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A t the request of the Three Mile Island Public 
Health Fund. · this critical srudy of the public lit

erature on TMI dose assessments has been prepared to help the 
Fund decide whether or nor any fun her scientific work needs to 
be undertaken in connection with dose assessments. Because it 
has become clear tn carrying our this rev1ew that s1gmlicant 
issues do remain unre.o;olved-issues that m1ght bear on the ulti
mate health effecu projected to occur as a result of the accident 
-recommendations have been developed that indicate how 
gaps in the literature on rhc T MI dose assessment mtght be 
dosed by further research and analysis. These recommcnda
tinns are found at rhe end of the report in rhe form of proro~ 
rrojecr~ relating to each is~ue judged unresolved by this re\'tew. 

Thr fi ndtngs of thts report , and necessarily the recommenda-

'The Three Molr lsl~nd Puhl oc Health Fund -.a< es•af>lishtd as a result o( a 
""ttlrmrm t>f lttigatu•n surrounding rhc Thr~ Mdr Island accidtnl. In 
rr· Tfrrtr 'vi•IL l!la..d urr~wn. C .. .t, Nu. 79-01 32 (M. D. P.a .• Nnvcmhcr 
9, IY81). The rurr<~ ,,(the FunJ 1~ I<• rn<~'1'11j!:ltc r<>SSihlc hc;~lrh ·rclatcJ 
C•>n~'lucncc; ,,( the ac.ctdcn t ~nJ tn tmf'rti\'C radrariun mnnttnnn~; anJ 
emergency rlannin~; '"the TMI area . a~ well a~"' on~tigatc the health 

tions ha~d on them, arc preltmmary in narure. based on Infor
mation and analySIS of the TMI ltterarure tn the publ1c domam. 

One ma}nt recommendan0n of the report IS that a Jos1mert)' 
workshop he con vened, wtrh tnvltarium to all re.~enrcher~ 
revtl'weJ in th t~ srudy as well as ~pecialist~ wirh expertise m rei· 
evant areas. Thi~ workshor would pi'O\·tde an opponun1ty for 
mvc~ng:nors tCl clanfy rhe1r worL and ro respond to qu<'~ttnns 
ra1~ed ..1h.>ut rhet r analv~es. The exchange 0f tdeas pr.lm<lleJ 
might tn tt ~el( r<'~ll ve a numher of uncerr:unne~ rhat srtll e,n~t as 
ro rhe a~essmcnt o( doses at Three Mtle Island. (N B. The 
recommenJ:num to hold the "'orl..shor has .. !ready rc:cei\I:J 
judic1al :1ppnwal frnm the court ~ur-erv1~m~: rhe Publtc Hc:::~lth 
Fund. ) 

cflcC!> ,,( (, ... t,·wl raJtalttll'l .tnJ t"J.:1 l:i<>f' <I rntjlt~m 1•1 rut-ile CJU\ .llhln 

nn 1h1' ll('<'r.Uhtn n( the f.~.: I II!\ at TMI The FunJ "unJ,•r rhr )UJ'I('t\'r••nn 
c>f juJc,· !'< I<·•~ H. RAmh.t. L 1nt~,•J ~t.ucs D1""" Jude~ (,,, 1hc 1-loJJI,· 
Ot)OICI "' 1\·nnwlv:.nt,\ n . .., fund ,. No tnt ..JmtntSI<'rcJ .,, o,., ,J 0<:1· 
J!Cr. Arro•m.:<" A,t L •"· ch,.·r , .... n ... ·l (,,, rn.- Fund 



Tn locat~ the ilterarure revtewed in th1s study, 185 data bases 
were search~ by com purer for the penod March. 1979 to Octo· 
ber. 1983. Four-hundr~ rcporcs and paper!' were aam1n~. of 
.,..h1ch approxtmately 100 were Judged relevant and then care
full) analyzed. 

The principal findmg of the review is rhat the present SCien
tific record does not suppOrt as final the publ1shed esumares for 
do<.e~ to rhe whole btlCJ,. and ro the thyroid. The followmg fac
wrs enter mro this findmg: 

I) The monironng nerwork tn place. borh tns1de and outs1de 
the plant. did not perfo rm adequately. 

2) Envtronmental s.amplln~t. ansmured after the accadent, 
1113!- insufficiently coordtnated , warh problems m labelmg 
and calibratiOn. 

3) The selective use of dara collect~ and anferences as co 
m1ssing dara do not appear ro have been fully JUStified. 

4) Addmonal dara, new and old, remam robe analyzed. 
G reater uncerramty than heretofore acknowledged should 
therefo re be assi~ed to the doses delivered to rhe populatiOn 
and, as a result, to the esnmated health effects proJected for the 
acc1dent. Further sc1ennfic and nausncal work, recommend~ 
m th1s repon. may r~uce many of the uncertamues. 

It should be not~ that thts report does nor crincally ex.amme 
the quandtarive connection thar is made in the TMI literature 
berween radiation doses and proJeCt~ health effects. The only 
detatled discussion of health effects found an the report (m sec· 
tton 6.0) is connected with clanfymg how the health effects pro
JeCtiOns char accompany publtsh~ dose assessments would have 
changed had an uncertamry range been a~1gn~ that encom
passes all of the dose esumares found m rhe hterarure. The 
conclus1on 1s that. usmg conventional dose/response c~ffi
Cients. the correspondmg health-effects proJecnom would have 
ran~ed from zero to thmec:n (delayed) cancer faraliues. 

Problems exist 10 assessmg doses, 11 should be emphastzed, 
not hecause invesngarors have been mcomperenr. On rhe con
trary, the invesugators revtewed m rhts srudy were found ro have 
been extremely clever in ustng a combinanon of mference and 
science ro ex:rract mformaraon from limtred data. Problems 
rema10 because a great deal of cructal data does nor CXISt, o r IS 

unrel1able. Researchers have been forced to replace the mwmg 
10formarion with assumpnon.s and ro manrpulare, as best they 
can, the unreliable dara. It 1s hoped that rh1s rev1ew, by bnngmg 
together rhe full range of dose estimates provtded m the lirer
arure and b}· highlighting, often criucally, the assumptions and 
methods employed to reach chose estimates, will serve as a first 
srer m reaching a better understanding of rhe radiarion-mduced 
health consequences of rhe TMI acctdenr. 

Doses Rrceived at Three Mile bland. The focus of most TMI 
research, and of thts rev•~·. •~on the Mpopulauondose ... A pop· 
ulauon dose. as opposed roan mdlvtdual dose, IS rhe cumulauve 
sum of the radiauon doses deltvered to an exposed populatton . 
Thar IS, three-hundred people rece1ving a !-rem dose to the thy
rotd gland would have rece1ved a 300-rem thrrotd populauon 
dose. Population doses are imrmtanr because they can gtve, if 
carefully interpreted, a rough :~prroxtmarion of rhe total num· 
ber of cancers that may result tn the exposed rupula(lon from 
rhe doses delivered to whatever organ or organ.s are under con
slderauon. In general. populauon doses can be esnmated more 
accurately than indtvtdual doses. 

A number of pCipulation dC'ses are of possihle interest at Three 
Mile Island: 

I) the populauon dose dehvered to the Mwhole boch· from 
rad•ation, pnmanly from noble gases such as Xenon-133 
in the passing mdtoactive cloud; 
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2) rhe porulauon dose delivered ro the rhym1d gland from 
mhaled or mgested radtotodane. and 

3) long-term populauon do~· delivered to ...-anoU) organs 
and the whole bod~ from an' long-ltved rad1nnucl1des, 
~uch as radulC:esium or radtllMronuum that were depomed 
on rhe ground or tnhaled. • 

The ranj?t> of populau on dose esumates appeanng m the ltter· 
arure ts gtven m Table I. Many of the entnes are quesuon marks 
bec:au.~ no assessment has ss yet been made (Such lac I.. of lnfor
mauon suggests an Itself rhe mcomplereness of the a"oatlablc Ill· 
erarure.) Even tn those cases where assessments have been 
made, u IS nor posstble to con.s1der them dd\nmve In the thr~ 
secuons that foil~. the problems wnh these esumatC$ are 
bnefly summamed 

Doses to the Whole Body. The TMI hrerarure contatns a 
substanual range of whole-body populauon dose estimates fmm 
the noble gases released tn rhe tmnal acc1denc-from 276 to 
63,000 person·rem del1vered ro the tzeneral populauon wnhtn 
50 m1les (see Table 1. column 1). ' ·Such ad1vergence 10 rheslx· 
reen esramares g~ven an the ltrerarun: rndtcates the uncenatnr} 
on thiS quesuon. None of rhe stud1es r~rnng dose esumarC$ 
can he regarded as wtthout defeca m rhe1r methodol~ :md no 
c:alculanon can be regarded as final. Because merhodoloa•cal 
flaws are a550Clar~ warh every one of rhe published numbers, 11 

is not valtd ro ptck a mad-range value or average them wobtam a 
·most probable" esumate. 

A problem common to varrualh every one of these esumates 
is rhe posstble ex1srence of ga~ an rhe momronng penmeter. 
From the general literature on angular ltmltattons tn the effi· 
ctencv of rhermolummescent dostmeters C1l.Dsl. n a~rs rh;n 
the TLD dostmeters ar TMI were 5paced mo rar apan to ruaran· 
tee that all releases of noble ga~e$ were full~ detected + The 
evtdence sugJ:!esrs rhat ~wmdnw(~ exasted tn the monaronng 
penmerer herween some of rhe TLDs Air hough the ex1~1ence of 
these gars ts rather easy to document from the extsttnl.! Iuera· 
rure, rhetr stze and s tgnaficance ~~more d1fficuh ro assess wtthout 
further work. lr would be advtsable 10 thts regard ro produce 
TLD-effic1encv rarm~ for the full 360" compass surroundm~; 
Three Mtle Island and to compare any resulung gap& m rhe 
penmeter wtrh the acural hourh· d1rectton of rhe wmd dunng 
the early days of the acctdent. It IS also recommended rtut a 
concerted effort be made to collect and develop alremauve !!VI· 

dence concemmg rhe magn1rude of anv rad1oact1vtty that mtghr 
have passed undetect~ through 11.0 wmdows. Four prOJCCU 
are proposed for thts purpose an the concluding sectton of the 
main report. 

• RaJ,.>.>er" II\ .kp.•neJ nn ~~ s:t•>unJ "''"'ld cununu~ to 1l'r.IJoalt' 1~ 
p.lf'VIauun astht' r..du~uvlt\' dc<a1al Inhaled oou&XII\' 11), of 11 1• h.>th 
lc•ng·lovcJ anJ <t'laoncd tn th<' hod1. Cill\ g1~ a dtlayt'd ~dhlfonn d11K. 

• 'Th1:1< numhc:rs "'"'rf' calcublrcd v.11h..ur cal.m11 tnlll xct>unr ~lf·t'~~"OICUI· 
""" and sho..tJ.ns: aHurdcd hy huoiJ•nl"'. As tndocatt'd m ArJ't'nJ•• A n( 
tht'rt:l'l•rt.th() <h,ouiJpmhothh I"C'raluc..dl>l 2S~omsuasar~>uh . Thq 
sh.,uld h: lnct.:.o><-J-.ro•~Jolbl\ Jo•ublcJ--111 acto>Unt fur rh~ n..~:l~<t ,,( 
d.>$C> I"C')·und 50 moles. 

tBt-c•u)C tht'rC' ,.1:rc unl1 20 m""""""l! scatouns. the av~ral!<' an11lc 
I"C'tw~cn '"""'"~,..as 18" A "''"d ''I:Cto•t mtJ"lll hc:l"'ct'n """"' dtlrC!IIn 
... >UIJ then r~n. un li\Cr.>~ hall ul It\" ... 9" fmm. no (In ... me ClloC!o 

hal( n{ th~ an,:lc- ""'""""' nrh ,..,.. mU~:h murc than 9", on :>o.>mf' ca.n 
IC$1. ) lnlJ't'CIII>O nf fiRUit' I tn .~ full rt'J">fl ,h, ... , thar a no qo wv.-ao, 
fn>m a .,.,nJ •~tul~f't'Cilllly unc ,,( thC' dos111n1 n~ Jncar<J ~>nJ 
1000 mt'tcn--wuuiJ It~ a grt'lll Jc~l ,.,( 115 ~mltl\'ot). 

.... 



Doses from IUdioiodine. The offictal estimate of the amount 
of radto todme released is 15 ro 30 cunes based on one mterpreta
non of in·rlant data. · However. an ahemanve analysts of in · 
plant data earned our by an mdependent researcher mdteates 
that the actual release could have been much h1pher. amounung 
to 5,100 to 64 .000 cunes. • · 

Although other studies of radtotodme at TMI do ncx contain 
dtrecr quanmauve esnmates of releases, the infonnauon repon
ed in rhem has been convened ro an approximate release magni· 
rudt fonnar for rhis report . In thiS way. a ll srudlos can be 
compared on an equ1valenr bas ts Surpm ingly, these orher stud
Ies also appear to f.tll into a h1gh or low category, wtrh none f.tll
mg m be~c:n. For msrance, a reassessment of one arrempt m 
the lnerarure to analyze milk data suggests that many hundreds 
of rimes more radioiodine was released during the first twO days 
of the: acctdc:nt rhan was estimated to have been released in the 
omctal srudtes. t 

In contrast wtth this first set of m1lk data, a d1fferenr bur more 
limtred set of milk data can be mrerprered as supporrmg the offi
c ial release esumare. In addmon , ~have found that todme lim
Its derennmed by acruaJ measurements on people (as part of the 
publtc whole-body counting program) do rum our to be con· 
ststent wJth a 15-curie or smaller release. However, these meas· 
uremenrs were limtred ro people ltving withm 3 miles, so that 
radt01odtne blown down or up nver would nor be likely m have 
been detected. (Thts measurement does serve to rescncr the 
di recnon of any large release.) 

Analysis of the data from grass samples and meadow voles can 
also be interpreted to support a IS·cune release. No easy resolu
non of these conrradicrioru wtth the first set of m1lk. data is 
posstble. 

To summanzc the conclustons reached m Appendtx C of the 
report, the most Important problems revealed m the hrerarure 
in connection w1rh 3-iSC:SSing rad1o1odine releases and doses 
involve rhe followm&:. .. 

-For m-plant measurements of released rad1oiochne , 
there are gaps in the mon1tonng dara due to the loss of filter 
cam1dges--gaps thar make 1t difficult to derc:nnme the 
release rare dunng the first twO days. Furthermore. rhe cah
brauon of the charcoal cartndges and filters rs at issue. 
There is evidence thar both water vapor and the temporary 
attachment of noble gases may have blocked sites for radio· 
1odme, producing inaccurately low readings. 

In addltlon , some pathways for releases that may have 
been stgnificant have not yet been adequately analyzed. For 
mstance, one study indicates that as much as 700,000 
curies of radioiodine was airborne in the reactor contain· 
ment bui ldmg at some t ime during the acc1dent. tt AI· 
though tt was assumed durmg the offic1al investigations of 

"See, fm example. the Rogovm Repun. Put II , Vol II 

· "See Ap~ndix C. Sectoon 2.3.2, for a di$CuSSion of Talteshi's analysos. 

tSinu on~ j!OY<:mm~t<ommossooncd rq-on ~ems fmm a hypocheucal 
assumruon of 10.000 cunes of rad~iodme rei~. 11 os pos.soble that 
<X her r~archen have aoo bttn aware of this possiboluy (~e A l'fXndox C 
of thC' report , Sewon 3.6.1). 

ttC. A ~llcuer, P. G. Voilleq~ . C 0. Thomas. E. A Schlomer, J. R. 
Nuycc , "Prdomonary !Udioacu.-r Sourc.t·Tctm and lnvcnrnr)' AS$e$.$
mC'nt for TMI·l" (Report Gend-028. EO&G Idaho Inc., Idaho Falb. 
Marc h 1983). 
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the acc1dent in 1979 that atrbom e rad1oacuvtry in the: con· 
tainment could nor have c:soped. subsequent mfonnatton 
has come to hghr mdtcau ng that filters destgned to t rar 
escapmg rad101odme m the reactor buddmJ! "purge S\'Stem'" 
were bypassed at the ume of the accident. As a result. u ~~ 
poss1ble that stgntficant quanm1es of atrbome radtolochne 
left the reactor dunng the (unmonuored) niSt [W(l da\') . 
Although rhe last bamer, the f!UTi!e ~-a l \e, should have 
been closed, thereby prevenrmg a s1gruncant release to the 
atmosphere. It i.s nor known a t this time whether the valve 
was workmg properly or whether tht operators acrualh· 
kept 11 closed on a conunuous basts. 

Ltqutd pathways, as well as atrbome pathways, havr not 
been fully analyzed. Ar the present ttme, II mtlllon cur1~ 
o( radtOiodme, rrt'$Umed tO have left the fuel rods, has nm 
been rraced. Conceivably, some fractJon o( thts mtsstng II 
mtllion cunes could have escaped from the reactor v1a 
cerum unmom tored llqu1d pathw'3)'l and ended up tn rhe 
ground or in the Susquehanna R1ver. 

- For c:nvtronmental measurements the most Important 
rssue m assessmg rad1otodme releases and doses (as men· 
noned above) IS the lack of agreement berween the mea$· 
ured radtoacuv1ty m vanous samples of cow's m1lk and 
other data. In addition, 1nsuffic1ent use (t.e. collecnon of 
dara w1rh no further analysts) has been made o( tnfor 
mauon from other env1ronmenr:al sources--that rs, grass 
samples and rad1oacuv1ry found m other ammals. In part, 
analys1s ts hampered by the lack ofbaselme 1nfonnanon on 
appropnare metaboltc processes. rhe pas.o;age of radto1odme 
in to the thyro1d gland for meadow voles, rabb1rs, and other 
an1mals, the hvdmlys1s of me•hvltod1de 1n c~·s and u~ 
passage mto mtlk. As m the case of the noble gases, fur· 
thennore, potenttal prol-olems remam 10 the angular dl&· 
trJbunon of envtronmenral samples 

Doses from IUdiocesium. Onh hmHed env1ronmenral sam· 
piing for radtoces1um was earned our after the acctdenr. A great 
deal of the data that v.'3s recorded IS susrecr because roo man~ 
readings from d1fferent sues show or are recorded to show exactly 
the same value. · No Judgement rs attempted here as to whether 
such identical readtngs are the result of msrrument or hum;,~n 
error, but little reliance can be rlaced on such data wtthout fur· 
ther clan6cat1ons. Consequent!\·. ar this ttmt" tr 1s nor posstble 
to use past measurements to detennme a geographtcal rarrem 
for radtocestum deposmon on the ground (The poss1b1hl) of 
making~ meauremenrs to locare long-hved rad10CC:S1um sttll 
remamtng from rhe acc1dent Is d1scussed m the report.} 

Proposed Research Projects. Pro~d proJects destgned to 
remedy, as f.tr as rna\ be posstble, uncertaiOttes 3\~Jated wuh 
doses from all of the ISOtOpe~ d1scussed above (noble gases, ra
dioiodme, and radtocesium) arr descnbed 10 rhe mamsecnon of 
the report. A liSt of the research areas robe covered ts gt\en 10 

Table 2. 

'E. W. Brc-nhauco , R F GrtWman. D J 11wmc. A E. Smolh, "Thr~e 
Mol~ J,land Nucl~ar Rexh>r Accodent of Mvch 197Q Envorunmcn•~l 
!Udoauon Data A Rcr<•n 10 the Prc>idcnt's U'lnmouo.m on rhco -\cct · 
dent II Thr~ Mole lsl<~nd" (Rcrorr EPA-b-CI-4 !11.('138, Env~t~mm~nral 
Prutecu f\n Agcnc)', las Vep.., Nco,~a 1981} 



Table I 
Range of TMl Population Doses Ap~ring in the Literature by Timt Period and Orpn 

(in Person-Rem) 

Dose to Whole-body 
Dost to Whole-body Dose to Dose to & ne from Shon-lived 

Isotopes [e.g., from Long-lived Thyroid from from 

noble gases] 
Radiocesium Radioiodine Radiostrontium 

Time Period 

within beyond within ~ond within beyond within beyond 
so ...... 50 50 50 50 50 ·so so 

miles miles miles miles miles miles miles miles 

(equal (equal (equal 
Initial 276· to 50 

? 
to 50 

1.2W"' 
to 50 

? ! Acctdent 6J, ()(X:)C. I mile mtlc: mtlt 
d~?) dose?) dose?) 

Krypton 
Vennng (cl lei , ... , , ... , 

, 
Clean -Up: 

Projected 
Doses to 13,000-
Workforce 46, ()()()<c I ! ? 

Projected 
Doses to 101•1 ! ! ! 
PopulatiOn 
from C lean-Up 

(a) These doses should probably be reduced by about 25% to account for butldtng sh teld10g and self·evacuauon. 
(b) Considered to be a significant overesrtmate by analyst. 
(c) lns•gnificant in compan.son ro doses received In the initial acctdent. 
(d) One paper on thu subJect has nor been analy:ed at thu ttme. 
(e) On rhe basts of new anfonruuion (lhe NRC Programmatic Envtronment:al Statement Supplement #1. December 1983}. the 

workforce~ has been raised from the original esttmare of 2.000-8,000 person-rem. The NRC has not yet rc:vt5ed u.s pro)ected 
dose to the population, bur on the basis of the magnitude of the change in the first figure, u IS posstble that the proJected 
population dose of 10 person-rem will prove ro be substantially underestimated. 

Table 2: Areas fo r Research 

I . Resolving lnconsistc:nctcs 10 Esnmatcs of the Amounr of 
Released Noble Gases. 

2. Compensating for Inadequate TLD Calibrations. 
3. Filling in Gaps in the no Monitoring Pertmetc:r. 
4. Accounting for Mtsstng R.dtoiodinc:. 
5. Fill tng m Gaps tn ln-Pianr Monitonng Data for Atrbome 

Rad•o•odtne Releases. 
6. Analyzmg Emissions fro m the Secondary Side of the 

Re:~ctor. 
7. Reductng Uncutainues Assoc1ared wHh the C hemtcal 

Form of the Released Rad1otodme. 
8. Reducmg Uncenamttc:s Assocaarc:d wtrh Environmenr2l 

Mun11onng of Airborne Radtoiodtne. 

9. Improved lnrerpreratton of Dara on Radtotodane tn 

Humans. 
10. Improved lnterprerlltmn ofMtlk!Radtotodtne Data. 
11 . Improved Analy~1s of Radtotodtne Concenrranon~ Fnund 

10 Antmllls. 
12. Coordmatton and M.,rpmg of Envamnmental Data. 
13. Determtnatton 1lf Radlucestum Dtstnbutton. 
14. Explortng Cnemtclll Ongm for Tasre Sensattons Reponed 

at rhe T tme of TMI Acctdrnr. 
15. O utreach Effon to Ohta•n Pn\'ate Dara 
16. Furure ~s from TMI Cleanup. 

-
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Preface 

At the r equest of the Three Mi le Island Public Hea lth 

Fund*, thi s crit i cal study of the public literature on TMI 

dose assessments has been prepared to hel p t he Fund decide 

whether or not any further scientif ic work needs to be under

taken in connect i on with dose assessments . Because it ha s 

be come clear in carrying out this review that significant 

issues do remain unresolved--is sues t hat might bear on the 

ultimate health e f fects projected to occur a s a result of the 

a ccident--recommendat ions have been developed that indi ca te 

how gaps in the literat ure on t he TMI dose ass e ssment might 

be closed by f urt her research and ana lysis. These recommen

da tions are found at the end of the report i n the form of 
• proposed project s relating t o each i s sue judged unresolved by 

t his review. ' I 

The findi ngs of this report, and necessa r ily the 

recommendations based on them, are pre liminary in nature, 

based on informat i on and analysi s of the TMI accident dose 

*The Three Mile Island Public Health Fund was established as a 
r esul t of a set tlement of l i tigat i on surrounding the Three 
Mile Island accident, In re• Three Mi le Isl and Litigation, 
C. A. No . 79- 04)2 (M. D. Pa . , November 9, 1981). The pur pose of 
t he Fund is to investigate possibl e detriment al conse quences 
of the·accident and to ~mprove radiation monitor ing and 
eme rgency planning in the TMI area, a s well as to investigate 
the healt h effects of low level radi a tion and to develop a 
program of public education on the operation of the f a cility 
at TMI. The Fund is under the supervisi on of Judge Sylvia H. 
Rambo, United States District Judge f or the Middle Di s t r ict 
of Pennsylvania . The Fund is being admi nist ered by David 
Berger, At torneys At Law, chief counsel for the Fund. 
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assessment literature in the public domain. Such f~ndings 

are subject to modification as more information becomes 

available . In order to bring to light as much new infor

mation as possible, the following next steps are recommended 

to the Public Health Fund . 

1) That a dosimetry workshop be convened , with 
invitations to all researchers reviewed in this 
study as well as specialists with expertise in 
relevant areas. This workshop would pr ovide an 
opportunity for investigators to clarify their work 
and to respond to questions raised about their 
analyses . The exchange of ideas promoted might in 
itself resolve a number of uncertainties that still 
exist as to the assessment of doses at Three Mile 
Island . In addition·, the workshop attendees would 
be invited to comment upon projects proposed to 
deal with remaining uncertainties. 

Depending upon the outcome of the wor kshop, an 
update of this report may be desirable. 

2) That as part of the preparation for the work
shop, the Fund commission and distribute to the 
attendees a series of preliminary quantitative 
calculations so that the relative importance of the 
issues raised in this report can be assessed and 
commented upon at the workshop. These proposed 
calculations, which are included as part of Section 
7.0 , consist primarily of preliminary analysis of 
data collected after the TMl accident, but not 
utilized by previous investigators. 

3) That in conjunction with the publication of the 
report, a call be issued for additional information 
not yet incorporated into the public record. If 
sufficient data are made available , an addendum to 
this report would be appropriate. 

4) That those proposed projects that are the most 
time-c~cial (e.g. monitoring of cleanup efforts) 
be developed and instituted as soon as possible and 
that other projects be reviewed for implementation 
by the TMI Health Fund. 



·. 

1. 0 Introduction 

Pre sented in this report are the r esult s of an ext ensive 

study of t he public literature on the radiological aspects of 

the Three Mile Island accident. The s tudy set its elf three 

basic ob j ectives . The first objective was t o s ear.ch out, 

bring together , and rev~ew critically all informa tion in t he 

public re cor d relevant to estimating t he release of rad i o

active material from Three Mile Island and the consequent 

dose of radia t i on to the expo s ed population. The second 

obj ective was ~o l ocate and bri ng t ogether all i mportant yet 

unanalyzed puQl ic i nformation r e l a ted to dose assessment for 

possible later ar.alysis and calculation . The t hird objective 

of the s tudy was to develop a series of re commendations to 

the Public Health Fund for fut ure project s i n t he dose 

asses sment area . (These pro j ects are discuss ed in Sect ion 

7. 0.) 

As will be shown in this report and documented in the 

appendice s , a great number of questi ons remain a bout the 

radiation doses caused by the accident. Because the ma jor 

studie s on t his subject were undertaken in t he months soon 

after t he Ma rch 28 , 1979 accident, and complet ed under 

considerable pressure f or immediat e findi ngs and reassur

ances, i t is not surprising that the se offi cia l s tudie s 

cannot pr ovide complete, scientifically justi f i able answers . 

Subsequent studies in the scientific and engineering 

literature have not reso lve d the residual uncert ainties. 
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Some of the questions that remain about the radiological 

aspects of the accident may never be answered, but ·a great 

many may be answerable upon successful completion of the 

- -~search projects proposed at the end of this report. 

Problems remain, it should be emphasized, not because 

~nvestigators have been incompetent. On the contrary, the 

investigators reviewed in this study were found to have been 

extremely clever in using a combination of inference and 

science to extract information from limited data. Problems 

remain because a great deal of crucial data does not exist, 

or is unreliable . Researchers have been forced to replace 

the missing information with assumptions and to manipulate, 

as best they can, the unreliable data. It is hoped that this 

review, by bringing together the full range of dose estimates 

provided in the literature and by highlighting, often 

critically, the assumptions and methods employed to reach 

those estimates, will serve as a first step in reaching a 

better understanding of the radiation-induced health 

consequences of the TMI accident. 

It should be noted that this report does not critically 

examine the quantitative connection that is made in the TMI 

literature between radiation doses and projected health 

effects. The only detailed discussion of health effects 

found in this report (in section 6.0), is connected with 

clarifying how the heal th effects projections that accompany 

published dose assessments would have changed had an uncer-
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tainty range been assigned that encompasses all of the dose 

estimates found in the literature . Thus, this report is 

concerned with the first step 1n projecting health effects, 

i.e . dose assessment • 

The report is organized as followst after a description 

of the literature upon which the report is based, all dose 

assessments located in the literature are presented. The 

next sections outline the problems with the existing dose 

assessments (with reference to the Appendices where more 

complete and technical reviews are provided). In Section 

7. 0, proposed projects, designed to answer many of the 

outstanding questions, are listed and described. A 

bibliography of relevant paper.s and reports makes up the 

final section. 

As has been indicated, supporting documentation for the 

conclusions and recommendations is contained in the appen

ices .. 

Appendix A, which has been written for the non-spe

cialist, reviews and evaluates the literature on the doses 

resulting from noble gases . Appendix B (which is primarily 

technical) outlines a method, unavailable to early inves

tiga~ors, to make use of inventory accounting calculations 

during the deliberate venting of Krypton-85 from the 

containment building atmosphere in 1980 as a check on 

calculated noble gas releases from the time of the accident. 

This appendix has been prepared based on research carried out 

·-
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by Daniel Pisello, Ph.D. Appendix C, which like Appendix A 

has been written for the non-specialist, reviews and eval

uates the literature on doses to the thyroid resulting from 

the release of radioiodine to the atmosphere and also reports 

on a selection of published but incompletely analyzed data. 

Technical Appendix D compares inhalation and ingestion 

pathways for radioiodine in cows. This comparison has proved 

helpful in assessing the importance of discrepancies that 

exist in studies that have analyzed concentrations or radio

iodine in milk samples. Technical Appendix E, written by 

Thilo Koch, Ph.D., comments on the possibility of using re

search results developed in Germany to assess the magnitude 

of hypothetical emissions of radioiodine from the secondary 

loop at T~IT . Appendix F, researched under subcontract by 

Gordon Thompson, Ph.D., investigates the public (and worker) 

health impacts of the cleanup of TMI-2, considering both 

actions already initiated and those planned for the next 

several years, as outlined in the planning literature, in 

particular, the NRC's Programmatic Environmental Impact 

Statement (PEIS) of March, 1981.* 

*It must be noted, however, that a December 1983 supplement 
to this PEIS (NUREG 068J, Supplement #1), published after the 
completion of Appendix F, has very substantially raised its 
estimate of occupational radiation doses to be expected• from 
a March 1981 estimate of 2,000-8,000 person-rem to a current 
estimate higher by a factor of about sixa lJ,000-46,000 
person-rem. 
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2.0 Description of the Existing Literature on TMI Dose 

Assessment 

Four comprehensive studies.of the radiological aspects of 

the TMI accident were undertaken in the initial months after 

the accident. These were studies by the President's Commission 

on Three Mile Island (Kemeny Commission),* the Nuclear 

Regulatory Commission's special inquiry group (NRC's Rogovin 

Report) ,** the NRC's Staff Report on the a ccident 

(NUREG-0600),*** and an interagency task force composed of 

representatives from the Environmental Protection Agency, the 

Department of Health, Education and Welfare, and the NRC (Ad 

Hoc Dose Assessment Group.)# In addit ion, a private study 

( TDR-T~U- 116)## undertaken for General Public Utilities by a 

consulting firm, Pickard , Lowe and Garrick, Inc., was so 

*J.A. Auxier et al., "Report of the Task Group on Health Physics 
and Dosimetry to the President's Commission on the Accident at 
Three Mile Isl and," (Report of the Kemeny Commission Staff, 
Washington, D.C ., October 1979). 

**M. Rogovin, G. Frampton, Jr., Three Mile Islanda A Re~ort to 
the Commissioners and to the Public, (Report of the Nuclear 
Regulatory Commission Special Inquiry Group, Washingt on, D.C., 
undated). 

•••u.s. Nuclear Regulatory Commission, Investi~ation into the 
March 28, 197 Three Mile Island Accident, Report NUREG-0600, 
as .lngton, 

#Ad Ho c Dose Assessment Group (Battist et al.), "Population Dose 
and Health Impact of the Accident at the Three Mile Island 
Nuclear Station," (Report NUREG-0588, Nuclear Regu~atory 
Commission, Washington , D. C., May 10, 1979) . 

##Pickard , Lowe and Garrick , Inc., "Assessment of Offsite 
Radiat ion Doses from the Three Mile Island Unit 2 Accident," 
(Report TDR-TMI-116, Revision 0, 1979 ) . 
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widely cited in public documents, and copies of it so easily 

obtainable, that it has achieved de facto status as a public 

document itself. 

A number of other reports have been issued dealing with 

particular radiological issues at TMI, and related papers have 

been published in technical journals. Some of these additional 

reports and papers represent the delayed publication of work 

carried out by consultants to the major investigating groups, 

but a good many represent new work. For instance, as part of a 

1981 review of dose assessments carried out by Technology for 

Energy Corporation* at the request of the Nuclear Safety 

Analysis Center, new estimates were made of the amount of noble 

gases released . 

Another group of papers and reports in the literature does 

not deal directly with dose assessment , but contains informa

tion about the reactor during the accident or contains other 

information relevant to assesssing doses. (For example, papers 

published on the efficiency of filters in TMI-like environ

ments bear on the issue of determining the efficiency of the 

a c tual filters at Three Mile Island . ) As a result, the initial 

literature search carried out for this report revealed the exis-

tence of a large body of potentially relevant information. 

To ensure thoroughness in locating this information, 185 

*P . K. Knight, J.T. Robinson, F.J. Slagle, P.M. Garrett , 
(Technology for Energy Corporation), "A Review of Population 
Radiation Exposure at TMI-2" (Report NSAC-26, Nuclear Safety 
Analysis Center, Electric Power Research Institute, Palo Alto, 
CA, August 198 1) . 

.-
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computerized data bas es were searched, of which 47 contained 

entries for TfU. (See Bibliography , Se ction 8.0, for a list of 

the 47 data ba se s ut i l i zed.) These data bases yielded for 

initial review some ) 0 0 papers and repo·rts published as of 

August , 1982 which a ppeared to have some potential bearing on 

Tr.ti do se assessment. A final update was carried out as of 

October 198), in which an additional 100 papers were located 

bringing t he total t o 400 . Of these 400 papers and reports, 

some 100 proved directly relevant and a re listed in Part II of 

the Bi bliography. Also included in t his list are a few reports 

that were not fo und by computer search, but were cited in other 

papers or suggested by people knowledgeable in the field. No 

doubt there exists addit i onal information--especially unpub

lished information--rel evant to t he ~~ Dosimetry that has not 

yet been located . I f readers of this r eport are aware of such 

information , it wou1d be helpful to include it in updates of 

thi s report. References should be sent to the principal in

vest i gator, Dr. Jan Beyea. ( c/o David Berger, Attorneys at 

Law, 1622 Locus t Street, Philadelphia, PA 19103). 

Considerable da t a on TMl have been published but not 

analyzed--especiall y data concerning environmental monitoring 

of radioiodi ne and radi ocesium. Preliminary analysis of cer

tai n of these data f or the purpose of determining thei r con~ 

sistency with parti cul ar hypotheses about the accident can be 

made in a s traight f orward way . This r eport recommends that 

such analysis and approximate calculations be made expediti

ously in conjunction wi th the proposed TMI dosimetry workshop. 
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).0 Doses Received at Three Mile Island 

The focus of most TMI research, and of this review, is 

on the "population dose." A population dose, as opposed to 

an individual dose, is the cumulative sum of the radiation 

doses delivered to an exposed population. That is, three 

hundred people receiving a 1-rem dose to the thyroid gland 

would have received a )00-rem thyroid population dose. 

Population doses are important because they can give, if 

carefully interpreted, a rough approximation of the total 

number of cancers that may result in the exposed population 

f r om the doses delivered to whatever organ or organs are 

under consideration. In general, population doses can be 

estimated more accurately than individual doses. 

, 

A number of population doses are of possible interest at 

Three ~tile Island: 

1) the population dose delivered to the "whole 

body" from radiation, primarily from noble gases 

such as Xenon-1)3 in the passing radioactive cloud, 

2) the population dose delivered to the thyroid 

gland from inha~ed or ingested radioiodine, and 

3) long-term population doses delivered to various 

organs and the whole body from ' any long-lived ra

dionuclides, such as radiocesium or radiostrontium 

that were deposited on the ground or inhaled.• 

*Radioactivity deposited on the ground would continue to 
irradiate the population as the radioactivity decayed. 
Inhaled radioactivity, if it is both long-lived and retained 
in the body, can give a delayed radiation dose. 
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The range of population dose estimates appearing i n the 

literature f or some of these categories appears in Table 1. 

~~ny of the entries are question marks because no a ssess ment 

has as yet been made . (Such lack of information s uggests in 

itself the incompleteness of the available literature.) In 

the three sections that follow, the measuring dev i ce s avail-

able to researchers and the general methods employe d to reach 

their estimates for each of the dose categorie s listed a bove 

are briefly summarized and r eviewed. 

J.1 Doses to the Whole Body 

The TMI literature contains a substan t i al range o~ 

whole-body popul ation dose estimates from t he noble gase s 

r eleased in the initial accident-- from 276 to 6J , OOO person

rem delivered to the general population within 50 miles (see 

Table 1, column 1) . Such a divergence is sufficient to 

indicate the degree of uncertainty on this question . • 

Researchers estimating the whole-body population dose 

approached i t in one of two general ways. One gr oup of 

analysts assumed they knew how much radioa ct ivity was r e-

*These numbers were calculated without tak i ng i nto account 
self-evacuation and shielding afforded by buildings. As 
indicated in Appendix A, they should probably be reduced by 
25% or so as a result . They should be increased--possibly 
doubled--to a c count for the neglect of dose s beyond 50 miles. 
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Ranr.e or TMI Population Doaea Appeartn~ 1n the Literature by Time Period and Or~an 
(in Pe rson-Pem) 

Dose to Whole-body Dose to Whole-body Dose to Dose to Bone 
fro. Short- lived fro. Lonr.-llved Thyroid t roa rro11 
Iaotopee /e.,. . , Rad1ocea1ua Radioiodine Rad1oatront1ua 

Ti11e Period noble ~Ue,!7 

within beyond wlthin beyond within beyond within beyond 
50 50 50 !\0 50 50 ';0 50 

111lfl8 a1lee allea miles 111lea 1111 ea miles 1111lea 

(equal (equal 
1 280b) 

(equal 
Initial 276- ) to 50 ' to 50 to 50 ' ' 63,0008 • Accident mile m11e mile 

dose?) dose?) doae?) 

J(rypton 
Ventinr, c) c) d) d) 

Clean-Up: 

Projected 13,000-, t ? 
Doses to t16,o~oe 
Workforce 

Projected 
Doses to 

lOe) Population ? ? ? 
trom Clean-Up 

a) These doaea should probably be reduced by about 25$ to account t or bu1ldln~ shieldin~ and self-evacuation. 
See Appendix A. 

b) Considered to be a a1~n1t1cant overestimate by analyst. 

c) Insigni f icant in comparison to doaea received in the initial accident. 

d) One paper on this subject has not been analyzed at this time. 

e ) On the basta ot new information (the NRC Prottrammat1e Environmental Statement Supplement 11, December lqB;q , the work
force dooe has been raised from the original estimate ot 2,000-8,000 person-rem. The NRC has not yet revised its 
projected dose to the population, but on the baaia of the ma~n1tude or the chanRe in the first tiRure , i t is poaa1ble 
that the projected population dose or 10 person-rem will prove to be substantially underestimated. 
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leased (usually 2.4 million curies) and theref ore calculated 

the total population dose using standard meteorological . 

dispersion methods. The quantitative results for this 

"source term" method are shown in Table 2. The second group 

of analysts did not assume they knew how much radioactivity 

was released, but used extrapolations of off-site dose 

monitoring data (as best they could) to estima te the total 

populat ion dose. The quantitative results of t hese Cfilcu

lations are shown in Table J, This method produces con

siderably higher values for the population do se than does the 

first group when a low release is assumed, but is in approx

imate agreement with a 7-17 million curie r elease. 

Each of t he s t udies listed in Tabl es 2 and J is reviewed 

in detail in Appendix A. The conclusions reached there are , 

briefly, as fo llows• 

-The most serious reservations about t he source term 

(Table 2) studies involve the set of a ssumptions used to 

estimate the release of radioactive nobl e gases . As a sub

st i t ut e f or a vent stack monitor that went off-scale early 

in the accident and remained o~f-scale for most of the re-

lease, the investigators relied solely on stripchart moni

tors in the auxiliary building, out of t he direct path of 

the escaping radioactivity, and assumed that a constant 

ratio between these monitors and the off-scale monitor 

would have existed. Because of changes over time in, 
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Table 2 
Fitty-Hile Whole-Body Pop•llation Doses Projected 

from an Estimated Noble Cas Release•> 

Investl.qator 

~emeny Commission 
Group 

subcontractor: 

Lawrence Livermore 
.Labor a tory 

Oak Ridge 
Laboratory 

oak Ridqe 
Laboratory 

Hiller et. al. 
(OaJt llidqe ) 

Technoloqy for 
Enerqy Corp. 
(Xniqht et al.) 

Meteoroloyieal 
MOde 

ARAC Code 

AIROOS-EPA 
Code I 

TVA Code 

AIRDOS-EPA Code 

XODQQ/GASP.\R 
Codes 

II 

Release Estimate 
(Millions of 

Curies) 

2.4 

7-17 

Person-Rem 

3ooo- 1ooo• 

a ) All analysts except for Technology for &nerqy for Corporation (TEC) 
assumed the same time dependence for the release as supplied by 
the Kemeny Commission. The results for all but the TEC data differ 
because the assumed meteorological models differ. The TEC results 
differ because of the larger assumed release . Shielding from buildings 
and self-evacuation bas not. been taken into account. Doing so aiqht 
reduce listed doses by 25\. 

b) As reported in l'temeny Commission's •Report of the Task croup on 
Heal th Physics and Dosimetry,• OCtober 31, 1979. 

c ) Release Advisory 
Mile Island 
rat.ory, 

d) A report released by Oak Ridqe subsequent to the Jtemeny Co~ssion 
report. inctieated this hi~her population dose tiqure. It vas obtained 
usinq the same computer code. However, aaa~.~~~~ptions about the release 
height were changed. In the second calculation, it was assumed that 
a ground level release was a closer approximation to actual dispersion 
conditions. See Charles w. Hiller, Sherri J. Cotter, ~bert z. Moors, 
craig A. Littla, •Estimates of Dose to the Population within Fifty 
Hiles due to Noble cas Releases fro11 the Three Kile Island Incident, • 
Presented at ANS/ European Nuclear Society The.rsaal Reactor Safety 
Conference , Knoxville, TN Volume 2, pp. 1336-1343. (April 7-ll, 1911. ) 

e) Knight et al. , (Report NSAC-26) p. III-14. Doses were corrected in 
their report for shielding (i.e., they ware reported as 2200-5300, 
not 3000-7000). aut in order to make the results consistent with the 
other entries in the table, the correction has been re1110ved. 
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Table J 

Fifty-Mile Whole Body Population Ooae Eatlaatea Obtained by 

• Interpolation and Extrapolation• o f l!nvhonaental Data • 

InveetjCJator 

Oopartaent of !nerCJy (Hull)a) 
(Baaed on Gel9er Counter Readlnge) 

Ad Hon Doee Aaaeaa .. nt Groupb) 
(Baaed on TLO Readlnga) 

I 

II 

Ill 

IV 

Meteorological v - a 

Interpolation V- b 

Kemeny C011111lnion Taak Groupi) 
(Repeat of Ad lfoo Group• • Kethodt I-IV) 

Pickard Lowe and Carrick, Inc., CWoodard)kl 
(Meteorologica l interpolat i on of TLD a) 

Takaehi (Interpolation of late .. 
TLD r eading• backward• ln time) 

n) Kcpford (Interpola tion of la t e 
TLD readln9a backward• in th:18) 

Penon- Rea 

3,000 

S , JOOc) 

J,JOOd) 

3, 1ooe) 

1,600f) 

l , 6oo9J 
l. tooh~ Ul,ooo1 ~ 

1,000 - 6,600 

J, soo, (12,00011\ 

16,200 

U , OOO 

Llaitatlona of Methodology•• 

Helicopter .taeed releaaea in 
firat few daya, May have aieaed 
center of pluae on other 
occaaiona . 

•ttolea• in TLD 
coverage, liaited 
data pointe 
available 
for intervolation 
and 
extrapolation. 

Anuaea that the tlae 
dependence of releaae 
h unifora. 

Saae liaitatlona aa .ethodl I -IV 
of Ad Hoo Group. 

Aaeuaee that the r e l a tive tt .. 
dependence of the releaae can 
be taken fr011 atri pchart aonit ara. 

Aaaumea that -.teoro loqy waa 
the eame between two tiJDe per:ioda 
when , in fact, it vaa not. 

s a .. l iaitatlone aa in Takeehi 
-thod . 

• Theee eetiaatee apparently do not take building ahieldlnCJ , aelf- evacuation or doaea beyond 50 •llea 
into account . For l he purpose• of thh review, i t h anwwd that theae effecta cancel each other out . 

••Theae limitation• are diacuaaed in detail in Appendi x A. 

I 
..... 
w 
I 
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Pootnotes 

Table 3 

a),_. reported in App.ndi.x A of reference cited in footnote b). 

b)Ad Roc Population Dose Aase6&ment croup, (lattiat et al. ) 
•population Dose and Health Imp~ct of the Accident at the 
three Mile Island Nuclear Station. A preliminary assessment 
for the period March 28 through April 7, 1979,• May 10, 1979. 

c)Extrapolation/interpolation baaed on all Metropolitan Edison 
and NRC TLDa. 

d) Extrapolation/interpolation baaed on Ketropoli tan Edison TLDa 
only . 

• >Extrapolation/interpolation baaed on a~ Metropolitan Edison 
and NRC TLDs located within 8 miles. 

!)Extrapolation/ interpolation baaed on Metropolitan Edison TLDa 
within 8 lllilea. 

g) This ia the value c;i ven in the Ad Hoc· Croup' a Report , using 
.. teorological interpolation, aa opposed to the value c;iven 
in the subsequent paper published in Health Physics. The 
analysis vas based on Metropolitan Edison TLOa. The number 
of detectors included vas not specified in the ana lysis . 

h)Value given in Health Physics paper . w. Pasci alt, £. Bran.agan , 
Jr., F . J. Conqer;-and J. Fa~cobent, •A method for calculat~g 
doses to the population from XE-133 releases during the Three 
Mile Island acci dent , • Hea lth Physics !BJ457-465 (1981). 

i ) This is the value that would result from including three 
addi tional Met.ropolitan Edison TLOa in the analysis. This 
valu.e is not explicitly stated in the Health Physics paper, but 
deri ved tor this revi- using in!ormatl.on gJ.ven by the authors . 

j)Thia i s essentially a check of the Ad Hoc Dose Assessment 
Croup's vork . Report of the Task Croup on Health Physics 
and Doai .. try, Tables Bl and B4, and p. 133. 

k)Piekard, Lowe and Garrick, Inc. Assessment of Offsite Radiation 
Doses from the Three Mile Island Unl.t 2 Accident, {Repor-e-Tlr~l-
116, Reviuon 0, 197§ ) pp. 4-17 . 

11 oistant TLOa were not waed in this calculation. Had they 
the calculated value would have exceeded 3500 person-rem. 
12,000 fiqw:-e has been derived for this revi ew in analoc;y 
the estimate given under method V-b . 

been, 
The 

with 

• 1seo T&keahi, •Excerpts from the author's review published in 
Nuclear £·n;dneerinq [i7apan&.~~e revi-J , Vol 26, No . J • (un
pUblishedmeographed notes , Kyoto University Nuclear Reactor 
Laboratory, Kyoto, Japan, no date). 

n)Chauncey Kepford, •Testimony before the NRC Atomic Safety 
and Licensing Board, August 20, 1979, in the matter of 
Public Service Electric and Gas Co., Salem Generating Station 
Unit 11,• Docket 150-272 (1979). 

• . - . --- -- .. . . .. -
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1) t he radioactive composit ion o~ releases, 2) the 

radioa ct i ve atmosphere in the auxiliary building itsel~. 

and J ) t he varying pa thwa ys o~ es caping radioactivity, 

this assumption o~ a constant and determinable ratio i s 

highly que s tionabl e. 

