzaC\ "1.11.. 1993). The I"hen mnd""r human f<>Odchain caused internal
e'posure. in reindeer breed;n~ commun;,ie< up 10 10 mS, efT..,i,'e do," per
3.7x 10' Bq km '. Abou' 30000 person. in the far 'onh of Russi~ "ere
,hou~h, '0 eonsum~150 ~ of ,,,,,;<on per day. Ant>'her 300 000 persons in small
nOl'lh~rn communiUe< Still haw elC-<lted consump,ion ra,es compared w;,h cit~

dwellers, A maximum m~a.ured body burden of 1.8 x 10' Bq (5 1'0) cause< an
annual dose of 8 mS,· (RamlaC\ et al" 1993). Can""r death rales in the nati"e
popula,ion oflhe far north are quit~ high. For aU canccrs and for oesophagU>.
rates of 1~6 and 131 per 100 000)' , are reported. w'here ,he All-Union "al"",
are 125 and 6.9. respec,i'ely (Ramzac-'" al.. 1993). Ho"~'~r. I comparison of
'he cancer rate< in the differem rel\;ons of the far north .howed a negali'e
correlation "i'h "'Cs bodl burdens of teind..t and humans. ,h~ eastern
..gions YaXuua and Chuko'ka showing the lowes, ".c, ,~Iues but displaying
'he h;~he<' cancer rates (Ramza<"l eI al.• 1993). aima!~ SIresS and an unhealthy
food basket w.... shown to COrrelalO much better ""h el""ated oesophageal
cancer.
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13.5 AlISlra~a (:\laral~. Emu, MOIlle Bello Islands)

Operation, in,ohing onl) de'ices with yield, in the kiloton (kT) range took
place off the Monte Bello 1.land. in Western Australia. or at Emu Field or al
the Maralinga Ranie in Soulh Australia. The.. "'ere II separate detonation.
with total )ields at eacl1 "te of 100 kT (th= tests). 18 kT(two leSlS) and 61,5
kT (,."en tests) ..spen"el). In addition the", was an e~pe"mental pro­
gramme. mOStly at the \larating;, Range. wl1leh romprised a series of minor
lrials logelher "'ith dean-up operations. Thl> resulted in a long-term local
problem near ground·,ero sites from the dispersal of about 25 kg '''P" in the
rourse of small-scale e.,periments '" ith non.nudear explosion., In 'iew of tlle
10'" estimaled ma~imum indi,'idual doses of less than I mS". no 'isible health
efTttts a.. '0 be e~pee'ed. The resulting collttti' e dose for the entire Australian
population is estimated at 700 person-Sv and the"'fore only a fraClion from the
dose resulting from global fallout from atmo>pnern: testing in Australia (Wise
and Morone)'. 1992). Personnel from Ihe LK "'ere based at the Iastloca'ions
for the trials. and personnel responsible for the .".raf, tbat sampled radio­
actix'e cloud. from the e,plo,ions were based in Western Au'tralia

1.3.6 Maid... and Chri,tmu Islands., LK and L'S.\

Operations ""ith hillher )ield. took place at '\Ialden Island and Christmas
Island in the Paciflc. There were nine separate detonat'ons "'ith tOlal yields at
each site of 1.22 \lt (three tests) and 55.6 Mt (six tes"l rcspeetix'ely, N'o critical
exposures or health elTe.:ts to nati,'e inhabit an" "'ere reported.

7.3.1 Al~eria

Four fission tests. rontaining one of medium energy (67 kl) and Ihree of 10'"
en<til)' (3. 2. and 0., h. r('<peeti,·ely). m Ihe dcsen zone of sou'hwest ReWne
in the Algerian Sahara marked the beginning of the Frencl1 nuclear test.
programme. Ver)' Iinle infonnalion on dosimetric datil or local conlaminations
of agrn:uhural systems from Ih.... four tests has been published, It i. po..ible.
howe,·er. that beginnin~ "'lth some meaSurement of nldiont>ehdc concentr.·
tion.;n the atmosphere arisinll from personal .rehi'e, (Douf)'. 1960. 1961).
and from simple calcula"on. [0 prOC«d 10 SOme tentati"e dose re<;onSt",cI;on,
from "'hieh general tendencies can be deduced Out of the first four F..nch
tests only 'he first one n«<ls atlenlion. "'ith rJdiological consequences esli·
mated at few mS, to a ,mall number of people. Populations or a&ricu!tur.1
areaS possibl)' concerned "ere remOte enough from ground Uro or possible
fallout lrajectories,
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7.3.8 r",,,,,h Pol)'nesla (Faogalaura and .\1_01)

Moruroa and Fangalaufa. Ihe aloll. whe~ the French army performed 44
almO$phenc nudear le.<I from 1966 10 1974. are .ilualed in lhe Tuam<>1u
Gambier archipelago. "hich i' the larg«l and the mO$I ,pa""ly I"'PUlaled
archipelago in Polyne.ia. The Gamhier iolands. and alolh of the Tureia. lIao.
Tehkolo. Reao and ",ukuta'ake communes a~ Ie,. Iha" 500 km from
Moruroa. AII,h= aloll. are ";thin the 140" pan of the circle strelching from
easH<>ulheast 10 "orth-northea" of Moruroa, Hence lhe} are more likel} 10
ha'e been c<>nlamloaled by the nudear le'lS. which were optimized 10 preser'e
Papeete. 1250 km wesl-northw,"l from lhe leSt .ite

De \'athaire and Ie \"u (1996) studied o'erall and cancer monalily in French
Polyn.,ia beN...n 1984 and 1992 gi"ing ,pecial alle"tion 10 I"'....,bl} e~posed

and non-<:.<pose<l c<>mmunitic> in the Tuamolu Gambier archipelago. In lhe
>lud} period 8217 dealhs w'ere regj"ered in a mainly ]l.laori population of
about 160000. The ag..".ndardl2ed .nnual morralil) rate wa' 1098 and 769
per 100000 for male. and females. respec1i"ell. A large fraction of cause of
dealh """ poorly specified. ran~ng from 21% in the Societ} i,land. (0 62"/. tn
lhe Tuamotu· Gambier archipelago, A lotal of 1222 cancer death. "..~ ~gis­

lered. leading 10 an annual dealh rale of 167 and 131 per 100 000 for males and
females. respecti'·e!y. Female cancer mortalit;- rates "cre abo"e average in the
Tuamolu Gambier regjon. The "-'= wa. due to <'ancers of the digest"e
Ita<:l. lung. genital organs. and breast cancer, A c<>mparison or rates bet"een
possibl;- e,posed and non....'posed communilies in lhe Tuamolu Gambier
archipel.go yielded no indieation. of an increase in Ihose island' and aloll.
located Ie" than 500 km from M"ruroa. !kcau,"" "f lhe small populali"n
inyol,..d (11 000 persons). lhe I"''''er "r lhi' c<>mpari"," i' 'ery 1"". Cancer
rales in Fre""h Polynesia. am"ng Maoris ;n Ne" Lealand and HaWaIians ;0
Hawaii "ere found 10 be quile 'imilar. H,,"'..er. morralit;- due I" lung and
diges'i,.. tracl cancers far bolh sexes and 10 pr""... cancer for male' was
lower. "here.. death rates amibuled 10 oral ea"it;- and bladder cancers in men
and 10 lh;-wid cancer in fenule. Wert higher in French Pol}'nes; •.

In Jul} 1996 a call<Xr incidence study "'a, Slarted b} unil 351 "rlhe French
'\ational [nst;lu,e "f Heallh and Medi(:al R=.n:h.

7..3.9 I.ob "or. China

The Chin= test site in L"b I\or. Sinkiang. weslem China. expeneneed n 'es"
"ilh a total yIeld "f n MI. h seem, Ihal lhanks 10 a Iale .tan "f lhe nuclear
,es,ing pwgramme iu 1964. 'he Ihreal "fexposure to local populati"n, waS well
known and properly taken into c"n.iderati"n. Fi,e 'mall (0.02 Ml each) and a
larger lesl of 0.3 M\ "ere del"naled on lhe 'urfa,·e. Only limited informali"" i'
a,·.ilable "n local depos;l;on f"l1owinglhe leslS, A'lIilable ;nf"rmalion on
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unshielded external expo,u~ in the range up to OJ mGy (Zheng tI a/" 1996).
on imernal doses. from ""sr and "'I (<2.S mS, lh;roid d= and <0.13 mS,
eIT""ti"e dose). indiea'e thaI cumulati"e err""ti"e and thyroid gland dose' "'ere
generally 100 10" to produce ,ignificant health eIT""t'. Eslimate, of e.nernal
doses in a~as 400 '0 goo km do"nwind from the test site in Gaoso Pro'ince
ranged from 0.02 to 0, II mS,. with an a\Crage of 0.04 mSv. \\'h<'lher 'mall
nomadie local oommunities. for e,ampIe those depending hea"il}' on dairy
product' from ,parsell ,'egetated area'. might ha"e ,urpasse<! the abo,'e "alues
remains to be elucidated

7.3,10 Ol~r Siles

Addilional test 'ites "ith Intle or no open literature on local oontaminalion'
indude'

I lhe firsl US teSt on 16 July 1945 'n New M"i"o;
2. Four US test, in Ihe Pacific Ocean. including t"'o unde....·aler explnsions;
J. lhre<: US high ahilUde rocke' leslS in the A,lan'ic (Jgo to SO"S):
4 a large number of LS rockel and air drop tests near Johnston and

Christmas ['land>:
S. two USSR 1...10 near Totsk. Aralsk.

Although media repon, from un"erified sour= indicale addilional secrel
small atmospheric bomb le,ls outsiM lbe areas considered in lhe prettdmg
se<"tion.. no local contaminations and therefore no local ",posures and health
eITecl' are kno"n. Claim, on lhe explosion of a dO' ice during milita') exerri",.
in the fonner USSR and On an 1''''e1i/South Afri<:an test in the Southern
Indian Ocean belong 10 Ihi, category

7.3.11 Tesl Participants

Personnel ;",'ol,'ed in "'ttmg up and naluallng the e.<plnsions wert subjec, '0
e.<ternal e.'po'ures and oontarninatiom. especially in lhe early le,I" )'Iililal')'
unil' and ships belonging to the navy were sometimes do'" 10 explnsio",... il
waS their duty to secure the 'iles. but somelime, allO quite simply because of
the immen'" intere'l caused It} the earl}' to>\>, Lillie is known .bout do'"
recordings from the earliest bombs. Especiall) in the oourse of Ihese lest,. it
ha' \0 be assumed 'hal 10 all aITected nat,on, a cons,derable number of t",h.
nical personnel, mililary ,.",'icemen and oth.rs were exposed 10 '"ariou, 10\ els
of r~dialion. There are • f.,. .Iudy groups. for ,.-hi<:h declassified matena] is
a,.ilable. Assessment' of exposures and (}f health 'talU.-in comparilOn to
national slatistics-were publisj,ed in Ihe open hlerature in lhe ..~'" of British
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and LS (johnson" a/.. 1996) IOSI participanl'. o",pile the considerable
inte=t and media c,,"erage in Ihe UK and USA for lh,s lopic. individual
do"" are generally belo" Ihose experieneed by the most affected civilians,
Info=ation on the Chinese. Fmoeh and fonner LSSR experi= is not
a"ilable al thi, time

7.3.11,1 Brilish Te'l ParticijX1n1.

