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ABSTRACl 

Core s amples were  obta1ned from the concr ete wal ls of the TMI -2 

reac tor bu1ld1ng bas emen t wh1c h had been submer ged for up to three year s 1n 

r eac tor coolan t wh1ch leaked from the damaged reactor . The concr ete  

samples  wer e  obta1ned \n 1985 and 1986 u s1ng a Rover robot equ1pped w1th  a 

dr11 11ng attachmen t. Three samples  were  sent  to the Idaho Nat1onal 

E ng1neer1ng Laboratory (INEL) for exam1nat1on to determ1ne the l eachab11 1ty 

and total r eten t1on of  f1s s1on product s 1n the concrete . These data are to 

be used 1n the evaluat1on of methods for decon tam1nat1ng t he reactor 

bu1ld1ng basemen t .  It was determ1ned that  for some r ad1onucl1des ( e . g., 
90 

Sr) up to 90 percent of the total act1v1ty can be removed by l each1ng . 
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SUMMARY 

Approx1�tely ? . 4  m1l l1on 1 1ter s  of reactor coo lant were  depos1ted 1n 

the r eactor bu\ld1ng basement dur1ng the acc1dent at lMJ-2 . The water 

l evel eventually r eached a depth of 2 . 56 m and quant1t1es of rad1onuc1 1des 
1 37 90 

(pr1nc1pa l ly C s  and Sr ) were  absorbed 1nto the concrete wa l ls of 

the bas�nt . lhere a r e  three pr1nc1pa l types of concr ete present 1n the 

base.ent: 3000 -ps1 unpa1nted concrete, 5000 -ps1 pa1nted concr ete, and 

concrete b locks used for structures 1n the basement. Samp l es of each type 

of concrete wer e  sh1pped to the JNEL for exam1nat1on . The obJect1 ves of 

these exam1nat1ons wer e  to determ1ne the quant1ty, d1str1but1on, and 

leachab1 l\ty of rad\onucl 1des absorbed \nto the concrete fr om the acc\dent 

water .  

The thr ee concrete bor e  saMples sh1pped to the INEL were  A l  ( 3000-ps\ 

unpa\nted concrete), 82 (5000-ps1 pa1nted concr ete) , and Sub-2  (unpa\nted 

concr ete bl ock) . The f1r st examt nat1on performed on the concrete bor es  was 

a ga� spectroscopy ana l ys1s to determ1ne the d1str1but1on of gamma ray 
1 37 

e.\tt1ng rad1onuc11des (1. e., Cs ) 1n the bores . Th1s ana l ys1s 

1nd\cated that much of the rad1onucl1de content of Samp l es Al and B? wa s 

depos1ted near  the sa�le surface exposed to the acc\dent water and that 

pa\nt appear s  to substant1a l l y restr 1ct the uptake of f1ss1on products by 

the concrete. However ,  for Sub-2  ( the concrete b lock samp l e )  the act1v1ty 

vas much mor e evenly  depos\ted through the samp l e, probably  due to the 

substant t a l ly gr eater poros\ty of th1s mater1a l  as compared to the 3000 and 

5000 ps\ concrete sampl es. 

follov\ng the ga� spectr oscopy ana lys1s, a 4 month 1 each1ng study 

vas per formed to determ1ne the l eachab11\ty of the rad\onucl 1des absorbed 

1nto  the concrete. The leach\ng study used s\mulated r eactor cool ant 

conta\n\ng 5000 ppm bor on and 1 500 ppm sod\um at a pH of 7.6. Samples of 

the leach sol ut\on wer e  removed per \od\ca l ly and ana l yzed to determ1ne the 

rad\onuclt de content of the mater\al. lhe three measurable  rad1onucl1des 

wer e 
1 34

cs, 
1 37

cs, and 
90

sr . Also, the l each so l ut\on was changed at 

predeter•1ned t\mes to eva l uate the e ffects of fresh so l ut1on on the l each 
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behav\or of the r ad\onuc l\des . Fol l ow\ng the l eac h\ng s tudy, the c onc rete  

bor es wer e  d\s so l ved to de term\ne the total  r ad \onuc l 1 de content  o f  the  

mater\al . 