- The most serious r eservation about the environ-

mental monitoring (Table J) studies stems ~rom the 

necessity to rely ( in all case s except the DOE Heli-

copter measurement s which have their own more s erious 

l i mitations ) on t he s e t o~ thermoluminescent dosimeters 

(TLDs ) in pl a ce a t the time o~ t he accident . There is 

evidence in t he l i terat ur e that these original TLDs left 

signi~icant angular gaps t hrough which bursts of ra

dioact i vity might have pa ssed entirely undet ected or 

only partially de t ected. Fi gure 1, reproduce d ~rom an 

Atomic I ndustri al Forum Study , depicts graphi ca lly the 

f all-off i n measur ement e~~iciency when a bur st o~ ra

diat i on is not centered on the regist ering dosimeter .* 

*Charle s D. Thomas, J r . , James E. Cline, Paul G. Voilleque 
(Science Applications Inc), "Evaluation of an Environs 
Exposure Rate Monitoring System for Post-Accident Assessment " 
(Report AIF/ NESP- 02) , Atomic Industrial Forum Inc. , National 
Envi r onmental Study Project, . Rockville, Maryland , December 
1981 ) . 

- · • ... • .. .. t ' ... .. . - --.. . .... ~ -
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Figure 1. Adapted from Thomas et a1. (Report AIF/NESP-023) 
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(Projects designed to use this t ype o~ information to 

obtain more accurate environmental measures o~ noble gas 

radiation are described in section 7.0.) 

A second reservation about the use o~ TLD mea-

surements based on the original Met Ed set o~ TLDs is 

that a second set placed later by the NRC indicated a 

substantially greater population dose for the period 

when the two sets could "be compared . Some investigators 

accepted the lower readings and virt ually ignored the 

higher onesa others accepted the later higher readings 

and attempted to extrapolate from them alone. The 

particular procedures followed are discussed in Appendix 

A, but both procedures are problematic. 

-The most serious reservation about the data 

provided by DOE Helicopter Geiger Counter readings has 

to do with the ~act the bulk of the readings do not 

begin until two days after the i nitial release . This 

and other reservations are discussed in Appendix A. 

It should be noted that the highest value ~or the whole-body 

dose (63, 000 person-rem) found in t he literature appears to 

be close to an upper limit under any set of assumptions for 

the noble gas dose within 50 miles from the TMI accident. 

That is to say, i~ it is assumed t hat the entire inventory of 

Xenon-133 (140 million curies), plus the accompanying 
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Xenon-1 )5 , Krypton-87" and Krypton-88, were released rrom the 

reactor during the accident, and then the meteorological 

model for dispersion giving the highest dose per curie 

released is applied (see entry under Miller et al in Table 

2) , it appears that the whole-body population dose would be 

approximately 75,000 person-rem within 50 miles.• 

In the concluding section or this review, proposed 

projects are described which are designed to come to grips, 

as far as may be possible, with problems in the estimation of 

the whole-body dose from noble gases. In addition, certain 

preliminary calculations of published data not utilized in 

the literature on TMI dose asssessment are identified. These 

calculations should be made and the results presented to the 

proposed dosimetry workshop, as suggested in Section 2.0 

above. ' I 

*75 , 000 person-rem equals the ratio of 140 million curies to 
2.4 million curies multiplied by the maximum population dose 
given in Table 2 for this size release (1500 person-rem ) . 
75 , 000 is not a strict upper limit because the angular dis
tribut i on of the released radioactivity may, in reality, have 
differed from the distribution assumed in the calculation 
taken from Table 2. Also, should a release have occurred 
during the first hour, there would have been copious amounts 
of very short-lived noble gases present that should also be 
included in the population dose calculations. On the other 
hand, the assumption of a 100% release of noble gases is too 
pessimistic. Clearly, a more detailed upper limit calcula
tion is desirable. Such a calculation (including the contri
bution of other isotopes) is proposed in Section 7 .0 as a fu
ture research project. 
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).2 Do ses from Radioiodine 

The official estimate of the amount of radioiodine 

released is 15 to JO curies• based on one i nterpetation of 

in-plant data. However, an alternative a nalysis of in-plant 

data carried out by an independent resea rche r indicates that 

the actual release could have been much hi gher, amounting to 

5,100 to 64,000 curies.•• Although other s tudies and data 

appearing in the literature do not make as explicit estimates 

of radioiodine releases, the information reported has been 

converted to an approximate release magni tude format, in 

order to determine whether the results are consistent with a . 
low or high release. Paradoxically, t he remaining studies 

also appear to fall into a high or low category, with none 

falling in between. For instance, a r eassessment of one 

attempt in the literature to relate milk data to the release 

magnitude sugge~ts that many hundreds of ti~es more radio

iodine was released during the first two days of the acci

dent than was estimated to have been re l eased in the offi-

cial s t udies.••• 

In contrast with this first set of mi lk data, a differ

ent but more limited set of milk dat a can be interpreted 

•see, for example, the Rogovin Report, Par t II, Vol. II. 

••see Appendix C, Section 2.).2, for a discussion of Takeshi's 
analysis . 

***Since one government- commissioned r eport begins from a 
hypothetica l assumption of 10 , 000 curies of radioiodine 
released , it is possible that other re searchers have also 
been aware of this possibility (see Appendix C, Section 
).6.1 ). 
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as supporting the official release estimate . In addition, we 

have found that iodine limits determined by actual measure

ments on people (as part of the public whole-body counting 

program) do turn out to be consistent with a 15-curie or 

smaller release . However, these measurements were limited to 

people living within ) miles, so that radioiodine blown down 

or up river would not be likely to have been detected. (This 

measurement does serve to restrict the direction of any large 

release. ) 

Analysis of the data from grass samples and meadow voles 

can also be interpreted to support a 15-curie release. No 

easy resolution of these contradictions with the first set of 

milk data is possible. 

To summarize the conclusions reached in Appendix C, the 

most important problems revealed in the literature in con

nection with assessing radioiodine releases and doses involve 

the following• 

- For in-plant measurements of released radioiodine, 

there are gaps in the monitoring"data due to the 

loss of filter cartridges. Furthermore, the cali-

. bration of the charcoal cartridges and filters is 

at issue. There is evidence that both water vapor 

and the temporary attachment of noble gases may 

have blocked sites for radioiodine, producing 

inaccurately low readings. In addition, some 

possible pathways for airborne releases have not 
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been adequately considered. Finally, 11 million 

curies o~ radioiodine have. not yet been traced--

radioactivity that conceivably could have escaped 

via a liquid pathway • 

-For environmental measurements t he most important 

issue (as mentioned above ) is the lack of agreement 

between the measured radioactivity in various sam-

ples of cow's milk and other data. In addition, 

insufficient use (i.e . coll ection o~ data with no 

f ur t her analysis ) has been made of information from 

other environmental sources--that is, grass sam-

ples and radioactivity found i n other animals. In 

part, analysis ·is hampered by the lack of baseline 

information on appropriate metabolic processesa the 

passage of radioiodine in.to the thyroid gland for 

meadow vol es, rabbits, and o ther animals, the hy-

drolysis of methyliodide in cows and its passage 

into m~k. As in the case of the noble gases , 

f urthermore, problems remain in .the angular dis

tribution of environmental samples. 

Proposed pro j ects designed to remedy, as far as may be 

possibl e, t hese uncertainties are described in the final 

sect ion of thi s report. 
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J.J Doses from Radiocesium 

Only limited environmental sampling for radiocesium was 

carried out after the accident. A great deal of the da ta 

that was recorded is suspect because too many readings from 

different sites show or are recorded to show exactly the same 

value.• No judgement is attempted here as to whether such 

identical readings are the result of instrument or human 

error, but little reliance can be placed on such data without 

further clarifications. Consequently, there is no hope at 

this time of being able to use past measurements to determine 

a geographical pattern for radiocesium deposition on the 

ground. (The possibility of making ~ measurements to 

locate radiocesium still remaining from the accident is 

discussed in the proposed project section of this report. ) 

In order to determine an estimate for the dose from radio-

cesium, or at least a limit to the dose, it is necessary to 

rely on general reports of the magnitude of the environ

mental measurements . Cesium-1)7 levels measured after the 

accident were found to range up to 100 nanocuries per square 

*E.W. Bretthauer, R.F . Grossman , D. J. Thome , A. E. Smith , 
"Three Mile Island Nuclear Reacto·r Accident of March 1979 
Environmental Radiation Data r A report to the President ' s 
Commission on the Accident at Three ~tile Island , " (Report 
EPA-6- 0-4/81 -0lJB, Environmental Protection Agency, Las 
Vegas, Nevada, 1981) . 
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meter.* (A nanocurie is one billionth o~ a curie.) However, 

these levels were not attributed to the accident but ·were 

presumed to be due to residual global fallout from past wea

pons tests . In the absence of confirmation of this 

presumption (which could have been che cked by testing for t he 

ratio of Cesium-134 to Cesium-137), it is not scientifically 

valid to conclude that no radiocesium from the accident was 

present . Calculations should be made for the proposed 

dosimetry workshop which would at least set upper limits to 

the radiocesium releases from the ac cident and therefore give 

the participants some idea of the maximum relative importance 

of the possible dose contribution. A method of determining 

an upper limit of this type is described in section 7.0. 

Because of the scantiness of the radiocesium data and 

the lack of attention given to it by i nvestigators, there has 

been no need t o prepare a special appendix on radiocesium. 

*K . rull er, C. Gogolak, M. Boyle, J , Gulbin, "Radiation 
Measurement s Followi ng the Three Mile Isla nd Reactor 
Accident" (Report D lL- 357, Department of Energy, New York, 
New Yor k, May, 1979). 
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4.0 General conclusions of this Review 

The findings of this review are , in summary, given 

below. Documentation is provided in Appendices A and C. 

1) Monitoring equip.ment in place at the time of the 

Three Mile Island accident, as is well known, was poor and 

liable to error. This includes both the in-plant monitors, 

- ~·-- · 

such as the vent-stack monitor tha t went off-scale, and the 

charcoal cartridges for radioiodine (some of which were 

lost), and the thermoluminscent dosimeters which were distri-

buted in insufficient numbers outside the plant . 
-

2) Environmental sampling, hastily instituted in the 

chaotic aftermath of th~ accident, was insufficiently coor

dinated. Sampling did not cover all directions from T~IT 

adequately. In addition to problems in calibration and la-

belling, there was little or no , redundancy in measurement 

--redundancy that would have made it possible to check mea-

surements against one another. 

J) In their analysis of the information collected , the 

early official studies are subject to the following limi

tations . On the one hand, they easily accepted monitor read

ings that may be open to legitimate question . On the other 

hand , they rejected as anomalous a number of high environ

mental readings without sufficient rationale. Finally, in 

many cases, they did not make full use of statistical tech

niques that would have allowed better use to be made of the 

data collected. 
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4 ) Additional data remain to be analyzed. Some data 

collected early {e.g., radioiodine grass measurements) have 

not been officially analyzed as a contri bution to determining 

radioiodine release rates . Other data only became available 

for analysis after the initial studies were completed. (For 

example, as discussed in Section 7.0, and i n Technical 

Appendix B, it appears possible to use t he Krypton-85 

deliberate venting in July, 1980 to gain information about 

release of all other noble gases.) Still other data will 

only become available as the cleanup progresses (e.g., the 

tracking of long-lived I-129 as an indica t i on of in-plant 

release pathways for I-1)1 ) . 

For all these reasons, it appears tha t the official 

estimat es for whole-body and thyroid popula tion doses should 

not be regarded as final at this time. Such a statement is 

not meant to imply that, in fact, the official dose estimates 

have been proven wrong, but only to judge that much greater 

uncertainty than heretofore acknowl edged should have been 

assigned to the doses delivered t o the population and, as a 

result, t o the estimated health effects pr ojected f rom the 

dose s . 

At the same time, as already suggested in findings 3 and 

4 above, it should be stressed that many uncertainties that 

now exist can be reduced by furt her scientific and sta

tistical work with existing data and by the revelations of 

new data . For instance, in the course of t his literature 
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review and analysis, it has become obvious that continued 

study would pay rich scientific dividends, especially in 

those areas that were relatively neglected in the aftermath 

o~ the accident, such as radioiodine and radiocesium re-

leases. In addition, there may exist unpublished studies and 

in~ormation that would have an important bearing on the 

conclusions o~ this review. Although use has been made of 

what is probably the most important and comprehensive private 

study, TDR-TMI-116 (which was prepared by Pickard, Lowe and 

Garrick, Inc . at the request of General Public Utilities), 

additional unpublished information p+obably exists that is 

extremely important.• 

The Public Health Pund will no doubt want to take 

appropriate measures to encourage those with relevant private 

and unpublished in~ormation to bring it into the public do

main. The first step should be to convene a dosimetry 

workshop, at which the methodology and dose estimates may be 

debated and, to the extent possible, resolved. Such a work-

shop would serve as a forum for the authors of the papers 

reviewed in this report to clarify their work, to respond to 

the conclusions of contradictory studies and of this review, 

and to comment on the proposed projects of section 7.0. 

*This review has already paid dividends in this regard. An 
important study on pathways for radioiodine in cows, com
missioned by the NRC, had •fallen through the cracks," 
according to the project manager and had not been released 
eighteen months a~ter completion. After our inquiry, the 
study was published. 
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5.0 Need fo r Additional Dosimetry Analysi s 

When considering the TMI accident, it is important · to bear in 

mind that the overwhelming bulk of the dangerous radioacti

vity released from the fuel was probably contained within the 

reactor complex and certainly was not relea sed into the air.* 

This fortunate result was due to the fact that most radio-

act ivity passed through and (except f or the noble gases) con-

densed in water before reaching the atmosphere . Had water 

not scrubbed the condensible radioactivity from the escaping 

gases, the consequences would likely have been much more 

serious. Table 4 , reproduced from an earlier study on TMI 

perfo rmed f or the Council on Environmental Quality,** shows 

the proj e cted consequences for three alternate scenarios of 

increasing severity. Although the probability of such re

leas e s i s a subject of intense debate at the current time, 

the very possibility of such releases occurring should serve 

to put the actual accident in perspective . 

*Note, however, that at least 11 million curies of the radio
iodine core inventory is unaccounted fo r (see the discussion 
in Appendix C, Section 2.1). Until the missing radioiodine 
is traced s omewhere within the reactor complex, it is 
premat ure t o conclude that there were no pathways by which 
radioiodine entered the river. In any case, this amount of 
inorganic radioiodine could not have entered the air or it 
woul d have easily been detected. Even airborne organic 
radioiodine in quantities of this order would have l eft 
traces t hat would have been detected . 

**J. Beyea, "Some Long-Term Consequences of Hypothetical Major 
releases of Radioactivity t o the Atmosphere from Three Mile 
Island," (Report PU/ CEES 109, Center for Energy and Environ
mental Studies, Princeton University , December, 1980) . 
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Even though the actual accident was nowhere near as 

severe as the worst case described in Table 4, in ~airness to 

the population surrounding T~U. it i s important to continue 

efforts to estimate the full dose delivered . The best e~-

forts of the scientific community have yet to be put forward 

to find out whether high readings hav e be en rejected justi

fiably• i~ormed criticisms of official estimates have yet to 

be granted a response. 

Even i~ there were no doubts about the significance of 

the population doses received at TMI, it would be worthwhile 

to pursue t he analys i s of the TMI dosimetry further in order 

to guide future monitoring and emergency planning programs. 

The TMI data provide a testing ground for theoretical 

models of dose pathways and propose d emergency measures. 

Resolving as many loose ends as possible at TMI should 

improve the possibility that important observations will be 

made relevant to emergency planning and monitoring . For 

example, it has already become cl ear from this preliminary 

study of the dosimetry that in orde r to minimize radioiodine 

in milk, not only should cows be kept indoors after a release 

of radioactivity and kept from grazing, but they should be 

shifted to feed that has been stored indoor s or brought from 

distant locations, rather than allowed to eat baled hay that 

may have filtered radioiodine from the air. The licking and 

chewing of the ground, habitual t o cows, should also be 
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restricted. 

As for monitoring , much work is still needed. ·Despite 

the flurry of post-TMI NRC r equir ements , it is not clear that 

any better information about radioiodine or radiocesium 

dispersion would result should an accident occur in the 

future at another reactor . Because of changes in instrumen-

tation, better information would be available about the 

amount of noble gases released from the reactor vent stack, 

but the authorities to our knowledge still have no adequate 

way of determining the distribution of radioiodine or of 

radiocesium deposited on the ground . A post - accident plan 

for environmental sampling of deposited radioactivity is 

needed to ensure that data are taken from all angular 

sectors. 

: ~orne improvements in monitoring methodology can also be 

recommended as a result of this dosimetry reviewa potential 

biological monitors such as the meadow vole, rabbit, goat, 

honeybee, etc. should be "calibrated" by measuring their 

uptake of deposited radioactivity . They would then become 

quite useful in future radiological incidents as a check on 

the soil and grass environmental sampling pr ogram. One of 

the most frustrating aspects of trying to make sense out of 

the TMI data is the lack of redundancy in measurements . 

Human errors and equipment malfunctions will always lead to 

measurement errors. In the absence of independent measure-
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menta that can be used to separate errors f rom real effects, 

it may be difficult to explain discrepancies and therefore 

difficult to a ssure t he public that the true nature of a 

r elease is known • 

Change s in monitoring procedures are also indicated. In 

trying to make sense out of TMI data, i t be came obvious in 

t he course of t his study that measurements of different 

airborne radioisotopes should be made on the same air sample, 

so that r~lative i sot ope ratios can be extracted with confi

dence . In this way useful information could be obtained that 

was i n dependent of met eorological uncertaint ies. Only one 

(accurate) measurement of this sort was found to be available 

i n t he TMI monitoring data. 

There is, of cou.rse, another important reason for pur

suing the TMI dosime t ry, beyond learning more about mon

itor ing and emergency planning• there is a substantial popu

lation surrounding Three Mil e Island that has been five year s 

waiting for informati on that they can trust concerning dose 

levels . The compl ete peer review of dose estimates that can 

be arranged by the Public Health Fund, through a forum such 

as the proposed dosimetry workshop and subsequently by com

missi oning new studies to resolve uncert ainties, will help to 

ensure that the f ull TMl story (or a s much of it as can pos

sibly be obtained s cientifically) will come to light. 
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6.0 A Summary of Health Impacts Described or Implicit in the 

Literature 

Dose assessments are o~ interest because they represent 

the ~irst step in estimating the projected health impacts of 

a radiological incident. Many of the studies under review, 

in particular the of~icial reports, proceed to projections of 

delayed health impacts based on various dose assessments. 

Had the official studies considered all estimates, including 

those of independent investigators, they would have obtained 

a wider range of health e~~ects estimates. The extent of the 

increase is discussed in this section in order to assess the 

possible significance of dose assessment discrepancies loca-

ted in the literature. However, because this study did not 

review the literature on the health ef~ects of low-level 

radiation , no consideration of uncertainties in this part of 

the calculation is undertaken. 

The conversion of population dose to health impacts for 

low-level radiation is conventionally accomplished by apply

ing dose- response estimates researched and published by the 

National Academy of Sciences.* Although uncertainty exists 

about such low-level radiation risks, the Academy projects 

0.6 to 2 . 0 delayed cancer deaths per 10,000 person-rem. 

Thus, on the basis of their assumed collective dose of 

*National Academy of Sciences, Committee on the Biological 
Effects of Ionizing Radiation, The Effects on Populations of 
Ex osure to Low Levels of Ionizin Radiation, (National 
Academy Press, Wash ngton , D.C., 19 0. 
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approximately )000 person-rem for noble gases (see above, 

Section ).1 and Table J), the Kemeny Commission and the 

Rogovin Report projected that no fatal cancer was likely to 

occur within 50 miles as a result of the accident.• 

In the review of the literature on the noble gas 

population dose, as reported in Section ).1 of this report 

(and in more detail in Appendix A), estimates of up t o 6) , 000 

person-rem are discussed . Thus, had the official studies 

included projections for such an estimate, they would have 

obtained the value of 

6 ) ,000 X 2.0 

10,000 
= 12.6 

maximum cancer deaths for the exposed population 

of 2.) million within 50 miles. In summary , then, the number 

of delayed cancer deaths that would be projected based on the 

noble gas dose estimates in the literature reviewed f or this 

*Kemeny Commission, op. cit.a Rogovin Report, op. cit., Part 
II, Vol. II. The highest official projection of the harmful 
consequences of the accident was given by the then Secretary 
of Health, Joseph Califano, at a press conference in May of 
1979. Mr. Califano estimated that one fatal cancer would be 
expected as a result of the initial noble gas release. 



---------- -------------------------------------------------- ~---~ : -· ~- -

-34-

report (and using official dose-response coeffecient~) ranges 

from zero to thirteen. As discussed earlier, a 6),000 person 

rem dose is probably an upper limit, although there are still 

some unresolved questions about very early releases and 

although certain corrections might increase the total some

what if the population beyond 50 miles is considered.* In 

any case, the total number of delayed fatalities projected 

from the released noble gases can be limited to approximately 

thirteen using conventional dose/response coefficients, even 

for the most pessimistic study in the literature. 

*Self-evacuation and building shielding probably lower the 
maximum by 25~, while the inclusion of post-50 mile doses 
might multiply the new product by a factor of 2, for a net 
50% increase. (See Appendix A). Still unresolved, however, 
is the possibility of a hypothetically large release of very 
short-lived noble gases during the first hour which, con
ceivably, could raise the total. 
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?.0 Toward a Better Understanding o~ the TMI Accidenta 

Current Uncertainties and Proposed Pro j ec ts 

In order to give the Advisory Board o~ t he Public Health 

Fund an idea of the elements which would make up a more 

complete dosi metry study, a discussion has been prepared ~or 

this final se ction of the report of uncertainties that remain 

to be addressed. Suggestions . in the form of possible pro

jects, have been proposed for addressing them . Whenever a 

futu.re study is suggested , whether related to dosimetry or 

emergency pl anning, it is given a "Proposed Project number" 

for purpose s of reference. Table 5, which is included at the 

end of this section, provides a succinct descr iption o~ each 

project and the dose estimate with which it is associated. 

1. Inconsistencies in Estimates of t he Amount of Re

leased Noble Gases. Di~ferent measurements of the number of 

curies of noble gas released are inconsi s t ent and the 

discrepancies not obviously resolvable. Two of the most 

highly publicized estimates differ by more t han a factor of 

four (2.4 million curies and 10 million curies). Other 

s tudies indicate that the discrepancy coul d even be larger. 

The controlled Krypton-85 venting, carried out in June and 

July of 1980 , offers a new opportunity t o make this estimate, 

a s is proposed in Appendix B. Prior to the convening of a 

dosimetry workshop, calcula tions should be made using this 

method to determine whether or not the r esults will likely be 

consistent with other estimates. (Proposed Project #la.) 
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Discussion of the various estimates of noble gas 

releases among all investigators is Proposed Project #1b, 

which could most appropriately take place as part of a 

dosi metry workshop, 

2. Inadequate TLD Calibrations. Based on analysis of 

published papers, the TLD calibrations appear inadequate . 

Since 50% of the cumulative dose delivered to those TLDs used 

in the early time period has been estimated from theoretical 

calculations to be due to noble gases other than Xenon- 1)), 

such as Krypton-88 and Xenon- 1)5, it is inappropriate to rely 

on calibrations made with Xenon-1)) alone , as appears to have 

been done for some of the studies appearing in the litera

ture. In any case , proper calibration of TLDs for a mixture 

of isotopes that is also changing in time due to radioactive 

decay is a non- trivial problem that requires more attention 

than it has been given . The TLD calibrations should be made 

not only a function of time and isotope mix, but also a 

functio n of the distribution of airborne radioactivity 

(which, in turn, is a function of the stability of the at

mosphere).• (Proposed Project #2.) 

•There are two reasons for making measured or calculated 
cal ibrations a function of the shape of the radioactive 
cloud : first , it is more accurate to do so. Second , the TMI 
detectors were constructed so that contamination of the gamma 
ray sensors by beta rays inadvertently occurred. The rela
tive contribution of the beta rays to the detected signal can 
depend quite sensitively upon the shape of the radioactive 
cloud. 
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) . Possible Gaps in the TLD Monitoring Perimeter. From 

the general l i teratur e on angular limitations in TLD ~ea

surement capacity {see above Section ) . 1 and Figure 1), it 

appears clear that t hermoluminescent dosimeters at TMI we re 

spaced too far apart to guarantee that all rel eases of noble 

gase s we r e fully detected. 

Because ther e we re onl y 20 moni t or ing stations, the 

average angle between stations was 18° . A wind ve ctor midway 

between two detectors would then fall, on average , half of 

18° , or 9° from a TLD . ( In some cas es half of the angle 

between TLDs was much more than 9°, i n some cases less.) 

I nspection of Figure 1 shows that a TLD 9° away from a wind 

vector -- especially one of the dist ant TLDs l ocated beyond 

1000 met ers--would lose a ~eat deal o~ its sensitivity. 

Consequently , there must have existed "windows" in the moni-

t or ing perimeter between some of the TLDs. 

Alt hough the exist ence of these gaps is rather easy to 

document from the existing literature , their s ignificance is 

more difficult to assess without further work . Pr ior to the 

proposed dosimetry wor kshop, it would be advi sable in this 

regard to produce TLD efficiency ratings f or the full 360° 

compass sur rounding Three Mile Island and to compare any 

resulting gaps in the perimeter with t he actual hourly 

direction of the wind during the early days of the accident. 

This product ion and associated delineation of windows will be 

Proposed Project #)a . 
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A concerted effort should be made to collect and develop 

alternative evidence concerning the magnitude of ~ny radio

activity that might have passed undetected through TLD 

windows . Four projects are proposed. First, there may be 

isolated pieces of information that are not yet part of the 

public record. A call for information, concentrating on par

ticular geographic areas, may well, even at this late date, 

produce useful results. (Proposed Project #Jb . ) 

Second, evidence that might prove useful in assigning 

approximate limits to radioactivity within TLD windows could 

come from film badge monitoring data routinely accumulated 

and recorded for hos~ital and other specialized workers . 

Data of this form from the Harrisburg International Airport 

were sent to us by a local resident indicating that around 

the time of the accident 10- 45 millirem were accumulated by 

monitors that normally never show any readings. Although 

this particular data may be t oo close to TLD locations to 

fall into a window in the TLD perimeter, its existence sug

gests the possibility that similar information might exist at 

locations that do fall into TLD windows. Information of this 

type has not yet been published. (Proposed Project Jc . ) It 

should be noted t hat an •ad hoc • attempt to convert ordinary 

photographic film into radiological data was carried out 

after the accident. Five photographic film samples were 

collected from local stores and analyzed by the Bureau of 
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Radiological Health (BRH). • Unfortunately, all but one of 

these samples appears to fall close to a TLD direction, 

indicating that the BRH data will not prove as useful as it 

would have had the locations been different . (Even though 

the BRH work probably does not provide much useful informa

tion about the TMI accident, the work is potentially very 

important for monitoring in general. It suggests that 

ordinary, inexpensive film could be very useful in future 

incidents at nuclear installations if samples were distri

buted over a wide angular range. The· low cost of photo

graphic film would allow such monitors to be set at 

sufficiently narrow angular intervals around a reactor to 

eliminate all windows.**) 

*R.E. Shuping, "Use of Photographic Film to Estimate Exposure 
Near the Three Mile Island Nuclear Power Station" (Report FDA 
Bl-8142, Department of Health and Human Services, Food and 
Drug Administration, Bureau of Radiological Health, Rock
ville, Maryland, February , 1981). The conclusions of this 
paper are somewhat ambiguous because the orientation of the 
film cylinders (i.e., the direction the cylinder was pointing 
relative to the passing radiation) was not recorded. The 
investigators limit the dose to 5 to 10 millirems or less, 
though if the cylinders were aligned differently a limiting 
dose of 50 millirems is in accord with the evidence. 

••Based on the BRH work, the most unambiguous way to use film 
monitors to detect radiation is to measure the oscillation in 
density along the film after it is developed (the oscilla
tions are due to absorption effects in the central cylin
der). It appears that the sensitivity of the film could be 
increased ~or monitoring purposes by inserting lead rods into 
the cylindrical axis of the film, thereby causing greater 
density oscillations on the film when developed. 
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A third proposed project would be more theoretical. In 

the absence of any other information about radioa~tivity 

carried in the direction of a hypothetical TLD window, it is 

possible to set upper dose limits using theoretical meteor

ological dispersion calculations. For instance, a "worst 

case" calculation could be performed in which 100% of the 

noble gases in the core were assumed released in one di

rection during the worst meteorological conditions that 

occurred for that wind direction during the accident. (Some 

preliminary calculations along these lines should be pre

sented to the dosimetry workshop--Proposed Project Jd.) 

Finally, because upper limits obtained in this manner 

are likely to be quite high (50 rads? ) , it may be possible to 

gain more restrictive information, as discussed next, using 

crude experimental techniques that have been developed in a 

field completely unrelated to human dose assessment. For 

instance, Edward Radford of the Public Health Fund Advisory 

Board has suggested that post-accident measurements could 

still be made using thermoluminescent techniques that are 

used in archeological dating. As an example, bricks or tiles 

located in ordinary housing could be used as crude radiolo

gical monitors. The key idea here is that, were the radi

ation from the accident sufficiently high, the resulting 

defects in the brick would be great enough in number to be 

detected using~hermoluminescent techniques. The sensitivity 

of this method for a range of common materials should be 
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explor ed to determine whether or not the method would be more 

useful than a simple upper-limit calculation. (Proposed 

Pr o ject Je. ) 

An a l ternat ive method for dealing with the significance 

of any gaps in the TLD coverage would be to use a "Bayesian" 

s tati s tical analysis t o gain some insight into the likelihood 

of various noble gas population doses within the 276-6),000 

person- rem range . The procedure would involve guessing at 

hundre ds of differen t time-dependent source terms for the 

noble gas release, and then calibrating for each how much of 

t he dose would have been missed by the TLDs given the actual 

me t eorological hi stor y . Next, the resulting population dose 

associated with each t i me-dependent function chosen would be 

calculated . I t is quite possible that most reasonable 

guesse s at the s ource-term's time dependence would lead to 

population dos e est i mates that center around s ome mid-range 

value. By performi ng the calculation f or a wide range of 

sourc e- term scenarios , a histogram of dose estimates could be 

generated that would he l p in assessing the likelihood that 

the t r ue dose exceeded the mo s t frequent value calculated. 

(Proposed Proj e ct #Jf ) As part of this calculation, atten

tion should be given t o the population dose beyond 50 miles, 

and i t would a l so be of interest to break down the population 

dose within 10 mi les of the plant. One by-pr oduct of this 

project would be a mor e accurate determination of the maximum 

population dos e . 
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4 . Missing Radioiodine . As mentioned in Section J.2 

above, at least 11 million curies of the core radioiodine 

inventory is unaccounted for at this time . As the cleanup 

progresses, it will become possible to measure where resi

dual, long-lived Iodine-129 is deposited in the reactor. 

Such measurements may provide informat i on about the paths 

short-lived radioiodine took at the time of the accident, 

i .e., the Iodine-129 will have left a t r ail that can still be 

followed . Subject to the approval of the court, the Fund 

might want to commission an independent analysis of this 

methodology and its sensitivity. (Proposed Project #4a .) It 

may also be necessary to appoint someone to ·promote and 

monitor Iodine - 129 measurements that might be carried out by 

the utility or government agency. In general, the Health 

Fund should consider monitoring all attempts to account for 

the missing radioiodine. (Pr oposed Project #4b . ) It seems 

especially important to make an independent assessment of 

whether or not this missing radioactivity could have escaped 

via a liquid pathway, since liquid pathways have not been 

carefully investigated in this review. Some future efforts 

should be made in this direction. (Proposed Project #4c .) 

5. Gaps in In-Plant Monitoring Data for Airborne Radio

iodine Releases. Information available about the amount of 

radioiodine r eleased to the atmosphere in the first 15 to 42 

hours of the accident is limited and unsatisfactory . For 

radioiodine (unlike noble gas) there were measurements of the 
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amount of radioiodine released from the vent stack, but it 

was acknowledged from the beginning that r ecords from the 

monitoring cartridges for the first 15 hours were lost or 

mislabe l ed . Subsequent investigations i ndica te that the raw 

data i s suspect out to 42 hours from the sta rt of the 

accident. (See Appendix C, Section 2.4 .) 

To get a r ound t his gap in the data , analysts substituted 

data f r om feeders to the vent stack coming from the fuel 

handling and auxiliary buildings, and i mplicitly assumed 

there we re no filter bypasses and no r adioiodine cont ribu

tions from othe r f eeders to the vent stack . However, as 

indica ted in Appendix C, a l ternative pathways need t o be 

properly considered . (Proposed Project #Sa) 

For instance, t here was at least one known release 
• I 

pathway t o the vent stack that bypassed t he fuel handling and 

auxi l i ary bui ldings (through the so-called •relief tank vent 

header" ) , I n addition to this, a number of other escape 

pathways we r e possible--especially at t he t ime when the ven

tilation system was turned off . Radioactivity conceivably 

could have gone out the air intake tunnel. (The NRC had 

warned Metr opolitan Edison during the a ccident that turning 

off t he ventilation system could lead t o a ground level 

relea s e .* ) In addition, there may have been releases of 

*U . S. Nuclea r Regul atory Commission, Investigation into the 
March 28 1 Three Mile Island Accident b the Office of 
Inspect~on and Enforcement Report NUREG-0 00, Washington, 
D. c . , 1979) , p . II-A-42 . 
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radioiodine from the secondary side (see #6 below). Thus, 

there were even possible pathways that could have bypassed 

the vent stack itself. Once again, analysis of I-129 left on 

surfaces in the reactor (see above, Proposed Project #4) may 

prove helpful in determining the true escape paths for 

radioiodine. 

Because it has been estimated that more than 100,000 

curies of radioiodine may have been airborne in the contain

ment building,* it is particularly important (for both air

borne releases of radiocesium as well as radioiodine) to de-

termine whether or not the containment building atmosphere 

was in fact isolated from direct contact with the external 

environment for the first 42 hours, with all leakage paths 

occurring through water. The literature provides evidence in 

the event-by-event descriptive records of the accident that 

raises the question as to whether the containment atmosphere 

was continuously isolated--an assumption that has been made 

in all studies to date.** The most striking reason 

*C.A. Pelletier, P .G. Voilleque, C.D . Thomas, J.A . Daniel , 
P.A. Schlomer, J.R. Noyce, "Preliminary Radioiodine Source
-Term and Inventory Assessment" (Report GEND- 028, 
EG & G Idaho, Idaho Falls, March 198J). The model developed 
by these authors projects that a maximum of 0.2% of the ra
dioiodine in the core (which in turn is known to be 70 mil
lion curies) was airborne at any one time . The cumulative 
quantity of radioioidine estimated to be airborne was 
estimated to be 5 times higher. 

**The main pathway of concern is the reactor building purge 
system. It may have leaked before the containment building 
was isolated and during the intermittent periods when iso
lation was defeated . 

. -
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for consider ing this pathway has to do with the likely 

inoperability of the filters that should have s erved ~s t he 

last line of defense against radioiodine r el ease f r om the 

containment building. It was discovered in early 1982* t hat 

a bypass existed around the filters between the containment 

building and the vent stack. Steel plugs that were supposed 

to block interconnecting drain pipes w·ere mi s sing. In 1980 

the holes were covered with "tuck" tape, a s preparation for 

the Krypton venting, but evidently there was not even tape in 

place a t the time of the original accident . 

Figure 2 indicates some of the escape pathways discussed 

in this sect ion that would be of particul a r concern for 

Proposed Project #5a. 

In addition to the search for unmonitored release 

pathways , it is also important to clear up certain incon

sistencies that exist concerning the calibr a t ion of the vent 

stack monitoring system . As discussed in Appendix C, there 

is the possibility that the high level of noble gases 

simultane ously present in the vent stack , as well as the high 

concentrat i on of water vapor, may have inter fered with the 

efficiency of the collection of radioiodine . Proposed 

*Ronald R. Bellamy , "HEPA Filter Experience During Three Mile 
Island Reactor Building Purges" in 17th DOE Nuclear Air 
Cleaning Conference, M.W. First, Ed. ( Con.f-8208)), Department 
of Energy , Washington, D. C. , 198) ) . 
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Figure 2 Schematic Di agr am o f Some Relevant 
Pathvays for Airborne Radioiodine at TMI 
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Project #5b would investigate this matter. ( Questions about 

the e~ficiency of the vent stack monitor for organic forms of 

radioiodine will be discussed below in#? .) 

6. Emissions from the Secondary Side of t he Reactor. __ 

Official studies did not include estimates for this release 

pathway, even though there is general acknowledgement in the 

literature that secondary side st,eam was released into the 

atmosphere. A method is proposed in Appendix E for us ing 

general computer calculations to estimate possible r el eases 

of radioiodine that may have occurred from t he secondary side 

of the reactor. Collecting the informat i on on the TMI 

reactor necessary t o use this method, a s well as the a ctual 

analysis, is proposed as Project #6 . 

7. Uncertainties in the Chemical Form of the Released 

Radioiodine . The chemical form of the r eleased radio iodine 

is unclear, i.e., it is not clear what per centage was organic 

(e.g . , methyliodide ) and what percentage was inorgani c . Most 

analysts have assumed that the release was all inorganic. 

And indeed , some measurements appear to confirm this, i . e. , a 

limited number of measurements made on airborne sampl es taken 

outside of the reactor . * On the other hand , some analysts 

*E.W . Bretthauer, R. F. Grossman , D.J. Thome , A. E. Smith, 
•Three Mile Island Nuclear Accident of ~~rch 1979 Environ
mental Radiation Data& A Report to the Presidents ' s Com
mission on the Accident at Three Mile I sland" (Report 
EPA-600/4-81- 0l JB, Environmental Protect ion Agen~y. Las 
Vegas, Nevada, 1981), pp. 2-J. 
(can't on following page) 
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assume, based on reports of vent stack measurements , that the 

release was evenly divided between the two forms·. * Finally, 

there is completely contradictory evidence based on analyses 

of auxiliary building exhaust filters indicating that 97% of 

the r elease may have been organic . ** 

Once t he possibility is allowed that the ratio of the 

two forms of radioiodine may be unknown , the complexity of 

trying to make sense out of the data available on radioiodine 

at T~U goes up enormously , especially because of the lack of 

basic information about the behavior of organic iodine. 

Proposed Projects #?a - 7d are designed to gain more 

information about organic radioiodine as it relates to the 

TMI accident . For instance, there is a need to determine the 

efficiency with which the in-plant radioiodine cartridge 

(con't from preceding page) 
See also, Ad Hoc Dose Assessment Group, "Population Dose 

and Health Impact of the Accident at Three Mile Island 
Nuclear Stationa A Preliminary Assessment for the Period 
March 28 through April 7,1979" (Report NUREG-0588 , Nuclear 
Regulatory Commission, Washington, D.C ., May 10,1979 ) , 
Appendix B, pp. B-2-4. 

*Pickard, Lowe and Garrick, Inc ., "Assessment of Offsite 
Radiation Doses from the Three Mile Island Unit 2 Accident" 
(Report TDR-TMI-116, Revision 0, 1979) p. 5-5. 

**See Table II-4 of Rogovin Report. M. Rogovin and C. Frampton , 
Jr. , Three Mile Island• A Report to the Commissioners and to 
the Public, (Report NUREG-0600 , Report of the Nuclear Regu
latory Commission Special Inquiry Group, Washington, D.C., 
undated) p. 359. 
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monitors detected organi c radioiodine. {Proposed Project 

#?a. ) There is also a need to determine the efficiency of 

environmental monitor s for organic radioiodine . {Proposed 

Project #?b.) To he lp in interpreting the quantit ies of 

radi oiodine found after the accident in cows ' and goats' 

milk , as well as in the carcasses of meadow vol es and rab-

bi ts , it would be helpful to determine the metabolic path

ways that organic iodine follows in such animal s . (Proposed 

Project #?c .) Finally, a review of the behavior of organi c 

radioiodine in humans is i n order, especially in connection 

with calculating radiat i on doses f ol l owi ng i nhal ation or 

ingestion . (Proposed Pro ject #?d .} 

8 . Uncertainties in Environment a l Monitor ing of Airborne 

Radioiodine. Airborne measurements of radioiodine made with . ' 
portable equipment a re so spot t y and wide in thei r range tha t 

they provide little guidance . Also, there is s ome question 

as to t heir accur acy in light of the l arge noble gas back

ground. In any case, the usefulness of these measurements is 

limited because the bulk of t hem do not occur during the 

f i rst 42 hour s when in- plant monitoring was weak . Of some

what more use a r e the 8 fixed radi oiodi ne monitoring stations 

t hat were in place at t he time of the .a ccident . Yet not all 

analysts who made di spersion calculation for radioiodine at 

TMI at t empt ed to test thei r models against t he se parti cular 

data . Proposed Project #8a involves asking t hese anal ysts to 

do so. 
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The ratio o~ radioiodine to noble gases measured in a 

plume passing Albany, New York is consistent with.a release 

o~ inorganic radioiodine comparable to or smaller than t he 

o~~icial radioiodine release estimate. However , TMI to 

. . 

Albany is only one direction in which radioiodine might have 

blown during the ~irst 42 hours. Because Albany is hundreds 

of miles from the site, the Albany measurement cannot be ex

pected to represent a complete sampling of the release. In 

particular, there is no reason to expect , without further 

study, that every burst o~ radioiodine would have been 

detected--including hypothetical bursts that might explain 

other data. Long-range meteorological modelling could shed 

light on this question. (Proposed Project #8b.) Also 

important will be a determination of the response o~ the 

Albany detectors to organic iodine. (This .task is covered 

under Pr oposed Project #7b discussed earlier . ) 

9. Difficulties in Interpreting the Lack o~ Reported 

Radioiodine in Humans . As mentioned in Section ) . 2, attempts 

to detect radioiodine in humans were made ~ter the accident . 

Some 760 people living within three miles of TMI were counted 

for 10 minutes in a whole-body counter beginning on April 10, 

1979. The results indicated less than 2 nanocuries o~ Io

dine-1)1 in all cases . Although it is not clear that the 

correct calibration factor was used for radioiodine located 

in the thyroid, any error is probably not signi~icant . (The 

o~ficial reports which criticize this study on those grounds 



... ... 

.·: .. . 

------ - ----·-··--- ----

-51-

are excerpted in Appendix C.) If these calibrations are 

nevertheless acceptable, the measurements pr ovide strong 

evidence that any large release would have had to occur while 

the wind was blowing away from locations in which the 760 

people i n the sample lived, worked or went to school. 

Releases up or down river may have missed people living 

within J mile s . It would be usefu.l, however, to go into the 

individual case files to confirm the geographical distribu

tion of the 760 people. (Proposed Project #9a.) As part 

of any full do s i me try study, it would be worthwhile to try to 

do more with the data obtained from whole body counting than 

was done or iginally , in the hope that greater sensitivity 

could be obt a ine d . (Pr oposed Project #9b . ) For instance, 

the original "energy spectra" could be added together for 

many individual s thereby improving the "signal to noise" 

ratio. (The detection limit would increase by the square 

root of the number of spectra summed. ) In this way there 

would be a better chance of finding the presence of radio

iodine in t he data. If all 760 spectra were added, the re

sulting improvement in sensitivity should be sufficient to 

detect a releas e smal ler than 15 curies. 

10 . Uncertainties in Interpreting ~lilk/Radioiodine Data . 

The average amount of radioiodine found in a large sample of 

cows' milk is far too high to be consis t ent with the official 

release es t imate, unless farmers blatantly disregarded in

structions to keep ca t tle on stored feed . Assessment of 
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alternate pathways to cows' milk implies a much higher 

release of radioiodine. 

This contradiction was not recognized during the offi

cial inquiries into the TMI accident because the analysts who 

compared radioiodine in milk with modeling calculations found 

nothing particularly alarming. However , the key assumption 

was made that 10% of the diet of TMI cows was obtained from 

grazing. (Even with this assumption, the milk concentrations 

predicted by a group from Oak Ridge National Laboratory based 

on a 15 curie release• were low by a factor of four.) Yet 

the accident did not occur during the grazing season , and 

farmers were specifically instructed to keep· their cows on 

stored feed as a result of the accident . So the question 

becomes, Mif cows were on stored feed and only 15 curies of 

radioiodine were released, how did that level of radioiodine 

get into cows' milk?" One possibility is that the radio

iodine entered cows by inhalation rather than ingestion. In 

Appendix D of this report, this hypothesis is investigated. 

It appears that the inhalation mode would contribute 

approximately two hundred times less radioiodine to milk than 

a 1 O% diet of contaminated grass. Thus , · if inhalation were 

the sole pathway to milk, and taking into account the 

•c.D. Berger, B.H. Lane, S.J. Cotter, c. W. ~~ller , S.R. 
Glandon , "Population Dose Estimation from a Hypotheti~al 
Release of 2.4 x 10 4 Curies of Noble Gases and 1 x 10 Curie s 
of 1)1-I at the Three Mile Island Nuclear Station , Unit 2" 
(Report ORNL/TM- 7980, Oak Ridge National Laboratory, Oak 
Ridge , TN, September 1981). 
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factor of four discrepancy between the Oak Ridge model 

predictions and actual measurements, it could be a rgued that 

the actual radioiodine release was many hundreds of time s as 

much as the assumed 15 curie release. 

The high estimates implicit in cows' milk samples appear 

to contradict the grass measurements made at TMI, which can 

be interpreted as supporting a low 15 curie rel ease as shown 

in Appendix C. The interpetation is based on noting that the 

peak quantities of radioiodine deposited on gras s are con

sistent with the official estimate of 15 curies . The 

reported concentr.ations have the c.orrect pr opor tion to peak 

quantities measured after the release of s ome 20,000 curies 

of radioiodine in the Windscale accident in Engl and in 1957. 

However, it should be noted that some of the grass measure

ments reported by the Department of Energy are so unifor m as 

to suggest incorrect labelling--possibly because the values 

represent upper limits and not actual de t e c t ion of radio

iodine. Such readings have been discounted for this study. 

It should also be noted that a second set of milk mea-

surements are consistent with the official re lease estimate. 

Part of the discrepancy with the first set of mi lk measure

ments may be due to the fact that various measur ements tended 

to sample different geographical regions . Grass and milk 

measur ements were not taken uniforml y i n a ll angular sectors. 

Compar ison of grass sampling locations wit h the various sets of 

mi l k data is in order. (Proposed Project #lOa . ) 



Another possible explanation of the grass/milk 

discrepancy may lie with the chemical form of the radio

iodine. Perhaps the hypothetical, extremely high curie 

release was in the form of organic methyliodide. (See above, 

Proposed Projects #?a- ?d.) 

Methyliodide does not stick to surfaces very easily, so 

a large release would not show up in grass or soil samples. 

And essentially no monitoring of airborne methyliodide took 

place. Cows would indeed inhale methyliodide, which in turn 

would be trapped in their bodies. However, to enter cows' 

milk, the methyliodide in the cows would have to be "hydro

lized." That process does not happen in humans very quickly, 

but no one has measured the rate at which methyliodide might 

enter cows' milk. (Measurement of this rate is proposed as 

part of Project #?b . ) 

... ' 

It should be noted that a large methyliodide release 

would not imply a large thyroid dose in humans, but the 

contribution of inhaled methyliodide to the whole body dose 

wou~d be larger per curie inhaled than for inorganic radio

iodine. (Estimating methyliodide's contribution to the whole 

body dose per curie inhaled is part of Proposed Project #7d 

mentioned earlier.) 

If the large hypothesized radioiodine release were 

inorganic rather than organic, there exist other pathways 

besides inhalation that must be considered as alternatives to 

the 10% grazing assumption: 
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1) If cows wer e allowed outside for exercise, they may 

have i ngested deposited radioactivity, even though they 

were not a llowed t o enter pastures , by licking or chew

i ng the ground--a pract i ce common to cows. 

2) If cows wer e fed baled hay stored outdoors, they may 

have ingested r adioiodine that was filtered from the air 

by the hay itself. 

As di scussed in Appendix C, accounting for such alternative 

pathways would reduce the estimat e of r eleased radioiodine 

derived from the milk data. 

Choosing among the various hypo t heses discussed in this 

se ction will be difficul t wi t hout more data. Interviews with 

f arme rs from whose cows t he milk sampl e s were drawn should 

prove useful in this r egard . Conducting such interviews is 

Proposed Project #lOb . 

11. Uncertaint ies in Interpreting Radioiodine Concen

trat ions Found in Animals . Radioiodine reported in meadow 

voles should be car efull y analyzed f or consistency with the 

official release est i mat e f or the few wind directions in 

whi ch vole data are available . A theoretical calculation of 

vole ingestion of contaminat ed vege t a tion has been performed 

in parallel with this report and repor ted here (see Appendix 

C, Section ) . 4) . However, the calculation is provisional 

be ca use there is a t pre se nt no way of accurately knowing the 

upta ke of radioiodine fo r t he vo le and the metabolic pathways 

f ollowed . Instead of r elying on rather weak assumptions--
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which include an assumption about the fraction of contamina

ted material in the voles's diet and the assumption that 

voles resemble humans in their processing of radioiodine-- it 

would be preferable to " calibrate• the meadow vole (and all 

other animals that may be useful in future monitoring such as 

rabbit s and squirrels). Calibrating, or in other words 

measuring the uptake of radioiodine in these animals when 

exposed to known levels of radioiodine deposition, is 

Proposed Project #lla . 