(her 27000 persons too. part m Ih. UK tosts: the Iarges, proportion of men
(39,S ,,) came from lhe Royal Air Force (RAF). "ith rather .maller propor­
tions from Ihe Royal "a,,> (R~). and the Anny (29,5 ,and 27.1%, =pee_
ti"ely). Les. than 4'10 of the men were ci,'ilian•. Onl; a m,nor;ty of test
participants (11.2"") were ~alional !k"~n and t"o_third' of Ihese "'ere in
Ihe Ann)', (h'..-a11. about one man in ",'-en ",I> an offic<:r (here ci"ilian' of
social dass 1 are included with officers). The ratio of offitt... to other ranks
"',IS about one 10 ten in the R'\; and Ihe Ann; bUI about one to l"'e in lhe
RA!" The operations that took place at the Monte Bello Islands chien)
in""hed Ihe RN. The R:" also suppbed almost half the personnel for Opera·
tion Grapple. For operations at the Marahnga Range. and al>o for Ihe laler
operations al Christma. Island. the RAF .upphed the large" number of men.
The Ann,. pro,ided 'upport ,n all test location,. The proportion of ,isi" that
"-ere made by AWE (Atomic \\'eapon, Eslabhshmentl personnel "'as .mall at
all operations excepl Totem at Emu Field. About thrtt·quarters of ,est
participant. were in"ol"ed in onll a .ing!e operation. but a f"" participated in
as man; as eight. Chilian, tended to be in"oh'ed in more t.'15 (average Ofll'o
per man) than "'''icemen (a'erage of 1.3 per man),

A large analysi' of the health 'latu, of the t." part~ipants ha, bttn
publi,hed (Darby. el al" (993). "'hieh in"ol,ed comparing Ihe monality and
,ncidence of canccr 10 2135S men who took part in Ihe tesl' wi'h those in
22 333 controls and followed up 10 1991. In the period more than 10 y afler
initial test pan;';ipation. mona lit) was found to be low oompared with tha'
",peeted from national rates botb for all neoplasm, and for all other cau... of
death (SMRs of 0,&4 and 0,82. respecti,..ly). and rate< in ItSt participants and
control. "ere "ery similar (RR = 0.97, 90'/. Cl 0.91. 1,04 for incidence of all
neoplasm, and RR = 1.02.90' CIO.96. 1.08 for mortaht} from all causes of
death other than neopla,ms). Rale. "ere also eumined for leukaemia and 26
other types of cancer. and for 15 Olher "'uses of death. It i. concluded that
pan~ipation in the nuclear ,,"apon ttSling programmes has not bad a
detectable eITect on tbe participants' e'pe<:tation of life. or On their ri.k of
de'eloping cancer or other fatal diseases. The ,ugge'tion from a previou, study
that panicJpanl> may ha'e e,perieneed .mall hazards of leukaemia and
multiple m~.loma ",'as nOI supported by' further follo,,·up. and 'he ew.., ...
obsencci pre'iously are h'.ly to have been a chance 6nding. although Ihe
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pos>ibility \ha\ttst participation may hal'e caused a .mall ri.k of leukaemia In

the early years after the tesl, cannot bo complelely rulod out.
The total colloct"c ~amma dose =ordod fo' tesl participant' in the study

".-as 17 pencn-S' , The largesl contrihUl;on "a, for Operal;on Grapple Z. for
"hi<:h a collttli'e dose of 3.8 perwn·S,' waS O'timaled.

7,3,1l,2 L'S Ser"iu"",,, <I"d lI""lher ObMne'J

Operation CROSSROADS (Ihc fim t"'o le,t, in Ihe Marshall bland' and the
",,,rid', fourth and fifth atomic explosion,) "ere conducled at Bikini Atoll in
1946, 0,,,," 40000 LS mil nary ""'icemen "'ere o"'c,,'ers and participant',
Some "M""",,,n boarded ,hips soon afler the t...... washed 'adina";"'ly from
the dock$ and e<:>mpletod "ariou. la,k! and e,perimenlS, Only in 1985 Ihe
Con8ress of lhe United Stairs orde'ed epidemiol"gi<;al stud,.... ~1"rtaht;

experience of lhose .."icemen "''liS e"I1","od hylhe US Nat;"nal Research
Council (Johnson r, al.. 1996) by romp'lnson ,,·;th a sim,la, roh"rt "f non­
participatinS 'ele,ans, AII-<:.au,," mortalil; of the participanl' wa, >!ighl1;
increased O"er non.panicipants by 5% (p < 0.001). Smaller incrca,,"s in pani­
cipant mortality for all mali,nanci.. (1.4',.. p" 0.26) or leukemia (2"" p" 0.9)
we.. nol 'talislicall; significant. In Ihe a"'cnee of indi"idu.al d""". actin"cs
,,,,,h as _rdmg largot ,h,p' aft"" lhe te" "'"e taken a, a surro!!"te of
e,po,ure, The slight increa,," in monalily remained 'Iable acr"" the.. groups,
Therefore.;t was concluded Ihal these resul1> do not support a hYPOlhcsi, that
radiation had increased canoer mortalit; o'er Ihal of non-participants
(J"hnJ,On" al.. 1996).

T"'enly~ighl LS Arm; and Air Force "ealher obse"'ers we.. alTecled by
the Bra"o falioUI On Rongerik Atoll. E'-"C1lation n I" 28 h aflcr ooSCI of
fallout and decontaminalion procedures helped in keeping external d""" in Ibe
range of 330 10 430 mS,. Orsan doses from incorporated radionuclide' we..
eslimaled al 2.3 S, and I 15 Sv fo' the Ih;roid and Ihe lo",e, la,ge intestinal
waU. respec1i"ely-, '>0 ;nformalion on health consequences in lh;s e<:>hon ..
a'ailable atlhi.lune (SImon. 1997),

7.3.12 Global "~[IOS<lI1'>

Dose asses.menl. lsee Chapler 6) 'ho'" Ihal dose rales and annual doses from
"-capon, test fallout a"er<iged O"e' Ihe "odd's population alway, remaoned a
.mall f,acl;on. i.e. less Ihan 10%, of natural and ci' ilian anlhropogenic expo·
.u,.... Thus. possible health rish were and "ill al"'-..;, bo much too .malllo bo
discernible except in tbose localize<! population, di>cussed in ""rlier =lion,. A
comparison of Ihe col1oe1l"e rommilled effecti'c do,," to lhe "'",Id population
from fallout (about 3~ 10" person.Sv (USSCEAR. 1993») "'ilh othe' global
source:< of ionizinll radiation indicat.. Ihal Ihe 101al hy'polhelical ri.k 10 human
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h~~lth from ~tm<:J§pberic bomb Int. «1",,1, 111<>1 from 1.11' of p.ba1 c~po>um

10 ionizint ra(haliOd from aU odv:r ....r=. nu. cxcess C\pooun: and III
potMl"al clT.a. an: spread O'er lhousand. of yean; d"" 10 ,be imponanl
coo'nlxlnOll oflonJ-~,<d '''C, llolnl an ICRP canocr "'~ roefficient of5 " 10 '
S, and a••"m;nl a linear dolt dTCCI n'ulliomlup do-II 10 annual doocs '" lbc
f1l1I#ofa f.... mS,. lbc JIobal btallhdTccu frem lbccollcct;'CCOf1ln"'lcddosc
from a\lD05.pbcric teStm, _auld rotl'm 11110 1-5 tif dum. O''tl' lbc ...xt
10000 l 111 '''''''' ollbc man1 uncm.amues ia'ohe.:l. lbc _llodom olilldl
pru;eetiou ;. ritl"ful!l d«pultd

A _-.ddl~~_, 0( lbc CfI"l'OIIJ1IoO"IW and bcaIth dTocu of
a\lD05.pbcric bomb taU _ill lI<>,c 10 be hued .... ,,,,Iodated local and l\:al>Ollll
<bt:ahasa.- Dttla..,6cation oflmpoflalU <;!ala " w>dcr -a1 in moot ara!l In
order to hannoniu 1M ra" <tall and 10 aRoo- poolinl!: of findIng! from ,ndl­
"'dWlI np<ricn=. indepc1>dc1ll aMCStll\<'ll" of tbe information a,,,,il:ablc an:
needed, In many ealeS. dala g;lthcn'd for strictll' m,llIa", pul'Jl'll't' \loiU lI<>,c
firslto be 'fan.formed. 10 be of u~ for l'IIdi<.xrolop;al modcllinl. Up unlllt""
prc'SC1l1. inlcrnational in"ol'cment ;n ,"" anal)";. and ,cmed,auon oflbe drr<:u
of almo.phene bomb '"1l is n,1 'n mOSI .mlC1ed a"''''. Gi,,,,, Ihc hith Ic\..l of
profnsionali>m ";Ihin Ihc IcamS ,n, 01, ed in .n a>pc<1> of a"nosphene bomb
Icm. Lnlcrcomparis<>ns "ill prob;obly nOI prodlK'C significanl corTeetion, 10

classificd or allcady a'''ilablc c\ alualion' of cn' iron menial and hcalth Cffr<:lS,
For cxamplc. a firsl int.rrompa,ilOn c~crc,s¢ Ixl"..,n 1\\0 RU'iSian inslLlutr,
and a ~rman institute to mCa-un' "'C•. "'Sr. and "'Pu in tit• ."""onm""l.
,ho\\cd linke 'arialion be,,,«n 11K: rrsults oblalllrd b} lb. dilT'n'nl labora.
torin, Thi. finding iland' in positi"c OOlllraSito 11K: ",perien~ of IAEA aftc'
Chornobll. "he", result< of ~~r ...................." from local Iabonnorict \lo'e",
IOmOlimn erralic. and g<:ncl'llll} 0' .mumaled the actual contamutalio!l

Health r=>rdJ. ..., auilablo ror ~"",n period. from """'" "r the alU$
alTocted b} atmospbonc: bomb tl1l> \llhtal) and political 50CfeCy ,ntrrrcred
"'lib health ...Ia,rd ...... rch. bu' tlv:~ IS no ,..'ldmtt of bin or tamperin. "'lib
pnmat') data. In line "'th diIT~rmt ck\elopmOD.t> of biom<dic::aIlIClCnCe> ,n
dilTnnlt ooun~ clau,lkanon scbcmct for m<dIcal d...ptO>n and po.~
differ lOCDCIimes bela«n lbc f<>rmcT Eut.", bloc: and W05Ien\ oountm F....
...rl) or:cwnng ""'P""S('i.. ,uclI ..I acutC dnertlllnilli< dToctt and In>tcmw.. a
q......tilati,~ pia..n: of llIdiau"....DddCCd cbIlD!", ill population ho:aJtb .....1
1la'''10 be~e.:l from .....a, aDd _ ....... _pkl<: data. As 111 tbe
cue of >horter-ln"Cd l'IIm".....,l>dQ. U» IoI:s of limo in a"",.-binl u..".
uDtOlnd tif""'U "ill d,m'n"b .be~ (or a ~"orthl and opr:n ,",al...
ation or 1lIdioIor;icaI~!> or tbe past
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Fifl}' y~ars af1~r Hlro<hima and Nagasaki and lh~ e-nsuing nllCl~ar arms race.
Ih~ open assessmenl of paSI. presenl and fUlure heallh rish from almospheril'
bomb leslS IS an Imponanl responslbiliw of Ihe global ocientific community.
Comid~rable ,ulf~ring "as crealed firsl by poor professional judgem~n.. bUI
lat~r also by secr«y, ncgle<:l, and a lack of rc.pomibilil}' by many in charg~ of
lh~ bomb lests, Table ".11 sums up critical health effects noticed in Ihe mOSI
b~a"ily exposed I'oups in Ib~ n~ar·fi~ld of almo,pb~ric lesl., or anlicipaled
from informalion on radiation dOS<'S e.,pcrienced d"" 10 radioacti' e douds and
falloul. Al lhis tim~. praclically all ~xp<>5ures of 'ignificance 10 indiyiduaTs
resKling in lbe near.field of atmospberil' bomb tc" sil" ba"e already been
recei'ed, Thu,. pr~'~ntion of addilional ~xposur~, i. now mainly restricted 10
ground-ttro .itcs, I'roj".:tions of hcaltb elfe<:t, based on dose as...SmCJ\t> wcre
,ubslanliated by acul~ radiation ~ffect' in th~ most highly ~xposed cohon•.
Since lhe: pot<ntially more Important StoehastlC ri'h. sucb as cancer or
b~redilarydisea.... ~xpressth~mseh·esonly' 'ears 1<1 decad.. aftcr e,posure. a
,'ahdalion of Ihe prediction. of Ihi. dass of damage can only result by long.
I~rm follow·up of Ih~ pot<ntiany aff«ted populations. and on a projection of
fUlu", ri.k, Table 7,12 gi"e, an o'e"'i~,,' of the most crilically affected popu­
lation,. Table 7.6 indicaled the first result, from some of lhe epldemiolopcal
studies of persons ~"po'>ed in lhe: near-field of Ih~ I..t•.