The l each\ng s t udy \nd\cated t hat  up to 78% of the  c es\um and 93% of 

the s tront \um \nven tor\e s  of the concr e t e  bor e s  cou l d  be r emoved by 

leach \ng dur\ng the 4 month per 1 od .  A l s o, the data s ugges ted t hat longer 

l each per\ods w\th f resh  coolant  wou l d  desorb add\t\onal quan t 1 t 1 es o f  

f\s s\on produc t s  f rom the conc rete . 

The dis so lu t \on of  the conc rete  samp l e s  al s o  p rov\ded add\ t 1 ona1 

\nformat\on concern\ng the behav\or o f  c es\um and s tr on t\um 1n conc r e t e .  

The d\s sol u t 1 on data \nd\cated that d 1 f fe r en t\al absorpt\on of  ces 1 um and 

s tron t\um occur s ( \ . e . ,  that they are absorbed at d\f ferent  r ates)  and that 
90 

subs tant\al quan t 1 t1es of  Sr wer e  ava 1 l ab l e  for  absor pt 1 on 1nto t he 

conc rete up to 20 mon ths  after  t he acc 1 den t .  

\v 
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E XAMJ�AliON_ OF CO_NJ;��!! ��e.!.��- �0� 

THE TMJ -� RE AC1_Q� BUHJU�!J- BAS�MEN_l_ 

JNlHOOUCl JON 

During the fir st 3 days fol low\ng the acc1dent at the lhree Mil e 

Is l and Un\t 2 (lMl-2 ),  an  estl .ated one •1111on 1\ter s of contam\natcd 

r eactor coo la nt escaped f r om the r eactor coo lant system (RCS) to the 

r eactor bu1l d\ng ba sement. lhe pressure  s p\ke from the hydr ogen burn \n 

the conta\nment caused an add\t\onal 64, 000 l of water to be spr ayed Into 

the r eactor bu\l d\ng f r om the r eactor bu\ldlng spray system. After th\s 

l n 1 t1a l \nflux of water.  addl t\ona l water continued to l eak Into the 

r eactor bull d\ng ba s ement fr om the RCS and from leaks \n the r1ver water 

coo l \ng s ystem wh\ch wa s s upp ly\ng water to the reactor bu1l d1ng air 

coo l\ng a s sembl y .  lhe water In the ba sement eventua l l y reached a depth of 

2.59 • (-2, 400,000 l) on Septe.ber 23. 1981, when water processing 
1 2 

through the EPJCOR and s u�r ged deMinera l\zer syst�s began. • 

Shor tly  a fter the acc\dent. four organ\zat\ons Interes ted In both 

p l ant r ecovery and acc1dent data acqu1s1tl on formal ly  agr eed to cooperate 

\n obta 1 n1ng and d 1 str\but 1 ng 1nformatl on 1 n  these  a r ea s . lhe 
a 

orga ntzatlons, commonly  r efer r ed to a s  the GENO group. a r e  cur r ently  

Invol ved \n  r eactor r ecovery and data acqu1s1t1on act\v\tles .  As par t  of  

these  acquls1t1on actlv1t1es. a sa�llng and ana l ys\s progra• wa s deve loped 

whtch 1 nc l udes sanpllng of .any of the materia l s  present In the reactor 

bundtng . 