One measurement of radioiodine in rabbit thyroids has 

been reported* but not analyzed. The reported concentration 

appears high and should be compared with model predictions. 

(Proposed Pro j ect #1lb.) 

12. Complexity of Environmental Data. Because there 

remain so many inconsistencies in the environmental radio

i odine data and because the data were so geographically 

spotty, it would be extremely useful in evaluating competing 

theories to have a universal map of the area that would 

indicate the location of all radioiodine measurements taken 

at TM1, and their results. Preparation of such a map is 

Proposed Project #12. 

1). Inadequate Data on Radiocesium Distribution. As 

discussed in Section J.J above , peculiarities in the Depart

ment of Energy's measurements of deposited radiocesium ( i.e. 

*See Appendix c , Section ).5. 
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identical values) prevent their use in analysis, and 

consequently make impossible any estimate of the geographical 

deposition of radiocesium and its resulting dose. Dis

cussions with the original investigators may help to resolve 

this discrepancy. In any case, radiocesium's long life 

allows fresh samples to be taken for analysis even now. 

Carrying out such measurements is Proposed Project #1). 

In order to make a rough assessment of the importance of 

such an experimental project, it is suggested that a pre

liminary upper-limit calculation be carried out in prepara

tion for the dosimetry workshop. As mentioned in Section ).2 

above, about 100 nanocuries per square meter of radiocesium 

were measured in the vicinity of the reactor. Rather than 

assuming that all of this radiocesium originated from past 

weapons tests, it is possible to use the 100 nanocuries per 

square meter figure to set a limit on the reactor's 

contribution. Assuming , say, that 25% of the measured 

contamination (25 nanocuries ) could have originated from the 

accident without being noticeably higher than the background 

level from weapons fallout, it would be possible to calculate 

a resulting population dose (both ac cumulated to date and 

pr ojected 25 years into the future ).* 

*Taking into account the shielding effects of building walls 
and of the leaching of the cesium into the ground, a whole
body dose of 10 rem would accumulate over JO years fro~ an 
initial ground concentrat i on of Cs-137 equal to )0,000 
(con't on next page) 
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14. Lack of Explanation for Taste Sensations Reported at 

the Time of TMI Accident. Sensations experienced by people 

in the vicinity of TMI at the time of the accident (for 

example, a metallic taste in the mouth) suggest that certain 

chemical agents may have accompanied the release of noble 

gases. Since any gas not soluble in water would have been 

released, a study of the possible chemical gases that would 

be produced in a TMI-like event may be very important. Such 

chemicals might have the potential to cause health effects. 

(Proposed Project #14 . ) 

1.5. Lack of Availability of Private Data. Considerable 

data from the time of the T~U accident may remain in private 

hands. Some of these data have already been mentioned in 

Proposed Project #)b as part of the effort t o close the TLD 

windows. In addition to the specific data discussed in that 

section, a concerted effort should be made to get all such 

privately held data into the public record. (Proposed 

Project #1.5a.) 

(con't from preceding page) 
nanocuries per square meter. See J . Beyea and F . von Hippel , 
"Nuclear Reactor Accidents: The Value of Improved 
Containments" (Report PU/CEES 94, Center for Energy and 
Environmental Studies, Princeton University , Princeton,. N. J. 
08.544, January 20,1980), p.II-8. 

This means that a 1 rem dose to an individual would 
result from an initial concentration of ) , 000 nanocuries/m2. 
Therefore 2.5 nanocuries (i.e.2.5% of'100 nanocuries) would 
cause an accumulated dose to the individual of 0.008) rem. 
Multiplying this individual dose by the number of people 
living within 10 miles of the plant (1)7 , 000) implies a 
collective dose of 11 00 person- rem. The contribution for 
people exposed beyond 10 miles is more difficult to estimate, 
but it should be attempted in an approximate way for the 
dosimetry workshop. 
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Such newly gathered data, and other raw data already 

extant but unanalyzed, should be pressed into s ervice. 

Developing appropriate analyses of this data is Proposed 

Project #15b. 

16. Future Doses from TMI Cleanup. The long process of 

cleanup at TMI may itself produce releases of r adioactive 

material and associated health effects. These possibilities 

are expl ored in Appendix F of this report , which has been 

prepared under subcontract. The breadth of public concern 

expressed about the cleanup at the ~~ch 19. 1983 TMI sym

posium suggests that the Public Health Fund w'ill want to give 

cleanup dose assessment a relatively high pr iority. Since 

the NRC has increased by a factor of six its own estimates of 

projected occupational doses it is probable t hat public 

concern about re-estimates of the population dose will remain 

high. Monitoring cleanup activities a t t h e reactor site 

seems a modest first step for further dosime try work related 

to the cleanup. (Proposed Project #16. ) 
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based on Gorman computer modeling, 
for secondary aida release eati
aote , to be discussed ot dosimetry 
vorkehop. Collection of nti data 
' analyeia to follow. 

I 
0\ .... 
I 

.. 
..• · .. -.~o -• •• .._ 



7a 

b 

c 

d 

8a 

b 

9a 

b 

Inveeti9ation o f the chemical 
f orma o f released radioiodine& 
determination of in-plant mon
itor efficiency in detection 
of (organic) r:~ethy l~oclille . 

Determination of environ•ental 
-anitor efficiency for methyl
iodide. 

De terMination of metabol ic poth
~ays for mcthyliodide ln animal a 
e xposed to releases, ' possible 
hidrolys ia into goats' ' cows' 
m lk . 

DeterMination of behavior o f in
gested o r i nltaled 11ethyliodide 
in hu.an beings. 

Analysh • COIIlpariaon o f air
borne radloio<line release eati
mates with fixed radioiodine 
environMental 1110nitors. 

Long-range meteorological eod
eling to analyze radioiodine/ 
noble gas r atio in Albany, NY 
plume. 

Geographi cal dlatributlon of 
huaana tested f or radioiodine 
in post-accident counter . 

Statietlcal reanalysh o f avail
able human ralliatlon data 
by combination o f i ndividual 
energy epectra. 

(Table 5 con ' tl 

Thyroid ' ~hole body doee 
from radioiodine source 
release ' environmental 
monitors. 

• 

Reconciliation of population 
close estimates from source 
release ' environmental 
measure~. 

Che ck on maximum thyroid 
dose estimate. 

Thyroid population dose 
fro• e nvironmental mea
aures . 

• 

• Hide dhcrepanciee in estimate • of 
propor t ions of organic ' inorgan
ic radio i odine r eleasee t o be dis
cussed at dosimetry workshop . 

• Honitor efficiency may be r osolva
~le in la~ratory e xperiments 
duplicating (as far aa posaiblo ) 
actual 'l'J.II conditione . 

• llay be reso lvable in laboratory 
expe riments ~iUil 11eteorolo9ic6l 
COIISU 1 ta tiOJ.a, 

• Hay ~c resolvable in onl11al 
rhyslological cxperimonts . 

• Phydologicol consultation. 

• Analysie performAble with existing 
data . 

• Meteorological coneulta tion to 
dotorMine feaaibility, 

• Case recor d search ' Npping 
project. 

• Statiatical analysia baaed on data 
that may have been aaved . 

I 
01 
N 
I 

I . 



lOa 

b 

lla 

b 

12 

13 

u 

15a 

b 

u 

I nves t igation of i ncons is ten
ciea i n interpetation of 
radioiodine i n cows ' •ilk ' 
gr ass u~nples. 

Interviews with farmera froa 
whose cows 111Uk s amples 
were drawn . 

Calibrati on of radioiodine 
upt ake for sma ll animals 
for known l eve l s of radio
i od i ne . 

Analysis of co llec ted data 
on rab~it t hyroid . 

Unif i cuion ' coord i nation 
of all envi ronmenta l mea
sures of radloiodlno. 

Investigation into distr i 
bution ' dose from radio
cesium. 

Investigation into non
radioactive toxic c~emical 
releases . 

Outreach effort for addition• 
al unpublisheu data. 

Developing analyaia plana 
for all auch data. 

Monitoring cleanup activities 
a t THI 

.. .. . 
. . . . . .. , . ·-· 

("l'able 5 con' t ) 

Reconciliation of thyroid 
population dose estimates 
f rom environmental mea
s ures • source release. 

Thyroi d population dose 
from e nvironmental mea
s ures ; f uture use in 
environment al n~nitori ng . 

• 

Thy ro i u popu l a t ion dose 
f rom envi ronn•e nt a l mea
s ures . 

Whole oody popu la tion dose 
from long-lived radiocesium. 

Non-radioactive health ef
fecta. 

Additional data for all dose 
estiaates. 

• • 

• Crea tion of •ap for •il k aaMp l ea 6 
qraas samples. Oiscuas i on o f 
ingestion ' inhalation pathways 
a t doai•et ry workshop . (See also 
Proposed Projects 7a- 7d) 

• Survey questionnaire des i gned with 
ani~al husbandr y cons ultation ' 
inspection of sample s ites. 

• Resolvable in animal physiologi cal 
l abora toDy experiments . 

• Analysis performable with existing 
da t a . 

• Crea tion of large-scale maps of 
1~1 e nvironment • plotting of all 
environmental data . 

• Prel i mi nary ana l ys is of data t o be 
made f o r dosimet ry workshop. 
Possible resampling of area. 

• Conaultatlon vith che•ical ' 
toxicological consulunta. 

• Public inforaation outreach ' 
aearch. (See also Jb) 

• Designing ' carrying out analyaea 
ol relevant data. 

Addition• to all eati•ated • Long-ter. project to continue 
popula tion doaea/vorkex dONa. throughout c:leanup. 
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8.1 Data Bases Containing Entries for the TMI-2 Accident 

DATA BASE NAME 

AGRICOLA 
AQUALINE 
AQUATIC SCIENCE 
ASI 
BHRA 
BIOSIS PREVIDJS 
BOOKS IN PRINT (BBIP) 
CA SEARCH (CHEM ) 
CIS 
CO~~ENDEX (COMP ) 
CONFERENCE PAPERS 
DISSERTATION INDEX (DISS} 
EI ENGINEERING MEETINGS 
ECONOMIC ABSTRACTS 
ENERGY (DOED) 
ENERGY LINE (EICI } 
ENVIROLI NE (EIVI ) 
ENVIRONMENTAL BI BLIOGRAPHY 
EPB 
ERI C 
FED REG 
FFSTA 
FOODS ADLIB 
GEOARCHIVE 
GEOREF 
GPO MONTHLY CATALOG 
HEALTH PLANNING (HLTH) 
INSPEC (INSP ) 
IRL LIFE SCI 
LC MARC 
LEGAL RESOURCE INDEX 
fUNAGEIY1ENT CONTENTS (MGMT} 
MEDLINE (MESH ) 
METADEX 
NATIONAL NEWSPAPER INDEX 
NIMH (NCMH } 
NTIS 
OCEANIC ABS 
PAIS DATABASE 
PATSEARCH (PATS) 
POLLUTION ABS (POLL} 
PSYCH ABS (PSYC} 
RAPRA 
SCI SEARCH 
SOCIAL SCI SEARCH (SSCI) 
SSIE (SMIE} 
US POL SCI 

SUBJECT COVERAGE 

AGRICULTURE 
WATER RESEARCH 
AQUATI C SCIENCE 
US FEDERAL STATISTICS 
FLUID ENGINEERING 
LIFE SCIENCE 
CURRENT BOOKS 
CHEMISTRY 
US CONGRESS 
ENGI NEERING 
SCIENCE 
UNIVERSITY RESEARCH 
ENGINEERING 
ECONOMICS 
DOE DATABASE 
ENERGY 
ENVIRONMENT 
ENVIRONMENT 
ENVI RONMENT 
EDUCATION 
US FEDERAL REGISTER 
FOOD SCIENCE 
FOOD TECHNOLOGY 
GEOSCI ENCE 
GEOSCIENCE 
GOVERm4ENT PUBLICATIONS 
HEALTH CARE 
PHYSICS , ELECTRONICS 
LIFE SCIENCES 
LIBRARY OF CONGRESS 
LAW JOURNALS 
BUSINESS 
MEDICINE 
METALS 
MAJOR NEWSPAPERS 
MENTAL HEALTH 
GOV ' T SPONSORED RESEARCH 
MARI NE SUBJECTS 
SOCIAL SCIENCE 
PATENTS 
ENVIRONMENT 
PSYCHOLOGY 
RUBBER AND PLASTICS 
SCIENCE CITATIONS 
SOC SCI CITATIONS 
CURRENT RESEARCH 
POLITICAL SCIENCE 
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Rev iew of Estimat e s of the Whole Body Coll ective Dos e 

Delivered to the Population f rom the Passing Cloud . 
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Al.O Introduction 

Serious limitations are associated with e very study that 

attempts to estimate the whole-body population dose o f radio

activity at Three Mile Islan d . These limitat ions are under-

standable: because of the inadequacy o f monitoring equipment 

in place at the time of the accident, all i n ve stigating groups 

found it necessary to make one or more key unc onfirmable assump

t ions. In other words, the y did the best the y could in spite of 

the gaps in the available data. This appendix, however , reviews 

each study and f ocuses on the limi tatio ns that prevent a ny of 

them from being conclusive. 

All investigators to date have limited the mselves to doses 

within SO miles. Such a limit does not appear to be a major 

oversight in this case, but its results should be correc ted 

• a t some later date. A rough estimate made f or another study 

i ndicates that the population dose beyond SO mi l es might double 

** the total. In the remainder of this appe ndix , discussion will 

*Jan Beyea, "Some Long-Term Consequences o f Hypothetical ~~a jor 
Releases of Radioactivity to the Atmosphere from Three t=ile 
Island , " (Report PU/ CEES 1109, Center for Energy and Env iron
mental Studies, Princeton University, Pri nce t on, New Jer sey: 
December 1980 ) ,p. 12. 

**For a 1.4\ release of noble gases, Beyea' s calculations 
referenced above indicated a post-SO-mile population dose 
ranging from 300 to 1200 person-rem depending upon the 
wind direction assumed. This range can be compared with 
the 27S to lSOO person-rem range within SO mile s (continued} 
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be restricted to doses within SO miles. 

The population dose estimates given in this appendix do 

not take into account building shielding--a factor which might 

* reduce them all by about 25\, In addition, the impact of self-

evacuation has not been included, although this effect has been 

estimated to have been negligible (due to the delayed start 

** of the evacuation). 

For the purposes of this review, it has been assumed that 

the neglect of the post-50 mile population dose cancels out the 

neglect of building shielding and self-evacuation. 

A2. 0 ~!ethods of Analysis 

Two general methods have been used to esti~ate whole-body 

population doses resulting from the TMI accident. As we shall 

see, the two methods do not give consistent results. 

Both methods begin by superimposing a grid upon a population 

map of the area. Estimates of doses to individuals are then made 

(continued from previous page} 

calculated in Table A-2 of this review , assuming a release similar 
in magnitude. 

Within the limitations of this rough comparison, it appears 
that the population dose beyond 50 miles is comparable in magnitude 
to the population dose within 50 miles. 

*For example, see Kemeny Commission, "Report of the Task Group on 
Health Physics and Dosimetry." (October 31, 1979), Appendix C 
and Report NSAC-26, p. o-2 (see footnote below for full citation) 
Independent calculations made for this literature review also 
support this result. 

**P.K. Knight, J.T. Robinson, F.J. Slagle, P.M . Garrett, (Technology 
Energy Corporation) , "A Review of Population Radiation Exposure 
at TMI-2" (Report NSAC-26, Nuclear Safety Analysis Center, Electric 
Power Research Institute, Palo Alto, August 1981) p. VI, S-3,4. 
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at each of the mor e than one hundred grid loc ations and multiplie d 

··• by the population surrounding the grid point i n order t o determine . l 
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a "local " population do se at each grid point. Finally, the loca l 

population dose s are summed to give the t ot al population dose. 

Although the two methods to be discussed are simil ar i n their 

overall a pproach , they differ in the way dose estimates are mad e 

at each grid point. 

The first method begins with estima tes (i n curi es ) o f 

radioactivity r e leased fro m t he source a t defined times , puts 

each estimate thr ough a meteoro l ogical d i s persio n mode l with values 

for wind , temperature, e tc . corresponding t o the defined time, 

and p r o j ects . doses (in r ems ) t o various grid points (s ee Figure 

Al-a ) . The second method be gins with e nvironmentally monitored 

and measured dose data and interpol ates between or extr a polates 

from tho s e monitor l ocatio ns to the grid points (see Figure Al-b ) . 

It s hould b e noted that the distinction between t he t wo 

approaches b e come s s omewhat blurred when t he interpolation is 

carri ed out by means of a meteor o log ical model . This "meteor o l ogical 

interpolati on" procedure is equivalent to working backwards from 

the environmental do se meas urements to i nfer a re l e ase magnitude . 

The inferred release ma g n i t ude is then used wi th the meteor ological 

model t o project doses at a ll other l o cations as in the fi r st 

method (see Figure Al-e) . 

The two general me thods are discussed in section s 3 .0 and 

4. 0 below, a s they are e xemplif ied in specific s t udies under 

r e view. A list of i nvestigators pe rformin g analy s es by eac h 

method i s given in Table A- 1 . 
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TABLE A-1 

List of Investiq3tors Who 

Have Made Whole-Body Population Dose Estimates 

for the Accident at TMI 

Second Hethodb) 

Xemeny Commission Task Group (Auxier et al. ) 

Oak Ridge National LAboratory (H1ller et al. ) 

Technology for Energy Corporation (Knight et al. } 

Department of £nerqy (Andrew Hull ) 

Ad Hoc Dose Assessment Group (Battist et al. ) 

Kemeny Commission Task Group (Auxier et al. ) 

Pickard, Lowe , Garrick, Inc. (Keith Weodar~) 

S. Takeshi 

c. Kepford 

a ) In this method the amo unt of cur1es released at each tiliKt 
interval is estimated from i n-plant intor3ation. This so
call ed •source term• is then used as input to a meteorolog
ical ~del to project doses at all locat1ons. 

b) In this method doses at all locations are extrapolated 
from, or interpolated between, actual dose measurements 
obtained i n the field. All of the analysta listed, except 
for the Department of Energy, made use of thermolWIIinescent 
dosimet er (TLD) reading s. The Oepart~ent of Enerqy relied 
on helicopter Ge1qer counter read1nq~. 
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A3.0 Estimates Derived from In-Plant Release Data: the Source 

Term Method 

A3.1 Kemeny Commission Task Group(Auxier et al.) 

The •source term method• begins with an estimate, based 

on in-plant data,of the amount of released radioactivity (the 

source term), which is assumed to have exited by way of the main 

reactor release point, the vent stack. Because the TMI vent stack 

monitor went off scale during most of the release, it was necessary 

to estimate the quantity of released radioactivity by indirect 

means. The method used by the staff of the President's Commission 

on Three Mile Island (Kemeny Commission Task Group, Auxier et al.) 

involved an analysis of those radiation monitors in the auxiliary 

building that did not go off scale. 

Although the connection between these monitors and the 

radioactivity leaving the reactor complex is not immediately 

obvious, it is not unreasonable to expect some correlation. In 

the first place, a great deal of radioactivity passed out of the 

reactor through this building in one way or another. For instance, 

water pumped from the reactor floor to a tank in the auxiliary 

building overflowed, releasing noble gases into the auxiliary 

building air. This radioactivity in turn either escaped from leaks 

in the building or was carried by the ventilation system to the 

vent stack. In addition, considerable radioactivity made its 

way out of the reactor complex through ducts that pass through the 

auxiliary building before connecting to the vent stack. Since gamma 
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radiation from the noble gases can pass through the duct walls, 

...- radiation monitors in the auxiliary building would have ~etected 

. . ~ 
. . ·.· ... 

c • 

some fractio n of this radioactivity on its way to the vent stacx • 

Because the monitors in the auxiliary building were not exposed 

to the full scale release of radioactivity, their stripchart recorders 

·.: did not go off scale, and therefore they supply some information 

- ; .. 
; 

... . . .. 

·····. 

for the entire duration of the release. Although there is no 

unambiguous way to establish the correlation between the stripchart 

data and the actual release history, the Kemeny Commdssion analysts 

made two assumptions in order to maxe sense out of the information 

available to them. First, it was assumed that the readings on 

the continuously moving stripcharts were proportional to the 

total amount of radioactivity being released at any moment in time. 

This a ssumption of a constant proportionality is highly questionable. 

The monitors were measuring gamma radiation from many sources, e.g., 

from radioactive isotopes in the air within the auxiliary 

building as wel l as from the radioactive isotopes inside exhaust 

and ventilation ducts. Although radiation from radioactive 

isotopes on their way to the vent stack would have contributed 

to the total readings on these monitors, the relative contri-

bution from each of the various sources may have changed with 

time. For instance, suppose that during the first half of the 

release, radioactiv ity left the reactor by way of a duct that 

passed close to the radiation monitors, while during the second 

half of t he release, radioactivity left by way of a duct that 

passed far from the monitors . In such a hypothetical case, 

the signal recorded by the monitors would not have had the 
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• same relationship to the true release during both time periods. 

Examples of pathways far from the stripchart monitors are 

1) a possible path "backwards" through the air inlet 

tunnel during the period in which the ventilation 

•• system was turned off (see Figure A-2), 

*Mathematically, the point can be made as follows: the total 
release, S(t), is equal to the sum of releases from different 
pathways. Thus, S(t)= Si~~t) . The effective signal sl (t), 
received by a radiation mbhitor, is given by sl(t)=~Bi Si (t) , 
where the factors Bi take into account a) the effective distance 
between each pathway and the monitor, and b) the relative absorp
tion that takes place in any intervening matter. 

For proportionality to exist between S(t) and sl(t) at all 
times, each release through each pathway must have the same relative 
time dependence. Even this condition is not sufficient because 
the Bi factors themselves were not all constant in time . Absorption 
effects would have changed in time because the mix of gamma 
ray energies changed. High energy gammas were plentiful at 
the beginning of the noble gas release, but greatly reduced 
compared to the (low energy) gammas from Xenon 133 by the end of 
the release. 

**The ventilation system for Uni t 2 was turned off at 11:04 on 3/28 
according to the NRC's chronology of events. fu.s. Nuclear Regulatory 
Commission, Investigation into the March 28, 1979 Three Mile 
Island Accident b the Office of Ins ection and Enforcement, 
(Report NUREG- 0600 , Washington, D.C., 1979). The time at which 
the ventilation system was restarted is not clear . The following 
qualitative remarks are given in the text of NUREG-0600, 
p. II-3- 21: 

"Shift Foreman B stated that the Uni t 2 ventilation 
system supply fans tripped and remained off because of 
high radiation levels, but the exhaust fans operated 
continuously except for a few brief periods when the 
ventilation systems were turned off in an attempt to reduce 
the release rates. Securing the fuel-handling building 
and auxiliary building ventilation syst ems early on March 
28 and again on March 29 caused exposure rates to increase 
significantly in the Unit 2 auxiliary building, thus 
hampering emergency activities . Perhaps more important 
was the fact that control room airborne radioactivity 
levels started increasing when the ventilation systems 
were shutdown . . . Because of the need to ensure habitability 
of the control room and to keep dose rates as low as 
possible in the auxiliary building to facilitate emergency 
activities, the ventilation systems were subsequently kept 
in operation." 
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* 2 ) a pathway through the relief va.l ve ve nt header (see 

Figure A-3 ) , 

3) a possible pathway through the atmospheric relief valves 

in the secondary side (discussed in section C2-2 of 

Appendix c. See Figure C-1) • 

It is important to recognize that large amounts of radioactivity 

could have escaped through these paths without being detected 

by the stripchart monitors. One has to conclude that a constant 

proportion between readings of the auxiliary building stripchart 

monitors and total released radioactivity is unlikely. 

In additi on t o the first assumption about proportionality 

made by the Kemeny Commission Task Gr~up , it was necessary to 

make a . second assumption in order to convert the actual strip-

chart readings to curies released. The task group had to determine 

the proportionality constant, or scale f actor. For this purpose, 

investigators compared the stripchart readings with the vent 

stack monitor at a time when it finally had come back on scale. 

They assumed this ratio applied at earlier times. 

This is rather a strong assumption t o make, since it re-

quires assuming f i rst, that all radioac t ivity exited through the 

vent stack: and second, that it exited by the same mixture of 

internal paths that was dominant when the vent stack monitor 

reading was f i nally taken. Furthermore, the composition of the 

*The mechanical drawings for the auxiliary building indicate that 
the r e l i e f valve hea~er ent~rs the vent stac~ far fro~ 
the stripchart monitors. 
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.. · · release would itself have changed over time. The vent stack read
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ings taken at the end of the release would have all been due to low 

energy gamma rays from Xenon-133, whereas "harder" gamma rays 

would have been present early in the release. Thus, the 

attenuation of gamma rays t .hrough ducts, pipes and other materials 

should have been different at different times • 

The one piece of evidence supporting the Kemeny Commission 

calibration comes from comparison with a "grab sample" of air 

taken around noon on March 31, 1979 from the stack itself. The 

amount of radioactivity measured in that sample was reported to 

* agree with the calibrated stripchart reading within 10% . 

However, .because no additional information about this potentially 

important measurement is available, it is not possible to make 

an independent assessment of its reliability. Furthermore, 

as will be discussed below in Section A3~3, a 1981 reanalysis 

of grab sample data indicates that such measurements fluctuated 

in relationship to the stripcharts by a factor of one hundred 
. ** 

at different times. Thus, even if the measurement used by the 

Kemeny Commission staff is accepted exactly as interpreted by 

them, the measurement only serves to establish that the pathway 

followed by the radiation escaping at that one t~e (about 

noon on March 31) was the same as at the end of the release. 

*Kemeny Commission, (Auxier et al.} "Report of the Task Group 
on Health Physics and Dosimetry," (October 31, 1979), pp. 139-140. 

**P.K. Knight, J.T. Robinson, F . J. Slagle, P.M. Garrett, (Technology 
Energy Corporation}, "A Review of Population Radiation Exposure at 
~MI-2" (Report NSAC-26, Nuclear Safety Analysis Center, Electric 
Power Research Institute, Palo Alto, August 1981}, pp. III-14,15. 
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Grab sample measurements can not confirm the c alibration for 

times when samples were not taken . 

In any case, given the Kemeny Commissi on a ssumptions, their 

method of analysis produced an estimate that 2 . 4 million curies 

of noble gases were released, with the level o f release varying in 

time, as indicated in Figure A-4. When thi s release estimate or 

"source term" was used as input to various dos e - pro j ecting meteor-

ological models made available by subcontractors to the Commission, 

the first three population dose estimates s hown in Table A- 2 resulted. 

(The three values differ because different mode ls, or different model 

parame~ers, were usea.r 

*It appears that some of the model calculations did not p roperly 
account for the turbulent wake of the reactor building and cool
ing towers. Other inconsistencies are discuss ed in the footnotes 
to the Table. 
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Fiqur e A- 4 

Relative Time Depende nce of Re lease Assur:~cd By 

Variou s Analys ts Based on Stripchart Monito rs i n t he Auxili3rv Suildi~= 
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(Solid Line • Woodard a rci ~tt~•* * > 

*This d a t a has been r ead ott a notner qrapn ana SU!J~rl. lu~us..O 
upon the chart provi ded i n the ~aper by Woodard and Po tte=. 

**See below, Section 3 . 3. 
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Table A-2 
Fifty-Mile Whole-Body Popu~ation Doses Projected 

Inves t iga tor 

f rom an Es timated Noble Ga s Release•> 

Rel ease EStimate 
(Milhons ol 

Curies) Person-Rem 

~emeny Commission 
Group 

Subcontractor : 

Lawrenc e Livermor e ARAC COde 2.4 
La bora tory 

Oak Ridge AIROOS-EPA 
LAbor atory Code I 

oax Ridge TVA Code 
lAbora tory 

Mille r et al. AIROOS-EPA Code II 
(Oak Ridge ) 

Teehnoloqy for XOOOQ/CASPM 7-17 lOOO- 7000e 
Ene rgy Corp. Code a 
(Knight et al . ) 

a l All ana lys ts e xcept for Technology for Energy for Corporation (T!C) 
assumed t he s ame t~ dependence for the releas e a a supplied by 
the Keme ny Commiss ion. The results for a l l but the T'EC data diffe.r 
beca use the a s sumed meteorological models di ffer. The TEC results 
differ because o f the l arger assumed rel ease . Shielding from buildings 
and s e lf-evacuation has not been taken into account. Doing ao aiqht 
reduce lis t ed doses by 25 \. 

b) As reported in Kemeny Commission's •aeport o f the Task Group on 
He alth Physics and Dosimetry , • October 31, 1979. 

c) 

d ) A report rel eas e d by Oak Ridge su!)aeq'-Mtnt to the Ke-ny Comm~sa~on 
r e port indica t ed this higher popu~ation dose tiqure. It was obt.ainttd 
using the same computer code. However, aasumptiona about the release 
he iqht were c hanged. I n the second c.alculation, it waa aaaumecl that 
a gr ound l e vel rel ease waa a closer approximation to actual dispersion 
condi t~ons . see Charles w. Miller, Sherr! J. Cotter, Robert E. Moore, 
cra ig A. Little , •tstimates of Dose to the Popula tion wi~n Fifty 
Mil es due to Noble Gas Releases from the Three Mile Island Incident,• 
Presented at ANS/European Nuclear Society Thermal Reactor Safety 
conference , Knoxvi l l e , TN Volume 2, pp. 1336-1343. (April 7-11, 1981.) 

e ) Knight et a l., (Repor t NSAC-26 ) p . I II- 14 . Doses were corrected in 
their r e port f or s hi e lding (i . e . , they were reported aa 2200-5300, 
not 3000-7000). But i n order to make the results eona~stent w~th the 
othe r entries in the tab le , the correction haa been removed. 
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A3.2 Oak Ridge National Laboratory (Miller et al.) 

After the completion of the Kemeny Commission studies , 

Miller et al. of the Oak Ridge National Laboratory, analysts 

who had served either as staff or consultants to the Commission , 

repeated the population-dose calculations independently . In this 

, __ ...... _ .. ..__ 

second study, they retained the earlier assumption of a 2.4 million 

curie release of noble gases . They also accepted as their meteor-

ological model the same AIRDOS-EPA computer code they had previously 

used. The single substantial change in the input to the model 

was the substitution of a ground-level release for the SO-meter 

release height assumed in all previous calculations of dispersion. 

As can be seen in Table A-2, the 50- mile persd'n-rem estimate 

obtained by a change in this one variable is 3.8 ti~es higher 

than that of the identical meteorological model, 1.5 tL~es 

higher than the TVA model also run by Oak Ridge, and a full 5.4 

times higher than the estimate obtained by the Livermore Lab-

or atory model. 

A3.3 Technology for Energy Corporation (Knight et al.) 

At the request of the Nuclear Safety Analysis Center, Knight 

* et al. of the Technology for Energy Corporation reviewed the TMI 

population dose estimates. Their report, published in 1981, con

tained some new analyses of the data that are of interest. In 

particular, following essentially the same methodology as the Ke~eny 

Commiss i on, but making u se of 10 grab samples between 3/31 and 4/30 

to calibrate the stripchar t monitors they analyzed, they estimated 

*P.K. Knight, J . T. Robinson, F.J. Slagle, P.M. Garrett, (Technology 
Energy Corporation), "A Review of Population Radiation Exposure 
at TM!-2" (Report NSAC-26, Nuclear Safety Analysis Center, Electric 
Powe r Research Institute, Palo Alto, August 1981). 
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a release of 7 t o 17 million curies, as opposed to the much lower 

value obtained by the Kemeny Commission Task Force. Their popula-

. · tion dose estimates were correspondingly higher : 3000 - 7000 

: . 
' . 
" 

* person-rem (before correcting for building shielding)-. The 

fact that grab sample calibration factors showed a hundred

fold variation lends strong support to the hypothesis stated 

previously, that the stripchart monitors were not always sampling 

the full release. 

A3.4 Reservations About the Use of In-Plant Release Data and 
the Possibility for Independent Release Estimates 

In examining the methodology and the results obtained 

by the calculati ons of the first or source t e rm method, three 

· reservations must be noted: 

A. The two assumpti ons that were used to derive the release 

estimates--the assumption that the ratio between vent stack re-
'I leases and stri pchart readings is constant over long periods, 

and the assumption that the ratio can be determined on the basis 

of delayed vent stack measurements or even t en grab samples--do 

not appear to be tenable. 

B. Even when calculations begin by accepting one hypothesized 

release (2.4 mill i on curies), the results obtained by varying 

the meteorological model or its parameters are too disparate 

(276-1500 person-rem) to place much confidence in any one of the 

individual calculations. 

*The values in their report (2270-5300 ) were 
for building shielding. (See page III-14). 
uncorrected values to allow comparison with 
by other groups. 

quoted after correction 
We have cited their 
the values calculated 
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C. In the case of the 2.4 million curie release estimate, 

every calculation but one produces lower estimates of population 

dose than any estimate derived from environmental dose. measure

* ments (see Table A-4 below). 

Of these three reservations, A, B, and C , the most important 

is A, concerning the tenability of assumptions that were used to 

deriv~ the release figures. 

It is possible to relax the assumption that the overall 

scale of the release can be reliably calibrated with the grab 

samples or delayed vent stack measurements. The thermoluminescent 

dosimeter (TLD) dose measurements can be used to determine the 

** overall scale factor-- an approach taken by Woodard and Potter 

in their work for General Public Utili ties . . They used t .he 

relative time dependence shown on the stripcharts as input to a 

meteorological model, increasing the scale of the release until 

they found agreement with TLD readings close to the plant. 

They obtained 10 million curies in this way, not 2.4 million 

curies--a factor of four discrepancy from the Kemeny Commission 

estimates, but within the TEC range of 7-17 million. (Had Woodard 

and Potter included all of the TLD data regardless of distance, they 

would have obtained a much higher estimate than 10 m.illion curies.) 

*To be precise, the very lowest Kemeny Co~ssion repetition of the 
Ad Roc Committee's environmental estimate (1000 person-rem) --see 
Table A- 4--is lower than the very highest (Miller et al.) source 
term estimate of 1500 person-rem. 

**K. Woodard, T.E. Potter "Assessment of Noble Gas Releases from 
the Three Mile Island Unit 2 Accident." Presented at the 
American Nuclear Society Meeting, (San Francisco, CA, November 12, 
1979) This study is not included among studies formally reviewed in 
this appendix because it confined itself to an estimate of release 
(rather than dosage). The Pickard, Lowe, Garrick Inc . study, 
supervised by Woodard and using the Woodard and Potter method to 
obtain population doses, is discussed in Section A4 . 4 below. 

- . 
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Clearly, if the approach taken by Woodard and Potter is 

accepted, the low population doses (276-1500 person-rem) shown in 

Table A-2 should be multiplied by at least a factor of four . 

The factor of four discrepancy in total release obtained by 

the different analy sts does not appear to be explainable by the 

choice of stripchart monitors used. (Although Woodard and 

Potter did use an average of stripchart monitors rather than the 

single monitor used by the Kemeny Commission Consultants, the 

difference does not seem to be too great . See Figure A-4 above.) 

The discrepancy, however , can be explained in other ways : either 

the scale factor used in the Kemeny Commission method was incorrect 

for the reasons already discussed, or the TLD readings used by 

woodard and Potter were inaccurate because the TLDs were in-

correctly calibrated. (Thi s possibility i s discussed later.) 

In view of this discrepancy and the criticisms made earlier 

about the method, it would o bviously be he~pful to have an 

independent way of estimating the total release, a method that 

depends neither on stripchart monitors nor TLDs. Andrew Hull 

of Brookhaven Laboratory made one such independent estimate 

* using helicopter data. He obtained 2.9 million curies. 

However, as will be discussed in Secti.on 4 . 1, there are many 

problems with the helicopter method. Analysis of this data 

requires extrapolating backwards in time to overcome the fact 

that the helicopter data is only useful after two days into the 

accident . This is such a heroic assumption about the first two days' 

*A.P. Hull, "A Critique of Source Term and Environmental Measure
ments at Three Mile Island" (Unpublished Report, Brookhaven 
National Laboratory , Upton , New York, no date), Table II. 
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release that Hull's method cannot be considered a reliable 

check on other determinations . 

In addition to their s tripchart analysis, Techno~ogy for 

Energy Corporation made a new type of estimate of the noble 

* gas release. In this second method, the TEC group attempted 

to track the total quantity of noble gases that would have been 

carried to the auxiliary building in water released from the main 

cooling loop. Since any gases carried to the auxiliary building 

would have e~caped, this method can give an estimate of the total 

release from the auxiliary building, provided one knows the quantity 

of noble gases in the water. An upper limit on this latter quan

tity-- the concentration of noble gases in liquid--can be obtained 

by first estimating the percentage of noble gases that left the fuel 

and then assuming that all the released noble gases entered the 

water. 

To obtain an estimate of the amount of noble gases released 

from the fuel, TEC relied on measurements of the amount of one 

particular noble gas found in the containment, namely, Krypton-aS, 

which had the advantage of being long-lived enough for reliable 

measurements to be made . Because the fraction of short-lived noble 

gases released from the fuel at the time of the accident was 

probably the same as the fraction of Krypton-as released, infor

mation about Krypton-as could be used to estimate how much 

Xenon- 133 and other short-lived gases were released. 

In this way , TEC estimated that no more than 29.6 million 

curies could have been released from the auxiliary buildin~. 

*Knight et al., .Q.P_ cit, Chapter IV • 
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TEC was also able to put a lower limit on the release (5.5 

million curies ) . Thus, their analysis indicates a range of 5.5 

* million to 29.6 million curies, (a range, incidentally, which 

tends to contradict the low estimates obtained by the Kemeny 

Commission Task Group and by Andrew Hull). Note that the T.EC 

method only provides information about releases f rom the aux-

iliary building. It does not account for any release from other 

pathways such as an escape from the containment building itself 

during a hypothetical failure of isolation. 

In the course of this review it was found that, in principle, 

data on Krypton-85 could be used in a different way to provide 

an estimate of the total noble gas release t hat would not require 

any assumptions about release pathways. This me thod, described 

and developed in Appendix B, is proposed as a project for further 

research. It is based on information that did not become avail-

able until the venting of the residual Krypton- 85 gas in June of 

1980, many months after the principal reports on the TMI accident 

had been completed. 

Briefly, the method is based on the recognition that the 

percentage of Krypton-85 released from the reactor can be deter

mined by an accurate accounting process. The initial inventory 

in the core must be accounted for in four ways: as residual gas 

in the fuel rods; as gas that escaped in the original accident; as 

gas that leaked out between the original accident and June 1980; 

or as the gas that was released during the deli berate venting. 

Because the amount of Krypton-85 released during the venting 

was actually measured, the magnitude of the last component is known. 

*Knight et al . , ~· cit., p. IV-9. 
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The fraction of radioactivity estimated to have been retained in 

the fuel can be taken from published estimates based on radio-

cesium accounting. (It is certain that more Krypto~-as would have 

left the fuel than cesium.) If all of the missing Krypton-as 

is presumed to have been lost during the initial accident, it is 

possible to obtain a figure for the fractional amount of Krypton-as 

that escaped from the reactor at that time. Assuming that the 

release percentage was similar for all noble gases, knowledge of 

the Krypton-as release percentage gives the percentage for 

Xenon-133. 

It would be useful to perform the implied calculations in 

time for the dosimetry workshop, as prop~sed in the main ~eport. 

A3.S Summary of Noble Gas Release Estimates 

A summary of the various noble gas release estimates that 

have been made to date for the TMI accident is shown in Table A-3. 

Included in the Table is a reassessment of the Woodard and Potter 

method that averages as many of the TLD data points as possible 

rather than averaging only the restricted set they chose. 

Although the authors did not present a calculation of this type, 

the appropriate scaling factor of 3~ can be taken from another 

paper, as discussed in Section A4.2.1. 

It will be seen that the range of estimates in Table A-3 

is very wide, vary~ng from 2.4 to 3S mil~ion curies. 

Note that the largest release estimate given in the table, 

because it is based on environmental monitors, could include con-

tributions from very short-lived radioisotopes that may have been 
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Table A-3 

Estimates of the Amount of ~oble Gases Released During the nti Accident 

Esti mate 
(Mi ll ~ons o f Cur i es ) 

2.4 

1 0 

2. 9 

7-17 

5.5- 30 

(35?) 

? 

Analyst 

Kemeny Commission 
Task Group• > 

Woodard and Potterbl 
(Pi ckard LOwe and 
Garrick, Inc. ) 

Andrew Hullc) 

Technology fo r Energy 
Corporationdl 

Tech nology for Energy 
Corpora t i one ) 

Reassessment of 
Woodard · ' Potter dat a 
made for this reviewf l 

Proposed Pr o j ect 

Method 

Delayed c a libration of 
distant s tripchart r e
corders against vent 
staclt monitor • 

Cal ibration of strip
chart recorder us.i nq 
nearby TLD dete ctors • 

Extra pola t i on backward i n 
time using delayed hel4-
copter dat a . 

Si milar to Kemeny Commi s
s ion , but based on 10 
grab sample s for calibra 
uon . 

Based on tracking noble 
gases in cooling wa.ter to 
auxiliary building. 

Calibration of str~pchart 
reco r ders using an ave rage 
of TLD data points near 
and far. 

Method propose d in Appendlx 
8 : De t e rmination of per
centag e of long-lived 
Krypton-85 combined v1th 
assumpti on that the per 
centages for othe r noble 
gases were the s ame . 

a ) Kemeny Commi ssion (Auxier et al. l •Report of the Task Group on Health 
Physics a.nd Ooumetry • (October 31, 1979). 

b) K. woodard , T . E. Potter ·~sessment of Noble Gas Releases from the Three 
Mile Island Unit 2 Accident. • Presented at the American Nuclea r Society 
Meeting (San Franci sco, CA, November 12, 1979 ) . 

c ) A.P . Hull , • A Criti que of source Term and Environmant a l Measurement at 
Three Mile I sland• (Unpubl ished Report, Brookhaven Na t4onal Laboratory, 
Opto n , New Yo r k , no date ) , Table II. 

d ) P . K. knight, J . T . Robinson, F . J . Slagle, P . M. Garrett, (Tecnnoloqy ene rgy 
Corporati on ), •A Review of Population Radi a tion Exposure a t T.HI-2 -

(Report NSAC- 26, Nuclear Safety Analysis Center, Electri c Power Re search 
Institute, Palo Alto, August 1981) p . III-14 ,15. 

e ) Ibid , p.:::V-9 . 

f ) (Reassessment made for chis study by multi plying 10 million curies 
b y a facto r o f 3~. ) The ori ginal method used by WOodard' Potter 
i s based sole ly on nearby TLD detectors. Should more distant TLDs 
be i ncluded i n a weighted average, it appears that the ir original 
estimate would i ncrease by a f actor of 3~ baaed on analysis a ppe ar
i ng in another paper. (See the discussion in Section 4.2.1 a bout 
the inclusion or exclusion of d~stant TLD readings. ) 
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released during the first two hours. Releases of this type 

through the ~ stack can be ruled out because the vent stack 

monitor remained on scale for about the first four hours. Al-

though no pathway other than the vent stack is known to have 

been open during the first two hours, ignorance of a pathway· 

is not equivalent to knowledge that no such pathway actually 

existed. 

And although computer simulations of the accident suggest 

* that core damage did not begin until late into the second hour, 

the simulations are too complex to allow an independent assessment 

to be made of the uncertainty that s hould be attached to their 

predictions. Fortunately, any releases during this early period 

would probably have reg istered on some TLDs, given the direction 

** of the wind. In fact, it is possible that the relati vely 

high TLD readings found in the south/southwesterly directions 

can be explained by an early release of .short-lived noble gases. 

*C.M. Allison, T.M. Howe, G.P . Marino, "Initial SCDAP Predictions 
of the TMI- 2 Event" (Report EGG-l-1-21682, preprint of a paper for 
the lOth Water Reactor Safety Research Information Meeting, 
EG&G Idaho, Idaho Falls, October 1982): see also 

K. H. Ardron, D.G. Cain, "TMI-2 Accident: Core Heat-Up Analysis" 
(Report NSAC-24, Electric Power Research Institute, Nuclear Safety 
Analysis Center, Palo Alto, CA,. January 1981); and, see also, 

F. Tanabe, K. Yoshida, K. lolatswnoto and T. Shimooke, "Post-
Facta Analysis of the TMI Accident (I): Analysis of Thermal 
Hydraulic Behavior by Use of RELAP4/MOD6/U4/J2," Nuclear Engineer
ing and Design, 69, pp 3-6 , (1982}. 

**Wind directions for 28 March are shown in Figure C-4 in Appendix C . 
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A4.0 Est~ates Derived from Environmental Monitoring Data 

The second method used to est~ate whole-body doses at TMI 

involved analysis of environmental dose data, taken either from 

cumulative TLD readings or from instantaneous geiger counter 

readings . A summary of the numerical results obtained by six 

groups of analysts who used these data to derive whole-body popu-

lation doses is given in Table A-4. For convenience, a brief 

indication of the limitations associated with each calculation is 

also listed there. These limitations are discussed in detail 

in Sections A4.1 to A4.5. 

A4.1 Department of Energy (Hull) 

A consultant for the Department of Energy, Andrew Hull of 

Brookhaven Laboratory, took as base data instantaneous geiger 

counter measurements made by the Department of Energy from a 

helicopter. Hull interpolated between the helicopter dose read-

ings, or extrapolated from them, using a •po~er law• method 

* ** beyond 10 miles. ' 

Although the Department of Energy helicopter was able to 

collect considerable data, the analysis of the data is inherently 

difficult to perform and suffers from a number of unavoidable 

weaknesses. First, the bulk of the measurements were not started 

until two days after the accident, necessitating an extrapolation 

backwards to •pre-helicopter• time. 

*The DOE findings are reported in Appendix A of the Ad Hoc Population 
Dose Assessment Group, Population Dose and Health Impact of the 
Accident a t the Three Mile Island Nuclear Station, A preliminary 
assessment for the period March 28 through April 7, 1979. (May 1979). 

**A.P. Hull, •Estimate of External Whole Body Radiation Exposure to 
the Population Around Three Mile Island (TMI) Nuclear Station.• 
~rookhaven National Laboratory, Upton, New York, not dated] 
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Pootnotea 

Table A-4 

a ) AAI reported in Appendix A of reference cited in footnote b). 

b )Ad Roe Population Doae AaaeA ... nt Group, (Battiat et. al.) 
•population Dose and Health I~et o~ the Accident at the 
Three Mile Island Nuclear Station. A preliminary aaaeaament 
for the period March 28 throuqh April 7, 1979, • May 10, 1979. 

e)Extrapolation/interpolation baaed on all Metropol1tan Edison 
and NRC TI.Da • 

4 1Extrapolation/interpolation baaed on Metropolitan Edison TtDa 
only. 

• >Extrapolation/interpolation baaed on all Metropolitan Edison 
a nd NRC Tl.Da located vi~ I m.ilea. 

f )Extrapolation/ interpoLation baaed on Metropolitan Ediaon Tl.Da 
Vl.ttuJ\ 8 IU~ea. 

q) Thia ia the value qiven in the Ad soc Group's Report, us~q 
.. teoroloqica l interpolation , aa opposed to the value qiven 
in the subsequent paper published in Health Physl.ca. The 
a na lysis was baaed on Metropoli tan Ed~son TLDs . The number 
of detectors included vas not speci f i ed in the analysis. 

h)Value given in Health Physics paper. N. Paac1ak , E. Branagan, 
Jr., F.J. Conge!, and J. taircobent, •A method tor c:alculat4ng 
doaea to the population from XE 133 releaaea during the Three 
Mile Island accident,• Health Phya ica ~457-465 (1981). 

i)Thia is the value that would result from i.nelud.inq thr .. 
additiona l Metropolitan Edison TLDa i n the analysi s . This 
value ia not explicitly atated in the Health Physics paper, but 
derived for this review using information given by the authors . 

j)Thia ia essentially a c:hec:k of the Ad Hoc: Dose Aaaeaament 
Group's work. Report of the Task Group on Health Physics 
and Doaillllltry, Tab lea Bl and 14, and p. 133. 

klPic:kard, Love and Garrick, Inc: . Aaaeaament of Offsite Radiation 
Doses from the Three Mile Island Un1t 2 Acc:1dent. (Repo~~-
116, Rev1s1on 0, 1979) pp. 4-17. 

11 Diatant TLDa were not used in this calculation. Rad they 
the calculated value vould have exceeded 3500 person-ra=. 
12,000 figure has been derived for thla rev1ew ~ analoqy 
the estiaate qiven under .. thoc! V-b. 

been , 
Th• 

with 

• 1sao T&keshi, •Excerpts fro• the author's review published in 
Nuclear ~inaerinq [;'Japan••• revie~ , Vol 26, No. )• (un
pUbluhe all~~~eographed ootea, Kyoto Unive.raity Nuclear Reactor 
lAboratory, Jtyoto, Japan, no d•tel . 