A pro,'isional aCCount of collecli,.. dOS<'S in population. greatly aff«ted by'
local falioul from atmo,pheril' bomh I~sts indicales up 10 40000 person-S' in
aboUI 100000 persom. Using UNSCEAR (U'\SCEAR. 1994) nsl< coeffi­
"ienls for high doselhigh dose ,die ~xpo,ur~., aboul 4000 excess case, of
radialion·indtK:ed d~ath may r~,ult from the.. ~,posures. Ba'>ed on pro,'i­
sional data from 'he former USSR. most of lhe ca.... ,,"ould occur a. a result
of exposures around $mlipalatinsk. These pTojections assume that a con­
siderable pan of eXt'''', morbidity and mortahty is .lill 10 be ..peri~nced in
coming decad... Ren~"ed elforls, mainly in '>() fac poorly as...sed "",al of
the form~r USSR. are needed 10 properly as..ss expo,ur~, and h~alth eff~c"

and 10 establish a sySlem of health care and compen"lion for lhose suffering
from lbe tests.

In addition to proJ"Cled health rish from e,posures 10 ion~ng radiation,
psychosocial SlresS ""ulling from fear. secl'e<:}' and poor information, may
ha'" had a negali"e influence on public heallh. To h~lp population. in coping
with som~lic and p,ychosom"lic effects of the 'lmospheric bomb tem. a
health care .yst~m ",jill ,peciahzed se,.,..icc, need. 'hould be set up in all
affecl"'" areas, Cancer dnd bil1h-defec1 regi"... are also needed so lhat all
informalion can be collected and mad~ a"ailable for analysi•. Risk assesSm~nlS

for radialion prote<:lion al the workplace. in medicine. and al home ha'e 10
rely predominantly on epidemiological dala from cohorts andlor e,'po.ure
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Table 7.l1 E\llmat~ on iIlTccted populauon, and co~ile doses.

T"l

BLkin (Br.ovo)

POpUI>t100 o.ar·fiol4
(> ~50 mS, <fTocti,.. dooo)

2~S (.<!and"'l
23 (Japan= fubrnnrn)
10000 {noa,-f,dd)
40000 {AI ..."
21-lOO UN panOtopant.l

Coli"",,,. do..
(por""n.S\j

,ro
roo

(20000)
(20000)

n

Ref...."'"

(£,..,,\>Ind. (997)
(Kumatori., a!.. 1'180)

silualion. quit. atypical for routine radia'ion prot«'ion. n,., mOSt ,mportant
data ..t covering the full range of age groups-tho su"iYors of the bombings
of Hiroshima and "ag.r.aki is the result of. SIngle r.diation flash lasting
only ,"""ondo, DilT....n"'" in .ff«to per Unil dose. be1\l-een ouch an instan·
taneou, exposure and chronic irradiation. were shown 10 be larg. "ith ...gard
to mOSt hiological endpoints in ."perimental o}stem,. bUl are diflkult to
transfer to humans, Hore. loc.1 e'pQ"5ures from .'m",phonc bomb tostS rna}'
potentially allo" impro' .menl of the human database in the direc1ion of more
relnant expo,ure ~ituatoun~ and rna} rontnbutc lu n~rruwing du"n
uncertainties for DDREFs for thc mo,t important organ> and ,it... in
radiation carcinogone,i" Pos,ibly important oonfuundcr<. such a~ cthnicit)
Icading to dilTerenl life<1;lcs. or different ~nelical1y determined .usceptibil·
iti.... may also be addrc>.><d,

In view of the larg' data sets alre.d}' pth.rod b; n.tion.l speciabSt,.
intern.tion.l collaoof1ltion 'hould f,rst oonc.ntrat. on the anal}'sis of a' ailable
data, Only aflOT a car.ful assessment of av.ilabl. mformotion on contami­
nations. doses and hoaloh dTocto it i' pos,iblo 10 procc«l towards additional
a~ti,itics for "alidation exercises and for supplementary efrons in dose
reconstruction and recordong and c1assiflCatton of health .1T«ts. Theoreti~all}'.

all important contribution, 10 the collecti,. do.. mal be reconstructed. bUl
co,t and lime constraint> will often pre\ent a full retrospecti,. asseS'iJnent,
Direc1 measurements lhat can be useful include falloul pauems of long-li,'ed
fission and ,cli"alion produc'~. thermoluminc>ccntt dosimet0' on toles .nd
bricks from buildings inhabited at the t,me. and modem biological and bie­
ph},.ical melhod•. sllCn as FISH (1luoreoccntt in ,i,u h)'bndi>at;on) for "able
chromosomal aberrations or ESR on toolh enamel or dentin .. an indicatQf
for indi'idual cumulali\C doses, loterna; exposures from ingested and inhaled
radionuclid.. are imporl.anl in some ca..... but difftcult 10 as"'" retrospe<:­
li'ely The Ie,'d of"'Sr may still be measured in aUlopsy ....mples. or directl}' in
hea"ily e"posed indi,idual,. as 'hown recentl,-, for polcnliall} imponant
contribulions from L.'1 I and "'Cs. onl}' ,ndl1«t me, hod' are feasible al this
lime
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8 Fallout Models-Past, Present and
Future

R. D.5.\U.LL

t, I 'L"CLEAR TESTS ..\"'D THE FIRST FAlLOlT \lODELS

\10il. of the eDerD' nJeaxd ~ a nudear aplooiga '" p*ttniootd amon, bIut.
'MrnW raWaUOll.. aDd df:ntom.,pwtll; cffeo:;u; tOfC'lho'r thO') account for all 1M
~ and many of 1M immtdlaU. CllfUl1lue.. Somo of the maJ} iU1IOC1awd
"nil Ibex .lTonl d'f('CIS .. m'C." cd 1ft dw fOl'mlJuon and Venuh of ",dioKU'~
paruclt5. AhbouJII fallout of '"dl plnicb <:Olllribut.. to immed..te cas\llll­
tie'<. " " a1s<J • 'lion' 'hal pl:l"lsts for um of l"'~n. In fact. (,llou1 11111
contlDues anorth< atmospMn.; 1m. conducted to} 'ho LSA. USSR, and LK
unul 1963. France until 19~" and ChllU' unul1980 (Do Goer. 19';U).

Despite the fact Iha' 0' er lime n..clear fallou1 can cause mo~<:a.<lLIJ\le. than
immcdiale dft;<;IS. permanentl} rolll.mm,'. large artas. and ..."i.1 for mIln)
lean. fallout model. formulated ,n lh. 19600 before ,h. dndopmut of modem
.upcrrompu,cf1 art ,till in U§t. AS .ulhors of thi, chapl" h" ... ,hown, .uch
oompo.ite model' can ..n'. "ell '0 as..$! ""me past C"cn" as long at the
c'-cntl arc rta,onably ,imilar to 'he model's data base and 'he mc,eorololl;cal
oondil;ons are nolloo different Thil is nol p<lII;bl. in aU ca.....; al often as nOI.
,..••pon and " ..a'her rondition; fall oU'lKk the emp,,"cal dala range. There an:
'''0 crilical ~mila,ions; 'he fi~t In''oh'e1 panicle lire" 'h in nllClear fin:balls.; the
>Orond. nllClear cloud d) um;"" and 'he ,n'eract'on "'Ib acIual ,,~,heT1)'lIoml,

Aeroool dynamICS an: ,rad,uonall) 1M "'uk po;nl In ,...apon ",,,,ir(>llmC1lI
"-ad"" Emphasis (and millions or dollars) on fin:b.111 and 'ranspon h)dfOo
d~ D.Ilmi<:5 hal led 1<1 ,ncrullnt!) IOphmicaled aD.llI~><$ and rooks, Wcal""l
RpIllo< acr<l$Ol rnt21l;b. ,bOUllh. bas Iauocl. A' pr=L DOOC of tbe: CIlrrml
models robuslly predicl rad>oa.cu>. plna size dlSlribu'ions.; aecura,cl, piT"
unoll !be: radJoani,n). or t\C1I ruSOl\llbly acroun' for~ controlhnl
Ibc: formation of plrticks;
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perspttli\c. howt,cr. there are criticallimitatioDs: nuclear aerowls are Iikel)'
lO pass through widdy \ .,ying thermodynamic "'llim", oUlside normal '''0",1
cn,;ron"",m" and. nudear a.ro<ol, are mulu>p«ios with m<:>rpl1olos;c. and
propcni<1 unlike nonn41 allnospheric aerosob. Each oomprorni~pecialll

;n high~n.l'i.v weapon e1\\;'OIImUI' .. profoundly ~<>CC1 solution fidehty
R=n1 de'-dopmont. in m;crophy.ic5, plume. cloud and ""calher cod'" hale
yet (0 be applie<l to nurle" fallout. Except in a rew select caSCs. appro,im.­
tion. thai "'we .=ptable for assessing fallout from hundreds or thoa>and' of
".apon, in a general exchange. fail "hcn pttC'slon is n«ded.

In tk 1950s .."eral modelle,.. noted that fallout depend. directly on the
partide sitt dIstribution ofradioaetl". panicle's. "hieh in lum <kpend, on Ihe ,ize
distribution of non·radioacti"e panicles as "'ell "' "apours or the bomb ca,in£.
~ntrained du't. and "ater (Stewart. 1956: Adam' el a/.. 196(l). Allhou£h 'he
microphysics proce$>e> att<>UD1;nll for panicle formal ion and Il"''''th "ere
rttOgnized. Ihe hiBb.resolution solution. for noclear doud ,wttp-up (du'l]
concentration•.•i,e dislribulio", a. ""en a. temperature. "elocity and turbul=
field. required 10 compl"e a firsl principle modd were beyond computer
capabilities at tbal time: tbey ha'e l>ccome a"ailable only in tbe la51 rev. y~ars.