"'chauncey Jtapford, •Teatiaony before the NRC Ato~c Safety 
and Wcensinq ao.rd, August. 20, 1979, in tha -tter of 
Public: Service !:lec:tric: and c .. Co., Sal- Generat..1nq Station 
Unit 11 ,• Docket. tS0-272 (19791. 
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A second weakness in the DOE measurements derives from the 

fact that unlike the TLD readings, these measurements were 

instantaneous. Thus, the helicopter may have missed the center 

of the plume, thereby underestimating overall dose,during some 

of its forays. One indication that this indeed occurred comes 

from assessing their report on the behavior of doses beyond 10 

miles. DOE reported that doses fell off exponentially with 

distance, a result that would be very hard to explain based on 

meteorological dispersion theory, but a result that would be 

easy to explain by assuming that it became increasingly difficult 

to find the plume centerline as the helicopter moved farther away 

from the plant. Should a more theoretically consistent "power 

lawR extrapolation formula be used beyond 10 miles, the ·total 

cumulative population dose predicted by this method would increase--

perhaps by a factor of three, i.e., an increase from 2000 person-

rem to 6000 person-rem. 

A third weakness in the DOE measurements is the fact 

that the helicopter team apparently did not measure t .he vertical 

distribution of radioactivity in the plume, butmeasured only alon~ 

its own flight path, at heights ranging from 500 to 1000 feet. Al

though it would be possible to use a meteorological model to convert 

the 500-1000 feet dat~ to ground level data, this was not done 

in the analysis of the DOE data. Instead, it was assumed that 

doses at ground level were identical to those measured above 

ground. This simplification probably leads to an underestimate 

of doses (See Section A3.2). However, not all problems with 

the DOE analysis tend to produce underestimates of the population 

dose. The following problems tend to cause overestimates, as 
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1) Uncal ibrated geiger counter data, 

which Hull believes tended to c ause overesti-

mates by a f actor of two. 

2) The assumption that plume centerline data 

measureme nts reflected doses over an entire 

22.5 d e gree secto~which might c ause an over

estimate b y a factor of two to three. 

I t should be note d that the three weaknesses stated above 

apply not only to the DOE population dose estimates but also to 

the 2.9 million curie noble gas release e stimate made by Bull** 

and men t ioned earlier in Section A3. 4. 

A4 .2 Ad Hoc Dose Asses s ment Gr oup( Bat tist et al. ) 

After the accident , rep resentatives from the Nuclear 

Regulatory Commission, the Env ironmental Protection Agency , and 

The Department of Heal t h , Education.and Welfare formed a group 

to a s sess the doses res ul t ing from the release. This •Ad Hoc 

Dose Assessment group" (Battist et a l . ) relied on TLO dose 

readings and a var iety of s pati al inter~lation methods, including 

••• meteo r ological interpolation . The pr ob lem with an approach 

based on TLD readings (as the i r f ir s t four calculations are) 

*Ad Ho c Population Dose Assessment Group , ~A-4. 

**A . P. Hull, "A Critique of Source Term and Environmental Measure
ment a t Three Mile Island" (Unpublis hed Re port, Brookhaven National 
Laboratory, Upton, New York , no date) , Table II. 

***Ad Hoc Population Dose As ses s ment Gro up , "Population Dose and 
Health Impact of the Acci dent at the Three Mile Island Nuclear 
Station, a Preliminary Assess ment for t he Period March 28 
t h r ough April 7, 1979 , " (May 10 , 1 97 9 ) . 
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is that the angular detection range of the set of 20 Metropolitan 

Edison TLD monitoring stations by no means equals 360 degrees. 

As can be seen in Figure A-5, under certain stable atmospheric 

* conditions, the angular sensitivity of detectors is very narrow. 

The average angle between Metropolitan Edison detectors would be 

18 ° , so that a wind vector passing midway between the angular 

positions of two detectors would lie, on average, then, half of 18° 

or 9°, from a TLD. Inspection of Figure A-S shows that a TLD 9° 

away from a wind vector--especially one of the distant TLDs 

located beyond 1000 meters--would lose a great deal of its sen

sitivity. 

Because there were only 20 TLD locations, it is therefore 

obvious that there must have been "holes" or "windows" in the 

TLD perimeter. These holes can only be disregarded if the wind 

were not blowing through them . (Wind directions corresponding 

to the first 48 hours are shown in maps in Appendix C (Figures 

c-4co C-7). As a result, it must be understood that the Ad Hoc 

Group 's first four population dose estimates can only be lower 

limits that exclude' contributions to the total population dose 

from undetected radioactivity. 

*Charles D. Thomas, Jr., James E. Cline, and Paul G. Vollieque 
(Science Applications Inc.), "Evaluation of an Environs Exposure 
Rate Monitoring System for Post-Accident Assessment" (Report 
AIF/NESP-023, Atomic Industrial Forum Inc., National Environ
mental Studies Project, Rockville, Maryland, December, 1981 ) , 
p . 2-7. See also, 

Lahti et al, "Assessment of X-Ray exposures Due to Finite 
Plumes ," Health Physics 41, 319-340 (1981). 
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Figure A- 5. (Adap t ed from Thomas e t a l . Repor t AI F /NESP- 023 ) 

., 
' e .. -0 

't:l 
G) 
G) 
Q. 

Cl) 

't) • 
c 
i -Cit ... ..... 
0 u - -., ..... -;; ~ 

.r: a:: ..... 
G) a:: 
Ill -0 
Q 

't:l 
41 
~ 

;:, 
Ill 
Ill 
G) 

~ 

Angular Variation in Measurement of Xenon-133 Dose for 

Three Distances Under One Set of Weather conditions· 

Ground Level Release 

Distance • 250metera 
10-2 of c SOOmeters 

Detector <>1000 meters 

10·3 

10-4 

10-5 

1 0-S L-----~-----L----~------~----~----------~ 
292.5 31 5 337.5 0 22.5 45 90 

Location o f Detector Relative to Plume (degrees) 

·so-called F· stabilit y class 

. . -



. -·. _j 
. 1 

. i .. 
·. . 

. -
.; 

.... .· .... 1 

. : · ' 

-A32-

A standard and generalized disclaimer to the methodology 

was noted in the Report of the Ad Hoc Assessment Group: 

• •• it is evident that any approach to 
assessing the collective dose depends strongly 
on a relatively small number of measurements. 
No amount of sophisticated analysis can change 
this fundamental limitation. 

However, the authors go on to soften this unequivocal statement: 

On the other hand, it is also clear that the 
data do allow reasonable estimates of the col
lective dose to be made.* 

A basis for this optimistic remark cannot be found in the 

report, nor is a definition given for "reasonable estimate." 

This unexplained optimism about the adequacy of the limited 

data available should be kept in mind when assessing the re-

liability of the first four dose estimates derived by the Ad 

Hoc Group, all of which are based on interpolation and extrapo-
I I 

lation from a small number of data points to more than 100 

grid points. Rather than paraphrase a description of their 

*Ad Hoc Population Dose Assessment Group, 2£: cit., p. 41 
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method, a quotation is provided directly from their repart: 

The first step in estimating doses ba s ed on the TLD 
measurements for each period is to estimate the doses 
at each location on the standard grid . This wa s 
accomplished by an interpolation which was equivalent 
to plotting the measured doses for each sector on a 
logarithmic coordinate graph paper and j oining the 
measured values by straight line segments . The inter
section of each line segment with a standard distance 
for the grid was taken as the dose at tha t distance. 
In instances where the net dose calculated for a location 
was not greater than zero, this method could not be 
used. In such cases, linear interpolation was used 
to estimate the dose at standard distances . 

Doses at distances beyond the out ermost dosimeter 
or within the innermost dosimeter were estimated by 
extrapolation using the assumption that the dispersion 
in a sector is proportional to distance to the {-1.5) 
power. 

• • • Doses fo.r the standard distances in sectors 
in which no measurements were made were estimated by 
interpolating linearly between dose values of the * 
adjacent sectors for which measured data were available. 

The (four} estimates derived by the Ad Hoc Group using this 

interpolation/ extrapolation method differ only in the choice 

of TLDs to be included in the analyses • (At t he time of the 

accident , Metropolitan Edison had TLDs deployed at twenty sites 

at various d i stances from the reactor. On March 31, NRC placed 

TLDs at 37 additional locations.) The Ad Hoc Dose Assessment 

Group used various subsets of these dosimeters as described below: 

*Ad Hoc Population Dose Assessment Group, £E..· cit., p. 35 
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Four approaches were used in estimating tl:J.e total 
collective dose for the period March 27-April 7. Each 
utilizes data from the Metropolitan Edison TLD stations 

-for the period March 28 through March 31, since there 
were no NRC TLD's in place before March 31 • 

For the first calculational approach, all Metro
politan Edison data for the period March 28-March 31 
were used for estimating the collective dose for the 
periods March 28-29 and March 29-31 (3200 person-rem) • 
The NRC data, which are all from offsite locations, 
provided the data for the periods from April 1 through 
April 7 • • • A strength of this method is that it 
utilizes the maximum possible number of individual 
observations and therefore would be expected to be 
least dependent on any one of them. Since the NRC 
locations are nearly all offsite, they provide better 
general coverage of the populated areas surrounding 
the plant. However, there are limitations to using 
this method. For example, a positive net measurement 
may easily represent nothing more than a low estimate 
of the background for that location. If the location 
is distant from the facility and is the only measure
ment in the sector, it can contribute to a significant 
overestimate in the collective dose. Another limitation 
of this method lies in the uncertainty of the back
ground values for the NRC locations. As indicated 
previously, these background values are believed to be 
low. The continuing rise in the collective dose in 
later periods, when there is no reason to expect any 
significant contribution from the facility, confirms 
this expectation. The collective dose through April 7 
using this metholology is 5300 person-rem and is 
believed to be a high estimate for the reasons given. 

The second approach is based on the Metropolitan 
Edison TLD data only. This approach has the advantage 
of using a consistent set of data with the same dosimeter 
type and locations throughout the period. The background 
values are reasonably well known by experience for these 
stations. A disadvantage to this approach is that 
there are only 20 dosimeters, so that three sectors 
(NE, ESE, W) have no measurements at all and seven 
(NNE, SSE, SW, WSW, WNW, NW) have only one •.• The 
total collective dose through April 6 using this 
approach is 3300 person-rem. April 6 becomes the cutoff 
point in this method because of the 3-day dosimeter 
cycl~ under which the Metropolitan Edison TLDs were 
deployed and read out. 
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A third approac h is based on a subset of the 
dosimeters used in the first method. Those locations 
outside 8 miles were dropped from the analysis, elim~ 
inating 5 Metropolitan Edison and 7 NRC stations • 
This has the advantage of minimizing the effect of 
exposure uncertainties at those locations which are 
least likely to have been exposed to radioactive materia~ 
from the facility. The dis advantage is that a signifi
cant dose at a distance greater than 8 miles in a direc
t ion Wftere there are other dosimeters nearer to the 
f acility will be missed completely. Note that this 
s ubstantially reduces both t he March 28-31 Metropolitan 
Edison dosimeter contribution to the collective dose 
and the contribution from the first day of NRC observa
tions. The total collective dose through April 7 usi ng 
this approach is 2800 person- rem . 

The fourth approach is based on using those 
Metropolitan Edison TLD data fro m locations that 
are not more than 8 miles from the faci lity. Again 
the method has the advantage of a consistent base of 
data for the entire period and the disadvantage of 
making a small data base even smaller . The effect 
of eliminating the distant stations is to reduce the 
collective dose calculated for the period. Using 
approach four, the ~ollective dose through April 6 
is 1600 person-rem. 

A4. 2. 1 Pasciak et al. 

The fifth and final approach taken by the Ad Hoc Group to 

estimate population doses involved a clever use of meteorological 

inte rpolation and extrapolation . A brief account of this work was 

included in the Ad Hoc Group's report . A revised and more carefully 

detailed version was subsequently published by Pasciak et. al. in 

•• Health Physics. The Health Physics version is discussed here . 

In this method, it was assumed, though not clearly brought 

to the attention of the reader , that the release rate (in curies 

*Ad Hoc Population Dose Assessment <iroup , .£E.: cit., pp. 37-41. 

**W. E. Pasciak, E. Branagan, Jr . , F . J. Congel & J. Faircobent, 
"A me thod for calculating doses to the population from Xe-133 
r ele ases during the Three Mile I s land accident," Health Physics 
.!Q., 45 7-465 (1981) . 
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per second) was constant over time periods for which TLD data 

was available, e.g., constant over the 28 hour period from 4 a.m., 

March 28 to 8 a.m., March 29, when one batch of TLDs was 

collected, and constant over the 44 hour period from 8 a.m., March 

29 to 4 a.m., March 31, when a second batch was collected. Such 

an approach was necessary because of the cumulative nature of 

TLD readings. TO be •read,• TLDs are first brought back from 

the field to a laboratory for assessment. Only the total amount 

of radiation dose accumulated prior to the laboratory reading is 

obtained, not any information about the time dependence of the dose. 

The obvious way to treat the time dependence of the release, 

in the absence of any other information, is to assume the release 

was constant between readings. Although it is perhaps "obvious,• 

such an assumption seems questionable given the pulsed nature of 

the radioactivity recorded on the stripchart monitors discussed 

previously. Nevertheless, having made this constant release 

assumption, which is equivalent to •ironing out• any pulses of 

radioactivity, it was possible to work backwards from the TLD 

readings to obtain an estimate of doses accumulated at every 

other location during the same t~e period. 

The analysis is quite technical, and readers without a technical 

background may find themselves lost in parts of the following 

discussion. The approach taken is s~ilar to the meteorological 

interpolation method depicted in Figure Al-e, in which actual 

dose measurements are used to infer a curie release estimate. 

The authors did not actually give the release information in curies, 

but in other units proportional to curies. Therefore, in order 

to compare their results with results from other studies, it 
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was necessary to convert their value for thi s r eview. A low value 

of eithe r .64 million curies or 2.2 million cur ies was obtained, de

pending u pon whether or not three distant TLDs are excluded from, or 

• •• included in, the analysis. ' This low curie r ange is surprising 

given correspondi ng population dose estimates obtained from the same 

data, which are at least eight times higher t ha n the population 

doses pro j ected by meteorological models for a 0.64 to 2.2 million 

*** curie release. 

Although the curie-conversion calculations performed for this 

review are quite crude--and therefore not reliable enough tobe 

included i n Tabl e AJ above--the low results do suggest an inconsis

tency, unless Pas ciak et al. has been misint e rpreted. Of partic

ular concern is t he fact that Woodar d and Potter obtained a ten 

million curie rel ease fi gure using a method that should have 

*Assumes all the release was in the form of Xenon 133 and ignores 
finite clo ud corre cti ons . 

**The authors of this paper determined a quanti t y, K• which is 
proportional to the numb~r of curies released, Q: K=QxDF , where OF 
is a dose conversi on factor which depends o n the average g amma 
disintegration e nergy. DF•0 -25 Eg, where Eg has units of Mevper 
disintegration when K is measured in Rads -m3js ec . [$lade, 
Meteorology and Atomic Energy, 1968, eq 7 . 3Sa , p . 339 J s~nce Eg 
varies b y more than an order of magnitude between the short-
lived iso t o pes, Kr 8Sm, 88, Xe 135 and the relatively long-lived 
xel33, the v alue o f Eg is time dependent, ranging between .088 and 
. 22 Mev over the period of 6 hours a f ter shutdown to one day 
(Average g amma energy values for Eg are, .081, . 160, .246, and 
1.740 Mev for xel33, Kr 8sm, xel35, and Kr 8 8 respect1vely . 

[Radiolo g ical Heal th Handboo k, u.s. H.E.W . , 1970.J Initial inven
tories of 1 7 0 , 24, 34, and 68 million curies, respectively , have been 
taken from the Reactor Safety Study, (US Nuclear Reg. Commission 1975, 
WASH- 1400 ). 

To make the calculation consistent with the assumpt1ons used 
in the paper b y Pasciak et. al., it appear! nece ssary to assum~ that 
the enti re release is Xenon 133. Thus, QsK/ (0 . 25 x . 088 ) . ~ 
values given in the paper were 14, 00 0 using the reduced set of 
TLDs and 49, 000 using the larger set of TLDs . 

***For instance, the 2.2 million curie release e s timate stated above 
corr~sponds to 12,000 person-re~ (see Tabl9 ~- 4 ). Yet a~ indic~tP.d 
previously i n Table A-2, a similar release (2 .4 million c uries ) 
was found i n other studies to produce a population dose at least 
eight t i mes lower ( i . e., less than 1500 person- r em). _ 
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given equivalent results • (Their work is discussed earlier 

in Section A3.3.) It seems imperative to repeat the meteorological 

interpolation/extrapolation calculation of Pasciak et al. using 

a more sophisticated meteorological model than originally used • 

In their analysis, the authors of the Health Physics paper 

concentrated on population doses, not· release estimates. 

Even there, however, discrepancies are obvious upon inspection 

of their results. In particular, the quality of the fit to the TLD 

data was poor, as can be seen from Table A-5, which has been 

reprinted from their article. The column labelled K, aside 

from a scale factor, gives the ratio of TLD doses measured to TLD 

doses projected by the authors' model. If the methcdology 

chosen were completely valid and self-consistent, each entry in 

the column would be similar. Instead, there is an enormous 

variation, even when the highest values are eliminated--a 
< I 

variation that suggests that either the quality of the T.LD 

data was very poor or that more is going on there than can be 

captured by a constant release model. 

In the Health Physics paper, a value of 3400 person-rem 

was calculated based on a subset of the complete Metropoli tan 

Edison T.LD data. Five data points located beyond eight miles 

were dropped on the grounds that the readings were so low that 

the uncertainty in the measurements prevented them from being 

reliable. Yet, the net readings for the excluded data points 

(gross reading minus background) were comparable to some net 

readings within 10 miles that were kept in the analysis. Thus , 
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Table A-5 

(Reprinted from Health Physics, 40, 461, l98l). 
, 

.. .. : ·, 
l W. PASCJAK tl 41. 
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exclusion of the distant data points was an inconsistent procedure . 

A more complete analysis would have kept all data points, 

but used a statistical fitting routine (such as a Chi square 

regression technique) that can explicitly weight data points 

* according to their certainty. In this way, all data points, 

whether located within or beyond 8 miles, would have been treated 

on an equal footing . (Such an analysis should be carried out 

in a more comprehensive dosimetry study.) 

Although the authors did not explicitly indicate the 

population dose that would have been calculated had a larger 

set of TLDs been kept in their analysis, they did present enough 

intermediate information to allow a determination of this quantity 

to be made by readers of their paper. Working from their results, 

it appears that a 3~-fold increase in population dose would 

result, i . e., 12,000 person-rem, should three more data points 

** be included. 

This procedure still leaves two TLDs out of the analysis. 

The remaining two data points could not be included in their 

analysis because the readings were anomalous. No wind direction 

readings were recorded for the angular sectors containing those 

TLDs even though a net reading on the TLDs was recorded. Thus, 

the corresponding K-value entries in Table A-5 (those indicated 

with dashes) are actually infinite because they have a zero 

*To do so, an estimate of the uncertainty in the background 
readings would have to be determined. The necessary estimate 
could be obtained from analyzing the year- to-year fluctuation in 
readings recorded by Metropolitan Edison over a multi-year period • 

**Although population doses were not presented for both cases, 
values for the intermediate parameter, "~,·were. As indicated 
on pp. 460 and 461, R turned out to be 14xlo3 rads-m3 / sec when 
the five TLDs were excluded and 49xl03 rads-m3; sec when only 
two TLDs were excluded. Since K is proportional to population 
dose , the ratio of the two K values is the same as the ratio of 
population dose for the two cases. 
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divisor . There are at least two explanations for these a pparently 

anomalous readings: 

1 . The actual dose may have been zero , but the background 

underestimated • (This is apparently the expl anation favored by 

the authors . Note that this possibility could be handled without 

excluding data points, using the statistical fitting technique 

mentioned earlier.) 

2 . The readings may have been real, but the wind direction 

readings at the TMI meteorological station may have been in

correct. That is, the wind may really have b l own in the relevant 

directions for some portion of the measuremen t period, but not 

when wind direction was actually recorded by t he recording in-

struments . (The fact that the amount of radioiodine found in 

milk is also anomalousy high for at least one of these directions 

suggests that the wind-wandering hypothes i s i s quite possible.) 

Examination of a wider set of wind data from the area, some of 

which were recorded at shorter intervals (or even instantaneously ) 

may help in resolving this anomaly. 

In addition to the problems mentioned so far, the paper by 

Pasciak et al. seems vulnerable in three additional respects: 

TLD calibrations, background subtraction and meteorological 

modelling. 

A. Calibration. It appears that t he authors assumed t hat 

the release consisted solely of Xenon-133. Contributions to the 

dose from more energetic gamma rays coming from other radio

isotopes were not included in converting TLD r eadings t o dose. 
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This assumption would be of no significance if the TLDs responded 

"linearly" with gamma ray energy. However, the TLO detectors 

apparently respond non-linearly, requiring that attention be 

paid to the mix of gamma ray energies. 

B. Background Subtraction. Background data was obtained 

from readings accumulated the previous year. One subcontractor 

for this review was worried that the readings may have been 

anomalously high in that year because of the contribution from 

a Chinese weapons test. If this were the case, doses would have 

been underestimated . Averaging several years' readings before 
-

the accident would tend to reduce this problem. 

c. Techni cal Considerations about Meteorological Modelling. 

1. A "semi-infinite cloud" approximation was used in-

stead of taking into acco unt the finite size of the actual plume. 

2. A ground-level release was apparently assumed rather 

than a release from the 160-foot vent stack. (Note that changing 

the assumed release height has a very complex effect on meteor-

ological interpolation methods.) 

3. It is not clear how the reactor building turbulent 

wake was assumed to broaden the plume. Neither was it clear 

whether the cooling towers' wakes were taken into account for 

wind directions in which the plume would be affected by the 

towers. 

Preliminary review of these modeling assumptions suggests 

that accounting for all of these effects would tend to increase 

the population dose estimates. 

Perhaps the most serious limitation of this meteorological 



I ... 

-··. 

-A43-

interpolatio n method as developed by Pasciak et al. has been 

mentioned earlier, i.e., the assumption that the release was 

constant during periods when doses were being accumul'ated on TLD 

__ =~idges. From examining the data contained in the Health 

Physics paper, it would appear that this r e s t rictive assumption 

could have been parti ally relaxed. There were sufficient TLOs 

available to allow division of each of t he two measurement periods 

into several time intervals with corresponding (unknown) release 

rates. In this way , ( rough) info rmation about the time 

dependence of the release could have been extracted from the data. 

That there is more information in the data than has so far been 

exploited can be seen by examining the variation in ratios 

between measured and projected TLO readings shown previously in 

Table A-4. As has been mentioned earlier, these ratios fluctuate 

enormously . A variation in release rate during each measurement 

period might explain these ratio fluctua tions as well as explain 

the apparent anomalies in the TLD measurement s that were removed 

from the data set. (An analysis of this s ort should be carried 

out in a complete dosimetry study. ) 

The impression should not be left, however, that improve

ments of the sort mentioned could completely compensate for 

limitations in the TLD coverage. It still would be necessary to 

assume that the release was constant over the time periods 

chosen for analysis. In effect, this method is forced to assume 

that there were no large bursts o f radioactivity that might have 

occurred while the wind was blowing through a hole in the TLD 

perimeter . 
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A 4 . 3 Kemeny Commission Task Group (Auxier et al.) 

A Kemeny Commission Task Group r epeated the basic inter-

polation/ extrapolation method used by the Ad Hoc Dose Assessment 

* Group for its first four calculations. They obtained similar 

results. Obviously, these calculations are subject to the same 

limitations that were discussed under the section devoted to 

the Ad Hoc Group's work • 

A4.4 Pickard , Lowe and Garrick, Inc . (Woodard) 

A calculation of population dose for General Public Utilities 

was carried out by Pickard, Lowe and Garrick under the supervision 

** of Keith Woodard, an analyst with extensive experience in dose 

assessment. 

The basic method used has already been described in Section 

A3.3 . It makes use of ~LD data points and meteorological inter-

polation. However, instead of assuming a uniform release 

· rate of radioactivity over long time intervals as did Pasciak 

et al., the relative time dependence of the release was taken 

from the stripchart monitors . TLD measurements •close to the 

plant" (but otherwise unspecified) were then used to set the 

overall scale of the release. Had the more distant TLD data 

been included, the Pickard, Lowe and Garrick estimate would 

have increased. 

WKemeny Commission, (Auxier et al . ) 
on Health Physics and Dosimetry,• 

•Report of the Task Group 
(October 31 , 1979), P. 108. 

**Pickard, Lowe and Garrick, Inc ., "Assessment of Offsite Radiation 
Doses from the Three Mile Island Unit 2 Accident, • (Report 
TDR-TIU-116, Revision 0, 1979 ) pp. 4-17 . 
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tn a sense, this calculation i s actually a mixture of 

the two basic methods, although it is the TLD measurements that 

determine the overall magnitude of the population dose. These 

calculations are subj ect to the basic limitations discussed in 

sections AJ.l and A4 . 2: first, there are many reasons to expect 

that releases occurred through pathways that wo uld not have 

regis t ered o n the s tripchart monitors: second , any releases that 

occurred during a time when the wind was blowing through a TLD 

•hole, • would not hav e been detected. I f both conditions 

exi sted (the sec o nd cer t ainly did on many occasions ) , then the 

radi a tion not meas ured could be very substantial. 

A4. 5 Takeshi and Ke pford 

The l a st two po pulation dose e s timates to be discussed were 

mad e by l) Sec Takeshi , assoc i ated wi t h t he Kyoto Nuclear Reactor 

Laboratory a nd 2 ) Chauncey Kepford, a nuclear critic, associated 

at the time with the Environmental Coalition on Nuclear Power. 

Simi lar methods were used by both analy sts in s e parate studies. *,** 

Concerned about the limited TLD coverage available during 

the first few days, when only the original Metropolitan Edis on 

TLOs were i n place , Takeshi and Kepfo rd concentra ted their attention 

on the TLDs that were deployed in greater n umbers after March 30th. 

Noting that these later TLD measurements gave better spatial cover-

age, Takeshi and Kepford worked backwards from them to estimate 

the populat ion dose for the first few day s . Thus their method 

corre s ponds to extrapolation in •time" rather than in apace. 

*S. Takeshi , "Excerpts from the author's r eview published in 
the Japanese j ournal, Nuclear Engineering, Vol. 26, No. J.• 
(unpubl ished mLmeograp hed notes, Kyo t o University Nuclear 
Reacto r Laboratory , Kyoto, Japan, not dated) . 

**Chauncey Ke pford, "Testimony before the NRC Atomic Safety and 
Licensing Board, August 20, 1979, in the matter of Public 
Servi ce Elect r i c' Gas Co . , Salem Generating Station Unit tl. 
Docke t tS0- 27 2," (1979). 
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They divided the release duration into two time periods: 

before March 30th and after March 30th. For the first period 

only the original Metropolitan Edison TLDs were available for 

population dose estimates. (Population dose estimates were made 

using interpolation/extrapolation procedures similar to those 

described earlier in Section A4.2.) For the second period, 

readings were available from both the Metropolitan Edison TLDs 

and the NRC TLDs. Takeshi noticed that in this second period 

there was a discrepancy between the total population dose 

estimates obtained from the set of Metropolitan Edison TLDs 

and the total obtained from the NRC instruments. In fact, 

the NRC readings, with their greater angular coverage, indicated 

a population dose at least five times greater during the time 

when the two sets of measurements could be compared--an indica-

tion that the Metropolitan Edison TLDs were only picking up a 

fraction of the total dose. Assuming that the same fraction 

applied to the earlier period, it then follows that the total 

population dose estimated using the Metropolitan Edison detectors 

should be multiplied by a factor of five or so. 

Takeshi did not perform the calculation in such a direct 

fashion. Instead he used the equivalent equation: 

1) 

ME2 
' 

where NRC1 is the hypothetical NRC measured dose from period 1, 

ME1 and ME 2 are the measured Metropolitan Edison doses from periods 

1 and 2 and NRC 2 is the measured dose from period 2. 

would then equal NRC1 + NRC2 .) 

(Total dose 
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Thus, the results of the NRC TLD measurements are multi-

plied by a scale factor, S, (equal to the r atio of the Metropolitan 

Edison measured doses forthe two periods) to obtain the 

dose during ·the first period. Using the above equation, with a 

value o f S equal to 20, Takeshi calculated a population dose 

of 16,200 person-rem. Kepford, using slightly different assump

tions, derived a higher value of 63,000 person-rem. Kepford 

used a l ower scale factor than did Takeshi (S=lO), but a much 

higher population dose for the second t .ime per iod. The reason 

for this difference is threefold: 

1 . Kepford reanalyzed the NRC TLD dat a , e xtrapolating 

doses beyond 1 0 miles with a linear function that varied in

versely with d i stance rather than inversely as the 1.5 power. of 

distance (the choiceof both the Ad Hoc Dose Assessment Group 

and Takeshi) • 

2 . Kepford included NRC TLD readings from March 31 to 

April 1 , whereas Takeshi only included NRC readings starting 

from Apr i l 1. 

3. Takeshi assumed a conservative· (i.e., higher ) background 

value, which l e d to a reduction in the population dose estimate 

by about 30 % compared to the estimate obtained using the back

ground method described in the Ad Hoc Grou p • s r eport, which 

Kepford accepted. 

It a ppears both analysts made reasonable a ssumptions 

to fill the gap s in the data. At this point , there is no 

clear way t o choose between their individual assumptions. 

However, further analysis should help in resol ving these questions. 
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In any case, the equation used by these analysts is only 

valid under the assumption that the wind behaved in an identical 

fashion during the two periods. Takeshi was aware of this 

re~i~ement, but argued that other factors compensated for any 

overestimation that might well result: 

Although the calculation is an estimation which ignores 
factors such as possible changes in meteorological 
conditions, there is evidence that the actual dose could 
probably be far greater since 37 dosimeters can hardly 
be sufficient in number.* 

That is to say, Takeshi believed that even the 37 NRC dosimeters 

were insufficient in number to adequately assess the population 

dose. No judgement is attempted here on this contention; 

nevertheless, the basic wind assumption required by this method 

appears to be contradicted by the actual wind data. 

A4.6 Suggestions for Further Research Based on Environmental 

Measurements. 

It should be possible to improve the reliability of the 

Takeshi/Kepford approach by repeating the calculations using 

actual wind data to account explicitly for wind differences 

between the two periods. These calculations should be repeated 

in a complete dosimetry study, thereby making meteorological 

modelling an integral part of the methodology. 

It is true that even such a revised methodology coul.d be 

criticized on the grounds that ehe radioactivtty release rates 

*S. Takeshi, ~ cit.· 
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might have had a completely different time dependence during the 

two periods. Without _knowing the time dependence of the release, 

there seems to be no way of unambiguously scaling the NRC TLDs to 

obtain the population dose accumulated in t he first time period. 

However, Bayesi an statistical methods might prove useful here to 

indicate the probability of various scal e factors. That is, 

even assuming a wide range of hypothetical r e lease rate behav iors, 

it might turn out that the great majority of the resulting scale 

factors fa l l i n a narrow range . 

An a l ternative approach to modifying the Takeshi/ Kepford 

methodology would be to integrate their insi ghts, which are 

an implicit critique of the methodology used by other analysts, 

into studies that would avoid those pitfal l s. As has been 

indicated earli er, the NRC TLDs ~ply a greater population dose 

than the Metropolitan Edison TLDs for the period in whi ch the 

two sets overlap . This contradiction casts suspicion on all 

of the methods previously discussed which rely solely on the 

Metropolitan Edison TLDs. 

This contradiction might be removable by adjusting the 

interpolation schemes used with the Metropolitan Edison TLDs. 

For instance, in making the interpolations , it might well be 

possible to adj ust the meteorological model to fit both the 

Metropolitan Edison data and the NRC data simultaneously. In 

this way uncertainties in the parameter choices for the meteor-

ological model might be removed. Certainly it will not be 

possible to have confidence in any meteorologi cal modeling 

interpolationscheme until the model is adj usted so it can 

• 
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reasonably explain both the NRC TLD data and the Metropo litan 

Edison data--unless, of course, some of the data can confidently 

be eliminated from consideration. 

Whatever the approach taken, attempts should be made to 

__ ~esolve the discrepancy between the two sets of TLD · measurements 

in a more complete dosimetry study. There are four obvious 

explanations that should be analyzed: 

1. There may have been background subtraction problems 

with one or both of the data sets that led to incomplete dose 

estimates. For instance, concern was expressed in the Ad Hoc 

Group's report about the absence of true background readings 

available at the time for the NRC TLDs. However, this problem 

should now be resolvable. Background readings fo.r the NRC 

dosimeters should now be available from current readings. 

If not, new measurements could be made at any time as part of 

a full dosimetry study. 

2 . There may have been a calibration problem with one or 

both of the data sets that led to inaccurate dose estimates. 

3. The interpolation schemes used with Metropolitan Edison 

TLDs may have been deficient for one or more of the reasons 

discussed above. 

4 . Some of the data points may be spurious. In fact this 

was the positi~n taken by the Kemeny Commission Task Force 

about some of the data points included by Kepford in his 

analysis. 

It is worth examining the reasons given by the Kemeny 

Commission Task Group for rejecting the NRC readings in the 

March 31 - April 1 period . 
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In the preliminary report, attenti on was called to 
high doses predicted by NRC TLDs, placed from March 
31 to April l, compared with estimates f rom the TLDs 
placed by Met Ed. Reevaluation of the cali bration and 
processing of these TLDs did not eliminat e the incon
sistency. However, review of the procedures for the 
placement and the collection of the NRC TLDs raised 
the possibility that considerable exposure was received 
by these TLDs during the placement and colle ction 
periods. 

The high collective dose predicted by t he NRC 
measurements are due main~y to readings a t locations 
of 8 to 15 mi l es from the plant. In seve ral directions, 
these readings are higher than those closer in--a sit
uation which, though not impossible, is high ly improbable • 
The TLD readings at 9.6 and 13.8 miles in ~e northwest 
direc t i on have the greatest impact on the estimate of 
collective dose. These high readings were referred 
to a s the "northwest anomaly" in hearings before the 
House Committee on Science and Technology on June 13, 1979. 
Procedures fur de ploying and collecting one of these 
(Stati on NW-4 ) were examined in order t o de ter.mine-· 
possi b l e reasons for spuriously high readi ngs. 

The reading from the Station NW-4 TLD e xcosed 
at 9 . 6 miles from TMI for 22 hours included exposure 
over a 12- hour transit time, during which it was being 
distri buted or collected. The TLDs wer e stored before
hand, in a trailer for 2-l/2 hours near the station with 
the highest dose rate, and moved in and out of areas 
with vari ations of a factor of 10 in dos e rate, shielded 
only by the trailer or the auto in which they were 
dis t ributed. An estimated irradiation his tory for this 
TLD, assuming no shielding, is shown in Fiqure B-6 . 
Exposure rates at each time were estimat ed by assuming 
an r- l .Sdecrease with distance and calcu l a ting the radial 
distance o f the automobile at that time . The intended 
exposure pe riod was from 1:45 p . m. on Mar ch 31 to 12:04 
p.m. on April 1 . From about 8:00a.m. to 10:30 a.m., 
the TLDs wer e stored in a trailer near the site, with no 
special precautions to shield them. The average 
dose rat e a short distance away was 1 .11 mrem per hour . 
Even i f a factor of two or three reduction due to shielding 
i n the trailer is assumed, the dose accumulated during 
this period , as estimated from the area under that portion 
of the curve, cou.ld be several times the dose accumulated 
at Station NW-4 during the intended e xposure period 
from 12: 00 noon to 6:00 p.m. on April 1, when the TLDs 
were on the front seat of the automobile. 

No control dosimeters were used to e stimate the 
dose rece i ved during the distribution and collection 
peri ods. It therefore seems highly likely that some of 
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the dose received by the TLDs at low-dose rate locations, 
such as Station NW-4, was received during transit periods 
through high-dose rate areas. Consequently, these measure
ments have been rejected in the evaluation of the collective 
dose.* 

The approach taken by the JCemeny Commission Task Group 

appears to be highly selective regardless of whether the particular 

complaints are justified. One particular set of data is analyzed 

in much greater detail than all other sets. In addition, the 

analysts assume that it is the higher readings that must be 

spurious, not the lower ones. They try to find an explana

tion for readings at 8 to 15 miles being spuriously high, but 

do not try to find an explanation for readings within 8 miles 

being spuriously low. In any case, insufficient detail is 

provided to allow a skeptical reviewer to check the sample cal-

culation that was used as the basis for rejecting the data for 

this period. As a result it is not possible at this time to 

assess whether the assumptions that went into the calcula-

tion are reasonable. It is not even clear where the basic 

collection and distribution history came from. Nor is informa

tion provided about the collection and distribution of the TLDs 

not rejected. It should also be noted that Takeshi's estimates 

begin with April 1, thus rendering much of their criticism 

irrelevant to his work. 

Certainly, there are questions that can be raised about 

the TLD data--all of the TLD data--concerning calibrations, 

*Kemeny Commission, (Auxier et al.) •Report of the Task Group 
on Health Physics and Dosimetry, • (October 31, 1979), pp. 124-27. 
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background subtracti on , limited coverage. At this poi nt, there 

is enough jus tificati on to make a plausible case for ~owing 

all t he data out f or one reason or another • 

However, as with the paper by Pasc i ak et al., we find 

analysts s e l ecti ve ly throwing out data that would lead to a 

higher populati on dose estimate . And once again t his i s done 

without e ntertaining a l ternative hypotheses . A more careful 

analys is wo uld have investigated the r e lease and model ing 

assumptions ne cessary to explain the higher NRC readings. Only 

if those assumptions turned out to be phy s ically unreasonable , 

would it have been j ustifiable to accept the e xplanation adopted 

so easily by the Task Group. 

AS.O Conclusion 

TWo general approaches, eleven separate studies and nineteen 

calculations of the estimated whole-body population dose at 

TMI have been r eviewed in this appendix . None can be regarded 

as without fault in t heir methodology , and no calculati on 

can be regarded a s defi nitive . The estimated whole body 

population dose var i es from a low o f 276 person-rems t o a high 

of 63 ,000 , but methodol ogical considex·a t i ons do not make it pos-

sible to choose , or average, or otherwise obtain a reasonable 

•best estimate.• 

I n studies o f the first approach--that o f source release 

measurement--the mos t serious pr oblem is t he need to rely, in one 

way or anothe r, on s tri pchart moni t ors far f r om much of the 

escaping radioac t ivity . 
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In studies of the second approach--environmental monitor 

measurement--the most serious problems are the angular gaps in 

TLD coverage, not corrected until three days after.the accident 

when new TLOs were added by the NRC. Neither of these problems 

will consent to go away, but if a consistent and reliable method-

ology is used that takes into account the many insights developed 

by previous investigators, a combination of sophisticated 

statistical techniques should be able to provide considerably 

more accuracy to tbe est~ation. 

In stating that the available data, as analyzed to date, 

cannot rule out releases of noble gases totaling as high as 

40 million curies, nor population doses as high as 63,000 

person-rem, it is clear that this review parts company with the 

official assessments of the TMI accident. On the other hand, 

it must be emphasized that statements in this report Uhat the 

population dose could range as high as 63,000 person-rem do 

not mean that the population dose in fact reached that level. 

The range given in this report is an estimate of the state of 

scientific ignorance, and should not be interpreted as favoring 

either high or low values at this time. 
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Appendix B 

A Method for Estimati ng the Nob l e Gas Release from TMI-2 

Using the Krypton-85 Inventory Measured in the Contain 

ment Atmosphere dur i ng the Vent i n g i n June- July , 1980. 

• I 
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TECHNICAL APPENDIX 

I n this appendix a method is outlined for obtaining an 

i ndependent estimate of the quantity of noble gases released 

during the T~U a ccident , using data that was not available 

during the t ime t hat the official analyses were made of the 

a ccident • 

Measurements performed during the venting of the TMI-2 

cont a inment building atmosphere i n J une and July of 1980 

i ndicated that, j ust prior to the vent i ng, the containment 

atmosphere contained 44, 000 Ci of Kr-85,• or, corrected for 

r adioactive decay , 48 , 000 Ci at shutdown on March 28, 1979.•• 

••Measurements of containment air samples taken before venting 
had yielded significantly lar ger estimates of Kr-85. For 
instance , the pre-venting estimate for shutdown given in the 
Draft Programmati c Environmental Impact Statement was 62,000 
Ci . [ U. S. Nuclear Regulatory Commission, Report NUREG-0683, 
Washi ngton, D. C., July 1980, Table 6.1-1 , p. 6-2.] 

Bishop et al calculated 6 0 , 500 Ci as corrected to shut
down . [W.N. Bishop , D.A . Ni tti, N. P. Jacob, J.A. Daniel, 
"Fi ssion Product Release from the Fuel Following the TMI-2 
Accident ," i n Proceedings o-r the American Nuclear Society/ 
European Nuclear Society Topical Meetingc Volume I, Thermal 
Reactor Safety, (Knoxville, TN, April 6- 9, 1980), Table I , 
p. 627.] 

These l a rger val ues have been attributed to instrument 
error s and uncertain~ies in knowledge of the building free 
volume. [U . S. Nuclear Regulatory Commission, (Final} PEIS, 
(Report NUREG-0683, March 1981) , ~· cit., p.iii, fn.] 
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The Kr-85 measured in the containment building represented 

all of the Kr-85 retained in the reactor complex. (Noble 

gases that were in the reactor coolant system had been re

moved by degassing in the makeup tank and subsequently vent

ed back into the containment.*) Yet, the measured 48,000 

curies amounts to only 50% or so of the initial Kr-85 inven

tory in the core, whereas more than 50% of Kr-85 and other 

noble gases should have been released from the fuel' based on 

measurements of radiocesium found in coolant water. Pre-

sumably, the "missing" Krypton-85 escaped from the reactor. 

To extract quantitative information about the magnitude 

of the missing radioactivity, it is necessary to make use of 

the equation for the Krypton-85 mass balance -- an equation 

which is based on certain undeniable factsr 

1) The initial inventory of noble gases either remained 

in the fuel or was released from the fuel. 

2) Those gases released from the fuel either remained 

in, or leaked from, the containment before the delib-

erate venting. 

Therefore, if one knows the inventory I, of Kr-85 at shut

down, the fraction, f, released from the fuel, and the 

amount, C, retained in the containment after the initial 

*Bishop et al., £E· cit., p. 624 . 
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release , one can calculate the amount, A, o~ Kr-85 that 

escaped t o the atmosphere during the accident . The ~ormula 

is a 

A = ~I - C 1 ) 

Determinat ion of "I" 

Estima~es of the total inventory, I, can be obtained 

directly f r om t he lit erature. The results of four separate 

calculat ions of I at shutdown are presented in Table B-1. 

The invent ory l abeled "LOR-2" was obtaine d us ing a version 

of ORIGEN modified by Babcock & Wilcox and i s reported by Bi-

shop et a l .* The "ORNL" inventory was calcula ted using the 

Oak Ridge version of ORIGEN and was report ed by private com

munication.•• The "Heidelberg" inventory was calculated 

using an unspecified version of ORIGEN and wa s reported by 

Franke and Teufel . *** 

*Bishop e t al .• ~· ~·· Table IV, p. 627. 

**Private communication from Oak Ridge National Laboratory. 

***B. Franke , D. Teufel, "Radiation Exposure Due to Venting 
T!·ll- 2 Reactor Building Atmosphere" (Institute for Energy and 
Environmental Research, Heidelberg, Federal Republic of Ger
many, J une 12, 1980), Table 1 . 
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Table B-l 

CoJDpa,riaon of core inventoriea at ahutdown tor nu-2 obtAined 
from different aourcea. 

Iaotope ~ 

ca-137 8.45£5 

ca-136 5.44!:5 

ca-134 l. 68£5 

Sr-90 7. 77£5 

sr-89 6 .23£7 

Xa-133 l.45E8 

Xe-lllm 4.lOE5 

K:c-85 9.63£4 

ca-134 
Ca-137 .199 

(Curiea) 

~ 

8.50E5 

l. 75£5 

7.53!:5 

6.24£7 

l.HE8 

9.76E4 

.205 

Beidelberq 

9.07£5 

l.HE5 

8.l7ES 

8.01£7 

l.04ES 

.375 

D,rut PEIS 

8.98£5 

2.52.ES 

8.24ES 

8.97!:7 

.280 
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Calculation of "f" 

The ratio of Cs-1)7 measured in the wat er to the total 

production of Cs-1)7 (LOR-2 result) implies that 60% of the 

cesium was released from the fuel. Because krypton is more 

volatile than cesium, a greater percentage of the krypton 

should have been released . However , the 60% cesium f i gure es

tablishes a lower bound for f . Multiplying this lower bound 

estimate by the LOR-2 production value for Kr-85 gives a 

minimum value of 57 , 780 Ci for the amount of Kr-85 released 

from the fuel . Assuming a 70% value for f, along with the 

same LOR-2 production value , gives 67,410 Ci of Kr-85 re

leased from the fuel. Finally, the assumption of a 100% re-
t I 

lease from the fuel would imply that the full 96,)00 curies 

should have left the fuel. 

Calculation of "C" 

The amount, C, re tained in the containment after t he 

init i al release equals the 44,000 curies vented in June 1980 

(corrected to 48,000 Ci at shutdown) plus any slow leakage 

:from the building of Krypton-85 that occurred before the ven

ting: 

C = 48,000 +Delayed Leakage 2) 
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Infor mation about this delayed leakage term is not given in 

the published literature. Presumably, knowledge of the con

tainment pressure during the 14 months prior to the venting 

would allow an estimate of this leakage to be made . (~~king 

such an estimate would be a suitable project for any full 

dosimetry study.) 

Calculation of "A" 

For illustrative purposes, it is useful to assume that 

the delayed leakage term is zero. It is then possible to 

evaluate equation 1) to obtain an estimate for A. The re

sults for the amount of escaped Kr-85 are shown in the last 

column of Table B2 using three estimates for the fuel release 

parameter, f . The lowest escape percentage, corresponding to 

a minimum f of 60% , is 10.2%. The value rises to 20 . 2% for 

an f of 70% and to 50.2% for the maximum f of 100%. 

Implications for Release of Other Noble Gases 

Having obtained information for A, the next step in the 

proposed method would be to apply the ~ercentages determined 

above to other noble gases. The rationale for this is that, 

physically and chemically , all of the inert gases should have 

behaved in the same way. 
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Tabl e 0-2 

Percentage o f l< ryfl ton 85 Released to t he Atmos phe r e ou.r ing t he I n i tial Accideyt (Marc h
Apr il 1979 ) for T r ee Assumed Fractlona o f t he /\mount Re l eased from the rue t• 

• ~ #"· 

s •:;•; .... 

Amount of \ of Kr-8S 
Assumed l< r - 8S Kr- 85 Re l eased to 
Fr ac tion Reta i ned Amount Released to At mos phere 

of in Re l eased At1110ap here in t he 
Noble r.aaes Containmen t in t he in the Inltla.l I nitial 
Relea s ed Krypton-as After Inl tial Deliberate Re l easy Re l ease 
from Fue l Inven tory Releaay Vent i ng d) .. ,. .. e Harch- f) 

.. t • •r·bl ·c· c June 1980 Marc h- April , 1979 ~1979 

60\ 96 , 100 57,780 48 , 000 9180 10.2\ 

70\ 96 , 100 67,410 48 , 000 19410 20.2\ 

100 \ 96, 100 96 , 100 48 t 000 48JOO S0.21 

a )AI8ulll ing no delayed l ea kage to t he a tmos phere o f Kr-BS in the 14 1110ntha before tbe 
deliber ate venting in June of 1980. 

b) "LOR-2" value from Table B-I. 

c) Perce ntage (given i n Column 1) of Coluan 2 . 

d) Under the aaaumption of no delayed leakage , this term equal s t he amount ve nted in 
June 1980 . 

e) O~ffercnce of numbers in tho precedin9 two co l umna. 

f) Dotermined f.rom the ratio ol the numbers in lhe preceding column to the numbers in the 
second column . 
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Based on Unit 2's actual history, Bishop et al have 

estimated that 145 million curies of Xenon-lJJ were in the 

fuel at the time of the accident.• To be precise, this 

number would have to be reduced somewhat to account for 

radi oactive decay occurring while the gas was held up in the 

reactor. On the other hand, the numbers should be increased 

to account for the fact that Iodine-lJJ decays into Xenon

l JJ , thereby providing another source of xenon not already 

cons idered. The net impact of these two competing effects 

should be evaluated as part of a full dosimetry study . 

*Bi shop et al . , £E· cit .• Table I. p. 62? . 
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Appendix C 

Radioiodine: Releases and Dose Estimates 
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Cl . O Int roduction 

There are three major puzzles associat ed with the behavior 

of radioiodine at Three Mile Island: 

1 ) At least 11 million curies of the c ore 's radioiodine 

inventory is unaccounted for. 

2 ) The amount of airborne radioactivity infe rred f r om 

milk measurements is much higher t han the amount in-

ferred from o ther environmental measurements. 

3 ) The chemical form of the released r adioiodine is 

uncl ear, i.e . , it is not clear what percentage was 

orga nic (e.g . , methyliodide ) and what percentage was 

inorganic . 

A~ i n Appendix A, the first of these puzz les may be con-

sidered a source term problem, the second a problem of environ-

mental moni tor i n g . In this appendix, t h ey will be discussed 

in Secti ons 2.0 and 3.0, respectively. 

The thi rd puzzle--the percentage of organic versus 

inorganic radioiodine--represents a compl ication both to 

source term measurements and to env ironmental monitoring. 

Most a na l ysts have assumed that the release was all 

inorgani c . And indeed, some measurements a p pea r to 

confirm this, ~ g., a limited number o f me a s urements made on 
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* airborne samples taken outside of the reactor. On the other 

hand, some analysts assume, based on reports of vent stack 

measurements, that the release was evenly divided between the 

** two forms. Finally, it should be noted that there is completely 

contradictory evidence, based on analyses of auxiliary building 

·exhaust filters, indicating that 97\ of the release may have been 

*** organic. 

Once the possibility is allowed that the ratio of the two 

forms of radioiodine may be unknown--to be determined from the 

available information at the same time that the release mag-

nitude is to be determined--the complexity of trying to make 

sense out of the data goes up enormously. The calibration of 

detecting insturrnents is different for the two forms, and 

the amount expected to end up on grass and soil per curie 

released is different, as is the amount expected to end up in 

*E.W. Bretthauer, R.F. Grossman , D.J. Thorne, and A.E. Smith, 
wThree Mile Island Nuclear Reactor Accident of March 1979 
Environmental Radiation Data: A report to the President's 
Commission on the Accident at Three Mile Islandw (Report 
EPA-6 00/4-81-0lJB, Las Vegas, Nevada, 1981 ) pp. 2-3. 

See also, Ad Hoc Dose Assessment Group, wpopulation 
Dose and Health Impact of the Accident at Three Mile Island 
Nuclear Station: a preliminary assessment for the period March 
28 through April 7, 1979" (Report NUREG-0588, Nuclear Regulatory 
Commission, Washington, D.C., May 10, 1979) Appendix B, pp. B2-4. 

**Pickard, Lowe and Garrick, Inc., wAssessment of Offsite Radiation 
Doses from the Three Mile Island Unit 2 Accidentw (Report 
TDR-Tl-1!-116, Revision 0, 1979 ) p. 5-5. 

***See Table II-4 of Rogovin Report. M. Rogovin and G. Frampton, Jr., 
Three Mile Island: A report to the Commissioners and to the 
Public, Volume II, Part 2 (Report of the Nuclear Regulatory 
Comm~ss~on Special Inqu~ry Gr oup , Washington, D.C., undated ) 
p. 359 . 
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milk. Furthermore, the two chemical forms of radioiodine caus e 

different radiation doses after being inhaled or ingested~ becaus e 

they follow different biological paths through the body . This 

complication will be discussed where it applies in the s e c t ions 

that follow. 

·. · : ·c2. 0 Source Term Issues and Estimates .· ... 
'· . 

.·. 

• 
C2 . 1 Liquid Pathways : the Missing Radioiodine 

A very thorough and comprehensive report, " Iodine-131 

Behavior Durinq the T~-2 Accident , " was prepared for the 

* Nuclear Safety Analysis Center by Science App l ications, Inc. 

In this 1981 report {hereafter referred to as "NSAC-30," ) the 

authors point out that the fraction of the c or e i nventory of 

radioiodine that can be tracked and measured o uts ide the fuel 

is much smaller than the fractions for either radiocesium or 

Krypton-a 5: 

Thirty-six percent (36%) of the core 131r is 
accounted for ... By way of comparison , 51% 
of the 137cs, 68% of the 134cs, and 71 % of 
the 85Kr originally in the core have been 
accounted for ••• {NSAC-30, p. 2-1 >** 

This is puzzl i ng, because it is unlikely that les s iodine was 

*C. A. Pelletier, C. 0. Thomas, Jr., R. L. Ri tzman , F. Tooper, 
"Iodine Behavior During the TMI-2 Accident," (Re port NSAC-30, 
Nuclear Safety Analysis Center, Electric Power Re search Institute, 
Palo Alto, California, September 1981) 

**Note that a more recent accounting suggests tha t e ven l e ss than 36% 
of the iodine has been located . The new estimat e is 17 to 28 percent. 
[c .A. Pelleti er, P .G. Voilleque, C.D. Thomas, J.A. Daniel, E.A. Schlomer , 
J . R. Noyce, "Preliminary Radioiodine Source t e rm and Inventor y_ 
Assessment" {Report GEND-028, E.G.&G, Idaho Fa lls, March 1983)~ 
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released from the fuel than cesium. If we assume that equal 

amounts of radioiodine and radiocesium escaped from the fuel, 

it appears that 15 to 32\ of the radioiodine inventory has 

* ended up in some unknown l ocation . Taking the more conserva-

tive 15% figure, it ~ppears thatat least 11 million curies of radio-

** iodine have not yet been traced --about one million times 

as much radioiodine as has been officially acknowledged to have 

been released to the environment. 

When these 11 million curies are compared, not with the total 

inventory, but with the 25 million curies actually located and 

measured in liquids outside of the fuel, the discrepancy is seen to be 

much greater than can be explained by accounting errors. Fully 

30% of the radioiodine released from the fuel has not been traced •. 

The authors of the NSAC-30 report go on to give five possible 

explanations for what happened to the missing radioiodine: 

1. It stayed in the fuel or reacted with 
core material and stayed in the core. 

2. It was scavenged by containment spray 
liquid that never reached the sump and, 
therefore, has not been measured yet. 

3. It plated out on air cooler surfaces 
during the accident and has not been 
measured yet. 

4. Because of its volatility , the radio
iodine evolved from the sump water after 
the accident and deposited on building 
surfaces. 

5. It is in sump sediments. (NSAC-30, p. 2-1.} 

*The 15% figure is derived by subtracting the iodine percentage 
quoted from the pe~centage for 137cs . The 32% figure is de
rived the same way, except that the percentage for 134cs is 
used. 

**11 million = 15% of 70 million curies. The 70 million curie 
figure for core Il31 is provided in NSAC-30, p. 2-1. 
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Each of these five explanations seems possible , and all should 

be checked when conditions allow, but one hypothes is is ~onspicuous 

by its absence--namely the possibility that the radioiodine 

escaped from the reactor. We add this hypothesis to the list 

as item 6 : 

6. The missing radioiodine escaped from 
the reactor by a liquid pathway . (An 
airborne pathway for such a large r e
lease can be ruled out by enviro nmental 
measurements made after the accide nt.) 

In examinin g the plumbing diagrams for TMI- 2 , i t a ppears that 

a number of pathways for liquid releases should be examined 

in order t o check the official estimate that much less than 

* one curie of r a dioiodine escaped by a liq uid pa thway. 

In a f irst escape category are ?Ossible releases by those path-

ways that normally contain radioactive efflue nts and are therefore mon-

itored. For examp le, there is a real questi on about the total radio-

activity of the liquid release that took place t hrough the normal 

radioactive liq uid waste effluent system--a s ystem that connects 

directly to t h e Susquehanna River. Five known discharges into the 

river were not sampl ed f or radioactivity, including one from the 

** start o f the acci dent a t 0400 until 0900. Although no samples 

were taken, the fact that a radiation a l arm near the discharge 

point did no t t rigger p r o vides evidence (as s uming the alarm was 

working} that any release of radioactivity was small . Supportive 

*U. S . Nuclear Regul atory Commission, Office of Inspection and 
Enfo rcement, I nvestigation into the March 28, 1979 Three Mile 
Island Accident by the Office of Inspection a nd Enforcement. 
(Report i NUREG-060 0, Washington, D.C., 1979, ) p. II, 3-24 

**Pickard, Lowe a nd Garrick, Inc., Report TDR- TMI-116, op. cit. p. 3-3 . 
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evidence can be found in the fact that subsequent sampling did 

not detect radioiodine. (Had 11 million curies of radioiodine 

passed out of the reactor before 0900, i t seems reasonable to 

expect some small fraction of it would have adhered to plumb-

ing surfaces in the plant or e ven in the Susquehanna River--a 

residue that would have been detected later. That is not to say, 

however, that the residue of a release considerably smaller than 

11 million cur ies, but still significant, would have been detected 

in subsequent measurements.) 

A second category of liquid releases that should be con-

sidered includes releases by those pathways that are not meant to 

contain radioactive effluents and are therefore not monitored . 

Because radioactive water from the leaking pilot-operated 

relief valve (PORV) contaminated the gas- handling system, backing 

up into a number of tanks and pipes, it is quite possible that 

radioactive liquid entered parts of the reactor not designed 

to handle s uch intrusions. And because the drains in those 

parts of the system are not monitored, there is no immediate 

proof that radioactive liquid did not escape through them . On 

the other hand, checking every TMI plumbing diagram to locate 

theoretically plausible escape pathways would be an incredibly 

complex task . 

Fortunately, there is a straightforward method for determin

ing whether or not any of the aforementioned hypotheses are 

correct. As the authors of NSAC-30 point out: 

The key to understanding what happened 
to the radioiodine in containment at TMI-2 
now lies with 129r measurements of the 
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reactor building surfaces. I o d ine- 129 
has a half life of sixteen mil lion years 
compared to 8 days for 131I. A carefully 
planned and executed program of measurement 
is needed to distinguish among alterna
tives 2,3,4 , & 5 (mentioned earli er ) . 
129I should also be measured in letdown/ 
makeup components, e.g., filters and de
mineralizer resin. (NSAC-30, p . 2-1) 

(Note t h at 129 1 would have dispersed and reacted chemically 

in the same way as did shorter lived radioiodines.) In light 

of the possibility that the missing ll mi llion curies of radio

iodine may have escaped by a liquid pathway (hypothesis "6"), 

all possibl e escape paths should be searched for I-129, re-

gard less o f preconceptions about which e scape paths are pos-

sible and which are not. No one really knows the condition 

of every valv e and every drain pipe at TMI , whether leaking 

or non-leaking. With the approval of the court, the TMI health 

f und s hould p ress t o have I-129 data c ollected, should monitor 

the data col lec tion program, and should ensure that collected 

data are made avai l able for analysis. 

C2.2 Secondary Side Release Pathway 

The official view on radioiodine releases is that 15 - 30 

curi es escaped through the vent stack. Howe ver, there is evi-

denc e that other minor airborne leaks may have occurred, including 

leakage from the secondary side of the reactor. 

Steam Genera·tor B is known to have been contaminated, due 

to a l eak between it and the primary c ooling water. It was 

assumed in the offic ial studies that be c a use Steam Generator B 

was isolated at 0527 of the first day , and supposedly not con-

taminated until 0626, no leak to the a tmosphere could have 

taken pla c e through the "atmospheric relief valves" that were 
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* known to be emitting steam. More careful consideration sug-

gests that the location of radioiodine in the secondary side 

is still at issue • 

0400-0527. It is still not known why the 

operators were having trouble with the water 

level in Steam Generator B (the trouble that 

led to the isolation decision at 0527). 

There was no such trouble with Steam Generator 

A. A leak in Steam Generator B may well 

have been the problem, with possible release 

of radiation through the atmospheric relief 

valves. 

0527-0626. The evidence for contamination 

at 0626 is indirect. It comes not from the 

generator itself, but from a monitor of 

generator exhausts. The generator may have 

** been contaminated well prior to 0626. 

If steam Generator B were contaminated early enough, some 

radioactive water would have exited from the reactor through 

the atmospheric relief valves as a mixture of steam and fine 

droplets . 

*NUREG 0600, op. cit., p. II-3-4. 

**Information for the period 0400 - 0626 was taken from NSAC-30, 
Appendix C, p . C-2. 

~ ---·--
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Given the published estimates of the concentration of 

rad~o~odin~ in the secondary siae water, a nd the results of a 
. 

German study on secondary loop emissions, it appears that a small 

airborne release is possible (see Appendix E) . Such a release 

might double the official release estimate. Although a doubled 

estimate remains below radiological significance, the possibility 

nevertheless suggests that emission of radioiodine from the secondary 

side has not been given sufficient attention p r ior to this review. 

Another hint that radioactivity may have e scaped from the 

secondary side , either as a liquid or a ga s, comes from variations in 

measurement s of radioiodine in the steam generator itself. A con-

ctmtration measurement at 1030 on March 30th is interpreted in NSAC-30 

to imply 840 curies of radioiodine in Steam Ge nerator B, while a 

subsequent measurement on the same day indica ted only 400 curies: 

It is not known whether the difference in 
the two measurements on 3/ 30 represe nts a real 
loss of l31I or whether there was something 
wrong with the measurements. Only the counting 
sheet for the 3/30 , 2045 hr. measurement 
is available and nothing unusual is e vident. 
(NSAC-30, Appendix C, p. C-2.) 

If the 440 curie loss is real, then several que stions arise: 

What happened to it? What would concentration measurements 

prior t o 3/ 30 have shown: if there were l oss mechanisms operat

* ing on 3/ 30, were there perhaps greater "losses• before 3/30? 

In t he course of reviewing the reactor p l umbing diagrams 

for TMI-2, it has become obvious that anothe r possible pathway 

*In addition to the loss of radioiodine, some loss of radiocesium 
is also apparent. Table C.3 of NSAC-30 shows data beginning 
at 2045 on March 30th for long-lived Cesium 137 in the steam 
generator. By April 5th the Cesium concentration in Steam 
Generator B had dropped by 33% . 
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for radioactivity exchange should be examined, namely the pos

sibility that radioactivity from the leaking pilot-operated 

relief valve (PORV) entered the secondary side: contaminated 

water from the reactor vessel is known to have overf~owed through 

the PORV into the reactor drain tank, and afterwards forced its 

way out through the drain tank pressure relief valve into gas 

"lines. Much attention has been given to how this liquid in the 

gas lines contaminated various parts of the water-gas treatment 

system, damaging valves and leading to noble gas releases. Not 

mentioned so far has been the fact that this system also con-

nects to secondary side gas relief lines, suggesting that part 

of the liquid from the PORV may have backed up into the secondary 

side (see Figure C-1). 

As a result, three new scenarios should be considered: 

1) Radioactivity in the secondary side might have escaped 

through the damaged waste gas system. 

2) Liquid from the steam generator might also have entered 

the waste gas system. 

3) Radioactive gases and aerosols from the leaking PORV 

might have entered the secondary side at a t~e 

when pressure was low, and possibly exited during 

the atmospheri.c steam dumps. 

Perhaps some of the radioactivity in Steam Generator B came by 

way of this last pathway, that is, it did not all come from a 

* direct leak to the primary side as has been assumed until now. 

*Although this possibility may appear at first sight to be con
tradicted by the fact that only Steam Generator B was apparently 
contaminated, further analysis is warranted. It is true that 
Steam Generator A did not show similar contamination levels and 
certain samples from pump discharges •showed no radioiodine 
activity.• (NUREG-0600, op. cit., p. II-3-4). 
(continued on following page) 
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In any case, there seems to be a clear need for a more complete 

study to reassess possible interactions between the primary 

and secondary sides of the reactor. 

C2.3 Problems with "Calibration" of In-Plant Radioiodine 

Measurements . 

C2.3.1 Measuring Charcoal Efficiency 

Escape through the vent stack, the normal path for residual 

gases that are not trapped by filters, was the only release 

pathway given careful scrutiny by the official studies. About 

15-30 curies were estimated to have been released. There are 

a number of reasons to suspect that this number is low and 

some to suggest that it is too high. 

The 15-30 curie estimate was derived from or extrapolated 

from in-plant radiation measurements. (Gaps in the measure-

ment data will be discussed in Section C2.4.) Unlike the noble 

gas monitors, the radioiodine equipment did not saturate (their 

equivalent to going off scale). A number of questions never-

* theless remain about the calibration of the radioiodine filter 

and cartridge measurements, all of which depend upon knowing the 

efficiency with which radioiodine attaches itself to charcoal 

(continued from previous page:) 
However, the circulating water pumps had been turned off at 0500 
on 3/28 (in order to switch the steam generators to the atmospheric 
relief valves). Consequently, circulation in the secondary side 
would have deteriorated after this point. 

*"Calibration" is used figuratively here since no scale is attached 
to these filters. As discussed in the text, to "calibrate" a 
filter means to establish, for particular atmospheric and environ
ment conditions, the efficiency with which particular radioactive 
particles or gases are entrapped. 

--'--
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under the conditions that held at the time of t he accident. 

Two types of radioiodine measurements are of major imp?r

tance: 

Ventstream Cartridge Measurements. Radio i odine in air

streams leaving the auxiliary building, the fue l handling buildin~ 

and the vent stack itself was measured by drawing off air from the 

ducts and passing it through charcoal cartridges . The cartridges 

were removed to a measurement room from time t o time to record 

the amount of radioiodine accumulated since the last cartridge 

change. 

Exhaust Filter Measurements. Additional information about 

radioio~ne leaving the auxiliary building a nd t he fuel handling 

building was obtained from analysis of charcoa l filters that 

were in place at the time of the accident in v e ntilation exhaust 

ducts in these buildings . Although these fi l ters wer e designed 

'for radiation protection, not for monitor i ng, post-a ccident 

analyses of the radioiodine deposited on t h e m ha s b e en used to 

* extract useful information. 

At least three independent variables--humidity, the form of 

radioiodine, and the presence of other gases--effect the efficiency 

with which charcoal entraps or absorbs radioiodine. Furthermore, 

the effects of these variables are interdependent: that is , 

for example, charcoal efficiency for methy l i odide a nd for 

*See Rogovin and Frampton , Three Mile Island: A Report to the 
Commissioners and to the Public, Vol . II, Part 2 (Report of 
the Nuclear Regulatory Commission Special I nquiry Gr oup, Washington, 
D.C., undated),pp. 355-59 . 
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inorganic iodine may be expressible in some ratio at Humidity A; 

the ratio may be quite different at humidity B. In table C-1 

* each of these variables and the.ir interdependence is listed, 

both for the ventilation cartridges and the exhaust filter • 

In each case there were two times when the effect of these 

variables should have been investigated, first in the calibra-

tion process and second in the analysis of the results for the 

various reports produced. As can be seen in Table C-1, in 

most cases these effects were neglected. 

One omission should be singled out for further comment, 

namely the interaction of charcoal and radioiodine in the presence 

of noble gases. The high concentration of xenon gas might have 

affected the efficiency of charcoal for retaining radioiodine 

(assuming 30 curies of radioiodine released , the ratio of xenon 

to radioiodine was over 100,000 to 1). Although xenon is a 

noble gas, it can attach itself to charcoal temporarily, thereby 

possibly blocking sites to which radioiodine might otherwise be 

bonded . In other words, both cartridges and filters may have 

been temporarily saturated by xenon, dramatically lowering 

the efficiency of radioiodine entrapment and thus allowing 

** much higher levels of radioiodine to escape without detection. 

*A fifth condition, namely the representativeness of the sampled 
ai~ is also listed for the ventstream cartridges, since their 
readings are based on air drawn off from airstreams. Because 
essentially all air that passed through the exhaust ducts passed 
t .hrough the exhaust filters, the representativeness of a sample is 
not an issue in the filter case. 

**This possibility has been pointed out by Dan Pisello. In consider
ing the noble-gas-saturation hypothesis, it would be useful to 
compare the noble gas release history with the wind direction data 
(continued on following page.) 
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Table C-l 

Anal ysi s of Charcoal Effi c i ency Determ1nations 
in On-si te Calibration Procedures and 1n Analysl.s of Results 

Location 

HWIIl.CUty 

Fo%'1U of 
b dio l.odine 

Presence of 
llloble Goa••• 

Interdependence 
of the effects 
of hWIIidi ty, form 
of radi oiodine, 
nobl e q .. es 

Air s-ple 
representative
a. a• 

Ventstream cartridges 

auxill.ary buildinq, fue l 
h&ndll. . .nq buJ.ld.inq , vent 
stack 

no adj uatment made in 
effi c i ency c4t.librationa: 
no correcti on noted o r 
appli ed in reports 

oot considered in 
e~ficiancy calibrat10n 1 
no a.n&lyaia in reports 

not considered in 
afficiency calibrati on, 
.anti oned, but no 
correction applied in 
reporu 

not considered in 
efficiency c..libration1 
no correction applied iD 
reports 

Exhaust filters 

aux1l1ary bUl.ldl.nq , 
fuel - handll..Dq bul.ldinq 

theoretical correction 
(95\ relatl.Ve h~dity 
aasumed l appll.ed 1n 
reports 

conaidered i n e! fl.cl.ency 
call.br&tl.On 

not considered i n 
efficiency calibration; 
mentioned in TMI 
literature , but no 
correctl.on applied in 
reports 

no t considered in 
efficiency calibration; 
no correction appl ied 
in reports 

not considered in calcu- not appll.cable 
lation of total radio-
i odine: aamplinq veaknesaea 
(lea.Jts in aamplinq C!uc ta, 
iDCOIIIPlete m.ixinq of air ) 
~uoned for auxiliary a.nd 
tuel-h&ndlinq buildinq in 
IISAC-30 report. not con-
sidered for vent stack 

.. -·., ...... 
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The fact that the presence of large quantities of noble 

gases do affect radioiodine measurements is mentioned in several 

places in documents concerning the TMI accident, yet this effect 

appears to have been overlooked in the iodine release rate 

calculations . This oversight should be corrected in a full 

dosimetry study . Theoretical chemical analysis will help, but 

it is possible that experiments may be necessary to determine 

the importance of the noble-gas effect. 

C2.3.2 Evidence Pointing to Incorrect Calibration 

Discussion so far in this section has been limited to 

theoretical and procedural problems in calibration. Evidence 

that makes it possible to infer incorrect calibration has been 

* discussed by Takeshi. Takeshi begins his analysis by examining 

the time dependence of the reported radioiodine release rate 

from the vent stack (see Figure C-2). Referring to the variation 

(continued from previous page) 
available for the period. If the high noble gas bursts 
occur when the wind is blowing towards locations where low concen
trations of radioiodine were found, the "saturation" hypothesis 
can be ruled out. Conversely , if the high noble gas bursts should 
occur at times when the wind was blowing towards the locations 
with high milk radioiodine measurements (to be discussed later), 
the hypothesis would be supported. 

A second way that noble gas contamination could have affected 
charcoal calibrations would be by direct reaction between noble 
gas radiation and the "activated• part of activated charcoal. 
See V~ctor R. Deitz, "Charcoal Performance Under Simulated Accident 
Conditions" (Presented at lith DOE Nuclear Air Cleaning Conference, 
Washington , D.C., undated . ) Calculations made both by the author 
of the work cited and by this review conclude that the dose was 
too small for a significant effect. 

*Seo Takeshi, "Excerpts from the author ' s review published in 
Nuclear Engineering[The _Japanese Journal], Volume 26, No . 3" 
.(onpublished m·imeographed notes, Kyoto University Nuclear 
Reactor Laboratory, Kyoto , Japan, undated). 
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Fi gure C- 2 

Reported Rate o f Release of 131I from the Vent Stack as a 
Functi on o f the Total Time after 2 8 March 1979. * 

~ • 1 ... 
.! 

M , ... 
.; . • ! . . 001 .. --,.. .. 

Ts-, .._r• 

*Reproduced from V. R. Dei tz, J.B. Romans and R. R. Bell amy, 
"Evaluati on of Carbons Exposed to the Three Mile I s land Acciden t" 
Presented at DOE/ Harvar d Air Cleaning Lab , Nuclea r Ai r Cleani ng 
1 6th c o nference (San Di ego, Oc t ober 20-23, 19 81 } . 
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in the intervals between measurements shown in Figure c-2, he 

states, 

it is clear that during the period before 
April 14 the average sampling intervals were 
seven to eight times longer than after April 14. 

Takeshi suspects the accuracy of the data before April 14 because 

9f the coincidental decline in release rate immediately after 

more frequent sampling begins in the period from 400 - 900 

hours. 

It seems reasonable to explain this strange 
behavior of the monitored iodine releases 
as follows: For the first two weeks the 
charcoal cartridges were changed only every 
day or every two days because there existed 
a real danger that workers replacing the 
cartridges would be exposed to extremely high 
iodine concentration in the ventilation system. 
There also existed unusual amounts of aqueous 
vapor. Under those conditions the absorbent 
capacity of the cartridges must have been 
rapidly minimized resulting in the unusually 
low level of iodi"~ concentration as shown 
in Figure 3 [ our FiCJure c-2 ]. 

If the data beyond 400 hours is ignored and one extrapolates 

backward from the later data to get the release rate at earlier 

times, it is certainly true that a higher release estimate 

would resu~t. However, Takeshi takes an approach slightly different 

from extrapolation to estimate the total release. He assumes 

that the ratio on April 20th between the radioiodine release 

rate (given in Figure c-2) and noble gas release rate (not shown 

in Figure C-2) holds for all earlier times--a rather heroic 

assumption.(This ratio is 1 to 8800 when corrected for radioactive 

decay.) He then divides his estimate of the noble gas release 
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(45 million curies ) by 8800 to obtain a t ·otal of 5100 curies of 

radioiodine . The noble gas estimate used is high~ Should this 

method be applied to the range of noble gas release estimates dis

cussed in Appendix A (e.g., 2.4 million, 10 million, a nd 30 million 

curies}, the corresponding radioiodine release e stimates would be 

270, 1100, and 3300 curies, respectively. 

When considering Takeshi's hypothesis about the cartridges , 

it should be noted that the excess radioiodine he calculates would 
. 

presumably be organic in form (e.g., meth ylodide ) , rather than 

inorganic, because degradation of the cartridge s due to excess 

humidity is likely to have affected their ability to detect 

organi c components without significantly d i s t urbing thei r ability 

to detect i norganic components. On the other h a nd, a large inor-

ganic component in Takeshi's calcu~ated release cannot be completely 

ruled out, because cartridge degradation can a lso a£fect detection 

of inorganic iodine in extremely wet conditions--conditions 

which canno t be excluded as a possibility f o r the vent stack 

environment. 

In assessing the reliability of Takeshi 's method, it must 

be recognized that the assumption of a co,nstant r atio between 

radioiodine and noble gases is questionable, for one reason, be

cause much of the late radioiodine may have o riginated from resus-

pension o f metbyliodide from charcoal--long a fter the noble 

gases would have dissipated . Thus, the r adi oiodine/nobl e gas 

ratio could easily have been less than 1 i n 8800 in the earlier 
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On the other hand, there is some evidence that the ratio was 

actually greater during the earlier period . For instance, Takeshi 

points to a higher ratio (1/700 ) obtained from vent stack data 

** taken very early in the accident (0655 on March 28 ). Assuming 

this ratio held for succeeding days, which (once again) is a 

heroic assumption to make, Takeshi divides 45 million curies 

of noble gas by 700 and calculates that 64,000 curies 

of radioiodine may have been released. However, the radio-

iodine measurement used in this estimate by Takeshi was not 

taken in the same way that the measurements discussed previously 

in this section were taken. The measurement in question was ob

tained by counting the total radioactivity on the charcoal cart-

ridge while it was in place. The cartridge was not removed and 

specifically analyzed for radioiodine (after a delay to allow 

temporarily bonded noble gases to evolve). As a result, it is 

now believed that the reading that Takeshi made use of for his 

*For instance, Dietz, Romans and Bellamy performed experiments 
with methyliodide and TMI filters, finding that methyliodide 
evolves for long periods after the initial exposure. ("Evalua
tion of Carbons Exposed to the Three Mile Island Accident, " 
Presented at DOE/ Harvard Air Cleaning Lab/Nuclear Air Cleaning 
Conference, San Diego, October 20-23, 1981). The TMI release 
data shown in Figure c-2 is similar in some ways to the experimental 
curves given in their paper. However, it is not clear what 
fraction of the data shown in Figure C-2 actually refers to 
methyliodide as opposed to inorganic iodine. Thus, the paper 
by Dietz et. al . may not be directly relevant. In any case, 
it would be interesting to try to combine the work done on re
suspension by Dietz et al. with Takeshi's method. 

**NUREG-0600, op . cit., Table II-3-3, p . II-3-76. 
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second estimate was excessively high, representing a combination 

of radioactivity from radioiodine and noble gases. 

This same phenomenon of noble gas interference was found 

with portable field survey meters, as wil l be discussed in Section 

3.1 below. Additional evidence is provided by the results of 

an experiment carried out after the accident, indicating that 

charcoal c 'artridges retain 0 . 03' of xenon flowing through them 

* for a 17-minute sampling period. Even though 0.03\ is a small 

fraction when compared to the almost 100\ efficiency that might hold 

for inorganic radioiodine, there was perhaps 300,000 times as much 

noble gas as iodine in the air early in the accident,** so that 

it is quite plausible that xenon would contribute a larger signal 

during the time the xe non adhered t o the cartridges. Nevertheless , 

it is not certain that the entire readi ng on March 28 was caused 

by extraneous noble gas radioactivity. The reading may have 

included a large component of radioiodine. 

Even if both of Takeshi's radioiodine release estimates 

should turn out to be too high upon further analysis in a more 

complete study , he has made an important observation about 

"coincidental" change in the shape of the curve of the radio-

iodine release rate. His suggestion that the cartridges were 

degraded by humidity , especially duri ng the lengthened sampli ng 

intervals, should be carefully analyzed . Certainly the 

*J. E. Cline, "Retention of Noble Gases by Silver Zeolite Iodine 
Samples," Health Physics 40, 71- 73 (1981 ) . 

**According to the official estimates , a characteristic ratio 
would be 5 million curies divided by 15. 
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assessments he makes are plausible e nough to suggest that 

questions about the radioiodine release magn itude will have 

to be settled, if such questions can be settled at all, by 

examining the environmental measurement data for radioiodine . 

(Environmental measurements are discussed later in Section 3.0.) 

C2.4 Gaps in the Vent Stack Monitoring Data 

In addition to questions about the accuracy of the cali-

bration of the vent stack cartridges , as discussed in the last 

section, equally important questions must be pursued about the 

completeness of the vent stack monitoring data. A cursory 

reading of the offi.cial studies carried out on the T!1I 

accident (e . g . , the Rogovin report ) would lead one to the 

conclusion that the official 15-curie estimate for released 

radioiodine, unlike the estimate for noble gases, is solidly 

and unambigu~usly based on measurements taken in the vent stack-

measurements that appear to be reasonably accurate, provided 

the calibrations of the vent stack cartridges are accepted. 

However , a footnote to the reported iodine release data covering 

the crucial first 15 hours indicates the actual vent stack data 

is missing for this period! To get around this gap in the data, 

analysts substituted data from monitors in feeders to the vent

stack located in the fuel handlin~ and auxiliary build ing ventila-

tion systems) and implicitly assumed that there were no filter 

bypasses and no i odine contributions from other feeders to the 

vent stack. 

In the course of this review, however, evidence has been 

found that radioiodine may well have been released from pathways 
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other than those mentioned in the official studies, and at a 

greater r ate . (See Figure C-3 for a diagram of possible escape 

paths . ) For instance, as discussed in Appendix A, there was at 

least one known pathway by which radioactivi ty escaped to the 

vent stack (through the so-called "relief t ank vent header") that 

bypassed the fuel handling and auxiliary building cartridge moni

tors entirely. This pathway also bypassed a ll charcoal filters. 

Of equal concern is the possibility of leakage of substantial 

amounts of airborne radioiodine from the containment building 

itself. None of this material would have registered on upstream 

auxiliary or fuel-handling bui.lding monitors. In attempting .to 

account for ll million curies of missing radioiodine, two of the 

five hypotheses entertained by the authors of NSAC-30, cited at 

the beginning of this appendix, allow for airbor ne radioiodine 

(conceivably up to or exceeding the full ll mil~ion curies) in the 

* containment building atmosphere. 

One simulation model of radioiodine transport suggests that 

700,000 curies of Iodine 131 were actually made airborne during the 

accident, {with a maximum of 140,000 curies airborne at any one 

** time). 

With raQioiodine airborne in the reactor building, a leak 

through the reactor building purge system early in the accident 

would have allowed radioiodine to escape from the vent stack 

during the peri od when the direct stack monitoring data are missing . 

*See Section 2 . 1 above. NSAC-30 hypotheses 3 and 4 assume that 
the missing radioiodine condensed on certai n surfaces. In order 
to condense , the radioiodine must first have been airborne. 

**C.A. Pelletier, P.G. Vollique , C.O. Thomas, J.A. Daniel, 
E.A. Schlomer, J.R. Noyce, "Preliminary Radioiodine source
term and Inventory Assessment" (Report GEND-028 , E.G.& G. , 
Idaho Falls, March 1983) . It was estimated in the report that 
approximately l% of the iodine originally i n the fuel was made 
(continued) 
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Figure C-3. Schematic Diagram of Some Relevant 

Pathways for Airborne Radioiodine at TMI 
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Such leaks would have been possible before the conta inment build

ing was iso lated and during the periods when i s o lation was defeated 

by the operators. Furthermore , the filters that would have 

served as the last line of defense against radioiod ine release 

from the containment building were probably ineffective. It was 

• discovered in early 1982 that a bypass existed around the · 

filters between the containment building and the vent stack . 

Steel plugs that were supposed to block interconnecting drain 

pipes were missing. In 1980 these holes were covered with •tuck• 

tape, as prepara tion for the Krypton venting, but e vidently 

there was not even tuck tape in place at the time of the original 

accident. 

The possibility of there existing even one radioiodine 

escape path other than those through the auxiliary building or 

fuel-handling buil ding ventilation system c ompromises the 

official 15-curie release estimate . Because o f the missing 

' I cartridges , no record would have been left had a l arge burst of 

radioiodine escaped through the purge system dur i ng the first 

15 hours. Mak ing matters worse is the fact that NSAC-30 investi

gators found not only the data from the first 15 hou r s missing 

but data for the next 27 hours also unreliable due to the absence 

•• o f identifying label.s. 

(continued from previous page) 
airborne during the accident , and the maximum a i r concentration 
d uring the accident resulted from transport o f 0.2% of the original 

~· core inventory. Conversion to curies has been made using the 
70 million curi e estimate for core inventory give n in NSAC-30, p.2- l. ) 

*Ronald R. Bell amy, "HEP A Filter Experience Duri ng Three Mile 
Island Reactor Building Purges" in 17th DOE Nuclear Air Cleaning 
Conference , M.W. First, Ed. (Department of En e rgy, Washington, D. C., 
Conf-820833 , 1983 . ) 

**NSAC-30, op c i t, p . 9. 
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C2.5 Vent Stack Bypasses 

It must also be kept in mind that there are a number of 

possible pathways that bypass the vent stack completely--pathways 

that have simply been ignored in the official analyses . Possible 

releases from the secondary side have already been discussed 

in Section C2.2 above. Another case: at one point the ventila

tion system was turned off, despite a warning by the NRC that in 

so doing a ground level release (as opposed to an elevated 

* stack release ) could result. With the ventilation system 

*NUREG-0600, op . cit., p. II-A-42. The ventilation system for 
Unit 2 was turned off at 1104 on 3/28 . The time at which the 
ventilation system was restarted is not clear for the sequence 
of events g~ven in NUREG-0600. However, the following narrative 
account is provi~ed: 

Shift Foreman B stated that the Unit 2 
ventilation system supply fa.ns tripped and 
remained off because of high radiation levels, 
but the exhaust fans operated continuously 
except for a few brief periods when the 
ventilation systems were turned off in an 
attempt to reduce the release rates. 
Securing the fuel-handling building and 
auxiliary building ventilation systems early 
on March 28 and again on March 29 caused 
exposure rates to increase significantl y 
in the Unit 2 auxiliary building, thus 
hampering emergency activities. Perhaps 
more important was the fact that control 
room airborne radioactivity levels started 
increasing when the ventilation systems 
were shutdown. • • because of the need 
to ensure habitability of the control room 
and to keep dose rates as low as possible 
in the auxiliary building to facilitate 
emergency activities, the ventilation systems 
were subsequently kept in operation. 
(NUREG-0600 , p. II-3-21.) 
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turned off, radioactivity could have leaked f r om a number of 

locations, i ncluding perhaps the air intake tunnel. 

C2.6 Need for a Program to Search for Resid ual I-129 in the 

Reactor Complex . 

Nowhere can any language be found in the official lit-

erature t hat wo uld serve to alert the non-specialist either to 

the significance of the aforementioned gaps and calibration 

problems associated with the vent stack monitoring data or to 

the significa nce o f paths that bypass the v e n t stack. Whether 

or not attention to t hese questions during the official inquiries 

would have l ed t o any answers is not certain. In any case, it is 

fortunat e that there is still a chance to learn a great deal 

about radioiodine pathway s at TMI by implementing a carefully 

planned search for any r e sidual, long-lived Iodine-129 deposited 

on surf~ces throughout the reactor ventilation and exhaust systems. 

(Such a s earch would compliment the Iodine-129 program proposed 

for other par ts o f the reactor in NSAC-30 and discussed earlier 

in Section 2 . 1.) Because Iodine-129 would have behaved chemically 

and physically in essentially the same way as Iodine-131, detec-

tion of Iodine- 129 woul d be tantamount t o detection of past 

depo sitio n of Iodine-131 . 

The f i rst place t o look for Iodine-129 traces would be in the 

reactor buil ding purge s y stem, especially inside the piping that 

by passed the filters a nd insid e the valves to the vent stack--

valves t hat were supposedl y c l osed. Next , measurements should 

be made along the vent stack itsel f . Fi n ally, all pathways 
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that bypass the vent stack should be checked, including the air 

intake tunnel. 

The possibility that methyliodide dominated the radioiodine 

release reduces the chances that detectable deposits of Iodine- 129 

will be found throughout the exhaust system. (Methyl iodide 

does not stick easily to surfaces.) Nevertheless, there are 

still good reasons for pursuing such a search. First of all , 

even a negative finding would be useful. Second, even small 

traces of inorganic Iodine-129 could provide valuable clues 

to alt ernative pathways that organic radioiodine may have 

taken during the accident. 

C3.0 Environmental Monitoring of Radioiodine 

With the vent stack radioiodine measurements compromised, 

especially during the first 42 hours, it becomes important to 

determine if the environmental data collected subsequent to the 

accident can shed any light on radioiodine releases. 

Unlike the noble gases, inorganic radioiodine sticks easily 

to grass and ground, and all kinds of iodine, whether organic 

or inorganic, are easily absorbed after breathing by humans 

or animals. Consequently, radioiodine leaves traces that can be 

detected many days after the· original release. The fact that 

actual or formal monitoring equipment in place at the time of the 

accident was inadequate did not therefore rule out the detection 

of hypothetical bursts of radioiodine released in the first 
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42 hours. I n fact, with the advantage of hindsight , it is 

clear that had the authorities been concerned about mapping out 

the actual radioiodine release, rather than convincing themselves 

that the release was small, they could have done ao in the first 

few weeks after the accident using soil and grass measurements 

alone. 

Unfortunately, even though many grass sample s were taken, 

the sampling did not cover all wind directions fro m the reactor. 

Cross-checkin g of radioactivity measurements b y employing other 

techniques at the same location was not performed, and insufficient 

q uantities of grass were taken in each sample to allqw enough posi

tive reading s to be obtained so that an adequate map of the deposition 

• c ould be made. Thus, as we shall see, analy s i s o f the environ-

mental data, l i ke the analysis of inplant data, give s ambiguous 

results abo ut the amount of radioiodine released. 

C3.l Airborne Measurements. 

The earli est readings on portable radioiodine monitors 

taken outsi de the reactor in air were very high--as much as 100,000 

times bhe amount that would be expected based on the official 

release e stimat e. These initial high readings , taken with 

portable equipment, were attributed to noble ga s contamination. 

Subsequent (delayed ) laboratory analysis of s ome of the field 

*Es timates of t he contamination per square mete r should have 
bee n made so that sample sizes could have been ad j usted to 
match the s ens itivi t y o f detection e q uipment . Ha d grass samples 
been 100 times larger than actually taken, the number of readings 
above the detection limit would have increased e normously . 
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• samples tended to confirm this hypothesis, showing readings 

roughly consistent with the official release estimat~. (There 

is, however, no discussion of how these portable units would have 

responded to methyliodide.) As a result of the possible noble 

gas contamination, the bulk of the portable survey data for 

radioiodine--that which was not checked in the laboratory--

appears to be useless. 

Information from the regular, fixed environmental monitor-

ing stations is also of limited use. Only eight of the twenty 

stations (see Table C-2) were equipped with charcoal cartridges 

** designed to accumulate radioiodine for periodic measurement. 

As snown ~n Appendix A, the complete set of twenty stations 

was insufficient to avoid windows in the noble gas monitor-

ing system; eight stations for radioiodine were clearly inadequate 

t o characterize the radioiodine release. During the crucial 

first 42 hours, when vent stack release data is either missing or 

unreliable (see Section C2.4 above), these stations miss most 

of the prevailing wind vectors. As Figures C-4 - C-7 demonstrate, 

radioiodine could have been blown in many directions, especially 

to the NNW, without being detected. 

Nevertheless, the airborne monitoring data is still of some use. 

For times when the wind was blowing towards one of the eight 

stations, it can be used to rule out release rates much greater 

*NUREG-0600 , op. cit. , p. 11~3-79. 

**Again no information is provided on the efficiency with which 
these units would detect methyliodide. 
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T&ble c-2 

Regular Environmental Monitoring Locat1ona 

Radioiodine 
Monitoring 

yea 

yea 

yea 

yea 

yea 

yea 

yea 

yea 

North Weather Station 

Nort.h Bridge 

Top of Dike 

Top of Dike 

SOutb TH.I 

Keen. Draft COoling Tower 

Shelley Ialand••• 

North Boat Docie. 

Laurel Road 

Ob. Center Bldg.•••• 

Koh.r Ialand••• 

Shelley Ialand••• 

Goldaboro Air Stat1on 

Middletown Subatation 

rallsouth Subatation 

Jlt. 241*••• 

COluabia Water Plant 

Yorlc. Ked Ed Station 

Weat Fairview Subatat1on•••• 

. - -- .. - .... -. -. - ....... 

Diatancea and 
Direction 

0.4 mi N 

0.71UNNE 

0.3 lU ENE 

0.2 llli E 

0.4 lU s 

0.1 Ill S W 

0.4 ali WNW 

0.2 ali NNW 

0.5 111.1 ENE 

0.4 nU E 

0.4 IIi NNW 

1.1 111.1 ss-w 

1.6 111.1 WSW 

2.6 ali N 

2.3 au SSE 

9 aU. Sl: 

10 llli ENE 

15 111.1 S:E 

13 1111 s 

15 1U NW 

*Relative to a poi nt midway between the tvo containment bui ldinga . 
**Locat1on a lao haa RHC TLO for quality control purpoaea. 

••• Ialand location• contained tvo Teledyne TLDa on 3/28/79. 
••••Location a lao baa a doaillleter which ia readout on a monthly baaia . 

Source : NUREG-0600, op. cit., p. II-1-48 . 
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Figure C- 4 

-TMI WIND VECTORS 28 MARCH 1979 HRS. 4 -12 

1.5cm.a1 m/1 

• 

·· ·~-~~-- . ....:...-· ~ -. 

·-

*The number by e ach vector refers to the hour of measurement. 
1 m/ sec . is approximately 2 miles pe r hour. 



• ·~-'--""":-_ _ _ _ __ _,__ _ _ __ ...._ _ ____ ____ ....._ _ _ , ____ _ .4.....__._. ·· -·- -- · -- - ---·,. 

: . ·'·: i 
- .... . 

. · .. j 

. 1 

-: • . . 

• • • # 

: ... .. 
. . . 

. - . 
. . -:·· 

· . 

. . ' 

,, 

- C33-

Figure c-s 

* TMI WIND VECTORS 28 MARCH 1979 HRS.13 ·24 

1. Scm.•1 mts 

·--

*The number by each vector refe r s t o the hour of measurement . 
1 m/sec. is approximately 2 miles per hour. 
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Figure C-6 

TMI WIND VECTORS 29 MARCH 1979 HRS..1·12 * 

1.5 cm.a1 mts 

·-

*The number b y each vector ref ers to the hour of measurement. 
1 m/ sec . is approximat ely 2 miles per hour . 
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Figure c-7 

• TMI WIND VECTORS 29 MARCH 1979 HRS.13·24 

1.5cm.a1 m/s 

·-

·. 

.. · ... 

*The number by each vector refers to the hour of measurement. 
1 m/sec. is approximately 2 miles per hour . 
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than those indicated in the vent stack data . A comparison 

of the measured results with model calculations based on the 

* vent stack release data agreed within about a factor of 12 • 

That is, the model tends to overpredict by an average factor 

of six when it overpredicts and it tends to underpredict by an 

average factor of two when it underpredicts. Given the fact 

that the measured data was aggregated over six days or more, 

and therefore should be relatively easy to fit, it cannot be 

said that there is good agreement with the model . Nevertheless, 

the results tend to support the hypothesis that the radioiodine 

release rates were lower on average than those indicated by the 

vent stack data, at least for times when the wind was blowing 

toward the radioiodine monitoring stations. 

One isolated measurement of airborne radioactivity is also 

** 
worth mentioning. Noble gases were detected a few days 

after the accident in a radioactive plume 375 kilometers away 

in Albany, New York. Although no radioiodine was detected within 

the sensitivity of the measuring equipment, it is still possible 

to usefully compare the limit on radioiodine detection with 

measured no ble gas activity. Although the authors of the paper 

did not make such a calculation themselves, it is so straight-

forward to do so that we have made the calculations for this 

review in order to determine where this paper belongs in the 

*Pickard, Lowe and Garrick, Inc . , Report TDR-TMI-~16, £2· cit., 
Table 5-2. 

**M. Wa hlen, c. Kunz, J. Matuszek, W. Mahoney, R. Thompson, 
"Radioactive plume from the Three Mile Island Accident: Xenon-1 33 
in air at a distance of 375 km.," Science 207, 639-40 (1980 ) 
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spectrum o f environmental monitoring papers. The results indi-

cate that the ratio of radioiodine curies to Xeno n-133 was less 

-7 * than 7.10 to 1. If this ratio were characteri s tic o f ' the 

entire release, it would give a total radioiod i ne release ranging 

from less than 1.6 curies to less than 7 curies of radioi odine 

(depending upon whether a total Xenon-133 rel ease of 2 . 4 o r 10 

million curies is assumed). Although the r a dio i odine detection 

limit supports a small (15 curies or so) release of radio iodine, 

it should be realized that the air mass that a rrived at Albany 

may not have contained the emissions from the earliest period 

** when a large burst of radioiodine might have escaped. Also, 

no information was given about whether or not the radioiodine 

detection equipment used was sensitive to methyliodide. Never-

theless, the measurement provides further s upport for the conclu-

sion that there were periods of time when the radioiodine release 

rate was as small as stated in the official stud ies. In addition, 

unless the Albany measurement was not capable of dete cting 

methyliodide , this finding tends to contradic t Takeshi ' s r e lease 

estimates (discussed in Section C2.3.2 above) which are based 

on assuming a high iodine/ xenon ratio over the entire re l ease 

period. 

C3.2 Grass Measurements 

Analy sis of grass samples for many locations were made by 

the Department of Energy, the Nuclear Regulatory Commission and 

*Obtained by di viding the H x 10-4 pcr,nm1 Iodine-131 detec tion 
limit value by 1230 pci/ m3 of Xenon-133. (1230 is the aver age of 
the two values given in the report, 1390 and 1 0 6 0 . ) 

**The air mass containing the radioactivity arrived in the Albany 
area sometime between 1230 EST March 29 and 1 500 EST March 30. 
If moving at an average speed of 4 meters / sec C a bout 8 miles/ hr .) , 
the air mass would have taken 26 hours to reach Albany . 
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This peak value of 3.5 nanocuries per squar e meter can be compared 

with the peak value of 17,000 nanocuries per square meter 

measured in October of 1957 following the accident at Windscale , 

England, in whichabout 20,000 curies of radi o iodine were released.* 

Scaling the 20,000 curie Windscale figure by the ratio of 

3.5/ 17,000 gives 4 curies, a number which i s not wildly inconsis

tent with the official TMI estimate of 15 curie s. Of course 

it has to be borne in mind that TMI data are much scarcer than 

Windscale data. It is unlikely that those making the measure-

ments at TMI happened upon the hottest spot . And in light of the 

fact that the TMI grass measurements . may have missed certain 

bursts of radioiodine--especially bursts blown upriver--the re-

sults o f t he analysis given here only support the official 

release rate estimates for those wind direct i ons in which 

measurements were made . A final caveat must b e included about 

methyl i odide. Because methyliodid·e does no t s tick easily to 

grass, a large release of methyliodide would not have shown 

** up in the grass measurements . 

(continued from previous page) 
Commission on the Accident at Three Mile Isl a nd , • (Report 
EPA-600 / 4- Bl-Ol3B, u.s. Environmental Protecti on Agency , 
Las Vegas, Nevada , 1981 . ) The Measurement was found on page 
2 of Table 9-E . The DOE measurement was found on page 50 of 
Table 11-E . ] 

*The peak grass measurements shown in maps of deposition at 
and again a t about 2 miles . 
Societ Journal 85 , (1959), 

t e QI"ndscale 

**Of course, if the same percentage of methyliod ide was released 
at Windscale and TMI, this caveat would be irrelevant to the 
calculation . However, the measured depos i t ion velocity at 
Windscale (0 .003 meters / sec.) appears to rule out a large 
methyliodide release there . 
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C3.3 Measurements of Absorbed Radioactivity in Humans 

Some 760 people living within three miles of TMI were 

counted for a period of 10 minutes in a "whole body co~ter,• 

• beginning on April 10, 1979. The hope was to identify or set 

limits on any speci£ic radioisotopes in excess of normal radio

activity found in the body (i.e., above the 100 nanocuries of 

* radioactive potassium (K-40) that occurs naturally in humans. ) 

However, the Kemeny Commission staff did not think very highly 

of the procedures followed and tended to discount the measurements: 

To summarize, it was impossible for this 
task group to assess internal dose based 
on in-vivo measurement, even though there 
was a multitude of data available for analysis. 