The leehnical problern "ea.ily .ummarized: ~(IOO) kl of dUs' from ,.'eml
kilometre. around '''e burst are dra",n into. nuekar firem.1l 'ba' radiates
1\( 10)-N( 100) I" of thermal energy: added 10 that mix is 1':( 10) kl of "'ater. and
'\;(0.1) kt ohmoke. Ea.h oflhcsc materials has ;pee,al propen;", ,mo, mfluen<:<!
the vo....th or radioacli'C particle< and Ihe .ub>equcnt fallout cloud dynamic'S

In the mix of hundreds of kilolons of material added to I"e Dl><:lear fi...ball.
Ihe weapon add. rouPtly 100 kg or radioaCli'e material. The firsl ta,k of a
falioul model is 10 d~lcrm,ne how it form•. al'aches. grows '''rough diffUSion
processes aru:l coagulat., "ith otber panicles, The panition or radialion both
10 large and subln,.,.on j'>IIn,des and ,he tnteractlOns ",ith smoke. dull. and
"aler in the nudear doud determines immedial~. intermediate· and long-term
fallou' dose, No model does ,his.1 presem.
~ uckar cloud. a ... embedded in namral "eather sy stem, and deposition i,

either by ",nlinll of radioa"i"e panid.. Or episodic deposition by rain.
U ~ather comrol' depo>i,ion. but the... is an imponanl connection or feedback
"'ith Ihe nllele.r aerosol, Thc special physical and chern""al properties of 'he
nockar cloud d~lermine the pani'ion be"..en interstitial dry panicle< and
Ihose captured by' "'ater, Both inA...nce dcpo$l,ion and mos, importan,ly Ihe
,iming of rain f"rmalion. A Iinle earli.. and >om~ a...a. art .pared raUout,
,,'hile olher areas are hea'il}' dosed. The dell"'" tba' a nllelcar aerosol inAu_
en.,.. dq>o<ition de~d. on Ibe type of weather .ystem il is embedded in;
impaCIS for decp and s"alt"", con'''"ti,~ 'y'.um". "",,ull deposilion. urm.n area
dollds, and dl) ..tiling are differtm.

Smoke add. a large number "f submicron particle< that art lmostly)
nudeation centre< for "'at~r (PillOCk n "I" 1989). Should those panid..
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domin.t~. a nuckar fo! could fonn thu, del'j'ln! the rOnnll\lOn "f lar!e
particl.. (lhat fall"ut rapidly). Du't i. juS! lhe "ppo,ite. creating lar!e particles
that fallout rapIdly I~adlng t" hea"ly d"sffi rtgions. Al th~ "ther ~nd of lhe
'pcc1rum. high bursl h~igh" entrain lillie if an, marerial inw th~ nuclear
cloud; and submic,..,n radi""c",e parl~1es f"nn Ihal ..ule "cry .1""1).
reacbing Ihe ground monlh' "r 'ears lal~r

Moo~1 builders usffi nucl~ar lesl dala from alm",ph~r~ lesl programmes
conducle<l on lbr.., contin~nts in th~ 19605 w COn>truCI empIlI("I.m, lhal
prescriboc lhe ,i>.e distribution of radioactive pa"icl~" Thi' approach com­
pensated f'" limiled compule, power and lhe correspondin, poor resolUlion of
ftrtball hydrodynamic. solulion,. Several appro~ima .. mooel' W~rt developed
(Pilloc\; ., al.• 1989). The ad'"nta~ h~rt i' lhal rtal dala ace used m aSses,­
"",n": lhe glaring disad,anta~e i. lhal il i' HI) ri'k} 10 eXlrapolale Ihe
~mplrici.m, W other }'ield•. soil condilion'. urban lar!~Is. and meteorologies.

One to IWO orden of magnilude dilT.",,,,,,,, in falloUI oocurs depending on
.. h~lh~r lh~ parlicl~ 'ize distribulion (PSD) i. g"'~n bj' commonly used lo!­
normal. r lor r • di'tribution,. In facl. new micmph),ics mooel' (Small er "I,.
1m). now .ho.. lhallhere mal' n01 be a nalural dislribUlion Ihal hI! all bum
eondilion. and yield•. "'CI~rlhele<s. as lonil a, .. earher condil;"n, art 'imilar
lind lar!~l condilions malch tho.. in '~\--ada. Semipalal;n,k. '0\11,,, amlya
and the Pacific, the 1%0'. generation of mooel' prOlides rtasonable failoul
a......m~nt•. Th~ n~'l gen~ralion model. promi... fam;I~' o{ far mor~ "eT$lltile
mooel.

8" CREATIOI>.' Of RAl)IOACTIVE PARTICLES

Both immediate and long_renn fallout depend m"iall) on molecular and
.ubmicron scale ;nlera~tion•. Ther~ are other factors. ,uch a. height of burst.
>ield, bomb construction and lhe mass enlrained. lhal malter a greal deal. bu'
lhe Impemanl falioul ph~!ics occurs at a microscale. Th~ fasl fonnalion of
lar~ pan;e1es or conMnsalion of bomb ,..pours on lar~ en'raine<l parlicles
aCCOunl for immediat~ ~lTectS and falioul pallem, around and dO"1tw;nd of
largets. The "ery small part lei.. Ihose" 1 I,m ~an aC<:Ounl for one-half or
more "f Ih~ rad;oact;"ily and are rt,ponsible for falloUI long afier th~ burst.
Such part~les, Inilially lofie<l 'o high ahiludo>. are lh~ conllnuing global kgaq
of almosph~tic burst' (De G«r. 1994). MortOHr. il i. lhe lery small (sub­
micron) panICles lhat mOS' readily percolat~. "ia man}' pathway•. through Ihe
~n"ironm~nl. ";Ih a pen"';"e impact on buman health and ecological.ystem,
(Warner and Harrison. 1993)

The ~n~rgy balance' a,soc;a,e<l ";lh part~le ",olulion art comple.. and act
through lelescoping scale•. Th< balance of heat and work in lhe expanding
hr~bal1 regulales lh~ fonnal;on and growlh of pamele•. Part of lhe ftceball
thermal radialion 'lIponzes dusl lifled off the ilround b} mechanical (bla'l)



SUCLEAIt TEST EXPLOSIOI'S

forces and entrained mlO the rising fireball bi winds generaled b}' the decaiing
buoyancy. The 'aporize<! dust;' a SOUftt of potential ene.gy that is only
ftltascd as the "apou. nucleates and grOl'''' b~' condensation. From ~'erat

kilometres around the burst. as much as 10'10 lO't g of dust aft dra"n into
the fiftball: and o,er tens of=nds. 10" to 10" calories aft radialed from the
risilq! cloud, The e"olution of particles at molecular and mic.on seal.. is
shapffi by balances of kilotons of energ)' and mass, Fallout o"er continents
depends on the ",'olution of submicron panicles. The physics is entwine<! in
man) seales and the detailS are imponant,

The early nuclear cloud models crudel~' appro"mate<! the formation of
panicles. The £>SOl aft based on .weep-up formulation. and modified at coa"",
resolution eilher by <implistie microph)'sies formulations Ihat omit major
panicle interaction. or b~ empiricisms borrowed from natural cloud models
Neither approach faithfully accounts f"r all the interact,,,ns responsible for
panicle growth in nuclear douds. Funhermore. panicles smallcr than I jim are
usually neg.lecte<! enlirel~. This;' a crilicallla": <Itch panICles pia}' a major role
,n the f"rotati"n (If rad,oaCl,,'e panlcl... The consequence of appro,ru"ating
the microphys"" is e,lreme uncertainty in the calculate<! £>SD and. by
extel,.ion. low confidence in fallout predIction, or as-SCSSment "f radioacti'e
cloud•.

Panide f"'mation in noclear douds takes plac<: m a fasl thermodynamic
en"ironment, Not only do particles e"ol'e in Ihe rapidly cooling fireball. bUI
the) also quickly gro" during the "C1) fast rise '0 high stabiliZation altitudes,
There are many path" ",me particles form in the early seconds as the fireball
plasma cools and 'he gal con"ens initia11) '0 mole<'ular dusters and finally
afler ,uccessi"e "a"cs of condensation to multicomponent solid" other par_
tides grow by condensation on nuclei eTltralned by the rising cloud and by
coagulation, Ilc<:ause of Ihe large thermodynamic llradients any process can be
m'ClYd. Particles gm"n m one arta of the dOud can be e,'aporate<! or
'broken' apan in high-temperatuft regions. MOfC()\'Cr, "'il.•moke. or "'Janie
particles entrained b) the cloud ablate when suddenl) fluxed inlO tho ,onex
core, Such pr""",so, continue for tons "f second' after the burst,

The microph) sies is greatl) inllucn<::M by the am"unt ofC1ltfllined (s" ept-up)
material. A number of factors determine ho" much material is added. but il
mosd}' depends on Iho hetght of burst. CI05C to Ihe ground. rna.. equalt" one-­
third of the ""Capon ~ield is brought into the cloud' for hUBI heights greater
than 120 mlkt 'J,lonl) 'he bomb debris contributes to the microphysics.

The rising fireball also entrains low-Ie"el humid .ir and the ".-.ter 'apour
conden.... and freeze> in a highly sUrperiatU.. led on,'ironment during the fa'l
rise to high altnude, Stabilization in the stratosphere is not unusual The
nuclea, cloud wate. mlC.oph)'s"" rna) dIn'" conSiderably from natural cloud
pro<:e5SCS. The rise is at much higher ,""Iocit}. leading to greater supersatura­
tion and a much altered bala""" "f nucleati"n. condensation. and coagulation.
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\lN~(m<T. lh~ "~ry high panICle conttnlr;Uions CSlablish<d by incipienl par·
licle formalion. smole panici<'> added by immediale nuclear ~ and lhe
fireball processing ofenlrain<d dust pro'ide an excess of condrnsalion silcs for
lhe a,ailable moisture. In ,uch condilions il i' unli~el; Ihal normal cloud
paramelerizalions apply,

More lhan 0"" mal.rial "in"ol,ed in nLlelear cloud cakulalions; lhe radio­
acti'e bomb debri. (which d=~s "'ilh lime). entrained malerials s""h a. S,O,.
Alp,. smOK•. organic ground lllter. and waler. Particlcs may be eilher pure or
mix<d wilh "arying fraClions of Ihe primary maleriak Of sp«ial <o"""rn is lh.
"Of;-' 'mall rna" N(IOl~) of radioaetiw mat~rial (plu, neutron acti"ated
rnalerial) in a cloud wilh N 10" ~) of dUSI and olher malerial,. The radioaeti"e
rna" is negligible compared with Ihe entrained rna". bUI for fallout il is the
munin~ful quanlily, \lOre<>Hr. lhe radioacli"e malenal which i, lran'formed
from a plasma 10 a frozen "'lid can ser"e a, nuclei for olh~r condensin~ ""poUr>.
can itself .ondense on Olhe, parti.b. N can remam as a pure radionuclide.

The'" are se"eral proc-esse, p«uhar to nuclear cloud microph)'sics calcu­
lation" Radioacli"e d=) produces high..,nern ~Ieclrons and concentralion.
of ion p.ai"" lh~y rapidly recomb,ne bUI ne'..rthele.....n aeetlerate noclealion.
condensalion. eoagulalion and e"en the b...~kup of large agglomerat"', Tur­
bulence forced by lar~e 'hear and large temperalure gradients increases
coagula lion ralCS and m,,,,s lh. small amount of radioaCli"e malerial through­
out Ihe cloud. Ilecausc of lhe 'ef) la'1l' lemperature gradienls, lhermophoresis
is important near the ,'one" cor~, Despile lhe faCllhallh"'" and olher effecls
rna) occur only for a 'hort lim. and possibly only in a 'mall area of lhe fireball.
lhey rna)' be imp<,"anl in determining lhe formation and growlh of paniclcs
and lhe parlition of radioacti' il; aero" Ihe si'e di,lribulion.

l'ew models. enabled b~' Ihe ma"i"e increa.. in computing power. couple
high-re",lution bydrod;'namie ",Iulion, of lhe nuclear fireball Wilh ",Iution'
of rhe microph)'sics gencral dynamic equal;on (GDEl for multi.pecic. aerosol.
(Small n al.. 1994). The ne" hydrocode capabilllies provide lhe delail<d
thermody'namic (pres'urc and tempera lure) and 'docit} lurbulence maps
needed 10 'dri"c' a microph; 'ics calculalion of radioacti' e parlicle fOrnIalion
and ~roMh. Sueh cakulalion, accounting for tbe f,rot 10 60. following a
burst require .."cral hours of eRAY simulalion lime.