For 1311 in particular, the task group had this to say, 

Some question is ~aised as to the appropriate
ness of the electronics settings. The gain 
of the signal amplifiers from the detector 
should be adjusted so that the energy region 
of the net spectra best incorporates all of 
the likely isotopes to be found. In the 
case of a nuclear plant, a key one is I-131 
with its primary photon energy of 364 kev. 
Both of the subcontractors have set the gain of 
their amplifiers in such a way that the I-131 
photopeak is very close to the low end of the 
spectrum. This is certainly not the most optimum 
setting. The energy region that these spectra 
are suited to is the K-4 0 region, which al
though beautifully centered in the middle 
of the page, is not an isotope of any concern 
at TMI or any other nuclear facility. Other 
difficulties encountered with both of these 
whole-body count systems involve geometry 
problems that could lead to significant 
errors in quantifying any given isotope. 
However, these problems are inherent in 
"shadow-shi eld" type whole-body counters, •• 
such as those employed by RMC and Hegelson. 

**Auxier et al., op. cit., p . 155. 
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Despite t hese limitations, it does not seem wise to discount 

the information c ompletely. Data at TMI is so sparse that none 

of it should be ignored unless there is c onvincing evidence that 

it is completely useless. It is better t o extract as much in

formation as possible, bearing. in mind t hat the derived results 

may carry great uncertainty. In this spirit, it is worthwhile 

to convert the whole-body radioactivity r esult s to a release 

estimate. I t i s only in this way that t he whole-body counting 

results can b e put into perspective with the other published 

papers. 

I n the cas e o f 1311 , the data showed a completely null 

result, i.e., no radi oiodine was noted in any individual down 

to a reporte d detecti on limit of 2 nanocuries. Assuming that 

the detectio n limit i s correctly stated , it appears that 

this result i s q uite consistent with a 15 curie or lower release. 

In other words, 2 nanocuries per person would not be expected 

to be found in many i ndividuals. The average value caused by 

inhalation of radioiodine might be 0.1 nanocur ies per person, 

* with large fluctuations a.bout the average. Some additional 

*For instance, the amount of radioiodine i nhale d is given by the 
integrated p roduct of breathing rate multiplie d by the concentra
tion per uni t v o lume multiplied by the e xposure time . These 
last two are gen erally combined in the l iterature into one factor, 
called the "X/0" factor. An average "X/0" of 10-6 would result 
in about 4 nanocuries inhaled per 15 curies released. 4 nanoeuries 
would hav e decayed to 2 nanocuries by the time of the measurement, 
assuming the average radioiodine release occured on April 6 
and the a verage measurement took place o n April 14. The con
centration would have been reduced by an additional factor of 
3 to 0 . 66 nanocuries in a few days due to elimination f rom the 
body (see u.s . NRC, Reactor Safety Study, Wash-1400, Vol. VI 
19 7 5 , p • D- 2 5 > • 

For compari s on purposes, a release averaged over a l l wind 
directions uniformly would hav e a X/ Q of 0 . 17 x lQ-6 at 2 
kilometers (assuirning uniform mixing in the reactor wake), i . e ., 
(continued on following page.) 
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radioiodine may have been ingested from 'milk, contributing 

* perhaps another 0.1 nanocuries on the average. 

Even if one assumes that a 2 nanocurie detection limit 

overstates the sensitivity of the measuring equipment, the 

fact that no radioiodine was found in any individual is useful 

information. It probably rules out a release above, say, 150 

curies of radioiodine while the wind was blowing in the direction 

in which the 760 people in the sample lived, worked or went to 

school, i.e., all directions presumably except up or down the 

river. {Any excessively high release up or down river would 

probably have missed people living within 3 miles and therefore 

would have been missed in the whole body counting data.) This 

radioiodine limit is particularly important because it probably 
** also applies to methyliodide (once again only in those directions 

covered by the 760 "human dosimeters"). 

As part of any full dosimetry study, it would be worth

while to establish a more rigorous upper limit on the release. 

{continued from previous page) 
the average expected concentration for a 15 curie release would 
be 0.11 nanocuries. Actual X/Os would be higher or lower for 
various wind directions and distances, so that fluctuations 
about 0 .11 nanocuries per person would be expected. (A breathing 
rate of 2 . 7 x 1o-4m3/ sec. has been assumed.) 

*Berger et al. calculated that the contribution to the SO mile 
gopulation dose from milk was twice that from direct inhalation. 
_"Population Dose Estimate for a Hypothetical Release of 2.4 x 
1~6 Curies of Noble Gases and 1 x 104 Curies of 131I at the 
Three Mile Island Nuclear Station Unit 2" (Report ORNL/ TM-7980, 
Oak Ridge National Laboratory, Oak Ridge, Tennessee, September 
1981.)- However, the population living within 3 miles probably 
drank milk from more -distant locations, reducing in their case 
the relative contribution of the milk pathway. Thus , it is mo~e 
reasonable to take the milk contribution equal to the inhalation 
contribution. 

**Assuming that, as would be expected, methyliodide is eliminated 
from the body more slowly than inorganic forms of iodine. 
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For that purpose it would be useful to reanalyze the original 

whole-body data, if it is available, to obtain gr eater sensitivity 

for radioiodine • The original energy spectra could be added 

together for many individuals thereby improving the "signal-to 

* noise• ratio • If 100 spectra were added, the de tection limit 

for the average would drop to 0.2 nanocuries. If all 76 0 spectra 

were added, the corresponding limit would be 0 . 07 nanocuries--

a level o f sensitivity that would be sufficient to detect a 

15 curie or even smaller release. 

C3.4 Radioiodine in Meadow Voles 

Two groups reported finding radioiodine in meadow voles: 
** one group actually removed the vole thyroids to track its path; 

the other group merely identified the radioiodine without determin-
*** ing its location in the voles. No attempt was made in either 

case to work backwards from the findings t o a check or an estimate 

of the quantity of radioiodine released. Consequently, as it 

stands, the existing literature cannot be used t o compare vole 

results to other environmental measurements, e s pecially to 

measurements on cow's milk that will be shown (see below, Section 

3.5) to be in conflict. Fortunately, the principal investigator 

for this review became interested enough in the vole problem to 

perfom calculations on his own (under the auspices of the National 

Audubon Society). The results are reported below. 

*The detection limit would decrease by the square root of the 
number of spectra summed. 

**W. Field, E. Field, D. Zegers and G. Steucek, " I odine 131 in 
the Thyroids of the Meadow Vole (Microtus Pe nnsylvanicus) in the 
Vicinity of the Three Mile Island Nuclear Generating Plant , " 
Health Physics 41, 297-301 (1981). 

***S. Morris, P . Mehrle, "A Report on Radionuc1ide Analyses Done 
(continued on following page) 

_.., 
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One factor complicating the necessary calculations is the 

absence of research on the metabolic behavior of radioiodine 

in voles. Such information should be obtained experimentally in 

a complete dosimetry study, but for these calculations, it has 

been assumed that, as in humans, one-third of the radioiodine 

consumed by the vole ends up in the thyroid. Given this assump-

tion, it is possible to convert the vole measurements into 

measurements of radioiodine concentration in the grass eaten 

by the vole. Such a derived concentration may then be compared 

with both actual sample grass measurements and with meteorological 

predictions of radioiodine concentration in the grass of the vole 

habitats (assuming the official 15 curie release). 

Table C-3 shows the results of model calculations--adapted 

from the paper by Field et al.--that attempt to predict: 

1) how much of the official (15 curie) estimate of radio-

iodine would have been deposited per square meter at 

each of the two sites studied (a purely meteorological 

dispersion calculation--see Table footnotes b ,c), 

2 ) the resulting quantity of radioiodine per gram of 

vegetation (see Table footnote d), and 

3) how much vegetation the voles would have h:ld to have 

eaten at each site to accumulate the amount measured in 

their t .hyroids. As shown in Table C-3, colwnn 5, the 

model is internally consistent in this regard in that it 

predicts the same amount of vegetation eaten by voles 

at the two sites. Or, in other words, the ratio be-

tween radioiodine per gram of vegetation and radioiodine 

(continued from previous page) 
Via Gamma-Ray Spectroscopy on Wildlife Samples from Areas in 
Close Proximity to the Three Mile Island Nuclear Generating 
Station near Harrisburg, Pennsylvania," (Mbneographed report 
o.s. Fish and Wildlife Service, Columbia, Missouri, June 11, 1979 ) . 
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measured in the vole thyroids is the same for both sites. 

The prediction for the amount of radioiodine per gram of grass 

is about four times higher than a measurement made by Metropolitan 

Edison Company at a l ocation fortuitously midway between the 

two vole s i tes • (The agreement might be e ven closer than a 

factor o f four if a correction factor i s included to account 

for the s o i l mixed in with the grass collected in the Metropolitan 

• Edison sample. ) Agreement within a factor of four is also found 

for the amount of radioi odine projected t o have been ret ained 

in the vole ' s thy roid. Abou t 37 grams o f grass would have had to 

have been eaten by the voles in order to produce the mea sured 

thyroid radioi odine concentration . Over the same period, the voles 

would have eate n about 160 grams o f food. Thus, i f al l the vole's 

food were vegetat i on, the model would predict 160/ 37 times as 

** much radioiodine as was found, i.e., a f actor of about 4 more. 

As a result, i t appears that the vole thyroid measurements are con-

sistent with a radioiodine r elease estimate which is l ower by 

about a factor o f four than the official e stimate of l S curies. 

*The average prediction for the two vole s ites in Table C-3 is 
0.31 p icocuries per gram. On 4/ 5/ 79, 0 . 11 picocuries ~er gram of 
grass was found 1.1 miles ENE of the reactor . (This amount of 
radioactivity would have decayed to 0.0 71 picocuries per gram 
on 4/ 10/ 79 , the average date used in the table . ) ~.A . Hilton, 
R. F . Grossman , •Three Mile Island Nuclear Reactor Accident of 
March 1979 . Environmental Radiation Data: Update 2, Volume I," 
(Report EPA- 600/ 4-8l-Ol4A, Envi r o nmental Protection Agenc y , 
Environmen t a l Monitoring Systems Labora t ory, Las Vegas , Nevada , 
March 1 981}, Table 17- E ~ 

The Metropolitan Edi son samples are desc r ibed as follo ws, •grass 
collected alo ng with soil taken from three 6" by 6" areas.• 
(Ibid. , Table 16e. ) Depending upon the amount of soil i ncluded 
i n the part o·f the sample actually counted, the reported con
centration may have been based on an excessive weight . 

**It s hould be noted t hat some filtering o f radioactivity may have 
occurred in t he overgrowth at the vole s ites in the upper levels 
of the past ure. As a result, the voles e ating at ground level 
may have consumed grass with less radioiodine than the a verage. 
Accounting for this effect would lead to better agreement. 
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Tal.llo C-J 

Hodel Predictions of the Amount of Radioiodine Deposited on Vegetation and Consumed by Voles 

Curie a Deposited Picocuries of Average Grams of Total 
llSSWIICd radioiodine radioiodine rac.lioiodine vegetation diet for 
releaeed in na,ocuries per graAI of Dceasured in eaten to llOIIIO 

in acetol per m re- vegetation vole ' thy- accumulate period 
Ia) maining on It!) roida in measured lin graJ .. ) 

4/10/79 picocuriea radioiodine (g) 
(b,c) (c) in thyroids 

(f) 

Vola alte II (h) .37 0.21 0.17 2. 2 )9 160 

Vole dte III (i) .82 0.57 0.46 5.6 36 160 

(a) Obtained by weighing the tiae dependent radioiodine release shown in Table Il-l of the 
Rogovin report (p.l56) by the percentage of tln•e the wind was blowing in the 22. s•aector 
containing the vole site. 

(b) A .. wlling 1) a 0.001 a/s'lo. depnaiUon velocity (consistent with the average value .. asured 
for radioiodine after the Windacale accident)! 

2) Half of the release was .. thyliodide and hence did not atick to ground surface•• 

3) An average wind apeed of 3 a/aec. consiotent with the ~noteorological data, 

4) An initial plu.e shape aatching the turbulent wake of the buil~ings near the vent 
stack. T~ia waa acca.plished by using a vertical dispersion coefficient of 50 aete~s 
in a Gau .. lan plWIIe n1odel. Since the atmosphere was quite stal.llo during this period, 
no dgniflcant additional dlapenal would have tAken plAce by t .hc time the rAdioacti
vity reached tho vole alta . The radioactivity wu uaWIIod to be apreild unlfor.ly in 
a horizontal direction over a 22.5 sector. 
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(continued from preceding page) 

5) Weathering rate of .002 per hour !Berge~ et al.; •population Dose Estimate 
from a Hypothetical Release of 2 . 4 x 10 Curies, • Ap{'lendix IL J Such a rate 
leads to a reduction of a factor of 2 1 n ground concentration by 4/ 10/79. 

6) Radioactive decay reduces concentration by a factor of 2 on the average. 

(c) Average over 22.s•sector (east for site II, northeaat for site III). 

. .. 
' .. 

J:,. lol .l .,;, -.., • , 

(d) Aaauaing 700 (wet} gram• of graaa per aquare Deter and 57\ depoaition of the radioiodine 
onto gra~a. Note that the pastures fre>a~ which the vo les were taken were uncut for two 
yean. (The 700 gra• figure has been taken fr<* NRC Regulatory Guide, v. 109 (Rev. 1). 
lt is equivalent to a value of 3.6 tons per acre, which is reasonable for an unfertilized 
field . Grasa yielda were diacuaaed on 4/ll/82 with Victor Lechtenberg, llssociate Director, 
Purdue Uni"eraity llgricultural £xperh1ental Station, Purdue University . The assumed 
percentage deposition on grass 157l) is baaed on Berger et al., op. cit..} 

(e) Willia.111 R. Field, Elizabeth H. Field, David 11 . %egera, and Guy L. Steucek, •rod1ne Ill 
in Thyroids of the Me adow Vole <•1icrotus Pennaylvanlc usl In the Vic inity of the Three 
H1le Island Nuclear Generatinq Plant,• ttealth Physi c s 41, 297-301 (1981). lt 1a 
assumed that 1) the voles eat predoainantly •wet• grass rathe r than gras s that has 
fallen a nd dried out; 2) that one thi r d o f the ingested radioiodine enda up in the 
thyroid . 

(f) Three t imes t he ra t i o o f the ent ries in the t.wo preced i ng columns , which 11 equivalent 
to a s s ualng that two-thi rds of the r adioiodine is eliminated fro• t he vol e be fo re 
be ing absorbed by t he thyr o i d . Because we are not aware of any da t a on this aubje c t 

(g ) 

fo r voles , we have taken the aa•e va lue for t he fraction eliminated as haa been aeasure d 
for huaans. [USNRC, Reactor Safe ty Study, 1975, Vol. VI, p. 0-25] 

Refere nce (e) atatea that volea eat one-third of their weight per ~~y . llverage 
weight of a vol e is 50 grams (w.H. Burt and R. P. Crossenheider, 11 Fie l d Guide 
to the Ha~~mals , Jrd Ed . (A Petenon Field Guide, 19761 I , tmplyingthat voleseat about 16 
graaa per day . 

(b) 2.3 ka eaat of the pl a nt. 

(1) 1 .9 kill nor theaat o f t he plant. 
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The necessary caveats to such a finding are as follows: 

l) The diet of the meadow vole may be low in the grass 

that would contain radioiodine. 

2) The vole thyroid may not ~bsorb radioiodine with as 

high an efficiency as the human thyroid. 

3) The assumed proportions of inorganic radioiodine and 

organic radioiodine (methyliodide) may not be accurate . 

Each of these caveats should be addressed in a complete dosimetry 

study, but the low values for these preliminary calculations are 

ironic in that the authors of the vole thyroid paper have been 

* criticized for claiming that they found any radioiodine at all. 

Although the measurements discussed so far are the only 

ones taken directly on vole thyroids, the results given in the 

second vole paper are just as important . At the request of 

the u.s. Fish and Wildlife Service, a vole was trapped on April 

25 , 1979, at a distance of 0.5 miles east of the TMI reactor. 

The analysis was conducted at the University of Missouri 

** 
Research Reactor facility, where 56 picocuries of radioiodine 

were found in the body of the vole . Although the measurement 

is a whole body measurement, it is probable, again assuming that 

r adioiodine works in voles as in humans , that by 4/25 all or 

almost all radioiodine not eli.nUJlated by the vole had made i 'ts way 

to the thyroid . When appropriate adjustments are made to the 

*For ins tance , the Director of the Environmental Protection Agency's 
TMI field station published a sar cast ic letter of criticism 
about the vole paper in Health Physics, suggesting that the tech
niques used were faulty and had led to an overestimate of radio
iodine, and possibly a completely false signal. See W. P. Kirk , 
nl3lr in Thyroids in Meadow Voles near Three Mile Island Nuclear 
Generating Station," Health Physics!!' 175-177 (1983). 

* *S . Mor ris, P . Mehrle, op. cit . 



.. .. 
. . ·: .. 

. ..· . ~ 
... ·. 

'rt 
• 1 

-. '".·. ; 

-.. 

. . . 
: . . .) . .. . ~ 
:. : . : i 

.· 
·-: 

. ,. --1. --· .. .... . - ·· ··------· ·--. ··-· .... _" ... . . . . .. .. .. .. ___ ... ·-· -··- ---· .......... . _____ _ 

-C49-

reported number of picocuries, a comparison c a n b e made with the 

first vole study, with poth results referenced to a common date. 

The necessary radioactive decay correction i n c r eases the 56 

* picocuries to 205 picocuries as of 4/10/79 . This number, while 

still small, is fifty times greater than the ave rage 4 picocuries 

of radioiodine f ound in the first set of measurements. Part of 

the discrepancy can be explained by the fact that the higher 

measurement was taken closer to the reactor (at 0.5 miles rather 

than 1.1- 1.4 miles ) . But it is doubtful that meteorology can 

make up the entire factor of fifty discrepancy. 

C3 .5 Radio iodin e in Rabbits , Goats,and Sheep 

In addition to the findings on meadow voles , and to the 

considerab le attention devoted to the study o f radioiodine in 

cows' milk (see below, Section 3.6), a limit ed amount of data 

exists on radioiodine in animals such as rabbits and goats. 
' I 

For example, 5 50 picocuries of radioiodine per gram, referenced 

. : ··· to 4/10/ 79 , were found in the thyroids of rabbits trapped at 

.· 

.· 

** locations 1 to 3 miles northeast of the reactor. This high 

number has not yet been analyzed in accordance with the model 

*That is, 205 p icocuries on 4/ 10/ 79 would have decayed to 56 pice
curies b y 4/25/ 79. There is a slight ambigui t y involving the 
4/25 data that has been resolved by communica tion with Dr. Morris 
of the University of Missouri Research Reactor f acility who 
analyzed the samples for radioactivity conten t . To the best 

. of his reco llection, the radioactive measurements ma de by him 
were correc ted for radioactive decay to the 4/25 date of entrap
ment. (Pr ivate communication, 8/ 15/1983 .) 

**The actual reading was 160 picocuries per gram on 4/29/ 79. Adj ust
ment to 4/10 i s p rov ided for com~arability with the vole measure
ments in Secti on C3.4 above. [ s. Morris, P . Mehrle , Jr . , op. cit. ] 
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presented in Section 3.4, however. A high concentration of 

radioiodine was also found in goats' milk, (the peak concentra-

* tion reached 100 picocuries per liter on April 24.). The 

fact that the concentration for goats was higher than for cows 

may be due to different metabolic processes, to different local 

deposition, or to the fact that goats may have obtained a higher 

percentage of food from grazing than did cows • 

For completeness, it should be noted that some critics 

of the official studies of the TMI accident have privately 

pointed to radioiodine measurements in European sheep as potential 

indicators of a large release from TMI. Although a factor of 

1000 reduction in radioiodine signal might be expected 3000 

miles west of TMI, it would be closed-minded to reject a causai 

connection without analysis. Consequently, some modeling work 

should .be carried out on this subject as part of a full dosimetry 

study. 

C3.6 Radioiodine in Cows' Milk 

Comparisons of the amount of radioiodine found in cows' 

milk with model predictions appear to be wildly inconsistent. 

Some model calculations support the official release. But others 

indicate that the amount of radioiodine found in cows' milk 

appears far too high to be consistent with the official release 

figure, unless farmers blatantly disregarded instructions to 

keep cattle on stored feed • 

*D . Baker, R. Schreckhise, and J. Soldat, "Pathways of Iodine-131 
to Milk Following the Three Mile Incident," (Letter Report, 
Battelle Memorial Institute, Pacific Northwest Laboratory, 
Richland, Washington, 1983). 
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C3.6.l Review of Three Milk Studies 

In the aftermath of the accident, checks were made by two 

groups to compare milk radioiodine measurements with medel 

projection~assuming a 15 curie radioiodine release. I n the 

first study the model projections were reported to overestimate 

the measured milk concentrations at three loc ations by a factor 

* of 10 to 50. Few details were provided, however . In the second 

study, projections made for a 15 curie release underestimated 

the measured milk concentrations. (See Table C- 4 . ) The under-

estimate was quite large when the radioiodine was assumed to be 

released a s a vapor, but only lower by about a factor of f o ur, o n 

average, when the released radioiodine was assumed to be in the 

** form of a 5-micron particle. However, in both cas es the cal-

culations were performed assuming that 10% of t he diet o f TMI- area 

cows was obtained from grazing. This appears to be a highly 

questionable assumption: the accident did not occur during the 

grazing season: most farmers in the area rely on stored feed 

even during the grazing season; and farmers we re specifically 

instructed to keep their cows on stored feed a s a result of the 

** * accident. The next question is inescapabl e : If cows were on 

*The sites were not identified. [~ickard, Lowe and Garr i ck, Inc . 
(Report ·TDR-TMI-116 ) , pp. 5-6.] 

**C.O. _Berge r et al., ~.cit • 

***In response to a question about compliance with the Pennsy l v an ia 
Department of Agriculture's recommendation t hat cows be kept 
indoors aft er the accident, Mr. Furrer of the Bureau o f Animal 
Husbandry s a id : 

1. The acci dent o c c urred at a ti.Iale o f t he year when 
cows are generally kept indoors on stored feec. 

(continued on following page.) 
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'!'able C-4 

Summary of Reaulta of Berger et al 

(Summary of Compariaon Between Predicted and Obaerved Levels 

of 1311 iD Milk Reaultinq from a 15 Ci 1311 Releaae at TMI Onit 2.) 

Avq. Measured Max . Measured Predicted 
Activity Activity Activity 

Comp&sa Diat&nc:e (pic:oc:uri e per (pic:oc:urie per (pic:ocurie per 
Direction Sector (miles) liter) liter) liter) 

( a ) (b ) 
NNW 2 9 12 . 51 18 0 . 83 3.51 

NNW 4 5 1.34 22 0 . 82 2.01 

w 5 15 2.31 16 0.07 0.75 

s 9 12.5 1.60 30 0.01 0.11 

SE 11 1 2l. 75 33 1.17 11 . 64 

E 13 2 5.56 23 4.10 5.50 

(a) lJli •• a vapor • 

(b) 1311 a a a 5-t.c:ron particle 
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stor ed fe ed a nd only 15 c uries of radioiodi ne were released, 

how did that much radioiodi n e make i t s way into cows' _milk? 

The NRC was evidently i n terested in this question and com-

missioned a third, more investigati ve, study by Battelle Pacific 

Northwest Laboratory • (We learned of t his contract by accident, 

as a result of the c omputer search turning up a reference to 

it. Upon contacting the NRC, we l .earne d that t he study had been 

compl eted eighteen months earlier, but had "slipped through 

t he cracks" and had not yet been reviewed f or release. We were 

pr omised that this oversight would. be corrected and indeed the 

study was released in the form o f a "letter report" in June of 

• 1983 . ) This study, by D.A. Ba ke r et al., c o ncluded that the 

major pathway by which r a dioiodine initially entered milk was 

inhalation , no t grazing. From certain experimental data on 

the inhal ation of radioiodine b y c ows, Baker a nd colleagues 

concluded that the peak amount of radioiodi ne found in milk 

(cont inued from prev ious pag e ) 
2 ) Those that weren' t kept i ndoors wer e still fed 
stored feed under normal end o f Ma rch conditions. 
3) In the initial period after the accident, com
pliance with recomme ndation that cows be kept in
doors was very high. Near 100\ . However, farmers 
we r e told the results of milk analyses on the first 
day . As they found out t hat results of milk contami
natio n analyses were "insignifi cant, • some of them 
probably left cows outside . (Private communication 
with Elizabeth Speer, 2/ 14/ 1983.) 

*D . A. Baker , R.G . Schrec khise, a.nd J. K. Soldat , "Pat hways of 
Iodine-1 31 t o Milk Following the Three Mile Island Incident,~ 
(Letter Repo rt to NRC, Batt elle Me mor i a l Institute, Pacific 
Northwes t Laborato-ry, Richland, Washington, June 1983). 
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at three sites near radioiodine monitoring stations was not un-

reasonable given the airborne radioiodine concentration measured 

at nearby locations. Thus, it was not necessary, ac~ording to 

this study, to assume any grazing took place at all--at least 

* at the sites studied • 

Now if one set of data can be explained assuming a.n inhalation 

pathway, calculations assuming a 10% grazing pathway should 

overpredict by far the amount of radioiodine in milk--as was 

the case with the Pickard, Lowe and Garrick study. This was 

certainly not the case with the results of Berger et al., which 

predicted less than the measured amount. ( A summary of the 

conclusions of the three studies on radioiodine in milk is pro-

vided in Table C-5. ) Perhaps the explanation for the discrepancy 

between the results of Berger et al. and other analysts lies 

in the fact that different analysts have used different milk 

data. That is to say, more radioiodine may have been released 

or deposited in certain directions and locations than others • 

In order to unravel this puzzle, it will obviously be necessary 

to go back to the raw data .to try to make comparisons on the same 

milk data. This conclusion should also serve to identify the 

need for developing a unified map of environmental sample sites 

to be utilized with wind and other appropriate meteorological 

variables • 

*In the past, little quantitative attention has been given to 
the possibility of inhalation of radioactivity by cows in potential 
reactor accidents, because the grazing pathway was generally 
thought to be so much more important. If practices in animal 
husbandry are changing, however, so that grazing is in general 
becoming a less important source of food, research practices 
must change in consonance. 
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Table c-s 

Conclusion of Studies Performed on Radioi odine in Milk 
Pr1or to Th1s Review 

(Aasuminq a 15 Cune Release) 

Analysts 

Pickard, Lowe and Garricka) ,b) 

Conclusi on 

10' qrazing ass umption 
overpredi cts radioiodine 
concentratio ns i n milk at 
3 sites by a f actor of 10 to 
so. 

10\ qrazinq ass umpt1on 
underpredicts r adi o iodine 
concentrat1ons in milk at many 
sites by a factor of four on 
averaqe . 

initial peak concentra t1ons of 
radioiodine in mil~ appear t o 
be consist ent with an inhalation 
pathway and do no t requ1re any 
qrazing to explain the results, 
at least right afte r the accident. 

a) It should be noted that the two qrazinq - pathway studies may not 
have considered the same time depenaence for the radioiodine release . 
The Pickard, Lowe and Garri~ study assumed a radi o iodine r ele a s e 
consistent with the radioiodine vent stack ~asur.ments d i scussed 
earli er. The time dependence assumed in the paper by Berge r et . al., 
is not clear. It appears from the text of their pape r tha t the Iodine 
release rate has been taken proportional to the noble 9as release ; yet 
the actual data qiven in their table, showing the amount of r adioiso
topes released into each angular sector, does not bear t he text out in 
an obvi ous way. Perhaps certain correction facto r s were applied . 

b) Pi ckard, Love, Garrick, Inc. •Assessment of Offsite Radiation Doses 
from the Thr .. ~le Island Onit 2 Accident,• ( Report TDR-THI-116, 
Revisi on 0, 1979),pg. l-3 . 

c) In thi s study , calculations -re aaade for bot h a 15 curie release 
and a 10, 000 curie release of radioiodine . The results for the 
15 curi e release are reported here. t Ber9er et a.l, • population Dose 
Estt.at e froa a Hypothetical Release of 2.4 x 106 Curies of Noble Gase s 
and 1 x 104 Curi es of 1311 at the Three Mi le Isla nd Nuclea r Stat~on, 
Onit 2 • (Report ORNL/TK-7980, Oa~ Ridge National Labor a tory, OakRidqe , 
Tennessee , Septeaber 1981).1 . 

d) D. A. B~er, R. G. Sehredkhise, and J .x. Soldat, •Pathways of I~ne-131 
to Milk Foll owinq the Three Mile Incident•, (Lett e r Repo~t. Pacific 
Northwest Laboratory Battelle Memorial Institute , Ricbla nd, Washington, 
1983) . 
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In any case, the data reported by Berger et al. appears to 

contradict the official release estimate. In order ~o obtain 

a rough indication of the magnitude of the discrepancy it is 

necessary to obtain a value for the amount of radioiodine concen-

trations in milk, should the pathway to milk be changed to in

halation rather than grazing. As shown in Appendix D, to get 

the same milk concentration via inhalation of 5-micron particles, 

180 times as much radioiodine would have to have been released 

using the b~sic model reported in the paper by Berger et al. 

However, the discrepancy is actually larger. Inspection of 

Table C-4 (see above) indicates that for 5-micron particles 

the ingestion model underpredicts in most cases. As stated 

earlier, the average discrepancy is a factor of four. Thus, to 

match the measured milk data given in Table C-4, assuming an 

inhalation pathway, the 180 figure would have to be increased 

by another factor of four. Consequently, the resulting discrepancy 

(a factor of 720) is enormous and serves to separate this milk 

data from all other environmental measurements. 

It is interesting to note that the study by Berger et al. 

was commissioned specifically to calculate the whole-body dose 

* that would be delivered by a 10,000 curie release of radioiodine • 

It is quite possible that someone else made the same inhalation 

pathway analysis as was made in Appendix D and commissioned a 

*The study was requested of analysts at Oak Ridge National 
Laboratory under a Department of Energy contract. 
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s t udy to check whether or not such a larg e release would cause 

any r adica l change in the total whole-body population do s e. 

C3. 6 . 2 Reconciliation o f High Milk Result s with Oth er Env ironmental 

Meas urements 

There are two ways that a large relea s e of radioio dine 

c o uld be consistent with other env ironmen t al measurements: 

1 ) The release could h ave bee n inorganic 

in form, but restricted to wind directions 

in which other d a t a are missing . Whet her 

this is the case wi t h the measur ements of 

Berger et al. will hav e t o be checked a gainst 

t h e raw data. Two o f the s i tes appear t o 

be in similar direc tions as those chosen for 

analysis i n the paper by Baker et al . , bu t 

at differe nt d i s tances. In these cases, 

agreement i s c lose st between the two papers, 

but a large d i screpancy still r emains. 

2 ) The releas e cou l d have been in the form of 

organic iodine , e . g . , methy l iodide . I n this 

case , no wind direction restrictions would 

be required because methy iiodid e ne i ther 

sticks to g ras s very well nor would it be 

detected easily by radioi odine monitor~g 

equipment . 
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In evaluating the methyliodide hypothesis, it should be 

noted that essentially no monitoring of airborne methyliodide 

took place. Cows would indeed inha~e methyliodide, which in 

turn would be trapped in the body. However , to enter cows • 

milk, the methyliodide in the cows would have to be •hydrolized.• 

That does not happen in humans very quickly, but apparently no 

one has measured the rate at which methyliodide does enter cows• 

milk. It is therefore impossible to evaluate the methyliodide 

hypothesis properly at the present time. In view of the need 

to promote the inhalation pathway to at least equal status 

with ingestion, the necessary background research should be 

performed. 

In any case, the health significance of inhaled methyl~ 

iodide would be small. Methyliodide when inhaled by humans 

does not get picked up by the thyroid gland. There might 

be an increase in the whole-body dose but the increase would 

* likely be less than a few thousand person-rem. 

The factor of 720 discrepancy referred to earlier would only 

apply to methyliodide, not the inorganic form . There exist other 

non- inhalation pathways into cows for inorganic radioiodine 

• 

that have not yet been mentioned. For instance, even cows that were 

*This estimate should be checked in a more complete dosimetry study . 
Berger et al. indicated that 10,000 curies of inorganic radio
iodiue would contribute 1600 person-rem to the whole-body dose. 
Although the calculation is somewhat different for methyliodide 
(no ground dose but longer body residence time,) a large dif
ference should not result. 

In pursuing research on methyliodide in humans, it would in
cidentally be of interest to determine whether breathing methyl
iodide may be respons ible for the metallic taste reported by 
local residents at the time of the accident. 
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not g r azing on pastur e could hav e inge s t e d depos i t ed inorganic 

radio i odine by licking or c hewing the ground--a practice that is 

* c onunon t o cows . A r ough calculation made for this review. 

sugges ts that a c ow might need only t o lick 1 . 5 square feet per 

day t o obtain as much radioactivity as woul.d be inhal.ed . Thus 

i t does seem possible that the •licking" p athway could be more 

important than the inhalat ion pathway . One paper which summarized 

research on s o il ingestion by cattle a p peared in the literature 

as t his Appendix was being finalized. Th e reported measurements 

indica te that dairy cattl e i ngest soil i n amounts less than 1% of 

the t o t al dry- matter intake in situati o ns wh ere feeding involves 

** little o r no grazing. Al.thoughth e resul t do e s not precisely 

indi cateth e relative amount o f radioiodine tha t woul.d be absor bed by 

wa y of the two pathways, it does make it unl.ikely t o e xpect that a 

c ow could lick enough ground to inge st a s much radio activit y as 

would be ingested from a 10% diet of c o ntaminate d grass . How-

e ver, more research is ne eded in this a rea befo re a definite 

conc l usion can be drawn . For the momen t, it would not be unreason-

able to hypothesize that t he release o f inorganic r adioiodi ne implied 

by t he high milk measurements would sti ll be g r e ater than 15 

curies even when the soil i ngestion pathway is t aken into account . 

In evalua ting the r e asonableness of the first, inorgani c release 

hypothesis above, it is extremely i mporta nt t o compare the milk 

l oc ati ons o.f the pape r by Berger et al. with the l ocations 

• A s econ d possible pathway might be associa t ed wi th cows licking 
thei r c alves . A third poss ible pathway miqht be baled hay or 
other stored feed its elf . Baled hay might serve as a n e fficient 
f i l t e r o f airborne radioac tivity , especi a lly if i t were located 
o utdoors or in a well -ventilated barn. (However , baled hay 
would not be expected to absorb as much radioio dine per gram as 
dis persed grass .) 

**R. Zach , K.R . Mayoh , " So il I ngestion b y Cat tle: A Ne gle cted 
Pathway," Health Physics 46, 426-431 (1984.), p . 429. The percentage 
o f s oil ingestion r i s e s to-aD average o f 4-8% when cows are in pastur e . 
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at which grass measurements were made. The compass directions 

with the highest radioiodine concentrations in milk were NNW, 

W and s. However, greater precision in these directions will 

be necessary for comparis9n with the grass data. 

Before attempting to ana~yze the discrepancies between 

the papers by Baker et al. and Berger et al., it is necessary 

to digress for a moment to explain some of the inherent difficulties 

in the method used by Baker et al.--a method that analyzes the 

peak radioiodine concentration in milk rather than the average 

concentration. The ideas behind this highly technical paper 

are very good, but the authors were forced to rely on inadequate 

data concerning airborne radioiodine concentrations--variables 

which enter their calculations in a fundamental way. The only 

available measurements on airborne radioiodine were taken at 

stations at least 20° off angle from the farm at which milk 

measurements were taken. This angular separation appears too 

* great to allow reliable extrapolation. As discussed in Appendix 

A, the general alternative to extrapolation is meteorological 

modeling. However, the one set of meteorological projections 

of radioiodine concentrations made at TMI are inadequate. 

As discussed earlier in Section 3.1, projections made for the 

Pickard, Lowe and Garrick, Inc. study appear to be off by a factor 

** of twelve, suggesting that meteorological modeling may not 

*There appears to be a poor correlation between the airborne 
radioiodine concentration and the milk radioiodine concentration 
shown in the paper by Baker et al. It is true that the first 
peak in airborne radioiodine concentration is followed by a peak 
in milk radioiodine, but subsequent airborne peaks do not show 
up in the milk data. 

**See Report TDR-TI.U-116, .22.• ill.·, Table S-2 . 
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* solve the problem in this case . 

. · ... -- .._ ·---- . 

Table C- 6 compares milk concentrations found at the farms 

studied by Baker et al. with the farms studied by Berger et al . 

There are two wind directions that contain sites studied by both. 

In one case, radioiodine concentrations differ by about a factor 

of three. The discrepancy would presumably be larger if cor-

rections were made for the different distances of the sites 

studied by the two groups. In t .he other case, the concentrations 

differ by a factor of eight for average concentration, but only 

a factor of 1.7 in peak concentration. Some of this discrepancy 

• · might be explained by the different distances of the sites 

studied by the two groups . Another possibility to consider is 

that one of the models used is drastically incorrect. For 

. . . . . . 

· . ; 

. >· -.. 

. , -.. .. 

.. - . . 

·. 

.. , . . 

instance, perhaps the model used by Berger et al. underestimated 

** the deposition of radioiodine . 

I I 

*There are other more technical problems with the methodoloqy used 
by Baker et al. The authors did not have available to them a 
reliable "response function" that would indicate the time depen
dence of radioiodine in milk following a brief or "spike• inhala
tion of radioiodine. In the first part of their paper, they assume 
that radioiodine would instantaneously enter milk (with subsequent 
concentration decreasing with a one-day half life). In the second 
part of their paper they implicitly assume that the response func
tion is shaped so that inhalation, over a few days can be treated 
as if it were a •spike" input. A more consistent calculation should 
be made, although it is doubtful that the results would change sig
nificantly. 

**Underestimation could occur in at least two ways: 1) If terrain 
heights were neglected,airborne concentration could be underesti
mated in elevated terrains, and therefore net deposition on the 
ground would be underestimated. But this would only occur for an 
elevated release , and it appears that the paper by Berger et al. 
assumed a ground level release. 2) Deposition velocity used in the 
calculation might be incorrect. Close in to the plant, higher depo
s ition velocities lead to higher net deposition per square meter, 
whereas at greater distances a high deposition velocity can lead to 
reduced net deposition because so much material has been depleted 
(continued on following page.) 
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Analysts•> 

aaJter et al 
Berger et a l 

Baker et al 
Barger et al 

Baker et al 
&erger et al 

Baker at al 
Berqer et al 

Balter at al 
Berger et al 

Baker et al 
Berger et al 

Balter et al 
Berqer et al 
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Table c- 6 

of Milk Radioiodine Concentrations Oaed in Tvo Studies 

Co.!e!•• Distance Average Pea It 
Dl.rectl.on (Mil concentrationb) COiieentration 

(pl.coc:urie (plc:oc:urh 
per litar) per liter) 

NNW 1.2.5 .u.s ll 

WNW(294°) 3.5 0 .6c:) 7 .4C) 
WNW 5 1.34 22 

w 15 2.31 16 

s 12.5 1.6 30 

S£ (140°) 1.6 2.8 20 
S£ 1 21.75 33 

E 2 5.56 23 

ENE(65° ) 1.1 0.1 1.5 

a ) Pickard, Lowe and Carrick, Inc. ia not listed bec:auae 
no inlormAtion ia given in Report TRD-TMI-116 c:onc:ernl.nq 
the location• of the farms analyzed. 

b) 30 day average concentrations for the paper by aalter 
et al nave been taken frOID the rav dau qiven in their 
paper. Average& for the paper by Berger et al have been 
taken directly fro. their paper. However, the t~ 
period for the averaging wu not apec:ifi ed. A cc:.muni
cat~on vith c. Ber9er indicated that to the best of her 
recollection, the a veraqinq period vaa 30 daya . 

cl Approximate due to aisaing data. 

. 
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As a check of the Berger et al. model, it would be useful to see 

how well the model they used would reproduce t he airborne radio-

iodine concentrations at the (8) monitoring s tat ions from which 

radioiodine data were taken . 

At the present time, however, there is no obvious way to 

decide whether either one of the approaches taken by the dif-

·· ferent analysts is to be preferred. 
·. 

.. 
~ 

- . ·: 

: : ~ 

.. ' 

.· 

C3.7 Resolv ing the Discrepancies in the Radioiodine Environ-

mental Measurements 

The data avai lable on radioiodine appears to be confusing 

and contradi cto r y . There is a clea.r need for construction of 

a detailed map o f the TMI area that would indicate the location 

of every pi ece o f environmental data--qrass , air and milk measure-

ments. In additi on, the complete set of milk and air time 

series data must be checked against various hypotheses. Inter-

views with farmers would help to reconst.ruct the actual feeding 

and exerci se patterns followed. 

(continued f rom previous page) 
from the plume before arrival at the site that there is little 
left for depos i t. This possibility cannot make too much dif
ference in this case,however , because data have been analyzed 
by Berger et al. for both nearby sites and sites as far away 
as 15 miles . 
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C4.0 Doses from Released Radioiocine 

Only two papers were located in the literature that attempted 

to relate radioiodine releases to t .hyroid population doses. 

In one case (Pickard, Lowe and Garrick, Inc.) a 15 curie release 

was assumed and a 1280 person-rem thyroid dose calculated out .. 
to SO miles. In the second case ·(Berger et al.,) a 10,000 curie 

release was hypothesized and a 90,000 person-rem dose calculated 

** out to 50 miles. The origin of the 10,000 curie figure is 

somewhat obscure. The authors did not maintain in their 1981 

paper that such a release actually occurred. Instead, they 

justified their calculation solely as a continuation of work 

started by the Kemeny Commission (in 1979) on TMI accident 

sequences that might have occurred had the accident developed 

differently. No reasons were given for choosing the particular 

value of 10,000 curies, nor was it explained why a separate 

calculation was necessary for this release when a simple scaling 

of the results for 15 curies would ordinarily be sufficient. 

In any case, even if the 90,000 person-rem figure is taken as 

purely hypothetical, it can be used to provide a consistency 

check on the first paper. 

Although the two results--1280 and 90,000 thyroid person

rem--appear at first sight, to vary appropriately with the 

assumed releases, there is a major discrepancy when the results 

are compared quantatively. The dose magnitudes are only 

* 180 person-rem is the contribution from inhalation, 1,100 person
rem from milk ingestion. [Pickard, Lowe and Garrick, Inc., 
"Assessment of Offsite Rad1ation Doses from the Three Mile Island 
Unit 2 Accident," (Report TDR-TMI-116, Revision), July 1979.)] 

•* c.o. Berger, B.H. Lane, S.J. Cotter, C.W. Miller, S.R. Glandon, 
"Population Dose Estimation from a Hypothetical Release of 
2.4 x 106 Curies of Noble Gases and 1 x 104 curies of 13lr at 
the Three Mile Island Nuclear Station, Unit 2," (Report ORNL/ TM-
7980, Oak Ridge National Laboratory, Oak Ridge Tennessee, Sept. 1981) 
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in the ratio of l-to-70, whereas the release magnitudes are 

in the ratio of l-to-666. No obvious explanation for this 

inconsistency is apparent in comparing the models used by the 

different gro ups • 

However, the paper by Berger et al. was not as preci se 

about the dose pathways that were included in the 90,000 pers on

rem thyroid calculation as it was about the pathways inc luded 

in the dose to the whole body. It is possible that the thyroid 

number was calculated assuming that the dose to humans came 

from inhalation of airborne radioactivity and not from drinking 

of milk. A l-to-70 ratio would then be quite reasonable . Although 

such an assumption would appear to be incons i s t ent with the rest 

• of the paper , the assumption would "be consi s t ent witn the 

hypothes i s discussed in Section C3.6 that a l arge release of radio-

iodine i s n e cessary to explain the high milk data if grazing is 

rejected as the source of radioiodine in milk . To che ck the 

possibility that the 90,000 figure was indeed an inhalation calcu-

lation , a number of intercomparisons were made, as part of this 

dosimetry revi ew, to test for consistency . The internal evide nc e 

•• supports the inhalation conjecture . 

•e.g., It is stated on page 3 of the paper by Berger et al . that 
ingestion was included in the collecti ve popula tion-.dose calculation. 

**The first piece of evidence is that the 180 person-rem inhal ation 
dose calculated in the first paper scales to 120 ,000 person-rem 
(which is very close to 90,000) when multiplied by the 1-to-666 
release ratio . The second piece of evidence i s l ess direct , b ut 
just as relevant. The authors (Berger et al. ) r e ported a figure 
for the whole-body population dose calculated for the released 
radioiodine (1600 person-rem) as well as reporting 90,000 p erson
rem for the thyroid dose . The 56-to-1 ratio f or these numbe rs 
appeared l ow based on radioiodine studies carried out in the past 
by t he princi pal investigator (Beyea) . Therefo re , a simple r e la
tive calcu lation was made from first principl es, relating the 
thyroid dose from inhaled radioiodine to the whol e -body dose from 
radioiodine deposited on the ground. Ignoring the milk pathway, 
the results indicated that the thyroid dose should h av e been 78 

. --
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On the other hand, the possibility that a large radioiodine 

release might actually have occurred was never discussed in t .he 

paper. As stated earlier, the authors never maintaine'd that any-

thing but the official 15-curie release took place. According to 

their paper, they addressed the alternate accident sequence 

problem at the request of personnel from Los Alamos National 

Laboratory and Sandia Laboratory. Perhaps, these individuals 

were aware that a 10,000 curie release might be consistent with 

the milk data and, if so, that the resultingthyroid dose should be 

calculated assuming inhalation only. If no one was aware of this 

possibility, it is rather a remarkable coincidence that the 

internal evidence in the paper suggests a sophisticated knowledge 

of both the release magnitude necessary to explain the high milk 

* data and the pathway to humans that would be appropriate to use 

for dose calculations. 

In any case, whether by accident or not, it appears that 

a calculation exists in the literature that can be used to assign 

(continued from previous page) 
times higher than the dose to the whole-body (assuming a deposition 
velocity of 0.01 m/ sec., as was assumed in the paper by Berger 
et al., and a ground shielding factor of 0.33). 

Consequent~y, it is difficult to see how only a 56-to-l 
ratio could have been calculated by the authors if the milk 
pathway were actually included. Furthermore, evidence is avail-
able that it is the 90,000 person-rem thyroid number that is 
inconsistent rather than the whole-bOdy number. In fact, the whole
body number can be used to correctly predict the thyroid inhalation 
dose given in the · Pickard, Lowe and Garrick, Inc. paper. (1600 
person-rem times an inhalation/whole-body ratio of 78 to l implies 
an inhalation dose of 125,000 person-rem for every 10,000 curies 
released. For 15 curies released the prediction would be 199 person
rem, a value which is quite close to the inhalation number given by 
Pickard Lowe and Garrick of 180 person-rem.) 

*As discussed 1n Section 3.6, a release 720 times 15 curies, or 
10,800 curies, would lead to sufficient radioiodine in milk to 
explain the data. 
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a thyroid dose (90 , 000 person-rem) to the rel ease hypothesis 

discussed in Section C3.6. However, until f urther discussion of 

these matters can be held with the various r e s e archers who have 

made thyroid dose calculations {perhaps at the proposed dosimetry 

workshop), it would be premature to make any de finitive state

ments . Consequently, discussion of thyroid dose has been con

fined to this section and not mentioned in t he main report • 

It should be noted that the paper by Berger et al. concluded 

that 90,000 person-rem would cause less than one case of thyroid 

disease (0 .36 cases to be precise). However , this conclusion 

........ " 
~· .. \.';..,_ ...... ~ 

appears to be based on an i ncorrect interpretation ofthe dose-effects 

coefficient used to make the calculation (f our cases per million 

exposed persons per year per rem). The 0.36 number, which equals 

4 x 10-e x 9 x 104 , is in reality the number of cases per year, 

not the total number of cases. To calculate the total number 

expected over the life of the exposed population, it woul d be 

necessary to mult i ply 0.36 by an appropriate "pla teau" period-

possibly 20 to 30 years~ Discussion of this calculation would be 

warranted at the proposed dosimetry workshop. 
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Appendix D 

Quantitative Comparison of Inhalation and 

Ingestion Pathways in Cows 
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TECHNICAL APPENDIX 

This technical appendix provides an e s timate of the 

rat io between the amount of radioiodine enter ing cows' 

milk via i ngestion of vegetation and t he amount of radio

iodine entering cows' milk via inhalation . The advantage of 

comput i ng a ratio is that it is independent of location and the 

airborne concentration of radioiodine . 

Th e first step in the calculation involves determining 

the ratio between the number of curi es ingested by a cow and 

the number of curi es inhaled. Table D-1 shows the results for 

a pa rticle wi th depos i tion velocity o f 0.01 meters/ second . 

Tables D-2 and D-3 outline the terms that enter the calcula-

tion . 

The next step in the calculation involves deci ding whether 

inhaled radio iodine is less likely, more likely, or j ust as 

likely to enter mil k as ingested radioiodine. Based on a 

discussion with Frances Kallfelz of the Large Animal Clinic 

at Cor ne ll University's Veterinary College, it is assumed 

that the amount of radioiodine brea thed is as likely to end up 

* i n milk as if it were ingested. Experimental evidence has 

been located that supports this statement. ** 

*Private communicat ion, 2/ 9/ 1983 

**As r eported i n the paper by Baker et al . (See Bibl iography) , 
Voil l eque found that inhalation of 0. 74 microcuries of radio
iodine over a hal f hour period led to a peak milk concentration 
(c ontinued on next page of text .) 
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Table D-1 

i~----- __ Ratio of Curies In?ested to Curies 
.· ·. .; lOt of Their Food rom Grazing 

Inhaled for Cows Obtaining 

: . 

.. . 

. · 

.. 
· , . 

Ratio for "5-micron" particle • 18000 V a ) • l80b) 
d 

a) As shown in Table D-2. Vd is the assumed deposition velocity . 

b) Deposition velocity of 0. 01 meters pe.r second is assigned to a 
5 micron particle in the paper by Berger et al. / Berger et al, 
•population Dose Estimate from a 4Hypotheti cal Release of 2.4 x 106 
Curies of Noble Gases and l x 10 Curies of l3lt at the Three Mile 
Island Nuclear Station, Unit 2" (Oak Ridge National Laboratory, Oak 
Ridge, Tennessee, ORNL/TM- 7980, (September 198117· 
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Table D-2 

Factors I nvol ved in Calculating the Ratio of Curies Ingested 

by Cows to Curi es Inhaled by Cows (for Cows Obtaining 10% of 

their Food from Grazing)a) 

Desired Ratio • Curies ingested as calculated in Table o-3 

Curies inhaled b) 

bX b 

where b = cow breathing rate which we take 
to be .0014 cubic meters/secondc) 

Vd2 deposition velocity in meters/ second 

X • integrated air concentration in units 
of curies per c ubic meter multiplied 
by exposure time. 

a) Assuming a burst release of radioactivity rather than a 

cont i nuous release. The rat i o would change slightly for 

a c ontinuous release. 

b) The number of curies inhaled is simply equal to the 

b r e a t h ing rate multiplied by the a i r borne concentration 

mul t i pli ed b y the exposure t~e . 

c ) Based on relative metabolic rates calculated by taking 

r a tio of wei ghts to the 3/4 power, i.e. 

k g (weight of average dairy cowj 3/ 4 

70 kg (weight of average human) 

the 

(Pri vate communicati on from Francis Kallfelz, Veterinary College, 

Cornell University , 2/ 9/ 1983.) The breathing rate for humans 

has been t aken to be 2.7 x 10-4 meters/ second. (U.S. NRC, Reactor 

Safety Study . ) 
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Table D-3 

Calculation of Curies Ingested by Cows Using Parameters in 
Pap~r by Berger et al (lO\ of Cows' Food Coming from. Grazing) 

The amount of radioiodine deposited per square meter vdx 
(X • integrated air concentration in units of 
curie-seconds per square meter) 
(Vd • deposition velocity in units of meter/second) 

Fraction of curies deposited on grass 

Amount of kilograms of grass per square meter 

(Dry) kilograms of grass ingested by cow per day 

(Dry) kilograms of forage assumed ingested per day 
at TMI in paper by Berger et al 

Curies ingested in first day: 

1.56 x 0.57 x vdx • 3.2 vdx 

0.28 

0.2aa> 

15.6a) 

1.56a) 

Total curies ingested in all days l::i • 7. 6 x 3. 2 V dx 

a) From Appendix B of C.D. Berger, B.H. Lane, S.J. Cotter, 
c.w. Miller, S.R. Glandon •popu~tion Dose Estimates from a 
Hypothftical Releaae of 2 . 4 x 10 Curies of Noble Gases and 
1 x 10 Curies of 131 I at the Three Mile Island Nuclear Station, 
Unit 2•. (Report ORNL/TM-7980, Oak Ridge National Laboratory, 
o. ak Ridge, TN, September, 19 81. ) 

b) 7.5 days is the combined environmental meanlife of the 
Iodine 131 (Radioactive meanlife • 11.5 days; weathering meanlife• 
20 days according to paper by Berger et al. ) 
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Having made the assumption that the s ame proportion of 

radioiodine inhaled or ingested enters cows' milk, the r atio 

of 180 given in Table D-1 can be ·applied d i r ectly to deter

mine the ratio of radioiodine in milk for the two _i>athway_:;_, _ _ 

i.e., a cow obtaining lOt of its food from nearby grass con

taminated with radioiodine is projected t o end up with 180 

times more radioiodine in its mi~k than it would if it only 

breathed radioiodine. Obviously to make a calc~ation of this 

sort, numerical values for a number of parameters must be 

chosen . TO be consistent with the use t o which the calcula-

tions have been put in Appendix C, the parameters have been 

matched with the paper by Berger et al. whenever possible. 

(continued from last page of text) 
of 1400 picocuries per liter, decay i ng thereafter with a two 
and one half day huf life. Assuming t hat the rise time before 
the peak is one day, the total radioiodi ne leaving the ·cow in 
the form of milk is .066 microcuries, or 0.8% per liter of 
the ingested quantity. This percentage is very close to the 
1% per l i ter measured for ingestion. USNRC, Reactor Safety 
Studx, 1975, Figure VI-E-8. However , no information about 
part~cle size for the radioiodine used in the experiment by 
Voilleque was available. Conceivably , t he results might not 
hold for all particle size cases . 
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Appendix E 

Radioiodine Releases from the Secon daryLoop 

During the TMI-2 Reactor Accident 

In investigations of the TMI- 2 accident, 
little or no attention has been g i ve n to the 
possibility of radioiodine emissions from the 
secondary side of the reactor. This appendix, 
produced by Dr. Thilo Koch, considers how a 
model developed and utilized i n Germany may 
be adap ted for use in further TMI investiga
tions when the necessary additi onal data has 
been collected . 



--- - ---- ----- - --·- -----· ---- ·-- -~ ... ------ --

... .... .. ·' . . . ~ .... . . 

. . . · 

.. 

·. 

_, 

.. 



. :_ .. ~----------- ----~-- · - . -- . --~--- ... ·- - - - _._.- ·--·- . --.... 
-· .. -. . ~ 

. ...... . __ ...... _ .. ~...._ ... _~ -

.. 

.· . " . . 
• J 

. . 

. . -:·~ 

.. .. .. 
. ' 

. · :· 

Introduct ion 

Due to the hi gh chemical and biological act i v i t y of iodine, r e 

leases of rad ioi odine from a nuclear power p l ant ma y constitut€ 

a ma jor pub l i c health risk. The radioiodine r e leases to the e n 

vironment dur~ng the Tl-1!-2 accident therefore need to be c l o s ely 

investigated. 

Before dose assessment can be accomplished, the f ol l owing question s 

require an s we r s: 

1 . now much radioiodine ( iodine 131 «nd iodine 129) w.ls 
re l eased? 

2. When were the iodine isotopes released ? 

3. What release pathways contributed signi f icantly to 
the total amount released? 

In terms of quest i on three, a number of release pathways fo r ra

dioiodine hav e so far been considered in some de t a il. Data records 

and follow-up i nquiries indicate tha~ secondary c ooling loop em4s

sions o f radioiod ine and pe rhaps other relevant radionuclide s 

should be ~ncluded in the investigation on the adequacy of the 

TNI dosime t r y . 

Having dealt with secondary cooling loop emiss i ons of Germa n PWRs 

in the course of an elaborate research study finance d by t he Fe

deral Department of Research and Technology, we were asked t o in

vestigate whether or not quantitative information on rad~oiodine 

releases from the TMI-2-secpndary cooling loop c ould be d e v e loped. 

On the basis on the NSAC-30 Report on Radioiod i ne and the Rogov~n 

Report, Vo l . II, part 2, we have attempted t o de fine the problems 

involved wi th the quantification of secondary loop e m4SS4ons du

ring the a ccident. 

Before going into the details, it should be noted , that the com

plexity of the secondary loop necessitates the use of a computer 

simulation co de, derived from a refined and deta ile d secondary 

circuit motlC! l , i f ~ somewhJ. t accurate analyGis of tht' secondary 
loop erni ss4on is desired. Whether a detai led analysis ~s des~rable 

or not, depends on the significance of this release path as com-



: , ... . . 
.. ' • 

. : ·: · .. 
., ... 

.· 
- - --.. . .; 

-· • t 

-- ~ 

·- .: .. 

:;. -

- : . 
.... • - ! . , . .... 

.. 

accurately known, the significance of secondary loop emissions 

may be based on rough estimates. 

In the above mentioned IFEO-study the detailed computer simulation 

code SEKEM 4 was developed and successfully tested for the German 
' KWU-Biblis B powerplant. Princi9ally the variability of SEKEM 4 

allows for the computer code to be applied to the TMI-2 secon

dary loop. 

In the following sections of this study we will attempt to point 

out: (1) what data is basic for a rough estimate on radioiodine 

releases from the secondary loop; and: (2) also what programming 

effort is needed to apply the SEKEM 4-code to the TMI-2 secon

dary loop. 

There are four factors that essentially determine the quantity 

of secondary loop emissions of radioiodine: 

1 . primary loop concentration 

2. steam generator (SG) leakage 

3. decontamination factors in both the primary and the 
secondary circuit 

4. mass flow rates in the secondary circuit 

Accordingly the four following sections shall point out the prob

lems of obtaining rough estimates and the feasibility of a detai 

led analysis. 
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1. Quantific ation of primary loop radioiodine c oncentrations 

In order to derive at secondary loop releases , the specific 

activity of radioiodine or its concentratio n in the primary 

coolant must be known. Under normal operati on conditions, this 

poses no great problem, since the radioiodi ne content inside 

the fuel rods may be calculated using the ORIGEN-cnde, and 

the primary coolant concentration is usually calculated as 

an equilibrium value assuming 1\ fuel rod leakage . 

As the Rogovin Report illustrates, the reac t or cooling system 

(RCS) behaved much differently during the a ccident, and with 

respect to the specific activity of radioiodine the following 

problems need to be resolved: 

1. There was a reactor scram, and the fission induced produc

tion of radioiodine within the fuel ceased, altering the 

equiiibrium source-term conditions. Furthe rmore the RCS 

underwent numerous and drastic pressure a nd temperature 

gradients (spikes) which influenced the f uel rod leakage. 

Spiking factors of 50 to 100 for I-131 d u r ing power · ramps 

in other PWR were observed. The fuel damage finally caused 

an additional activity spike by several orders of magni

tude. 

l·le therefore found an irregularly spiked t i me-dependent 

radioiodi ne input function into the reactor coolant water 

and steam, with a marked jump after approx. 3 hours into 

the accident. lihen heavy fuel damage occured, the release 

of radioi odine was no longer diluted t o t he fluent water 

coolant but to the gas and steam bubble . 

2. Parallel to the time-dependen~ fuel rod i nput functions, 

the rapid changes in mass flow (let-down, make-up and coo

lant flowed through the stuck open PORV) prohibited equi

libratio n of radioiodine in the RCS. Therefore the specific 

activi ty of radioiodine varied not only in time but also in 

space during the accident. To assume a prima ry steam gene

rator concentration equal to that in the r eactor coolant is 
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tenuous at best and .leads to an overestimation of the 

secondary loop releases. 

3. Considering the specific radioiodine activity entering 

the SG it must bC kept in mind , th~t for longer periods 

of time the RCPs were not running, mass flow through the 

OTSGs was low, with considerable amounts in a stea~ phase, 

thereby changing the leakage characteristics of the SGs. 

On the basis of the information at hand, it does not seem 

feasible to derive a sound time dependent radioiodine con

centration inside the OTSGs. Moreover it is aoubtful whether 

this is possible even on the basis of accident data records. 

In terms of a rough estimate, one would perhaps assume the 

following: The coolant Iodinc-131.concentr~tion cqu~ls 

approx. 10
4 ~Ci/ml on 3/29/79, according to NSAC/30, through

out the primary loop (ignoring space and time variations). 

Without having seen the available data records, it is impos

sible to give a fairly good estimation error range. To be 

on the safe side at least one order of ma~nitude should be 

envisaged. 

Regarding the applicability of the SEKEM 4 code, we may eithec 

use a time-constant radioiodine concentration of the primary 

coolant and neglect all steam phase phenomena, or a time

dependent concentration function. In both cases thorough 

analysis of the data records is required . 
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2. Quantifica tion o f steam oenerator leakases 

The second b asic parameter to be quantified is the steam 

generator leakage. Under normal operation, imply~nq a small 

leak r ate, the leakage may be calculated back from main 

steam a nd measurements of radioiod i ne concentrations in 

the de mi neralizer. This calculation n ssumes a certain pres

sure and temperature dependent decontami nation factor in 

the SC and , of course, the mass-fluxes. L<1rgc leakages should 

lead t o a scram and may be calculated by comparison of the 

pr~ssure h i s tory in both the primary and the secondary SG

v olumes. 

7 a king the TMI-2 accident into account, the following pro~

lems arise : 

1. The pressure and temperature history of both th~ primary 

and the s eco nd ary SG-vo! umes need to be kno'm l.n oc~er 

to derive t h e leak-rate c;ov.~rning diffE>rential pressure 

a cross t he SG-tubing. 

2 . The l eak rate alters with a change in fluid dynamics, 

e.i . a change in coolant phase. Both SGs boiled dry re

peat edly with the water level changing over the whole 

l e n gth of the SG-tubes (presumably lea ving the leak un

covered with water). As stated in t he first section , pri

ma r y coolant circulation was irregular, natural circula

t ion d i d not occur until late into the accident . Additio

nally t he hot leg was repeatedly s uperheated and the 

SG-tube s were filled with steam f or some time. 

3 . Only insuffic i ent measurements o f radioiodine activity 

in the seco ndary loop are reported . To be corre l ated 

with the t ime-dependent pressure difference, the mea

surements seem to have been too f e w and at the wrong 

place (no steamQine measurements are mentioned i n the 

reports) . 

Even t ho ugh the time-dependent pressure difference of the 

SG t ubin g eventually may be derived from available data re-
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cords, the rapid char.ges in the coolant phase altering 

the fluid dynamics, coupled with the lack of refiable in

formution on the rudioiodine activity in the muin steam, 

make it a difficult task to estimate the time-dependent 
* leak rate of OTSG B . 

An estimation of an average leak rate for OTSG B on the 

basis of the two reports is not feasible for us at the mo

ment . 

Provided a time dependent leak rate could be estublishcd, 

some adjustments in the computer code SEKEM 4 would be ne

cessary and feasible • 

OTSG A is said to have been tight although there is no re

liable proof of this assumption in the reports . 
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3 . Quantificat~on of radio iodine decon t a mination f actors 

A t ho r o ugh evaluation of secondary l oo p r e leases of rad~o~o

dine must take into account the prevailing iodi ne decontam~

nati on f actor s (OF ) in both the primary and secondary loop. 

S ine~ decontamination factors are a funct i on of t he time- de

pendent p r essure and temperature, they t oo become time- depe nd

ent. 

The IFEU-study on secondary loop emissions inc lude s a theo

retical model on phase distribution a nd decontamination f a c

tors, which shows that the OF depends on t wo distribut~on fac 

t o r s : the mass dist r ibution factor, which gives the quantity 

of steam o r water a s a f raction of the t otal massflow, and : 

t he a ctivity d~stribution factor, which g ives the quant~ty of 

a c ertain nuclide in the steam phase as op pose d to the liqu~d 

phase. The first facto r is closely related to the so-called 

"residual moisture• and is h i ghly dependen t on pr essure, tem

perature and humid i ty. The second factor is determined by the 

chemical and ph y sical properties of t he nuc l i des. 

Obv iously it wi ll take some careful s tudy of the data reco~ds 

t o develop the pressure and temperature h i sto r y and to der~ve 

from it, e s timates of the •residual moistureH necessary to 

quant ify the OF . As the OF-values range from 1 to 10 4 , s e condary 

loop r e l e a ses may easily be over- or underestimated. For con

servati sm t he OF in the primary loop may be set e qua l to 1, ~m

plying t ha t there was no decontamination betwe e n the liquid a nrl 
+ gas phase, a n d i n the SG equal to 10 - 100 ' t o account for the 

possibility o f dehumidification process e s . 

Wi t h r espect to the OF, application of the SEKEM 4 code poses no 

proble m. Although the code normally calc u lates the OF at dif

ferent parts o f the circuit, present values may be easily in

serted. 
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4. Secondary looo circuitry and quantification of mass-flows 

The radioactivity in the primary and secondary loop is carried 

along by the coolant-water or st~am. Under normal operating 

conditions, a high-mass flow of the primary coolant guarantees 

good ~ixing and quick equilibration of the radioactivlty from 

the fuelrods. High massflow within the secondary loop leads to 

higher releases of steam from the high pressure drainage de

pressurizer and the degassing of the feedwater tank. High steam 

releases are identical with high releases of rad ioactivity in 

case of SG leakages. In order to determine steam releases, the 

mass-flow rates in the secondary loop must be known (mass flow 

rates in the main steam lines, feedwater line, condenser and hot

well etc.). 

During accident conditions with a scram and turbine trip, the 

SGs are used as main heat sinks. With a turbine trip, the main 

steam is directly bypassed to the condenser. If the condenser 

is not operating, steam can be released to the atmosphere through 

the atmospheric dump valves. 
I I 

Since mass-flow data are not directly available, they must be 

reconstructed on the basis of the data records. The following 

problems need to be especially considered: 

1. Is the evidence, that only OTSG B was leaking, conclusive? 

2. Both steam generators boiled dry, with the OTSG A boiling 

dry twice. Did this affect any steam releases from the high 

pressure system and/ or the feedwater degassing? 

3. Two periods of atmospheric steam- dump can be - recognized 

(Color Plate III, Rogovin Report Vol. II), the first lasting 

two hours, the second nearly five hours. 

How much steam was released during the atmospheric steam-dump? 
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Reconstruct ion of the steam-dump may b e pos sible, if the 

combine d i n formation on feedwater input and seconda~y side 

water lev e l is carefully analyzed . 

4. What i s the feedwater input history of both steam generators? 

5 . At what time did the leak in SG B occu r ? The analysis of the 

charco a l cartridges of HP-R-219 does no t p rovide this impor

tant information s i nce the sampling t ime was too long. In 

fact , a considerable radioiodine release during the first 18 

hours due to atmospheric steam dumping could not have been 

registe r e d by the HP-R-219 monitor located in th~ TMI- 2 stack, 

and would even have reduced the concentra tion results of the 

first sampl ing period. 

Although the a c c i dents progress is well described in the Rogovin 

Report, it does not answer the above ques t ions and mass-flow 

rates cannot b e deduced. A steam generator mass balance between 

feedwate r i nput and mainsteam output (eith e r to the condenser 

or throug h t h e atmospheric dump valve) cannot be undertaken 

on the basi s o f the reports at hand . Furthermore the signifi

cance of steam releases during condenser ope ration cannot be 

conclude d without some knowl edge of the time-dependent circuitry 

and ma s s - flow ra t es. 

Great attent ion must be paid to the atmospheric steam dump (see 

next sectio n ) . In attempting a rough estimate for the SG B steam 

dump dur ing t he f i rst dumping period, we would calculate a low 

release of 8 000 kg of steam, coolant capacity of 25 000 gal and 

a temperature of approx. 550° F , assuming a boiling dry of SG B 

with a 5% operating range. The a ctual steam release could have 

been much higher but even for a rough es timate more detailed 

studies are necessary . 

In respect to the SEKEM 4 code we see no real problem i n apply

ing the code to the TMI-2 block. 
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5. The Quantification of secondary loop radioiodine concentrations 

Given the primary circuit concentration, the leak-rate of the 

steam generator, the decontamination factors and the mass flows, 

the secondary loop concentration can be calculated by employ

ing the SEKEM 4 code. 

According to the NSAC 30 Report, iodine 131 was measured in secon

dary liquids and the condenser off- gas- monitor indicated that 

OTSG A was "tight" (having concentrations of less than 3 x 10 - 3 

~Ci I 131/ml) and the OTSG B was leaking, (having concentrations 

ranging from 2.2 to 7.9 ~Ci I 131/ml). The report does not say 

where the liquid samples were taken and what kind of analyis was 

done . It is concluded that the activity in the secondary liquids 

was 440 Curies and the concentrations was 4.0 ~Ci /ml, taking 

about 95 \ of the capacity of the secondary side e.i. 25 000 gal 

into account . 

The rise of the radiation level detected by the condenser-off

gas-monitor is believed to have been caused by a 7 second open

ing of the OTSG B to the rest of the secondary loop, leading to 

a sharp r ise from back~roundlcvcl and a gradual decrcas~. Al

though the samples of the secondary liquids were measured two 

days after the accident, the difference in radioiodine concen

trations in OTSG A and OTSG B strongly indicates that there was 

no substantial leakage of OTSG A. On the basis of these measure

ments it could be concluded that the total I 131 activity in 

the secondary loop was 440 Curies trapped in the steam generator 

B, thus defining an upper limit to secondary loop releases . 

Compared to the measured I 131 inventory of the various water 

tanks of a total of 2.3 million Curies, 440 Curies in OTSG B 

seem negligible. But assuming only a 10 t release of the second

ary loop inventory, this is nearly three times the 15 Curies 

of iodine supposed to have escaped the reactor (NSAC 30); and 

even a 1 ., release of the 440 Curie secondary loop actl.Vity 

would still amount to a 30 % increase of above the 15 Curies 

radioiocine release. 
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Using the l ow rough estimate of 8 000 kg released during the 

first atmospheric steam dump of SG n (sec section 4) and ~ssum

ing a steam concentration of 4 ~Ci/ml, a radi o iodine release of 

32 Curie can be arrived at , which is double t h e total I 131 re

lease assumed in the Rogovin Report • 

These figures should be understood in a more q ualita tive way. 

Under real i stic assumptions the secondary loop releases of rad i o

iodine may be of the same order of magnitude as the total re

leases taken into account, without consideri ng the secondary 

loop. 

With appropr i ate data, the SEKEM 4 code c ould calculate how much 

of the 44 0 Curie I 131 secondary inventory was f~nally released 

to the env i r o nment • 
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6. Conclusion 

In the event of an accident, all fac tors , relative to the quan

tification of secondary loop releases of radioiodine, are time

dependent and vary at different locations in both the primary 

and the secondary loop. A calculation of secondary loop releases 

on the basis of the Rogovin Report (Vol . II, Part 2) and the 

NSAC 30 Report alone does not seem feasible . Uata records during 

the accident and follow- up studies must be carefully analyzed 

in order to develop convincing quantitative information. On the 

basis of already developed time-dependent functions, the !FEU

computer code SEKEM 4 may be utilized for a sound determination 

of the TMI-2 accident secondary loop releases of radioiodine. 

Although some program adjustments will be necessary in order to 

model the TMI-2 facility correctly, from the present outlook, 

no principal difficulties should arise • 

Secondary loop releases of radioiouine have so far been neglec

ted, seriously underestimating the significant contribution 

of those releases. In fact rough estimates on the basis of the 

Rogovin Report and the NSAC 30 Report show that the secondary 

loop releases may be of the same order of magnitude as the to

tal releases that have so far been officially reported. Further

more, many other radionuclides endangering human health also 

need to be considered in terms of secondary loop emissions, if 

the TMI accident dosimetry is to be accurately reconstructed . 
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Appendix F 

A Review of the Cleanup 

of Three Mile Island Unit 2 

Reade rs should note that this appendix 
was compl eted before the NRC r evised upwar d 
its estimate o f the occupational radiati on * 
exposure tha t wi ll result f r om the cleanup . 
Although it was anticipated that the NRC 
would increase i ts 2 , 000 to 8, 000 person-rem 
estimate , t he s i x- fol d inc rease (to 13 ,000 to 
46,000 per s on- rem) was more than expected. 

* Supplement to t he NRC's Programmatic Environmental 
Impact Statement (Report NUREG 0683 , Supplement tl, 
December 1983). 
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Thompson Associafe5 
Consulting Scientists and Engineers 

639 Massachusetts Avenue, 3rd noor 
Cambridge. Mass. 02139 

Tel: (617) 491-Sii-

A Review of the Cleanup 

of Three Mile Island Unit 2 

by 

Gordon Thompson 

assisted by 

Howard Gold 

10 May 1983 

·~ - - ·· .. -· __ ... - -- '-···-, ·· . ._.. ..... 

A report submitted to Jan Beyea, agent for the 

Three Mile Island Public Health Fund Advisory Board . 
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1. Introduction /Sl®mary 

The purpose of this review was to determine the public 

health significance of actual and potential events associated 

with t he c leanu!·· , so as to assist the board in its allocation 

of research budgets. 

Based on an extensive review of relevant documents, we 

have selected SIJbjects which warrant more extensive study . 

None of these items appears to have maJor public health im

plications, excapt for some potential severe accidents . One 

subject (dispo~al o= processed water) has socio-economic and 

psychological stress icplications. 

The body of this report is supported by four appendices, 

addressing: major documents, cleanup schedule, occupational 

exposures, and offsite waste shipments. 

2. The Investigators 

The principal investigator for this review was Gordon 

Thompson, consultant in energy, environment, and 1nter

national security issues . 

Research assistance was provided by Howard Gold, who 

is completing a graduate program in Urban and Environmental 

Policy at Tufts University. Gold has served as a consultant 

to firms doing work on hazardous and low-level radioactive 

waste management, and energy policy analysis. 

3. Documents Reviewed 

A sequential list of the major relevant documents is 

given in Appendix A. Of these document.s, the most compre

hensive is the NRC's Programmatic Environmental Impact 

Statement (PEI-9) , issued in l-larch 1981 . (l) 

An additional key source is the series of weekly reports 

issued by the NRC's TMI Program Office. Unless referenced 

otherwise, data cited in our review have been taken from 

these weekly reports. 



. '1.:~.:· ~- ... 1' , , , .. . . . . . . . 
. . ' i 

. ' 
;1 

• J .· 
• & : .._. : .. 

' ... 

.. ~.. ... • t 

. -. . .. 
... . _ ~ ·•. 

.. ·· . .. " . 

. ' . : ··. : 

·, 

... 

.: 

. ; .·.:. ...... - _ .. "~-" - ... ·- .. · . ·· - . • : .. . . .;. . .. ~ .! t."' ...... • .. ~ . ; •• ·-~_..:... .... 

F2 

4. Cleanup Schedule 

A comparison of the projected and achieved s~hedules 

is provided in Appendix B. Without the devotion of consid

erably greater effort, it was not possible to estimate the 

degree of completion of the various ongoing tasks. However, 

based on the completed milestones, it seems that the sche

dule projected in the PEIS (see Figure B.l) was not grossl~ 

in error . 

It should be noted that contaminated areas in the 

auxiliary building and in the reactor building have been 

bypassed (see later discussion of shielding in the reactor 

building). Decontamination of these areas may present dif

ficulties in the future. The director of the NRC's TMI 

Program Office has pointed out that radioactivity tends to 

"soak into" concrete surfaces and to bond to corrosion 

layers on metal surfaces(2 ). 

The schedule for removal of the reactor vessel head 

has been delayed due to two circumstances: 

* high radiation levels under the head may prevent the 

previously envisaged "dry" head lift 

* NRC has disapproved the licensee's procedures for 

load testing and operation of the polar crane (see 

our later discussion of alleged unsafe practices). 

5. Occupational Exposures 

The P~S projected a cumulative dose of between 20 00 

and 8000 person-rem for the entire cleanup , with the great

est exposure for any cleanup phase occurring during decon

tamination of the reactor building. 

Appendix C provides a comparison of projected and 

actual worker exposures. As for the overall cleanup sche

dule, it was not possible for us to estimate the degree to 

which ~9tual experience has matched the projections. However, 

it does appear that doses will exceed 2000 person-rem . 

From May 1st, 1979, to the end of 1982, workers at TMI-2 

accumulated 1258 person-rem of exposure . 
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Exposures at TMI appear to have been lower than at 

typical operating nuclear plants. For 1 981, NRC data 

show 201 person-rem at TMI-1 and 146 pe r son-rem at TMI-2, 

c .ompared with 779 person-rem at the avera.•Je operating 

LWR (see Appendix C). 

According to GPU, almost 5 million pe r s on-hours of 

labor have been expended at TMI-2 from 1980 through 

1982, with no employee receiving more t h an 5 rem per yea r 

(compared to four such exposures at the a~erage PWR) ( 3 ). 

Inside the reactor building, a shielding program .,,as 

initiated early this year, to reduce wo r ker e x po sures (see 

Appendix C). Although this has been eff ective in the short 

run, the radioactivity must be removed eventually (see our 

previous discussion on the effect of delay ). 

6. Environmental Monitoring 

NRC operates an on-site continuous air sampler and 

publishes weekly results for the concentr a t ions of I -131 

and Cs-137. These have typically been les s than 8 x 1~- 14 

microcurie / cc . 
'I NRC also operates a TLD direct monitoring network, at 

59 off-site locations. Two sets of TLD's a re placed at 

each location. Each set contains two l ith ium borate and 

two calcium sulfate phosphors. Both sets are read on a 

quarterly basis (Prior to July 1, 1981 the TLD change fre

quency was monthly). Readings have consistently indicated 

levels which are not above natural background. 

The licensee operates a monitoring .p r ogram, as des

cribed in the PEIS (Chapter 11). This inc ludes an on-site 

groundwater monitoring program, using wells as shown in 

Figure 1~ 

Peri odic sampling of TMI groundwater began in January 

1980, in an effort to detect any potenti a l leakage from the 

contaminated water in the basement of the r eactor building. 

Such leakage has not been detected . The p r ogram did iden

tify some groundwater contamination wh i c h was attributed to 

-·- .. .--·-
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leakage from the borated water storage tank (BWST) . 

Pre-'t'MI monitoring data suggestl:liett surface water, 

drinking water , and precipitation in the TMI area will 

normally contain an average of 300 picocurie/1 of tritium 

(with values as high as 600pCi/l with~n the expected range). 

The highest TMI ground·..,ater contaminc.tion was recorded in 

test boring 17 on March 23, 1982, witn tritium at a level 

of 1.1 million picocurie/l. This cau :Oe compared with the 

maximum permissible concentrations of 3 million picocurie/1 

in unrestricted areas, and 20,000 picocurie / 1 in drinking 

water. 

Although tritium is the predominant radioisotope de

tected in the groundwater, sporadic trace levels of radio

active cesium (Cs - 134 and Cs-137) have been detected in 

test boring 2. On June 1, 1982, 11 picocuri e / 1 of antimony-

125 was detected in test boring 17 (concentration . was re

ported to be just above the lower limit of detection). 

Subsequent samples from this boring did not show detectable 

antimony. 

EPA operates an extensive monitoring system, as des

cribed in the PEIS (Chapter 11). Radiation has generally 

been at background levels except during periods of krypton 

venting. 

DOE, the Commonwealth of Pennsylvania, the State of 

Maryland, and a number or local communities operate a 

variety of monitoring systems, also described in Chapter 

11 of the PEIS. 

During the krypton venting in June ·and July, 1980, it 

appears that official monitoring may have been deficient . 

The group, Accord Research and Educational Associates Inc., 

by measuring Sr-90 to Kr-85 ratios in the plume at (moving) 

points of high concentration, estimated that 7 millicuries 

of Sr- 90 and 20 millicuries of Cs-137 were released during 

the venting. (4 ) EPA air sampling evidently relied on fixed 

sample points. Incidentally, these estimated releases are 

much greater than those shown in the PEIS (Table 10.1), 
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whi ch i ndicates a tmosphe ric releases during decontamin

ation of the reactor b uilding a t 5 microc uries of Sr-90 

and eo m~crocuries o f Cs- 137 . 

7 . Off- Lite Ra dioa c t ive Waste Shi pments 

It was f eare d at one time that t he THI site would 

become a 16ng-term interim storage site for various radi o 

active wastes which could not meet regulations f or shallow 

land b~rial . DOE has now agreed to take these wastes, i n 

the f orm of demineralizer resins, damaged fuel , a nd fuel 

debris , for research and devel opment purposes . 

rippenei x D p r ovides a compari s o n of pro j e cted and 

~ctual shipments . As for other areas o f our review, it was 

not possi ble to accurately compare p r ojections and achie ve

ments . It appears , however, t h at the nature s and numbers of 

shipments are general l y falling wi t hin the bounds laid out 

in the PEIS. 

The fate o f this materia l , while i n DOE hands, is a 

ma tter deserving of f u rther co ns ideration . 

8. Disposal of Processed Water 

At the con c lusion of the cle an up, when al l con taminated 

water has been processed, there will p r oba bly r e main a bou t 

1.5 million gal l on s of water c o nt a i ning radio nucli des a s 

shown in Table 1 . 

The PElS devoted c onsi derabl e a t tention to various op

tion s for disposing of this triti um-contami nated water . 

Table 2 summarizes tho se options, with t he NRC's est~ate of 

off-site dos es i n s ome instances . 

As for the krypton venting, i t c an be e xpected that 

there will be public concern about dispos al options invol

v i n g releas es to t he l oca l envi r onment . It will be reca lled 

t h a t t h e c ity o f Lanc as t er and t he Susquehanna Valley Alliance 

wen t to court to preve n t the l i c ensee from commencing the 

discha rge of thi s water to t h e Susqueh anna r iver in 1979. 

Even if the NRC's estimate of 30 pers on-rem of expos u r e 

(see Table 2 ) f or local releases is c o r rec t, t here may be 
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significant socio-economic effects and psychological stress . 

Economic effects on Chesapeake Bay fisheries deserve par

ticular consideration . 

For completeness, it should be pointed out that the 

Savannah River Plant typically releases about 350 thousand 

Curies of tritium annually. (5 ) 

9. Potential Accidents 

While substantial quantities of radioactivity remain 

on site, there are possible accident scenarios whereby a 

release of major public health significance could occur. 

Perhaps the most serious of these scenarios are those 

involving criticality, fire, or loss cf water from the pri

mary circuit or refuelling canal, during the defuelling op

eration. As Snyder (NRC) has pointed out, such events have 

a small, but non-zero, probability( 2 ). 

In the context of atmospheric releases from such acci

dents, it is worth noting that the present practice is to 

leave the reactor building doors open during personnel 

entries. 

In May, 1982, a health physics technician was unable to 

leave the building due to jamming of airlock doors (freeing 

the doors took nearly an hour). Procedures have now been 

modified so that the personnel airlock in the equipment 

hatch is used for ingress, while both doors of the other air

lock will be kept open during building entries, in order to 

expedite worker egress. 

. 

It is intended to keep both airloc~open during future 

entries, as the tempo of work increases. The potential of 

this practice to lead to atmospheric releases of radioactivity 

during accidents deserves further consideration. That poten

tial would be even more significant if the equipment hatch 

were opened, as might be envisaged at some stage of defuel

ling and primary circuit decontamination. 

Warning has been given to the NRC of the dangers associ

ated with the possible existence of zirconium hydrides in the 

core region (and perhaps elsewhere in the primary circuit) (6 • 7 ) 
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These hydr i des, in powder form, may react violently with air. 

Altho ugh the NRC regards such an event a s unlikely (see 

pag~ 13-80 of the PEIS), this matter also deserves further 

consideration . 

10. Allega tions of Unsafe Practices 

Beginning in March this year, there have been various 

press reports about such allegations made by existing and 

past employess of the licensee. A heari ng was held before 

the Subcommittee on Enerqy and Environment , House Interior 

and Insular Affairs Committee, on April 26th. 

The most serious allegations concerne d load testing 

and operation of the polar crane in the reactor building. 

This matter is relevant to our previous discussion of poten

tial accidents because the dropping o f a heavy load (eg the 

pressure vessel head) could initiate an acc ident . 

Based on the l~ited review we have undertaken, it is 

not possi b l e to pass judgement on the s afety of current 

practices . 

11 . Recommendations for Further Study 

The major task which we recommend can best be descri bed 

as oversight. We propose that a single i ndividual should 

become familiar with the cleanup and f ollow a number of its 

elements . In addition, we recommend t wo l esser tasks: 

reviews of the disposal of processed water, and of the dis

positi on of high-active wastes by DOE. 

The tasks would be as follows: 

(i ) Oversight 

The investigator should follow , over a number of 

years, the cleanup in all its on- site manifesta

t i ons. Special attention s hould be paid to: 

* schedule 

* occupational exposures 

* potential accidents 
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* unsafe practices 

• environmental monitoring, both on and off -site . 

* tendencies to ignore future problems (eg 

bypassed contamination, sludge in the reactor 

building base.ment) 

* waste shipments. 

~his oversight function should, ideally, remain 

effective until all wastes are removed from the 

site and decontamination is complete. 

(ii) P.eview of Disposal Options for Processed Wa t er 

This investigator should independently revi ew the 

PEIS , and other, options for dis posal o f this water . 

The experience of the krypton venting should be 

examined for points of guidance. 

(iii) Revi ew of DOE's Disoositi on of TMI-2 Was t es 

12. Notes 

These wastes will constitute a po tential publ i c 

health hazard even when they have all been tra ns

ferred to DOE . Therefore, an investigator should 

follow DOE's management of these was t es. That 

effort will also yield a more general benefi t , 

because management of other DOE-c ont rolled was tes 

will receive publi c oversight in the process of 

following TMI-2 wastes . 

(1) wFinal Programmatic Environmental Lmpact Stateme nt 

related to decontamination and d i spo sal o f radio

active wastes resulting from the Marc h 28, 197 9 , 

accident at Three Mile Island Nuclear Station, Unit 

2•, NRC report NUREG-0683 (2 Vols) March 1981 

(2) Bernard J. Snyder, Director of TMI Prog ram Of fice 

(NRC), "Status of t he TMI-2 Cleanup " , t est i mony t o 

the U.S . Senate Committee on Env iro nme n t and Public 

Works, 20 May 1982 
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{3) Herman Dieckamp , President of GPU Nuclear, testi

mony to S ubc o mmittee on Energy and the Environme nt, 

House Inte rior and Insular Affa irs Committee, a s 

reported i n Nucleonics Week, 2 8 April 1983, pp 4-5. 

(4 ) J. Harve y, R. C. Piccione , and D.M. Pisello, •Measure-
------

ment of Stronti um-90 Released in Venting cf the T~ 

Unit 2 Containment Atmosphere : June 2 8 - .Tuly 11 , 

1980~ p p A-1 7 3 to A-180 (Public Comments en the 

Draft Vers ion) of the PEIS {see note (1)). 

(5) "Background Information Document: Proposed Standards 

for Radion uc lides", EPA report EPA 510/1-83-001 

(Draft), Marc h 1983 , Table 2-A 

(6) O. M. Pisello , •The Zi rconi um Connection", pp A-1 80 

to A-187, s ource as note (4). 

(7) E.A. Gulbransen , letter to B. Sn yder, page A-1, 

source a s note ( 4 ) . 

I I 
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Table 1 

NRC Estimate of Radioactivity in Contaminated Water 

from TMI-2 Cleanup . after Processing 

Total h~dfoactivit~ i n Processed Water (C qD 

hdi onuc 1 ides Best c.,, ( SDS/ EPICOR tt)c Worst Cue (SOS)c 

H-3 2900 2900 
Sr-89 6 'II 10-' 0. 6 

Sr- 90 ·J IC 10-~ 9 

Ru-106 0. 04 21 
Sb-125 0. 07 54 

Te-U7• 0. 1 51 
Cs-134 <O. l 0. 9 
Cs-137 0. 6 5 
Ce-144 0. 02 5 

aThe total volume of stored processed ~ater would be sl i ~htl y 
over 1. 5 mill ion gallons If no clean ~Iter were added and none 
was lost by evaporat ion . The origins of this water are: 
743,000 gallons fra- tne AFHB tnat nas already been processed 
by EPICOR II. 700,000 gallons of conta-inated ~ater in the 
reactor building basement th1t has not yet been processed, and 
96 ,000 g•l lons of water fn the pri•ary syste• of the re1ctor 
that also re~a i ns to be processed (see Tables 7. 23 and 7. 24 ). 
If the processed ~ater ~ere released to tne river, the rate 
and the mi xing ~ i th uncontaminated ~ater would be ad j usted so 
t h1t the concentrati on of rad ionucl ides in the r i ver ~ould be 
we ll be l o~ t he thresho ld level for deleterious effects in 
aquati c species or n~ans. 

bValues ar e rounded to one or t~o s ign i f icant dig i ts . 
cSee Sect i on 7. 1. 3. 3 for a discuss i on of these syste.s . 

(adapted from Table 10.2 of Final Programmatic £15 on TMI-2 
Cleanup, NRC report NUREG-0683, Vol.l, March 1981 ) 
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NRC's Comparison of Alte rnat l ves fo r Di sposa l of Proc essed Water f rom Ttll -2 Cleanup 

R" I use Pathw.tys 

Ohpoul 
Altern4l lvu 

Long· fer• Ons l l t 
Stor~ge 

1. In liquid tan~sa 
2. As concrtlt s l a~s 

Onsllt Olspou l 

l . SLB trenches 
4. Underground 

In jec t I on 

Otts itt Disposa l 

S. Deep well lnjtctlon 
6. Ocean disposal 
1. SlB faci lity 

Discharge to 
fnv 1rons 

d Release to r iver 
g, Nat ural evaporat ion 

10. Forced evapora ~1 on 

Yun to 
COIIIP 1 tt e 

200 
200 

'Jb 

5b 

'Jb 
'Jb 

1 

< 1 
1 

< 1 

fo At•o· 
sph11rt 

• 
• 

• 

to 
River 

• 
• 
• 

fo 
lan<i 

• 

• 

• 

"After storage alternatives 2 through 10 are aJipllCable 

bBased on potential lictnslng and perMitting delays . 

'eased on the low cost values In Table 1 42 . 
dBaud on the SOS/EPICOR II process effluent 
18as ed on loss of all trlllu. in lht concrete ~lab . 

Jo Sunsur· 
tau Wat tr 

• 

• 

lo 
UCtJn 

• 

l'n tenllal R"'fuiJ Lo• y 
OM l Jlle 

NRC (PA ':l lJlt/ 
llcows 1ny P11• • • tl 1119 l OCJ I 

• • . 
• • • 

• • • 
• 

o tt s ils 
Doses 

P~l'son·•·t• 

NA 
JO" 

NA 

NA 

IIA 
N~ 

Nl 

30 
)t') 

Ju 

Cost' 
( U O ') 

5600 
2100 

I ~Oa 

2~0 

l1!JO 
7100 
41 (1(1 

100 
500 
2!10 

P~•• ... nt ul 
Oi\JlO\ i. 

l hln 

No 
No 

Yes 

'I'll ~ 

Yts 
Ye s 
Yes 

Yes 
Yes 
~u 

- ---- ·-------

(adapted from Table 7 . 43 of Final Programmatic EIS on THI - 2 Cleanup, NRC report NUitEG-06H3, Vol .l , •larc h 1981) 
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Figure 1 

Ground Water Monitoring Wells at TM1 - 2 

NoRTH -<e 1 <! 

COMMEAITS: 

1. MW·I l.OCATEO IN AIOI(TJ! PARKING t..Or @ COCitOIAIAT€S N 30t , 4 " 0 • 04. 
,70 /f'C../.,1' £ Z,l8'-,S38.94 

Z. OW·IS LDUIT£D ON SDIJTif ENO OF" JSLANO e Coo~lJIN'lT£S AI Z92, 98S. 44 
11?20 ~ o/.J £ Z,ZS7, 7C..S.09 

Notes 

( 1) Chart from NRC's TIU '·rogram Office WN I:J y Status Report., 
30 August - 6 Septem!>ttr, 1980. 

(11) Water samples taken weekly from each of the 15 wells. 

(111) Sample results Cpic:>:;uri e:. per Uteri are for sampl es 
taken 7 July, 1980. Tritium wa~ th~ only isotope iden
tified . 
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Sub-Appendix A 

Sub-Appendix A 
page 1 

TMI-2 Cleanup: Sequential list of Major Documents 

prepared by Howard Gold, 3 May 1983 

c .. . ober 3, 1979 

"Environmental Assessment for Use of EPICOR- II at Three Mi le 
Island, Unit-2", NRC report NUREG - 0591 

NRC memorandum and order directing the licensee t o use the EPICOR 
-II System for cleanup of the water in the auxiliary and fuel 
handling building (AFHBl. 

November 21 , 1979 

March 1980 

May 1980 

Policy statement by NRC announcing the intent to prepare a pro
grammatic envi ronmental impact statement on the decontamlnat1on 
and disposition of radioactive waste resulting from the March 
28 accident. 

Draft environmental assessment issued by NRC listing alternatives 
for the decontamination of the reactor building atmosphere. 

"Final Environmental Assessment for Decontamination of the 
Three Mile Island Unit 2 Reactor Building Atmosphere", NRC 
report NUREG - 0662. 

June 12 , 1980 

July 1980 

NRC Memorandum and Order authorizing licensee to remove gaseous 
effluents (Kr-85 ) from the reactor building by con t rolled purging; 
Comm1ssion orders: Docket No. 50-320 . 

"NRC Plan for Cleanup Operations at TMI-2", NRC report 
NUREG - 0698. 

August 1 4 , 1 980 

"Draft Programmatic Environmental Impact Statemen t related to 
decontamination and disposal of radioactive wastes resulting 
from March 28, 1979 accident" (Docket No. 50- 320 ) . Formal no
tification was published in the Federal Register on August 22, 
1980, initiating a 45-day period ~or public comments . The 
o::rrment period was subsequently extended to Noverrbet 20, 1980. 
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Sub-Appendix B 

Titi-2 Cl eanup : Proj ec ted and Achieved Schedules 

Sub- Appendix B 
page l 

prepa r ed by Cordon Thomps on and Howard Gold ~ 6 May 1983 

Proj•!Cted Schedule 

In "=ovembcr, 1980 , t he licensee projected that the cleanup would be com
pleted , e:otcept fo r minor decontamination, by the Spring of 1986. Figure 
a.! s hows t he projected schedule. 

The NRC' s most recently published Plan for Cle anup Operations, published 
in Februa r y 1982, con t ains an estimated schedule based on l.i.censee pro
jec tions a s of Oc t obe r , 1981. This schedule is shown in Figure 8.2. 

Comparison of t hes e two schedules suggests t ha t the earlier projection 
was more accurate . The later projection shows fuel removal b~ginaing in 
the midd l e of 1983 , which seems unlikely . 

At a meet i ng of the NRC ' s Three Mile Island Advisory Panel, held on Feb
ruary 2 , 1983, representa tives from GPU Nuclear provided an overview of 
the la t est nu-2 Recovery Program Estimate . Five different alternatives 
were presented, yie lding estimates for program completion ranging from 
December 1~8 7 t o December 1989. This presentation, together with our 
personal conversations wi th NRC staff, makes i t apparent that the cleanup 
schedul e remains indefinite. 

Achieved Sc hedule 

The chronology of major events has been as f ollows: 

March 2 8, 1979 e t seq. 

The accident involved the r elease of hundreds of thousands 
o f gallons of contaminated water from the primary system 
i nto the basement of the reactor building (sump water). 
Additiona lly, primary system coolant entered the auxiliary 
and f uel handling building (AFHB) . contaminating its floors, 
walls and s torage tanks. The containment atmosphere was 
contami nated with radioactive gaaes and steam. Interior 
surfaces of both the reactor building and the AFHB were 
coated with thin deposits (plateout) . The reactor core 
suffered substantial damage. 

October 16, 1979 

NRC authorized the use of a 3- stage demineralization system, 
designated as EPICOR-ll, fo r decontaminating water with in
t e rmediate levels of radioactivity (between 1 and 100 
mic rocuries /ml) held in the AFHB tanks and sumps . 
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(Note: It appears that 500,000 gallons of contaminated 
water were generated during the accident, and up to 
250,000 additional gallons during decontamination.) 

NRC authorized the licensee, GPU Nuclear, to remove 
Krypton-85 from the reactor building by controlled 
purging to the atmosphere. 

June 28-July 11, 1980 

July 23, 1980 

Venting of the reactor building released 44,000 Ci of 
Kr-85. Future purges,of less than 100 Ci, were also made 
prior to worker entries into the reactor building. 

After the overcoming of jamming problems with airlock doors, 
and the purging of the reactor building atmosphere, the 
first containment entry vas made. This initiated a series 
of programmed entries for the purpose of data collection 
and equipment maintenance. 

August 12, 1980 

March 1981 

Processing of auxiliary building water, using the EPICOR-II 
system, was suspended. As of that dace, this system had 
processed 500,000 gallons of contaminated water . 