Solulion of lhe GDE doscribes lhe change in concentration of paniel", (n) of
sp«ios K b;' tho fundamental microphy,ics proce'se, of nuclealion. coagula_
lion. and condensation (e'... poration). ablalion and breaKUp:

-~ln·f,.1 f '.II)-S('.I) -1f'1\',1 R'.I;
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The integrals in the ODE represenlthe formalioD of panicles of 'olume '" by
00111"00 of omal1 panicles and depletion in Ihis size class by ooll"ion of
panicl<s of ",Iume ,. "i'h any other panicle. E, is" collection kernel ,h.t
pres<:ribeo celli.;on ra'" for differem (orcini'_ The rates "'late either t<l

,-.Iocity diffe= cau~ by <hear, tuthal.",•. Brownian motion. or dllT.ron,
>ClllinS ,-c1ocities. or 10 phoretic foree' due 10 gradients in temperature.
ro"",mrauon. or char",

The third term accounts for growth by conden"';on. g( ... tJ distinguishes
.,-apolll'ion and ablation. b<-cause solid panicks suddenly immc~;n a high·
temperature en,-ironment lose rna.. (independent of the dilTerence in 'apour
pres,uresj, The last 11>0 l.nn. are sou"", ood los, lenn•. Soul"ttS include
nucleation of panicles from supersaturate<! '-opour, e'o'aporation of com·
pon.nl(s) from mix«! pa11id... \ea"ing a pure I"'rtic\e. and breakup of "e.,
large pa11icl<'! bl aerodynamic or electric forces losS<'! <:an occur '" a resull of
condon$ation of "']lQur on pun; pa11id.... coagulauon of different spcci...
pa11icl.... and complete e,aporation of pa11icb

The GDE regulat... th. ,ompetition for 'apour and balan"", the "Ompetinll
microphysics procesS<'! ,u,h a, n""lealion. ablation. condensalion. e"apora·
tion. coagulation and bre"lup; it is sohNI in I"'l1icJ<, radius ,pace and thu,
seamJ...,ly meld' "ith dri'er model' pro,'iding the fireball-cloud thermo­
dynamic field. The GDE balan""s all the effects lOgClher. thereby apportionIng
pure and m;"«! panicles the correct gro"th, SoIUlions spc<:ifl' pal1icle ,oncen­
tration n"( •. ,) for each ,pecies (K) tra,led from the nuelea< plasma to
definuion of respIrable and deposited mdloacm e productS. The formulation "
nonlinear. under""oring that approximation, based on a ,imple superpo,ition
of efTects are bound to be incorr..:!.

The neU generation of fallout model' combining high.resolution fireball
n""lear <loud "'lutions with mteracti"e SOlution of the microphy,;c,; GDE and
ad"aoced <loud tran'port model' will prOlide superior a,ses,ment, of nuclear
"em, and impacts on en' ironment and human,.

83 WEATHER A\'O FALLOUT

In the troposphere. "cather dClermin... the fate of the radioacti'e parlicl... or
n""lear aerosol. Wind' and thermals ad,·cct. moi.ture """""gee< and precipi·
tatlon rain' <" ..a,h... aerosol' (falioul) from Ihe atmosphere, The influence i,
nOl Ctltirely one .. a}. ho.. e\Cr; aerosol, control cloud formation and thus
influene<c the radiation budge!. which in part dri\C, the wealher. and 100,1
importantly "hen... he", and how mu,h precipitation occu .... The feedbacl
i. ;mponanl and undel'><;ures 'he interacti'e oatun; of falloul pby.ic" The
interaaion of nuclear aerosols and weather is especially imponam because
depanun; from '""rmal' aer"""l properties me"n, thaI rainoul and "a,hout
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patterns a~ significan,ll chan~ed. lIe~, the influence of 'moke. dUSt. and
emr4ined water playa critical role

The path i' direct. Panide morphologl. =n1r<uion and m",t imponanIlI
ch,mllcal propenlCS detennme the probabilit), of nucleaung water. Multi,pecies
Inudear aerosol. d"'t. ""ter. salt. poll"tams) microphysics prOCCS>e> a'"
hlghl, ,-'Ompet";'~. "i'h 'he large" <o1"ble part>eles capt"rinB the a"ailable
moi""'" and mher particles ",maininB dry in imemitial air, Compared with
particles nudeatlng "ater, dr, panicle< ha,'e \'O'l')' 10" "a,hout ra'e<. If the
ntIClear panicle is soluble. fal1ou' can be high.

This simple physics accoun,ed for the highly non·unifonn deposition pal1em
of Chemoby] fallout (Warner and Harrison. 1993). Shallo" shon·li,ed con­
,cell" ,ylt<ms dcpoSlted much of th. "'C$I'''C, In small area, of S"eden.
Wale<. and Belarus (fallout near Gomel was 1500 Bq m 'I, Although the
updraft precIpitation pal1em "as ell""ti"e in roinont ond wa,hout of C•.
mtlCh of the interstitial radionllClide aerosol WIIS "emed through the 'op of the
,y-w:m. OIher hot SPOlS ncar hill 'ops resulted from incrccased deposition of
soluble radionuclides in feeder seeder doud system, fonned by orographic
enhancement. fallout of the dr} components "a, hemIspheric. but 10" do..
and innocuous (althouBh unneeded),

Fallout model, cur",ntl) approximat< the aero<ol "eather Interaction ",inB
con"entional doud microph),i",. Althouih such approaches can estimate
partide gro"th. "hich influences scullng ,peed. ,he) are poor predictors of
episodic rain or 'Cl"enginB bmh of "hich are important for accurale fallout
as..-ssments.

There are many ad'anta,es to using implicit enBin""ring fonnulallon. (,uch
as tho« based on Kes'ler (1 %9) 'lro: bulk par~m<lem.a"ons Of (mot<: rcccntlYf
on semi'peelral Bert) Reinhardt parameterizations (Chaumerliae and Ros..tt.
1989)1, They are keyed to ~a,ily ealcula'ed bulk mea,utcS of the aerosol: Ihe}
"ectlte rapidly. require ]inle storage and generaU) are simple '0 apply. The
detail i, often imp....,i\C. "ith some versions d..ermlnlllg 21 t}pes or fonn, of
particleo; all based on a f." 'bulk' parameters,

The onl) d,(ftcult,. " 'ha' mOSt of the ,im•. Ihe prescription. arc of ques·
tionable accuracy. The,. can be eorrecl in ",me ea«s_ eo;pecially' if the embed·
din~ "eather duplX;:ate> ,h. a".rage roOOilio", lhe empiricism was b~ilt for;
generall) 'hey are not. Comparisons at dillerent lime> and b) di(fe",nt groups
ha\C ,ho"n tha' d"'i"'ion\ from acrual condilion. can be quite larBe (Soong.
197~; Shiino, 198J: lee and Hong. 1987: Kogan. 1991). This is nor \urpri,ing
because a,'era8e "'~alh.r condition, are us"ally a poor ossump'ion poor for
doud predietion o'-er a target. .nd like"'i'" poor for predietion of winds and
rain in ,pecif", (bJoillcfield, targO!. or "aC"4Iion) area,.

Similarl). bulk microphysic> formulations ba<ed on uw'T(J!c~ ana,toI, (desp"e
Impl'C'S>lle pedtgree) poorl) approximate panicle ~rO"lh in 'non-a\Cra!'­
douds. cloud deYdopm.nt o".r urban areas. dt)' depo,ition. rainoul, ""shoul.
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0lXU1t deposition. not to mention chemical chang!"; e3.lliM bl panide ageing
and ",l~l);lily_ The I"".r 1$ <sp:<;;ally ....k'''m a. it control' an importanl
pathway for agent jnt'llratio" in terrestrial and aqualic '),I<rn, and thu.
influrn= lethal d"", and pcrsimnce (\Vamn and Ham",o, 1993),

Nudear aerosol' as a class impose additional ronmaints on USinll ",egular'
microphysics apprOXimdtlQns. because wartime a.rowl. arc nol regular almo­
.pheric aerosol•. The) h",. different concentrations. morphologi.... propcni«.
and b<ha,-. difT....nll) ,n th. a,mosph=.

Panicle concentration along with the size distribution is a key parameter in
all impl;,;;t .ystem,_ R",. PToctSS<'s such., growth by condensation and
coagulation are prescribed as long as concentrations and distribution, rca<­
onably reprt'SC"{ the emplTlcism. G...."ler corn:..ntralions that may lead 10 fOil
or marine layers ralher than a=ltra'M ~ro"lh of doud panicles (nOi all
doud. rain) gt'nerally a~ not well modellM. Similarly, engineering approxi­
mations ra~ly if ',11 all =ogn'tt d;rre~nt balances caus<<J bJ.' rapid changes in
SUpersalu,~lion (characteristic of high..ne,gy nuclear c1oud'l. Small n 01.
(1994) shOW'M lhal such rapid chang.. in nuclear aerosols Itad to ep,.o,ltc
nuc\ealion. fonn31ion of submicron panid.-s. and nen'ually mullimode .ize
di>lribulions. Depanu~ from average conditions may imply a con.idorable
uncenainty in lhe e,entu.1 size distribution and uhimate rainoUl. washout. Or
dry <Jeposilion or ,imply put, uncerlainty in lhe fallout. Moreo"er, such
uncenainti.. carry fONard and. for example. inll ...nce .,tim,,,.. of loxic
resu'pens>on.

Panicle morphology I> an important topic that remam, to be includod in
fallout models. Departures from spherical geometry lead 10 different gro"..h
rates for conden"lion or e,aporalion (saluration vapour pressur.. are lower)
and for coagulalion ("",s-socl;on. and aerodynamic prope"i." change). Both
processes control par"cit de,dopmonl and thus fallout ,'cloeily; coagula\lon
influence> in..loud growth as well ... capture by raindrop> or ".-ashout,
L:ncertainty in thos< quantili.. lranslal.. direclly 10 unttnain,y in the IOCalion
and iOlen!ity (dose) of fallout, Moreo'..r, uncertainty in chemical and physical
agenl properti.. impact> calculalion of infiltration and miwalion lhrough
"",",'ious surfaces and consequemly ecological impacts and decomamina'ion
requirements. Gro"lh ral.. for non·ideal particlt. is a CUrrent area of
emphasis in lhe aerosol community, and exten,ions of classical microphysics
lhN!)' could I:>e developed for non· spherical geometries

Cbemical and photic ageing are suilable for trealment in e.,pli";l firsl
prinCIple models bttauS( changes generally' Ottur in one .pee,.. and the
dynamics of multispeei.. intet'll<:lion. are ehangM. Trealmems tbal prescribe
pr<:>ces> ral" for noelealion. conden$lltion/e""po'~lion. and coagulallon based
on bulk parameters, such a.eoncentralion and sal~ralion ralios. have difficulty
mo<!if}'ing lh""" nH", to ~n""t chemical Or photic chango in s~rface properti",.
ln 'lICh eases, aCC\lt'll<:y and fidelily depend nol only on lhe microphysics
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cmpmoisrn (and predicting" h.,h" Ih~ 3erOS<ll is 'hielded bj douds.. exposed to

sunlight. ~IO.). bUI also on "bether Ih~ appropriate ph)"c, i, t>'''" i~luded.