NRC approved the shipment and disposal of 22 EPICOR-II 
resin liners containing low levels of radioactivity . 

April 23- June 27, 1981 

May 19, 1981 

The 22 EPICOR-II second and third stage liners were shir ped 
from TMI to the commercial waste disposal site at Hanford, 
Washington, for final burial. 

A high-specific-activity first-stage EPICOR-II liner (PF-16 ) 
vas shipped to Battelle Colu111bus Laboratories' for analysis . 
Although this analysis did not show significant de gradat icn 
of the ion exchange medium, a measurable amount of hydrogen 
gas (of concern for potential flammability) was detected. 
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NRC a pproved Metropolitan Edison Company's plans to use 
the subme rged Demineralizer System (SDS ), an und~ater 
ion-exchange system, to process the highly con tamina ted 
water in the reactor building sump and the reactor coolant 
system. 

July 10 - August 9 , 1981 

Process i ng of approximately 150,000 gallons of inter
mediate radi oactivity water f rom the Auxiliary Building 
Reactor Coolant Bleed Tank (RCBT) through t he SDS was 
carri ed out. Results showed gr eater than 99% removal of 
Cs-137 and Sr-90 • 

Se ptember 11, 1981 

The EPICOR- Il system, after undergoing modification, was 
res t ored to use and began 'polishing' SDS processed water. 
The polished water i s stored on-site in the processed water 
storage tanks . 

September 22, 1981 

Following minor system changes , the transfer of water from 
t he Uni t 2 Reac t or Building Sump t o the SDS Feed Tanks was 
begun. The next day , processing of reactor building sump 
water wa s initiated . Approximately 635,000 gallons were 
treated over the next eight months . 

Oc t ober 27 , 1981 

A aer i e s of reactor building (RB ) entries, characterized 
as the 'gross decontami~tion experi men t', was begun. The 
aim of this pr ogram was t o char acterize the RB contamination, 
and t o survey t he effectiveness of the decon tamination 
me t hods us ed. 

Hay 17 - May 20 , 1982 

The reactor cooling system (RCS ) was put thr ough the first 
of many feed and bleed cycles, to permit processing of RCS 
water. Si r.ce the RCS is a recirculating loop which cannot 

· be dra ined without exposing the react or core, it is being 
decontaminat ed in a recirculat i on, or by-pass mode, as 
opposed t o o once-through operation. Processing of RCS 
wa ter commenced the next day with the SDS. 
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The first SDS waste v~sel waa shipped from THI to the 
Pacific Northwest Laboratory, Hanford, Washington. 

A closed-circuit television inspection of the reactor 
core (the "Quick Look" inspection) was performed. Sub
sequent inspections inside the reactor vessel took place 
on August 4 and Auguat 12. 

August 17, 1982 

September 1982 

The first of 49 EPICOR-II first-stage liners or "prefilters" 
(PF) was shipped from TMI to the Battelle Columbus Laborato
ries. Later PF shipments have gone to the Idaho National 
Engineering Laboratory (INEL) in Scoville, Idaho. 

A reactor decontamination program was begun, indluding decontamin
ation of the reactor building, the polar crane, and the inside 
surfaces of the ''D" rings (the concrete shields around each 
steam generator). Decontamination methods being used include 
hot water and high pressure flushes. The contaminated water 
is periodically drawn from the reactor building sump and 
processed through the SDS. 

September 1982 - present 

Although a variety of evaluation programs have been performed, 
and decontamination has continued, no major milestones have 
been achieved • 
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NRC Estimate of TMI-2 Cleanup 

Schedule, as of February 1982 
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(i) This figure adapted from Figure 4.2 of NRC Plan for Cleanup 
Operations at TMl-2, NRC report NUREG-0698, Rev.1 , Feb.1982. 

(ii) Oates on the top line indicated as 1982 , 1983, etc. mark the 
beginning of that year. 
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prepared by Cordon Thompson and Howard Cold, 9 May, 1983 

Projected Exposures 

The NRC has estimated worker doses for different cleanup operations. ,· q 

s hown in Table C.l . A cumulative dose of between 2000 nnd 8000 persor
rem was projected , for the entire cleanup . 

Actu.ll Exposures 

Exposures through 1982, as indicated by the licensee's TLD's, are shown 
in Table C.2. 

These' exposures appear to be lover than those at typic.ll operating plants. 
from data reported to the NRC from 70 LWR's fo r the year 1981. it appears 
that the avernge collective dose, per reactor, was 779 person-~em (which 
w~s slightly lower than t he 791 person-rem per ~eactor re?orted in 1980). 
The ave~a~e collective dose, per pressurized water reactor (PWR ).was 656 (l ) 
person-rem (boiling water reactors had an average approximately 50% higher). 

If the cleanup o£ !MI-2 is assumed to have commenced rn }~y 1st, 1979, the 
cumulative cleanup dose through 1982 sums t o 1258 person-rem. This 
su~gests thnt the lower estimate (2000 person-rem) in T3ble C.l is opti
mistic . 

Reactor Building Decontamination 

In the PElS, the decontamination of the reactor building was determined to 
be the cleanup activity which could result in the highest occupational 
dose (see T3ble C.l). The NRC's cleanup plan projected for the 
decontamination: 

"First, by means of a gross decontamJ.na tion. it should be possible 
to decrease the radiation exposure and contamination levels in the 
reactor building t o acceptable occupational e~~osure levels so that 
worker occupancy-intensive activities such as hands-~n decontamina tion 
work related to fuel removal can be carried ou~. Subsequent to 
the gross decontamination . manual deeontamination efforts will be 
employed to cleanup the facilities such t hat fuel removal and, sub
sequentlyA decommissioning or refurbishment opera~ions can be ini
tiated." (~) 

At present. the decontamination of exposed reactor building surfaces is 
being reevaluated since past decontamination surveys have indicated that 
recon t amination was occurring at rates which significant ly reduce the long
term effectiveness of the or iginal decontaminat ion . The reactor building 
air-cooler fans were thought to be a contributing factor to this recon-
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tamination. To determine if this is the ease, tests have been conducted 
to see if there would be a significant reduction in airborne particulate 
activity when the recirculation fans were shut down. A preliminary test 
showed this not to be so . 

The limited amount of exposure (available person-rem) permitted for the 
specialized work force has been identified as a potential limiting factor 
for the projected work scheduled during the first half of 1983. In re
sponse to this, a dose rate reduction program was initiated by the licen
see during January 1983. GPU designed and constructed shielding around 
high radiation sources in the reactor building • 

Figure C .1 depicts-' the floor plan for the 305 ft elevation. 1 t shows 
the before-and-after radiation rates for three personnel traffic areas, 
following the installation of radiation shielding materials around the 
enclosed stairwell and the core flood tank B during January and February, 
1983. Metal equipment hatches and open stairwell areas have <1lso been ''Shiel
ded (in March) to provide further reduction in the dose rate arising from 
high-radiation sources in the reactor building basement. 

Although substantial reductions in present dose-rates have been achieved 
by this shielding, it will be noted that the contamination must be re
moved eventually. 

It appears, from reading the earlier reports of worker entries into the 
reactor buildin~. that the maY.imum total body exposure for any member of 
~n entry team (during each entry) had been calculated not to exceed 
500 mrem. Most exposures seem to have been kept below this level although 
some slightly hi~her exposures were reported to occur during surveys of 
1 hot spots 1 

• 

The rise in reported worker exposures for 1982, contrasted to the previous 
year (see Table C.2), is presumably attribut~ble to the increase in the 
number of reactor building entries . The table below summarizes the number 
of person-hours inside the reoctor building and the cumulative exposure ( in 
person-rem) for building entries. These entries are divided into two phases, 
namely prior to the gross decontamination exp~riment entries (1-16), and 
during the gross decontamination experiment e~tries (17-56 ). 

Total person-hours 

Total person-rem 

Entri~s 1 throu~h 16 
(7/23/80 to 9/24/81) 

199 

63 

(~Y317 mrem/hr) 

Entries 17 through 56 
(10/27 / 81 to 3/31 / 82) 

507 

115 

(N227 mrem/hr) 

The early worker entries chiefly involved datA ~Jlleetion and equipment 
maintenance, and some experimentation vith cleanup methods. This vas 
followed by a larger-scale experimental program of entries to carry out 
and evaluate the effectiveness of various decontamination techniques. 
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The more recent entries, ex~ecially s ince September 1982, have been in
volved extens i\•1! ly wi t h actual grn .. ·t rlecontam.inat ion work in t he reac~or 
buildi ng. In the year tha t followt!d the "gross decontamina t ion 4Jtperi
ment" (4 /1/82 - 3/3 1/ 83) t he rate c- f reactor building entries accelerated 
great l y. A tal ly from weekly repor t s indicat es abo ut 120 wor k crew en t ries 
for t hat year (,:uill'..l.lative expos u r .• l eve l s fo r this r eriod are not ye t 
ava i lable ). Frcm the be ginning uf 1983, ent r i e s were continuing at t he 
rate of about f ive per week . How .. vr.r, in April, cleanup activities -
slowed becaus e o f a reassessment 1nd eval uation o f various tasks and 
operat ing procedures. 

Overexposures 

There have been s eve ral i ncident s which resulted i n overexposure of 
workers . Fo r exaMple, i n 1979, a group of clea~up wor kers suffered 
overexpos ur e while trying to contain a leak of highly contaminated 
wa ter in t he auxi liar y building . In 1980 , another l eak of highly 
con taminated reactor coolant caused high airborne l e vels of radioacti
vi t y and cont ami nated several workers . Another i~por tan t incident occur
red the f ollowi ng year as descri bed in an NRC report: 

"Upon e:dting t he RB , the entry team unde rwent rout ine "frisking" 
for r adioact i ve contamination. Co ntamination wa s found on t he skin 
of a ll four individuals. The pri mary areas of contamination 
inc luded the but tocks, elbows, and knees. Pe r sonnel decontamination 
pr ocedures wer e initiat ed and a f ter s evera l hou rs, three of the 
four individuals wer e decontaminated on July 1, 1981. The buttock 
of the fourth i ndivi dual was no t completel y decontaminated un t il 
the following day. 

the s kin contaminati on apparently resul ted from climbi ng on con
taminated crane surf aces in perspirati on- s oaked protec tive clo t hing . 
Followi ng seve r al instances of personnel exhaus tion during RB 
entries , the licensee relaxed the cr i teria for uae o f plastic 
protecti ve c lothing i n the RB to reduce fa tigue and t he crane 
i nspec tion team was wearing only tvo sets of prot ective clothing. 
The outer l ayer of pr otect i ve clothi ng was advertis edby the 
manufacturer as water i mpermeable. the s ame type of pr otective 
clot hing had been worn during the initia l climb on t he crane vi~ 
no i nstances of s kin contami nation. the second c r ane climb was 
phys i cal ly more demanding and all t eam members e~ited from the RB 
exhaus ted with t he i nner layer of protective c l o t hing com~letely 
soaked. the licensee is evaluating the avai l able i nfo rmation t o 
de termi ne wha t combi na t ion of protect i ve clothing is r equired fo r 
future entries."()) · 

I n November 198 1 , wor k on t he polar crane resulted in another individua l 
becoming exhausted and contaminated. While maki ng his exit, he sto~ped 
and required ass is t ance i n order t o l eave t he reactor building . In t he 
pr ocess his f ull-face res~irator and some protect ive c l o t hing were r emoved. 
The worker suff ered contamination on small areas of his hair and skin . 
Medica l examination on s i te showed a whole body radi onuclide count of 
approximately SO nanocuries . 
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A BlueRibbon Panel was appointed by the NRC in late 1979 to examine the 
TIII-2 Radiological Protection Program (The panel's findings and recom
mencations were published in NUREG-Q640.). Based upon the panel's 
r~' ":ncer.dations for improvements, the licensee upgraded the program . 
Follo~ing the inspections and evaluations conducted during 1980-1981, 
th~ ~~C's TMI Program Office radiation specialist staff concluded that 
GPII '~ Radiological Protection Program was adequate to support major 
cl~anup activities. This conclusion was contingent upon GPU continuing 
to e~phasize commitments to program implementation and expanding the 
radiological control and training staffs as the pace of the cleanup accel
erated. Further, the NRC required an upgrading of the personnel dosimetry 
program, as of October 1981. Information on the success of this up
grading ls not to hand. 

Effective February 1st. 1983, the TMI site initiated use of a modified 
TLD, intended to provide better beta monitoring in mixed beta/gamma 
radiation environments. 

AURA 

As of the week of 3-9 .April, 1983, the NRC had requested~ meetin~ with GPU to 
discuss over-all dose reduction and ALARA (as low as reasonably achiev-
able ) programs. This meeting was scheduled to take place on April 18th 
at the NRC Office of Nuclear Reactor Regulation in Bethesda . 

Notes 

(1) !MI Program Office weekly report of 11-17 July. 1982. 

(2) NRC Plan for Cleanup Operations at !MI-2, report ~~REG-Q698. 
Rev 1, February 1982, Page 4-5. 

(J) nu Program Office weekly report of 28 June - 5 J 'uly. 1981. 
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NRC Estimat e of Cumulative Doses and Health Effects 

f or Workers Involved in Cleanup of TMI - 2 

Health Ef1tcts1 

C~ulative Addit ional Acfd ition•l 
Occupational Cancer Genetic Eff ects 

Do&e Death.s in Mong Of fspring 
Oe>!rati on (pe"on-,...) Work Force of Work Fol'(:e 

Ma1ntenance of the Reactor 
i n Safe Condi t i on 8 O. DOl 0. 002 
Decont ami nation of tl'le 
Aux ili ary and Fue l Handl ing 
Buildi ngs 375 550 0. 05 0. 07 0. 10. 0. 14 
Decontaminati on of the 
React or Buildi ng 660 - 3000 0. 09 . 0_, 4 o.z - 0. 8 
Reactor Coo lant System 
l n10pect1on 52 • 580 0. 007 • 0. 08 0. 014 - 0. 15 
Remova l of RPV Head and 
i nternals 150 - 450 o.oz . 0. 06 0. 04 - 0. 12 
Cor~ Exami nation and 
Oefueli ng 580 1350 0. 08 . 0.2 0.15 - 0. 4 
DecontAmi nati on of Pri~ary 
Sys tem Cpmponents 108 - 1740 0. 014 - 0.2 0. 03 • 0. 5 
Liouid Waste Treatment 43 121 0. 006 • 0.016 0. 01 - 0. 03 
Hand l i ng and Packag i ng of 
Process So l id wastes 17 0.002 O. OU4 

HandlinQ and Packagi ng 
of Cnem1c a l Oecon~m1 n•ti on 
So lu t ion Was tes 3 • 10 0.0004 . 0.001 0. 0008 • 0. 003 

Handline and Packagi ng of 
Solid wastes 39 99 0. 005 0. 013 0. 01 • 0. 03 
Transfer from Storage and 
Truck Loadi ng 11 - 38 0. 001 - 0. 005 0. 003 • 0. 009 
Tn nsporta t ionb 6 - 360 0. 001 - 0. 05 0. 002 - 0. 09 

zoo~ - aoor" 0. 3 . 1 0. 5 - 2 

'va l u~s have Deen rounoeCI to one cr two Slgnificant d i v il~ ; ~~a ls have ~n rounotd to ant 
sign i f icant digi t . 

bDiffertnt routes and diff erent t!Ot i lllates for tl'le upec•.ed e·JtPO~ure Cluf'ing ~rl-n'> ll lead to a 
large range '" tne transportatio~ e~t • "•tes; see Se; :. ~ ] . ! . 

(adapted from Tab1~ 10.5 of fin~l Programm~tic ElS on TMl -2 
Cleanup , NRC report NUREG- 0683, Vol 1 , March 1qs1 I 
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Table C.2 

TMI Occupational Exposures, 19/9 - 1982 
(person-rem) 

Period Unit I Unit II 

1/1 3/17/1979 351 7 
3/28 4/30/1979 68 138 
5/ 1 - 12/31/1979 303 516 

Total 1979 722 661 

1/l - 12/31/1980 169 207 
1/ 1 12 / 31 /1 981 201 146 
1/ 1 - 12/31 / 1982 ~A 389 

Notes 

Sub Appendix C 
page 6 

(1) These data are from thermoluminescent dosimeters (TLD's) , 
as reported to NRC by the licensee. 

(ii) Data prior co 1982 are from the NRC's TMl Program Office 
weekly report of 24-30 October, 1982 . 

(iii) Data for 1982 are from the weekly report of 6-12 february, 
1983. 
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Figur e C. l 

Sub- Appendix C 
page 7 

Effect of Radiation Shielding in the 

THI-2 Reac t or Building, as of 

February 1983 

0 0 
.Il i A 

(~ 0 0 
C:.o oiER~ 

(ndapted f rom Enc l o:.o ..Jre B. n il Program Office weekly report of 19-26 
F . bruary 1983) 
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Sub-Appendix 0 

Sub- Appendix 0 
page 1 

THI-2 Cleanup: Waste Shipments from the Site - - Projected and Actual 

prepared by Gordon Thompson and Howard Gold, 9 May, 1983 

Projected Shipments 

Mo.:t of the radioactivity generated by the acc ident fell into one of two 
cat2gories: fuel and fuel debris within the primary circuit; and contam
inHed liquids. 

Muc."t of the liquid inventory of radioactivity has been tr3Ilsferred. and 
most of the remainder will be transferred, to solid media. Table 0 . 1 
indicates the solid forms which the NRC projected, in its PElS, to arise 
during this process. Reactor building sump wa'ter was expected to be the 
major source of liquid-carried radioactivity. 

Via the Submerged Demineralizer System (SDS), much of the activity in the 
sump water has been transferred to zeolite liners . Table 0 . 2 shows the 
PElS estimate of the numbers and characteristics of zeolite liners expec
ted to be generated during processing of the sump water and other contam
inated liquids. 

Organic ion-exchange resins have been used in the EPICOR II System. 
The first-stage (prefilter) liners remove most of the radioactivity from 
the contaminated water, achieving loadings up to 1800 curies per liner. 
Table 0 . 3 shows the PEIS estimate for generation of these high-specific
acivity resins. 

Organic resins in the second and third stages of EPICOR II receive much 
lower activity loadings. Table 0.4 shows the PElS estimate for generation 
of these low-activity resins. 

Fuel and fuel debris will account for a significant number of high
activity shipments. The PEIS projects (Table 9.5) that between 56 and 
183 fuel cask shipments will be needed for this material. 

A variety of other solid waste forms are expected - to arise. including 
sludges , evaporator bottoms, filters, ash, contaminated hardware, and 
trash. 

The total number of shipments in var ious categories. as projected by the 
PElS , is shown in Table 0.5. 

Actual Shipments 

Low-level radioactive solid wastes associated with the cleanup operations. 
including compacted trash, booties, gloves.and dewatered resins (with 
radioactivity less than 1 microcurie/ml) have been routinely shipped to 

. 
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commercial low-level burial s ites. On two oc casions, buria t 1jermit s 
have been suspended because of improper packaging of was tes • 

For some higher activity was tes, such as the s pent ion-exchan~e media 
f rom wa ter t reatment systems, two interim s taging modules wer~ construc t ed 
on-site for t empor~ry storage . Eac h modul~ c~ntains 60 stor~~e cells • 
At one t ime these facilities contained all the •pent resins ~hich were 
generated by the EPICOR II sys t em. 

Start i ng in Apr i l 1981 , and conti nu i ng over a t h ree month p~ riod , 22 
EPICOR liners which qualified fo r disposal a t commerc i a l rt.~ icactive 
burial f acilities were shipped t o U.S. Ecology in Richl and, Was hington • 
The h ighe r activi t y prefilter l iners (up to 1800 Ci o f Cs- 1 ~ 7 anc Sr-90 
per liner) were kept in s t or age at the TMI - 2 si~e . 

In July of 1981 , the NRC and DOE signed 3 Hemor~ndum of Under stand ing, 
intended ( ~~ ensure that TMI does not become a long- t e rm waste dispos a l 
f acilit y • Dis cussions between DOE , NRC, and GPU l ed to the DOE 
decision t o receive the EPICOR II prefilter ( Pf ) liner s at '~yernment-
cont rolled facilities f or research and development purposes • 

A pr ogr am to shi~ the EPICOR II pr ef1l t ers was est~blished by GPU, which 
included steps f or i nerting, samplin g, and integri t y inspection by t he 
NRC , pr ior t o the transfer o f PF ' s t o the DOE. The prefilter liners and 
the i r shipping casks ( standar d type B) a r e iner~ed wi th n1trogen (using 
a special remote ly operated inerting t ool pr ovided by DOE ) ~s an added 
safety pr ecaution to ensur e that no combus t ible gas e s will a r ise during 
shipment. The first i n a seri e s of 49 such shipments bega n on Augus t 
17 , 1982, and was received at t he Sa t telle Columbus Labo r atory in West 
Jefferson , Ohio. All PF shipments since t hen h~ve gone to the Idaho 
Na t i onal Engineering Laborat ory ( I NEL ) in Scoville. I daho . Through 
March 1983, 33 pr efilters we re sent, and the remaini ng ones are sched
uled t o be s hipped off site by Augus t l 983 . 

Sh ipment of the highly radioact i ve Submer ged Demineralizer Sys t em ( SDS ) 
waste zeoli t e l i ners has a lso be gun. These 10 ftl waste vessels con
tai n high levels of mixed fiss i on produc t s , predomin~tely Cs- 137 and 
Sr-90. Under its Memorandum of Under standing with t he NRC, DOE i s a lso 
t a king posse ssion of and retai n i n g these wastes . 

On May 21, 1982, the firs t SDS liner was sent from THI to Richland , 
Washington for char acterization and vitri fic at ion testing . This was 

•· .... 

the f i r st of a group of 12 liners , s i x o f which h ad a l r eady been shipped 
a s of March 1983. Table 0.6 s ummari zes these SDS l i ner s hipments. 
Procedures for prepar i ng t he waste vessels c hanged a fter the i nitia l SDS 
liner s hipment. Since t hat t ime, was te l iners have been vacuum dried and 
l oaded with a palladium catalytic r ecombiner to maintain non-combusti ble 
gas conditions duri ng the shipping per iod . They are a l s o monitored and 
samp~ed pr ior to shipment . The s hi pping casks are also i nerted with 
nitrogen as an additional safety measure . 

I • 

' · 
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In a revised ~emorandum of Understanding si~ned between the NRC and DOE on 
H.arch 15, 1982, the DOF. has also agreed t:'l :•ccept the entire reactor core 
for selected research and development. Als~. DOE agreed to take possession 
of the makeup and purification syst~ demineralizer resins and retain them 
for research and develop~nt activities, and ultimate disposal • 

At the present Lime, pr•Jgress !:las been cad~ by Gl'U and DOE in preparation 
for the eventual processin~ and disposal c f these spent resins, located 
in the two reactor coolant system purificnt~on demineralizer vessels. 
External gamma scans h~ve indicated that lp?roximately 15,000 Ci of mixed 
fission product ~ctivity exists within ench v£ssel (predominately as Cs-137), 
having been deposited ~n the resins duri~g the accident. The two 4 ft 
diameter, 1 f5 high stainless steel vess,: lR, which each contain approxi-
mately 60 ft of organic resins. are located within the auxiliary buil-
ding demineralization cubicles. GPU is ~urrently characterizing the inter
nal conditions within the vessels and sampling the resins to determine the 
optimum methods for processing and disposal. The actual shipment of this 
waste material to a DOE facility is anticipated to occur towards the end 
of 1983 . 

Notes 

( 1) On June 10, 1980, NRC Region V and Washington State inspectors examined a 
shipment of 128 drums of low-level waste that was received at the 
Washinston burial site from TMI-2. The inspection revealed that one 
drum had a broken locking ring and four drums had loose locking rings . 
The State of Washington banned Metropolitan Edison Company fTom use 
of the burial site for six days. Again, on Hay 5 , 1982, the State of 
Washington suspended the TMI-2 burial permit. This action occurred 
after U.S. Ecology received a TMI-2 shipment with an open 55 gallon 
drum. The right to use the Washington burial site vas restored on 
Hay 18. 

(2 ) A letter from John E. Minnich, representing the Citizens Advisory 
Panel for the Decontamination of Three Mile Island, Unit 2, dated 
february 23, 1981, urged Secretary of Energy James Edwards to arrange 
for the removal of 50 containers of high-level waste (EPICOR II 
prefilter liners) from TMI. The letter stated: ·~e are extremely 
concerned that Three Mile Island has become a storage site for waste"; 
'' .•. that Three !-tile Island was never intended for such purposes"; 
" •.. it is our feeling that the removal of the waste would grant some 
relief to the anguish of many citi~ens of the area." 

(3) One liner (PF-16) had already been shipped to the &attelle Columbus 
Laboratory on Hay 19, 1981, for detailed examination (after approxi
mately 16 months in storage). This transfer was part of a DOE 
sponsored resin characterization program to further develop techno
logy and expand knowledge for processin~ high-specific-activity 
resins and to evaluate liner compatibility. 
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Tab l e D. 1 

NRC Projec tion of Solid Radioactive Waste Forms from THl - 2 

Cleanup: Waste from Proc e s sing of Contaminated Liquids 

Curl e I nvenlot·y !" Process So l id Was te f on1sb,c 

Source of Treated 
liquid Waste 

1. Afi iO accident water 

2. React or build ing Sl• p 
water 

l . RCS water 

4. RCS fl ush & dra in wate r 

S. AFHB/ reaclor bu i lding 
decont a• inatlon sol utions 

(a) Aqueous 

(b) Cfle•ical 

6. RCS deconta•lnallon 
solulions 

lola l 

(a) Aqueous ' 
r (b) Che•lcal 

llntrea lPd li~L 

Hlni•u• 

!>S ,OOOd 

!>110, 0110 

20 ,000 
20,000 

90 

10 

2,000 

2,000 

600,000 

HaK ieu• 

55 ,000d 

5110 ,000 

20,000 

100,000 

90 

10 

20 ,000 
20,000 

700 ,000 

fi lters Zeo l i tes 

X xe 

X X 

X 

It It 

• K X 

1hcl uslve of ll·l and noble qases·-roundt>d lu two si~nif icctnt I i!fures . 

bWasle fot'lll co111bl.nations are allernallve-det>(>lltlent ··s~e Seclion 7. 1. l . 

ex Indicates process solid wa!>le for111 could be g(>n('raled and is conslcJHed. 

dCurles re11oved lly system through Se11le111ber 22, 1980. 
•soml! I iners contain ZPol iles mlxl.!tl wi lh organic res Ins. 

Organi c 
RPsl nc; 

Itt 

K 

IC 

X 

X 

IC 

1Hutually e•clusive tt l lentalives; Ufll.! \4asle (•Inn wi II IJe produced, nol hoth . 

Evaporator 
Uulluas 

II 

X 

Bltllllen Sludge 

IC 

II 

X 

X 

(adapted from Table 8.1 of Flnal Programmatic EISon TI11-2 cleanup, NRC report NUREC-0683, Vol.l. Harch l98 1 } 
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Table 0.2 

NRC Estimate of Radioactive Waste from THI-2 Cleanup, in the form of 

Ion-Exchange Media: Packaged Zeo lite Liners (as used in SDS). 

--------------'P--'-J~!2l)ecl Liner Chuacterht lc~s~a-------------
Hlni••• Generation HJx i 111111 Generation 

HJ~t I•UII Sul"f ace HJx l•u• Surface 
Radiation level Radiation Level 

Source of Treated 
liquid Waste 

1. Reactor building s~p water 
Z. RCS walerb 

l . RCS flush and drain waterc 
4. Aqueous RCSd deconta•l-

nation solutions 
Total 

Humber of 
liners 

6 

2 
2 

1 

11 

1Each liner contains 8 fl 3 of zeolite . 

Hulllllll Curies per Liner 
per Liner (Riht") 

120,000 100,000 
10,000 8,000 
10,000 8,000 

2,000 1,600 

bHinl•ua based on 11odlfied EPICOA II syste11; •axl11u11 based on 11ooified SO~. 

Nu11ber of 
Liners 

!1-1 

6 

12 

6 

78 

Hax l•u• Curies 
per liner 

10,000 
5,000 

10,000 

5,000 

cHinl11u• based on 111odlfied.EPICOR II removal of 20,000 Ci; 11.ui111w11 bJsed on 11odifled SOS re111o11al or 100 ,000 Ct. 
dHini111um based on SOS/Hodltied SOS ruova l of 2,000 Ci; 11aKi111um hasecJ on SOS/Hudified SOS t'entov3l or 10,000 Ci. 

(adapted from Table 8.13 of Final Programmatic EISon THl-2 Cleanup, NRC report 
NUREG- 068), Vol.l, Harch 1981) 

per liner 
(R/hr) 

8,000 
4,000 
8,0•)0 

4,000 

tlj 
w 
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tt:Jtn 
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Table D.3 

Sub-Appendix D 
page 6 

NRC Estimate of Radioactive Was te from TMI-2 Cleanup, 

in the form of Ion-Exchange Media : 

High-Specific-Activity Organic Resins (as used in EPICOR II) 

Source of Treated 
liquid Waste 

1. AFHB accident ~aterb 
2. RCS ~ater 

3. RCS flush and drain ~ater 

Tot a l 

Hi ni~um Generati on 

1,380 
540 

540 

2.460 

~4 ,500 
19 . 900 
19 .900 

94 ,000' 

~axi~um Generat1on 

1,380 
S40 

2,690 

4,610 

~4. ~00 

19,900 
99 ,500 

174,000' 

aDetailed Inf ormati on on EPICOR II is ~~oprietary . Curies were estimated from actual 
performance ~i th AFHB liquids extrapolated to other sources . 

b46 high-specific-acti vity prefil ter 1 iners in storage u shown i n footnote c on 
Tab l e 8. 2. 

'Rounded to nearest thousand . 

Notes 

( i ) This t able adapted from Table 8 .7 of Final Programmatic ElS 
on TMI - 2 Cl eanup. NRC report NUREG-0683, \'ol.l, March 1981 

(ii ) First-stage liners in the EPICOR-II Sy!'ltnm, which provide tne 
high- specific-activity waste, have a volume of 30 ft3 per liner. 
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Table D. 4 
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page 7 

NRC Estimate of Radioactive Waste from 

TMI-2 Cleanup, in the form of Ion-Exchange 

Media: • 

Low-Activity Organic Res ins (as used in EPICOR II) 

Sourc~ of Tr~at~d Minimum Generation Maximum G~nerat i on 

Liquid Waste VolUIIIe (ft3) Ci Volume (ft3) Ci 

1. AFHB 'ccid~nt wat~ra 1200 260 1200 260 
2. RB sump·water 

50S/Modified SOS 200 75 
SOS/EPICOR II 390 80 

3. RCS acc i dent wat er 
SOS/Hodified SOS 200 30 
Modified EPICOR Ilb 540 100 

4. RCS flush and drainc · 
50S/Modified SDS 200 60 
Modified EPICOR II 1970 500 

s. Wat~r Based RCS Dec on-
tamination 140 l 140 ~ 

Total 1940 4240 

aEP!COR II system resins in storage. 
b 
Wast~ volumes based on staff ~stimat~. 

cBest ca~e removes 20,000 Ci; worst case removes 100,000 Ci. 

Notes 

• ... 

(i) Thls table adapted from Table 8.8 of Final Programmatic EIS on 
TMI-2 Cleanup , NRC reRort NUREG- 0683 , Vol.l, March 1981 

(ii) Second and t hird- stage liners in the EPICOR-Il system3 which 
prvvide the low- activity waste, have volumes of 30 ft and 
130 ft3, respectively 



. ·. ' 
.. ~:--. j 

... .. 

' ., 
. _ ..... ~ : ..... ~ .. . : 
~-.... ~~·i 
. : ... . ~ 

.. . 
~·· 

.. 

0 ·-. 

-.: . ... ~i 

..... 

F35 

Table 0.5 

Sub- Appe ndix o 
page 8 

NRC Projection of Number of Radioact i ve 

Waste Ship~ents Arising from THI-2 Cleanup 

Type of Waste 

Low-level sol i ds 
Dru.s - tnsh 

LSA boxes - trash 
LSA boxes - equipment and 

tutrdware 

LSA boxes - • i rror insulation 

l~ooil i zed decont&•ination 
liquids 

Unshielded dru.s 
Shielded drums (evap. bottoas) 

Shielded ion-exchange .aterials 

AFHB water 
Reactor bu i ldi ng sump water 

RCS acc i dent water 

RCS flush and dra i n water 

RCS decontami nation solutions 
Shielded dr..-s 

Accident s ludge 

Spent filters 

Incinerator ash 

Miscellaneous shielded 
shipments 

Contaminated eQuipment 
Mirror insu lation 

Core filters 

Irradiated hardware 

Zeolite syst~ f i lters 
Damaged fue l ass .. bl ies (and 
core debris) 

Tot.als 

Best-Cue 
Conditions 

14 
Hone 

69 

8 

3 

3 

2 

6 

1 
34" 

6 

15 
6 

56 

JS3 

Worst-Case 
Conditions 

108 

149 

28b 

zo 
119 

69 

33 

13 
49 

6 

7 

5 

86c 

6 

105 

11 

183 

997 

aBest case for tnsh dr~s includes generati on of 34 shi e l ded incinerator 
ISh ClrUIIS . 

btontaminated eQu ipment can be packaged in uns, ie lded 80 f tl LSA boxP.s 
(worst·cau condi t ions ) or shielded 70 ft 3 1 ire~trs (best -case condh. tons) . 

cHi rror i nsulat i on can be packaged i n unshie lded 80 ft 3 LSA boxes (best-case 
cond i tions) or shielded 70 ftl liners (worst-case condi tions). 

(adapt ed f rom Table 9.6 of Programmatic EIS on 1}11-2 Cleanup. NRC report 
NUREG-068J . Vol . l. March 1981) 
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Table 0.6 

Shipments of Submerged Oeminerallzer System (SOS) J.iners from TMI --<-- .. 
Onte of 

Liner Shipment 

11 0{10015) 5/21/82 

12 (010012) 12/31/82 

Activity 
(Ci) 

13,000 

> 112,000 

13 (010016) l/21/83 ~ 113,000 

#4 (010013) 2/13/83 97,000 

i! 5 (f' I "10 l 7) J/!a/A1 59,000 

86 (OlllOlR) 3/25/83 53,000 

H7 (020028) Scheduled 
for 4/14/SJ 

Receiver 

Pacific Northwest 
Laborntory (PNL) 
Hanfora Operations 
facility, Richland, 
Wnshlngton 

PNL 

l'NL 

Ror.kwcJl llanford 
Facility 

Rockwell llanford 
Facility 

Rockwell !Ianford 
FacilJ ty 

Comments 

Research and development on charac
terization and vitrification 

Vacuum recombincr demonstration test 
••• to show that a catalytic recooabinet 
would maintain non-combustible gas mix
tures and vacuum conditions. 

From this liner and 010012. three glass 
logs (7ft long and Sin dia) were to be 
formed (vitrification). These logs were 
planned to be tested to determine their 
resistance to leaching . Further testing 
mny involve DOF.'s basalt geologic test 
and evaluation facility in Richland . 

Research and development on special ·con-
tainers for waste disposal. 
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DEPARTMEI'It'T OF HEALTH & HUMAN SERVICES Publec Huh" ~rvice (~ 
.,~~~----------------------------------------------------------------

Cenurs for Oi,use Control 
Atlanu GA 30333 

William A. Mills, Ph.D. 
Chief 
Health Effects Branch 
Divi&ion of Radiation Programs 

and Ear t h Sciences 
Office of Nuclear Reg.ulatory ReseaYch 
Nuclear Regulatory Commission 
Washington, D.C. 2055·5 

Dear Bill: 

SeptembeY 7, 1984 

l rec~ived the AAMODT document from you and another about t '1e aame rime from 
Dr. George Tokuhata of the Pennsylvania Depar~nt of Healt'1e Much to my 
surprise they are di f f e r eut. The copy you sent is mie;ain~ ·;J ages: 2, 4, 6, 9, 
11, Figure 1 , Affidavits 2, 4, 7, 9 and parte of Affid~vir. ·. , and Attachment 
2. Dr. Charles Stutzman , Dr . Matthew Zack and I Yeviewed t 1e Tokuhata version 
and the fol l owing comments are a compilation of them. 

We believe that there are a number of deficiencies evident Ln che 
epidemiologi c aspects of the data preaented in th i 5 reporc. Following are ouY 
combined comments. 

1. Pages l, 4 , Figure 1. The areas listed are outside th~ highest exposed 
areas and away from the predominant area• (NNW , E~, s;E) accordin& to 
the May 10, 1979 , preliminary do~e assessment report. 

2. Page l , paragraph 2. Who diagno&ed the ."radi a tion rebted health 
effect&?" ~•• a physician consulted? What we re the effect• or symptoms? 

3. Page 1. paragraph 3. Waa anyone from the State , EPA, ~OE, NRC, or USDA 
requested to inve8tigate the plant problema? 

. . 
4. Page 3, paragraph 4; p~ge 4, paragraphs 2 a nd 4. Ap?ear to represent 

interviewe r bias. 

S. Page 4, paragraph 3. Appeara to represent both aele:tion and volunteer 
bias. 

6. Page 4, paragr aph 4. Was it possible the lump was fr(sent before the TMI 
accident? Wae date of diagnosis sought? 

7. Page 5, 3.2.a. This is an assertion. What i s the ~ata? Deaths may be 
increased but cancer• present before TMI . 

8. Page 5, 3 .2b. and c. All diagnose• and da tes of di' gt oses need to be 
conf irmed by medical recorda reviev. 
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9. Page 5, 3.2d. First hand account• are starting point• not scientific 
conclusions . 

10. Page 5, 3. 21 and · Figure 2. This data may b~ mis l e ading be:ause: 
a. It is incomplet~ · and the diagnoses are unverified. 
b. Needs to b~ age, sex, and race adjuat~d. 

(JJ 

c. Date of diagnos i s ~ore important than date o f death. lhe cases and 
deaths vere not caused by TMI unless the di~gnosis w~s made at least 
a year after the TMI event, and should certainly exclude CASeS 
diagnosed before th~ ~vent. 

d. Does not tak e into a ccount the fact that cancer occura ~ith a long 
laten t period (i.e., assumes no latency period) . 

e. There is no verif ication that cases repor ted were actually the cause 
of death. 

f. The exp~cted numb~rs should b~ calculated using age, aez. and race. 
specif i c death rates, because study popula t i on may be either older or 
younger than the standard population (under- or over- estimates the 
e.."'tpec ted) . 

g. Baselin~ da t a from the years before the incident may te a better 
est i mate of exp~cted numbers (also true f or page 9) . 

11. Page 6, 3. 22 . ucancera and other tumors" - sp~cific diagt os~s are needed 
and again deat h s are less relevant than date of diagnosjs or incidence 
data pos t accident. . . 

12. Th~re is a general biol ogical i~plausibili~y o f the study inferences and 
conclusions . 
a. Cancer incidence within 5 years of exposure ( except possibly 

leukemia) does not allow for an adequate l atent: perio•J (page S). 
b. Lat~ncy is characteristic of cancer induced in huma~s by all types of 

radiati on , including alpha and be~a emitters . This i; support~d by a 
large amount of epidemiologic data in e~osed popu ltt~ i one (page 6 • 
paragraph 3). 

· c. The effects listed under Figure 4 would no t be seen b !cause radiation 
alone does not cause ruptured or collapsed organs, on ly blast does 
and TMI was not a bamb (page 6, 3.23}. 

13. Page 6, 3.22. Should distinguish cancers from benign tum>re (e.g., 
lymphomas , enlarged lymph nodes, etc.) . 

14. Page 7. Figure 4 . These are not usable diagnoeea, without v~rification 
end some are b i ologically implausible. 

15. Page 6, Page 7, 3.23 . I nadequate data to de~ermin~ bir:b defecte, 
miscarri age and stillbirth rat~s. Caesarean section is a medical 
practice option chosen by patient, physician based on ~aternal bone 
structure or condition prior to event . not related to raciation. 

16. The lack of a n adequate, contemporary control aroup for (Ompar iaon of 
incidence and mortality rates {e.g. a "low exposure'" gro\p iu the 'IMI 
vicinity) weakens even the possibility of arriving at a 1~asonable 
conclus ion. 
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17. Without annual compariaon data, the conc l us ion of a " contituing" cxeea' 
cancer mortal i ty rate i • unfounded. 

18. Page 7 , 3.24. Affidavits a r e teetimony and opini on, not &lientific data . 

19. Page s. 5.0, Sen~ence 1 and 2 . Data inadequate t o au~port these 
statements . 

20. Page 8 . 5 .0, Sentence 3. We r e p l ants i n spected /studied i'o; any cause 
except r adiation (e.g . insect s , chemicala . p l ant diaeaee, ~nd of life 
span , etc. ) 

21. Page 8 , 5.0 . The dose eatimates preaented i n t his paper of 100+ rem 
appear t o be baaed aolely on anecdotal r e ports by aevera l ceaidenta o£ 
r eddening of the skin ( erythema). Although v e agre e tha~ !rytbema can 
reaul t from high dose radiat ion expo•ure. not all erythe•oa resu l t• from 
i onizing r adiation but from other things aucb a s sunburn, tller~, drugs , 
e t c . 

22. Page 9, paragr aph 1 . Diacuesion confuses cancer ·deatha and cancer 
i ncidence . Tha t "lif e i a t e rminoated" more rapidl y ic a ccncluaion 
t otal l y unsupported by the data presen ted. 

23 . Pag~ 9. paragraph 2 . No data it pres ented t o ehov th~t tlere ia an 
alaraing incr ea se in health prob l ema , only a possibl e, but likely 
unrelated , i ncrease in cancer deathl. 

This paper does not present conv i ncing ev idence o f cancer incicenee. cancer 
~ortali ty , or adverse pregnancy ootcome itt tM! area residents Sollowing the 
accident . The pr oper way to addre•• this concern ia through tl .e Pennsylvania 
Depar t ment of Health' & TMI followup progr811l. The Cen ters for J·iaease Control. 
National I nst itu t e s of Heal t b , and Penn•yl vani a Heal t h De partm11nt cO'Illbined 
resources to devel op a census of the 0-5 _mile r esidents &hort.l :• after the 
accident . Al though that effort vaa criticized at the t i me at- wseless it might 
sti ll be useful for NRC t o ·fund additional scientifically vali•l followup 
studies i n that popu l ation. 

I hope t his brie f r evi ew i s helpful. 

Sineerely ·youra , . Mrv: 
Gl yn G. Caldwel l. M.D. 
Assistant Direct or for Epidemiology 
Chr oni c Diseases Divl1ion 
Center for Environmc~tal Bealtb 
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, .. 
CR ITIQUE OF TiiE W100T STUDY; 

(Cancer Around Till ) 

Resul ts of the Aamodt s t udy were fi 1~ t revi ewed on June 21 , 1984, the day 

it was made public a t a pr ess conference in the Capitol Rotunda, Harrisburg, 

Pennsylvania. At that time, Marjorie and Norman Aamodt, intervenors i n the ..... 

Three f-lil e Island (Thfl ) Uni t One restart case before the Nuclear ·Regulator y 

Commission , re l eased a document which incl uded r esults of the study . The doc-

urnent was titled, Aamodt P.1otions for Inves t igation of Licensee 1 s Reports of 

Radioa ct ive Re l eases During the Initi al Days of t he Thll-2 Accident and Post -

ponement of Restart Decision Pendi ng Resolution of This Invest igation. 

According to i nformat ion inc luded in the document , the three areas "s el-

ected f or inclus ion i n the survey were ones wher e residents had experienced 

erythema and metallic t as t e dur i ng the ear ly days of the accident ." One of the 

areas (Ar ea 1) was six mi l es northwest of the pl ant and another (Area 2) t hree 

and one-half miles t o t he sout hwes t . The third area (Area 3), seven mil es 

northwest of the p l ant , was chosen because of i ts hi gh elevation and cl ear view 

of the TMI plants . The specific locations of the t hree areas were not pr ovided. 

The actual survey was conduct ed by a group of loca l resident women, some of whom 

are reported t o be experienced i n conducting surveys (some of these interviewers 

are well recogni~ed anti-nuc l ear activists). The survey was stated t o be organ-

i~ed on the basis of i nf ormation (advice and ques t i onnaire form) pr ovided by 

Dr. Carl Johnson of Denver, Colorado. 

Much of the demographic cancer mortality da ta made available was incl uded 

i n Figure 2 - Cancer Death Rat e Analysis. Wi t hout additional informati on, it was 

not possible to verify the data shown but in one instance , "Total Number of 

Househo lds, 1979- 1984" data were provided for on l y two of the three areas . In 

another , t he method of computing the combined (three area ) rat io of actua l to 

expected deaths was incorrect. No informat ion regardi ng cnnccr site or dates of 

diagnosis and/or dea th was provided. Information on other hc3lth effect s included 
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numbers of cases of "spontaneously ruptured or collapsed organs", "persistent 

rashes" and "birthing abnormalities." Year of occurrence was provided for each 

of the four cases of "collapsed or ruptured organ" cases (collapsed lung, 

collapsed kidney , ruptured aortic valve) but the dates of occurrence of the 
....... 

"birthing abnormalities" were not stated. Again the diagnostic i-nformation was 

vague and could not be verified. ~ruch of the other health information is pro-

vided in eight affidavits attached to the document . 

One statement in the document is particularly puzzling. 

. -· 
"Several other 

residents of the ~il area, not in the precise areas surveyed, but residing or 

working in the area northwest of the plants were also interviewed because we 

learned of their unique experiences ." It is not stated if data obtained from 

these persons were included i n the study. If they were included , the results 

would be seriously biased . 

A review of available cancer mortality data from the State Health Data Center 

for minor civil divisions in the Aamodt survey area did not 1ndicate the existence 

of an apparent cancer problem but further evaluation of the Aamod't data was not 

possible because detailed information was not available. 

On August 15, 1984, additional data from the Aamodt study were made available 

to the State Health Department through a member of ~~I Public Health Fund Advisory 

GrouP., for Areas 1 and 2, the largest of the ~ey areas. These permitted a 

more comprehensive evaluati on of the data included i n the Aamodt document which 

cast serious doubt on the accuracy and utility of the study. 

A statement on Page 4 of the Aamodt document indicates that 'there were no 

refusals i n Area 1 and four in Area 2. The summary data indicates that Case No. 

162 refused information and that for Case No. 138 the number of people was unknown. 

On the other hand, only two refusals could be found in Area 2 (Case No. 111, four 

family members, and Case No. 207). The data in Fisure 2 indicates that there 

were 40 households in Area 1 about which i nform::ttion ~·as obtained but the ma_\:imum 

appears to be 30. Similarl y, 56 were reported f or Area 2 but only 47 could be 
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counted . Nith respect to the "Number of Persons About Information Was Obtained" 

112 were r epor t ed in Area 1, 88 were counted. 

More disturbi ng than the apparent differences in the above basic counts 

was the pauci t y of information about the cancer cases , as well as differences 

in counts . 
....... 

Seven cancer deaths were reported for Area 1; only si~ could be 

counted includi ng one who was diagnosed in 1978. There were nine deaths reported 

for Area 2 but only eight could be found on the summary sheets, including ~ne 

who was diagnosed in 1979. Even more disconcerting, however, is the fact that 
::: 

interviews wer e not conducted to obtain information on five of the decedents. 

The only information reported for these five was "Not interviewed - cancer - died." 

A year of diagnosis was provided for only three of the 16 reported cancer deaths 

in Areas 1 and 2. In most ins tances, even the month of death was not reported. 

The accuracy/completeness of the diagnostic i nformation, apparently not verified 

by medical records, is questionable. In s everal instances, it is not stated if 

the cancer patient i s l iving or dead, henc e comparison of counts can be tricky. 

Six (presumable) l i v i ng cases were reported for Area 1; eight (including one 

1974 .colos t omy case) were counted . Ten living (?)cases were reported for Area 

2. Nine were counted but these include one each of the following: not interviewed, 

breast cysts , unspecifi ed large tumor under arm, f ibrous tumor, and breast cancer 

(wife who lived in area prior to accicent). Other important information, such as 

length of residence , was inconsistently reported . 

An effort t o obtain addit i onal clarifying information on the "spontaneously 

ruptered and col lapsed or gans" and the "birt hing abnormalities" was nonproductive . 

In swrunary , the quality and completenes s of the Aamodt study data made avail

able are such as t o casi serious doubt on the va lidity of the reported results. 

There are many unanswer ed ques tions about their methodology: (1) Exact geographic 

locat i ons of people i ncluded in the s tudy? (2) If everyone in all these areas 

was included (denominator)? (3) Accuracy of cancer diagnosis rc&arding organ 

site and date of diagnos i s (numerator)? (4) :-Jumbcr of c:lnccr cases ::~lready dead 
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and number still living? (5) Accurate informat ion on r adiation exposure for 

each included in the study (for both who developed cancer and who did not develop 

cancer)? Without these es sential data, neither mor t al ity nor incidence rates 

can be computed. 

Gq.~uha~ 
Director 
Divis i on of Epidemiology Research 
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