Similar i"ues apply (0 chemital Pf"OCC'<Ses. ,uch a, ,urfa"" ageing lhal
ehanges particles' aflinil} louIe, (h,drophobic 10 hy drophi1icl. phas<: chang<'<
for ~I"",~n .. 'uch a, "'I (Ih= forms are po"ibl~ -gas<:ou,. particulate and
methyl). exchangeable form and solubIlity of eI"",enl; suoh a, '"c, and ""sr

An immediate jump in capabilily can be implemented for nuclear aerosols b)
including ne" explicit. muh"peci",. microphl"ic, capabililies "ilh current
"eather ('lochanK ordetermini'lic) algorithm,. Uncertaint>es of w;ing 'normal"
acrosol apprOXImation, for nudcar aerosol, WIll be eliminaled. More<>'~r.

explicit cakulalion of nuclear ,ize di<lribulion. propcni.... and chang", by
Chemical. phOlic and microph),ics proctSSC< ti.., in "ith and pro'ide' all lh~

right informalion for human and eco'j,tem impacl model',
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lW9161 .irdrop 5·",5 O.
l:m'JI61 .in!"'I' 'Z·"TS ~

~61 ..I'd"", ,,~ 1.2
011111161 .- "n •01110)'61 .'nl"'l' "'ST'S '"(W/I(VI,I .~~ S-,,-rs "04110/61 .;<drop "Z·"TS 1:100-1 000)

Ol'>IIMil ""''''1' '<Z· ...,5 -061111161 ,,' Ko".>t Yo. • \1TR
otIl(W;l ~~ 'Z8T5 "HilMi! -- s-,n , hn' So,,.. ,...... V·I utIdncround

,~

12110..,1 '''''rop "n "PII(W,I ..td"'fl S-"1'5 ..
19J1llI6J ..ro"'!' s-,rs ..,~
;>(O'llIIil .'nlfQ9 '<Z·'''5 ".lJllllr61

_.~

'~-'T5 ••1:1/I(Wi, ,,"~ "Z· ...TS "W,,,,,MIl .~~ "Z·'''5 W
,'1111161 .,td"", S-"T'S O.
17110161 ....loT .una« "z· ,-,s "l711(W;1 ,- KaP.,l y" U Fo", So,.,. 'PO«""~
171101<\) - Ka"....Y., 1.2
JOII0I61 "..1"'1' "z·"n .® H!JbetI yotlo:l s"........
)(\Illl161 ~~ S-" TS om
3111\1161 ";n:I"'1' ...Z· ...TS -J111M>] .il<l"'l' "z....rs I~IIOO

01111161 .itd"", <;.-:--n
"O:!J1l161 ."drop S·" TS ,.

02J1II~1 .irdrop "l· ...TS '"02111161 ~~ S-""TS ..
03111161 - s-,:rs <Q,001
OJ/1l161 "rdrop S-"TS ..
004111161 .inl"'l' S-'TS "(W/1l161 ..rdrop '<Z_'<TS I~ 1100
OWl1161 .,rd"", "Z·';TS •GClII161

~-
$.',:r5 "01JQ::M -" s.-" TS 0.001 •Ol.oJ8l62 ,,,,:I,,,!, s.-"rs 1.a

c.~ ,,,drop 5-"1"5 ,..-, ..rorop ssrs u
O~62 ,;,drop "zsrs liloo
0110816.l .-- S-"is ••1<W8I62 ,irorop "Z_"TS 1.10-1500,- ..rorop ,,~ "1IlO8l<>2 .,,- s.-"... ,.
~ 'iro",!, "zsrs -l'108I6.l "rorop ssrs • ,.
lMlSl61 "rorop '<Z· '<TS ,®
l.w111t>2 ...... ,",roc< '<ZSTS •1~ .,rorop S- ""1"5 ,
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,lM!J6, ..~ 5-ST5 1.l
,!<QSIo, .",1,,,,, l'>Z·'Ts 1-.10000
,~'6, ..I'll"", S-l'>,5 0001 •,,~

.uN"'" l'>l-l'>Ts CW
1l.m.'61 ..I'll"'!' S-l'>lS "JIK11162 .unl"", S-'lS "0210\1162 ..nI"", 'Z·'Ts •-," ..I'll"", I<Z·"5 ,m
1.\MI161 "N'"" SZ·'TS ".U~.'61 ..I'll"'!' l'Z,'Ts "OO
,-~ ~w l'z·;q'S "OO,- "w l'l-'Ts 1-'10000
21"7l62 ~w l'Z.'Ts ,~

12lO\li61 - s.-"5 0.11
'.wIll6' ";N'", s.-'TS "'.\MI16'

~".
s.-,Ts ,

11~IIi, .iN"", l'Z·'Ts 19100
,7~16, wdr." l'Z·'Ts ~IOOOO

l&WI61 ~w S-l'Ts U
OJ/IMi) ";N"", l>.Z·'Ts 'W
O\IIIMi, ",Nr." s.-,Ts •09>'IOY61 ~w I<z·...n "IOYIMi, ";N",,, s.-',n "IVIOIo, liNr." S-l'>lS "14IIOY6, ";N',,!, s.-,TS 0.001-10
lOYll>'6, ";'dr." $·,n ",UIOYol aWr." I<z·...n .w
l:llMl - Ks_.h' m
)".'lOYO) .~~ ,z·,n ~

l:SiIMil ";N"", s-,n ,..
l"ilM) - K._.h' m
,Sll0Y6, ."dr." S-'TS "lW1OY61 oil'll"", "Z·"T5 ~
JO/IOY6) ••• S-'TS U
JO/1Mi, ."drop NZSTS ,.
JlllMl l.inl"", S-l'>n "OI/lIlIi, ""drop S-...TS ,
OI/lIl1il - 'Z......I'S ,.
OI/lIlIil - K._., .. m
OJ/I 116) ."~ 'Z·'TS ~

OJ/I 1161 ~w "Z......rs "0111116, .;,drop >-n "(l4lllllil ~w S-l'>TS ••0111116) .- S-'TS ..
1I1\IIIi, .- s-,n ..,
l:Vllllil - S-'TS <'1001
14I1I1Ii1 ~w S-'TS "1'111161 ",Nrop S-'TS "!4I\llIil .- s-'n «1.00'
11>1116, .- SSTS O.OJ,
011\2161 ~w S-...TS ,.
IllIll!6) ";01"", 'Z8TS ,,.
181\).6) "Nrop 'z·,n •lOYl ::l61 - 'Z·'TS .,
1:11).,/;1 ";01"", 'Z.....TS .,
1)Il1'6: ~~ l'z·,n ••

ronlimJtJ a,~,ltaf
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~" T)'p< lA><>'"," EN.II)' (kl)

:JII~ ",~rop 'l·''TI; "1311;'.1<;1 .',drop 'Z_STS H
:_VI~ -- S-'TS ~oo,

1-111;'.1<;1 .- s.-'TS .~

:"'I~ - SSTS oms
1-1111161 .'rdrop 'l·'T'S "00
1-111;'.1<;1 .irdrop 'Z_''TS 14100
:YI~ ."d"'l' '1.·'TS "00
1}11~ .~~ 'l·'TS "



Glossary

\_. ri>l _ " ........ <ha' lbe - 1.. + aDCCr n<!: II _jaidua <Ii
'l'O"WlOOW "',. bul~ .~1 r-... allbe ~

\ ()uanlJt) of <D<IJ'~ r..... -=iIkm "'_ per __ <Ii
aboorl>ot Thr s.t _ """ Gra~ ~lIIIIocII 0,. I a, • l.;.....le per ks.

~ Sorio> otIS ckmotoU ..~ lilA of ttl< """""'" TaI...o .­
.1UDb<n II<J lactiIoi""" ... 1m 111... ......-1 _ad _h.ldi:n, arum. ..... 'br,-
_odooL l.od<rtioa of '-In,,) .......tII< ~, ~ '"",,,"lI<Ie.~ ~--
\<ti•.-,..-..: Rad""'....i>dt ........,0<1 b) ,"" mad..,...... or .....1lk Dudidt

\rt!.it1 Tb< lll\em>') 0< "fUlIIh of • ~"• ..,un:c: II>< ."",bcr or a,onu
dI>lD'C'J'lI""' per u";, limo and emi'''•• d<to<tobk ",dia'ion. ~rdles1lor_ttt ......
Tbt SI unit;' ,"" 1k>oqu<'<I. 'l"'tIoIlIq

I 8q = t disinl<l"""'" p<r iCOOTW

Th< ••rb.r unit ...., tho Curi<o J)",1)01 Ci

lCi=17~lO'·8q

,\<lhlt~ .....la. _lnomi< dl....'... fA \1,\ I»): 11>< di.m«<r of. """.d<n';,)- ,ph,,,
~·nh 'he same t""',"al ".,,!Lnl "IOCI!)- on.If •• ,!t>., "f 10. ",0001 pan"" ~h_

"""'Hl a,he rn<dia. for ,be onU" 0<f0S0l

"_,.i.,,, Lptak. of. >ub>l"""" b} ph)''''''1 or obcrrn.:.1 reiICl"'''' "" ,.... ....,.,..,1>1<
,urfacr of. iOIid or at. lioluMl ,nltrf_

A Solid or IiqWd part>o:lo$ -u"l'ft'dod I•• po.

\ rti<I<- 00IIllI} l'O'''''<Il~ pond<.... 'II••....- «lCIIfl"Oin. ''''0
I'ff''''''' J'/II>"'0 'ud dllnllJ ehe deal) of """'" ndian<;lwk

\1_ T1Io< smalIesl cf ~. 0lIIIl1l"Jl'lq • f""I"" D..d<uI ,,,," orbot,nl".,,-
\1-'< __ no. ....... 01 ... a'''''' • -tu_ <11 • .... <l<fm<d :u IlD< , .._ of ...
...... 01 tb< Dac:ka> of aD -.>p< ,'loo__ riC no. ..... of. oiDP: Of~
,Inn ,,",",.-.us 10 <Im. ...... lkolcr lht 01 ... """""" of OIl)~ ..
a~ <qui t<> til< _ ....,.,. <11~ >Dol ...""_ ...... D<Id<u"
'l",baI "'-



,t:CLEAR TEST EXPLOSJO'S

Il«quml: The 51 unit of radioacli'il}', 51mbol Bq

I llq ~ I di'i"l~""io" per oecood on .,'....ge

For multip.. OOilS ... Tab" io append...

Il<'a panidt; AD drnl<Tl'U) chorpl particl< <mitt«l duriui 'h< d<co) of man)

rodioi""opcs. Wh<o ,II< i",'op: is on the: ll<utron·rich ,Klo: of'lI< line: of Itahilit)_ til<
pattic.. i. th, fl<ga'i...I«l",n, If on the prOlOn·rich .id•. lh. pan",.. is of ideotic.l
mus .nd ch....g. but l'O'it" •. kno"n ., III< p,,,,,,,,n

8io1ocial <j.lio>t· Ge1t...1 ,<rot 00'01:rillJ biolopcalll·m<dia'<d tnoo,fo",",,;oo, aDd
path"'.)...

8~ blIlf-li1e- lb< ';m< io which a bioIo~;",,1 ')'''<l1I dimin.1l<> b) n.......J
proe«s<o hlllf 'lI< amouo, of. fOr<iiJI 'D"'tO""" tllat has en,<mI, Th;o dO<! nOt ine:ludc:
tho ,ponton«>us doco) of tho fo..,go 'UbslO""". ,,,,,h A' • nod;onudi<l<, for" hi<h ...
und.. "EfT«til" h.lf·lif."'.

8"'0' Th< non and faDoa of a Ii"en ropon,

C~ .....). A m<'hod of q>id<mio""icol Itutly cornparillJ the: backFoUDd oDd
lifM'l'l<> of «>nlirnl«l "">C< wi'" 'h"'" of d""'ll-«lmpanobk: <:OI:lttol sub./«" no,
h.Ilo; tll< 8"'.n 1I<.I,h probl.m.

C1u>,..-' The .1",.,«1 o"meric.1 inc""'"", of • gel'n morh>dll~ w"h," • d.hr><d
i«'i"0phlCOlore>..

Co<!f\cItoo1 of ,·aml". Th. 'lar>dord de",.llon di'i<l<d b)' lhe ,·.1.. of ,he pano....t,r
con»d<r<d.

Cohort: A FDUP of 'Dbj«-!, of ,II< sa 0' """rer)' (.ge sectOr. gelid". 'pecJf",
backFODlId, <tc.. a. "'ID"edl "ud progres,,,.l~ 0'''' limo

Cohort >Iud) Ep>d<Illjolo~ic.1 S1ud~ <omparin; "PD'O"'" '0 a 1Ii"'0 cohon "·;,h
morbKli'~ inc>denc<,

Col\tdh......, lb< prod"'" of'he"'=i< iDdi,·>J ....1d"", io 0 populo'i"" lP'0DP and of
,he >iz< of 'ha' popula';on .roup

("011«11>',,,,, _It_, Th, ;o1<gral ",-.r inhno< tim< of ,I>< colkctj,·< duO< not..
d<li,-.red '0 the "ork1", popula'ion .. a resDI, of a ;p<Citic pncticc: (io thlS ""... the
ouck", ..... pons l..t,l. Th. O<'D,I nodi.. ion "po'Ur<' ma~ OCCDr mer ffi3n) ~.ars aft..
th••'plo"on, h". tak.n place and ffi3) b< r=i,«I b~' iDdi,>Ju.1> nO' l'ot born at ,h.
timo of ,he .xplooioM

CoIIf<1;'. off<el"''''' Prodoct of 1110 "",an .IT,c"'. d"'" to a group or popula'ion
from a i,,-en "'oro< .nd ,b. numbo' of ir><li'iduals ,n the i'ODp. lb< unit i, ,he p<rson·
,",,<no (DoIin'''on ,n .gr-.<""n' "ith U~SCEAR. 1991.f

Commilt<4 OQu;'01..,16o><' I"«gr.' or oqoll.lont d.,..·..t< in a gi""" ti"n. or organ
0'« tim< follo"'n, .n ,nt.k, of radioact;" material. Dofini'ion in agl«ffien' ~;th

Europoon Union

COIlC<II'nol.... f....... Ralio of oI<ment Of o,",lido ,n • ,pecir", orpn or to.."" of ,he
OOo'u01<' 1o 'hot \n ~ ha' u. con'Dm<d. 0< '0 that on the m"iroomontlll rn<diDm
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Cllrit: The <arlicr nOD·SI uni' of rad~i"IY.<jmOOl C,

I Ci • 3,7 ' 10'· di.rn«gfOlion' per =d,

Oo.lll>tor' SlaNe or radioacth. "udid< 'esUhL"g from ,he decay' of. pal'<n' radio­
n""M., """""...... do".., a ohain of ndloacti,'i'y daulhlC"

O<eo) The "".,formation or. radion""hde, Ily I» ttl< <mi,,;,,n of radialion. Inlo
• IDOl'< ,toblc n""lide. I<>melnnes 'ia less-st mlOm>«J"" dmgl1'er'.

0«0) """".... Th.t fraclion of. iJ"n ;"",.1 numbe' of otom< ofo rod;oact;.." n""l.k
"h",h d<coy~ in uni' 'im<

0<e0)-<'<lt1'Kt<d f.I_. Mea,ur«! "",,"minotion CDIT<ct«l fOT ndioa<.1.i,,, d""") '0
Ii,,, .""i".. ot tim< of initiol folioUl

0«.) prod"": A nuclide, radio..oti'" or 'labl<, ",'ulling from 'he dceay of. radIO­
"""Iod., See unde1' "Dought.r"

1)ee",.llUnOlIoo: The ........1>1 or ',I<an-up' of nd">a,"'")

o.posi,loo ".Ioxl'}", The "t,o of th, """"ilY dcl'O'il<d 1'" uni' ,u<fae< 'rea I"r ...,ond
to lh. acti,,;ty 1'" unn I'Olurnc of .i,;" <00,,"<:1

O<t"",I";"1< hoal,~ tff«1 """"",,,,,It'Oli<: .{f«l'. Itu","n lleahlt COIl«<l'"'''''''' "'hose:
OCCu nce- .nd ..,'enlY are a d,= fUlKhon of rad,.""" dose. """""""" abo,••
'h hold.

Oi>in1<WOlioo: See 'Decaj'

0",\ Deox)'Tibonucki<: ocid, mJlcrornok<:ui<> in lho ",II n""leu. ""mini III 8!'n.,i<:
informa"on

1_, A jlenfflll term de"D1lJlI ,h. quan"ly of rod,alion or .nerlY absorbed I"r unit of
rna.., For .pocial purpose•. ;t mu" be .pprOpri.l.ly qualified, If unqu.llfied. it ref,,,, '0
.....rbed do«. The unit of.b<orbed dose usod in ,he ,rad,tion.l 'jot.m of nni.. i, lho
rod II rod· 100"'11 ').10 tho 51 ',;-stml ofuniu. lhe unit ohbsorbod d""" i'lhe Iraj
(G)'I, One Gj ~ 100 rad • 1 J ki'

l>o>< oomrni' ....., TIle ,ntelflll o,.r mfinil. 'ime of tho .{froi,. do;d doli,,,r«! 10 lh.
"mid'. popullllion by .pocilk ."n" or prac'ices (L~SCEAR 1993).

0..... rolt: AbKlrbed dose per unn lime

~)Sl"" An eo,'irorunrntal unn, inchxli.. all ~I<>-.nt phj";"'l f""IUrcs and oU I;,inll
oega""m, "hlCh [une1lon ""hi" iI,

[tf«'h. dos<: The sum of tho equi"alm' d""" in ,,11 ,i., ... and orpn. of ,h. bodj.
~',,~l<d I» lhei, rodi.,....sni"t) defined 1»' a Q""hlj F.Olor, The uni, i' the S....." .
•)mOOI 5,. ,,'hich Iince lh. Qualit) Foetor i, dirn<n>io<l...... can be defined in SI uni .., 1
S~." ~ I Joule: p<r l:iIolram.

•;tf«'h'. 1>011-1110' Th. lime in ~'hich 0 radion""l.k ..ithin • biololli<:al 'j"lml i, r«!nc«I
10 half It. acU\il) by lhe combin«l aclion of rodioooti,. Ikcay .nd bi<>lollicol
.limina'ion

[1«...., An .kmor".,)' porti<:k ~ i'k • uni' ....pl"••I«,n<al oha'll< ond 0 m... 11183:
lh., of lh" prolOn. E~rons .urroundlh. l""it;...I) char~ed """ku. and dot.nIIln. lhe
chmlical !'Topertieo of Ih. atom
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f.krno....o/t: A unit of (ll!Tg} equal 10 tht entf~ iillned b}. an *<:Iron accdmling
through. polen'ial difT<rm« of on< mit. S)'rnbol tV I tV ~ 1.6~ 10-" ..... For
mul'iple uoi" 5« apP<ndi,.

E_' Su.....no: rompri"", only otom> of til< <am< .,<>nOC numh<r.

Earioh"ltftl, "The pr=" of n'''.....uil\i ,be proponion or. <hoom '''''op< of.n ,"m<ol,

[pilo,."I: 1.<>.. of half

t:.q..i'.... _,"The prod"" of 11>0 absorbed d_ in ,II< ,i"L>< <:oo>i<krcd and of the
.ad..tion u'gOtinS factor of 'he .-.d,.,ion lhal <lOu"" tllo absorbed d.,... Becan\< lh.
rodiotion w"ighting f,,,,or i, di ....n'OQo ..... tbe uni, for eqn".lenl d"'" i' ,h" ",me as
,hat for .!»orbed do><. J k~"_ Ho".,,,r, the uni, for «lui,-.I"n, dose ha, a ;pocJal
nam<: ,I>< ,"""n (sq. Sincr tile ",di.,ion. 'ha' Of< roruid<m1 in thi> f'<J'On are til< b<u
and pmma rad..,>on. for" h"h ll>e ,...h."oo "tiih"llJ faClor> .... la.... '0 be equal '0
Oil<. til< numericol "In< of ,It. equin"'n' d""" <;';rn.o,<d in tit" !"OJ'On. e>pf'OSSOd '0
'i.-'em (!>e "me., ,It= of ,II<: .b:IorM dooe;.. «pr«;ed in ,ray'.

EJ.-.. ,A me..u.. of'b. ;onl"''''''' lJ<'!l.... l<d b) pmmo 0' X·rodiati"". 11>: SI urnt
of..posu.. iolho coulomb por k,logram. C k. '. TIl< ...rlie, "nol . ....,. rn pla<n iII th"
r<pOrt. i, tho R""nlS"o. ')'mbol R. d<finod ., 1 ., •.u. of ion' of <ach .;gn 1I<o<,ale<l PO'
em' of oir .. ntp.

I R • Sl.S .... a"""bod per .rom of oir .. otp

ft<nc<: I R • 1,~ " 10 '""ulom!» PO' kilol:rom

and I R ~ 8.73 " 10 'Groy

I Groy ••pproumol<l) II S RO<ntlJ<'!l.

b,....,... rout<: n.: path;» by ..hieh " rodi""""bdo irndiat<S a hi<><>Jica1 ,)'''om.
Tho mam homoo ",,,m.1 <>posu... rout...... ,od,,,i,,,, ffOm a cloud 0' a ifOund
d.posit, Tho m.io iot.rnal "posur< routes at. br inhalotion. ingstion. "bso'btion
throui/t.kin 0' ontf) throu;h cut Or .."uod

ut......l _' Dos< f'om >oufO<S of ;oni.>ml: tadiati"" I",,"tod ,,""id< tho bod)

Fallout: Tho radioa<ti'. dohn, from a o""kllr d.tonation <l<positod on tho 1IfO"nd from
"n ."bom. <loud, Can b< !<><:al. "8i<>n.1 Of global

tl,;o;;ooo, Th< ",''''o<'II<''C b,..l-up of ,II< o""ku, of .0 otom 'nto t..,o or mo... """lie-!"
0""1<i. It ....y b< 'poOlao,ou, or foil",. tho ab>orbtioo of ao 'm<'lI"tic partick. "'"all)
a o.ulfoo. ',1:.

'''U ~ 'n = "Mo ~ '''u + 2'n + 200 M.V

F;",ioft y-kld: Tho p«<O<ot'J< of fi"ion. loadins to a particular nud"k h) dirKt
forma"oo or by doe.), of pr<ru""n

r_ pr......., Nudi<!<> IraJioo<1i,.. or 'tabk) multin. from li«ion. difC<1I)' 0' b) tho
,uMoqurnt <!«<Iy of p"....r:- fiss,on f"Jffi<1lU

F...Joo, Tho formi01l ofa <.LOllk otomic """Iou. from t~'o liiht o""ki. ~'ith tho r<h>< of
rn"i)' ',S·

'H ~ 'ft = 'He + '0 + 1",6 'I.V



GLOSSARY '"
Gomma rodi ..i",,: Photon of hillh-<:nOCiY eleclromagn<1k "d'"tIOn (w"elenilth of 1<>.
th.n 0.01 nm) emitted ,n some ..d,o.oeti\< dec.), proc<sse> and eau.i"il ioni,.,ion,

e-tk eff...." Viahk mutanlS of g<1lotne. that can be tra",m",«1 from parent to
off;pronll,

Gro)" The unit of absorbed dose in rhe Sl .)'tem. ,)'mbol <". I G)' = I Joule per kilo

H.II·lik Time 00 wh.,h half the nuclei of a iliyen rad>oi",'ope dos,ntegrale,

Heal'h do"imen1' An e"tmate of ,he red"",oon of ien~th and quah')' of life d'er
npo<ure 10 IOnosmg radial'on,

Health r<\lNr) A d>ta base for morbid"l' and mortalitl' ral'" ,n cohorts or popu·
lation>

Hot panicle>: Radioacti"e fallout panick< of. fe'" nticron, or k<o in d,mension' but
"i'h ae,i"i,ies up 10 ",,·e,.1 oroe" 01 magnmide htgll., tho" the grnerality of faUou,

loci<l<-na: FroqurnC)' of O'·ents. q'. ,h. de"olopm<nr of ea""r in a popul.""n.

100etnal d_ Dose 1o mternal org.n, and ,i"".. from ..dioaeti,·ity in'ido rhe Ixid)

loni..,ion: Tho addinll or ",mes-ing of el«:1ron(,) from a n,utr.1 .tom or molecule '0
fono.n ion,

lmodi.,ion: hpo,u", of rna".r to ioni'ing radiation

botope: :-Iuclide of. iliyen chemical element ",hich "hil, ha"inil 'he ..me number of
proton,. Z. in i" nudou' ha, a diITo",or number ofneu"on" N. ond hene< a diITeren'
.torni< m.... A

Laathamd..: A "'00 of 15 elml<o" in Group lJIA of the Periodic Table wi'h atomic
numbe" 57 (!.lnth.nurn) '0 71 flu"'i"m). Also know·n.; lhe 'ra" earlh,·.

LeaehiOll: Remo",1 of 'he ",Iobk componen, of. poro'" 'ohd by ,he pe~1ion of
warer

~la.. number: Total number of proton. plu, neutron, in th, oocleu, of '!livrn .,om
Symbol A.

~1"1<ul1e: Tl>e "".11es1 pathcle of. compound capable of ind'pend'nt existence white
re"ioin~ it< chem","1 properoi"

'",u,,1 nldlali.... , l"ni'IUg ,"d.."on In tbe ","ronment from naturall~.occ"mng

....dioacti,·e ekmeo" .od cosmic ray'. In the oon.ioni,io~ con'e,,'. infra·rOO. ultr.·
violet. solar. et<,

.,..." ....: L:nch.'ged elem,nt." panicle of .ppwxim.t<I~ unit atomic rna..

,"",..".. The """Ii',ll ..;hariled Cor. of 'n .tom. oornpo,ed 10 pro,on, and """'ron,

'"dide: The i""ope' of.1I dements. each char'<.1erized b~' its nomber of proton•• l,
ond the ,urn of it> proton, "nd n,ulron" A. (Some"me'. in .ddition. b)' Il>e enerill ""e
of th, """leu,.) A di"in'" "uclide. '"'' ,f 0" "nst.ble ''''rn<r. mu,t be capable of
e"i"i,,!, for. mcasureabk "rn<

P.re"t rodl""""lidr: A 'adion""h<Je .ltich yi,ld'. daughter noclide on dos,nteg,""o"

I'e"""""'''"' A unit of 0011...."" dose oblam.,j by rnul"plyiog lhe a"eragt eITel:lh"
""oi,·.I.nt dose by 'he numbe' of people c"posed,



"" '<UCLEAR TEST EXPLOSIO'lS

Plo~shart: Name giytn to nudear lests carried Ou[ on the USA thaI wm: intended fOf
",-ilion purpost<

Plutonium; A tran,unmi<: chemical <lcm<nl of the actinid. ><ri<. In O,..,up IliA of til.
PerIOdIC Tobl<:, .,om" numb., 94

1'101"": PO"U'eI)~harge<l.I.m<" ..r) parlicl. of appro.imalely unit alOm., rna",_

Qw.lit) be'.,: Fo",or to "k. account oflr.. d'tT....n' dogr= of dam'it to Ii,,"", and
o'iOn. by different t) p<' and en"gie, of r.d,.tion

Rod; hrlicr non·S] unit of absorbed dose_ I r.d ~ 100 <If g , = 0.01 J kg l = O.QI
Gray

Rodi<>oc(l,. den) Spontane<>us disin<ell1.lion of ,he n",,!<u' of a rad,onuchd<

Ruiooetl,-. «Iui1ib<wm. The ..tabl"hmenl of • radionucli<l. p"rent-<laui!ltcr <qu"
librium in which the a<tiHt) of the daughter i, ...cll) "1"",1 to ,hal oftb< parent

R.diMcti.-ity; Emi"ion of particles or <I"ctromapletic radialion from 10< nude' of
un'tabk: .'oms in ,belT "<empts 10 ott.in ''''bili'y

R.d_I0It,., The stud) of ,he In"ohement, uS< Of <:<>n""luern:c, of radi<>oeti,'it)· 10
",ologlCal 'J'''''''',
R.di dld<, An un"able "udid. "'h",h '10'" ""org, (Il"mmo "')'S) or el"",,>< c~.rge

(be y.•) or mallor (.Iph. pafl"'lc» in order '0 .".in ~...ator ".bili'y. ..,m<tim•• "ia
o eh.," of ....·".ble dou~h"".

R.illOUfc The remo,-.I of .orosol. fwm ,he .'m"'phore by rain

Rola'''' ,;,k Assume' ,ho, radiotion-indl.l<N con,,,:r ri'k j, p,oponion.1 to
,pontaneou, ..", i.e. i""'''''03 con,id.rablj "'l\h age; fin "" for 110M tumours in
,he 'U"'''OfS of H;'o,himaN.gasak; Gui" .....11

R.... , £orli.r non·SI unit of ~ui".len' ....dia';on do... Th<: prod"", of ,he obso'bed
do><: in rod••nd 'hc Qwdi" F.OIo, of 'hc radiation. I rem. O.DI sic,..,".

R I.<tor' Th. ratio of ,he ",,,,,,,nu,,,ion roOlo, of. l1ldion""hdo ;n air '0 'hc
ground ,urface "'n,"mma"on from "h",h the ''''borne 'OIL'l1y .,,""',

Ri;k _111<1«>,. TI>e """,t,,,ol probab,li,y ,hat. port",ol .. st""ha"", .ffeet ",II occor
p<' uni' do.." d.p<nding on a ,,;do range of f.<tor<

Ro","l:<'II: Thc carlicf unit of ioni""ion b)' X-,,); or lI"mllUl, "sed in pla= in thi.
"poll. Symbol R. Defill<d as ,Ii< X.ro;- or fmmo beam "h",h ....H1 generate Oil<
,I""tro"ati.c "ni' of jon. of oacli 'ign p<r <m of ai, .t n'p. The uni' ",Ii.. on th.
un<erlain d<1omtinal;on of .i, ionisation oner~i...nd fo' this rea",n 'he R"""tg<n i.
no'" i"ncrolly repla=l b' dn SI uni' of obso,bed ",d;a,ion dos<, tho co"lomb PO'
~iJ"iJ"'m.

I R • SH erp .b><>,bod p<:r &11lm or Oif'\ n,p,

HOn« R • 2.58 ' 10 • coulombs per ~;Iolt,am

.nd R. 8.H' 10-' Groy

I G,ay" appro.um..el, liS R"""tgen

Si<>wt· The unit of ~"i,·'I.n, rodiauon dos<, ')'mbol S. Thc p,od"'" or 'hc obso,bed
do.. \n Gray, and ,h. Qu,li,;- Factor or,h. "d;a'IO". Although .trktly DO' an Sl unl1.



GlOSSAR\ ~69

1lle s... all btd<&><d ill 51...ul> """"" ,1ItQaa!nl Fa<1<'Ti>diwc ,....... I 5, .. I
jou!<po< .........

SI _ 5J_ 1mcnM~. Tbr aJ'ft'CI ')'JlaIl of """ bfi< ...... '-ocl pr-.nI)
"" 1lle~~ ---. ""'1'=. koh-. ... uoI caDdoIa.
SUo__.. .-.- "" -... .....) lead 10 local.....".".. of<"""',_ ud _ ~ o.oan..

S-,it Cbaq< <><=JTlIlI: ....."'41 _ otber _ lbe F"" cdIo

SorJoO-. A -m lmIl r«\be 1'" 0I......."....,.~ and~

s,..o .. , ......., _ fuel ID "''''''b .....,......bsort>o... fboiOD proclurn ha,.
,.,,,.-""'......"'" wll\cJmtl) '0 inhibi' ,lit ebatII .-...,.,_

S1o<Mo1lec Penalllms '0 ... o<Iom ,;onabln

S1""""'"ie hnk~ off«< Err""" .. ...,.. p<<>b&blh'y of oe<:urrt'OC< m on ..poood popu.
Iation "a du''''' fun<."lion of d"",. The« o/T«u.re wrnmonl) relarde<! u hI"nl 110
,hre.noLd. ll.redl1ary elf."" ao<l '<>TIl< 1OIl'l"'''' .rr.........peci.>.II)' coccin"",,,.,,...ro
relor<!cd a. bo,nl.tochutic (see 01.., 7.2.2).

T..."".....· Ind ....,"1 defeeu in. de",IO?inl embl)o or foe'u•.

T.-....-..· Cbemical <kmrnu .. ;,11. a,,,,,,,,, "u",bo" abo\< uran'u.... ·'V

Trm.- " h)"""",, 1101011<. 'H..."b 0 n....leu. of on. J"'OI"" al>d ,...., ....."0'"
R ' •. ""b 1IaIf-bf. of 12.4 lean.

T_ TR "Ull ll1o_ """""",....- 01 ..... 'H a'om ill 10" 0',- oI·H.
"' " .., 010.111 8q per ~I 01 ......

l-._) n.. oInl"" ..,tloioI .. bdr.1lle '"'" ,.,.... ........."'" '" Ie It ...
_ ' M' , 0I1lle of poooibI< ........ f .... both ..-..1)-"-x.. ,. iM flt<" • '" rM,"'_ 01 .....~ f""" 1_ l-ootI~ X"'!'I
_"10,"'1 _1"'Mrtr X....)..........""'.1lle ........-.a,.. deaj oI_lIIICla ,Sa:
"""" a.- ......'_ _ eonlm- 1lle .._"""" <p<rtruIII _ .....at<h
IIeIooo 0 .' _.1

n.w (-a; ,iolIl~ Tbe total~ ...-.....J ... ,,""'""", .,plowOD. t.....u, e;;praoed
... ,he .......... of ThT ,,'!Deb ..ouId .-.role Lbe sam< <""'I) I kiIoso<> of T'o'T IS
LIkeD '0 releue 10" ca........ "",",po..,"", '0 ,he ......pIel< _ ofapp<ll._ltl; $7
sof"'t·."S I of'"",".



Radiation Units

(After: W~m.r. F E. and Harn""" It M. (1993) R(JJ1;,xrok>". aft.. C/o",,,,";-I. John
Wii<}' & Son, ltd. Chich,,'<r.)

Q..nli'y SI uM Symbol Non-SI unil 51mb<>l Coo"trsion

,''''u'i'l' !>«quo",1 .,
~~ " Illq~2.7~WILCi

Ab<orb<d do$< Ira) G, ~ m' IG)"'l00rod
Do« «lui,,,k.' 'K'>On " om = IS.' • 100 rem

Metric Multiples and Sub-multiples

In tho .....ric 'l'"'''' of ....,~h" and ""'um. dffi~(ion. of mulllP'<'> .nd .ul>­
d;,-i,ion. of a"J" uni' mal be arm<d .. by rombi"in~ ~ilh 'ho """'" of the un;' ,I><
rO\lo"'ioll prtfu..,

E (nal, moanmll 10" m (mIll,). m<anin¥ 10 ', (pctal. "",amoll 10" , (mICro). mean ina 10 •
T H=). m<anlna 10" " (nanoj. m•• ninl 10"
G (8li1). m.,nIDi lot , (p"'0l. meaning 10 "
M ''''''Bol, """'n'ol 10" , (f<m'ol. mcanio, 10 "

• (kilo). me.ninl 10' • lOll"\. m<ao,na 10 II
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