Sanpltng of the water 1 n  the r eactor bull d\ng bas ement, particu late 

debr1s, and sur faces  \n the conta\nment occur r ed fr om August  1 9 79 until the 

present . As pa rt  of the r eactor bul l d\ng sampl\ng prograM, concr ete 

s amp l e s  wer e  re.oved from the r eactor bu\l dlng bas ement wa lls on 

lov�er 26, 1985, and ea r l y In 1986 . Examl nat\on of these concrete bor es 

a. The GENO group Is comprised of §PU Nuclea r,  Electric Power Re search 
. Jnst\ tute, the U . S .  �uclear  Regu latory  Comml s s\on, and  the U.S . Department 

of Energy. 
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1 s  1mpor tan t, as the bores prov1 de 1 n format 1 on on the acc 1 dcn t behav 1 or of  

rad 1 onucl 1 des 1n  the reactor cool an t, on  t he r eactor bu 1 l d 1 ng sur faces, and 

on requ 1 remen ts  for decontam1 nat 1 on o f  t he r eactor bu 1 l d 1 ng basemen t .  Both 

the acc1 den t 1 n format 1 on and bu 1 l d 1 ng decontam 1 na t 1 on r equ 1 r emen t s  wer e  

addr es sed 1 n  the exam1 nat 1 on plan deve l oped for t h e  concr e te bor e 

exam1 nat 1 ons. 

2 



SAMPLE ACQUJS JlJON AND fXAMJNAlJON PLAN 

Th\s s ect\on d\scusses the acqu\s1t1on of the concre te bor es and the 

exa•1nat 1 on plan deve loped to mc�t the exam1na t 1on object1ves . The 

acc1dent -r e l a ted object\ves wer e  to determ1ne the d1s tr1but1on and quant\ty 

of·r ad1onucl1des 1n the concrete, and the decontam1na t1on object\ve wa s to 

deter•1ne the leachab11 1 ty of rad1onucl1des f r om the var 1ous types of 

concrete sa�les.  Acqu\s1t1on of the sa�l e s  wa s per formed us1ng a Rover 

r obot equ\pped w\th  a dr\ll1ng appa r a tus . 

The three samples su�\t ted to EG&G for ana l ysts were  s e l ected to 

r epresent three categor\es of concrete  sur faces tha t wer e  submer ged \n 

water r esu l t\ng f r om  the acc\dent: unpa\nted 3000-ps\ concrete, pa\nted 

5000-ps\ concrete, and unpa1nted concr e te b lock . Table 1 1 \s t s  the sample 

\dent\f\cat\ons, descr\pt\ons, l oca t\ons, and d\mens\ons . F \gure 1 shows 

where the samp l e s  wer e  obta\ned \n the reactor bu1l d1ng basement. F r om 

Tab l e  1 ,  \t  \s appar ent that samp les Al  and Sub -2 wer e  r emoved f rom 

elevat\ons \n the reactor bu1 l d\ng wh1ch were  near  the h1gh wa ter leve l 

(2 . 59 •) . Reference 4 \nd\ca tes  that these two l oca t1ons wer e  only bel ow 

the wa ter leve l f ra. approx\mately January through October 1 98 1 ;  however,  

the 82 samp l e  was exposed to the acctdent water from the  begtnn\ng of the 

acc\dent unt1 1 wa ter proces s1ng wa s nea rly comp l ete ( 1 . e., January  1 982) . 

The exa•1na t1on plan deve loped for the concrete  bores  cons 1 s ted of 

four par t s: ( a) a photovtsua l exa•1nat1on; (b ) 1n1t\a l char acter1za t 1 on of 

the concrete  bores us\ng ga� spectroscopy to determ\ne the depth of 

r a d 1 onuc1 1de pene tr at\on 1nto the concr ete; ( c )  a 1 each1ng ana lys\s us\ng 

s1mu l ated acc\dent wa ter  to determ1ne the quant1ty of mater\a l  tha t  cou ld  

be l eached from the  concrete us\ng unconta•1nated bor a t ed wa ter;  and 

(d ) d1s sol ut1on and r ad1ochem1ca l analys\s of the bores  to determ1ne the 

actua l  1nventor \es of f1s s1on pr oducts  depos 1 ted \n the concrete . Pr\or to 

beg1nn\ng the gamma spectr oscopy and l each1ng, a l ayer of wax was appl\ed 

to the s 1 des of the bore and the bot tom ends of Al  and 82 to cause a l l  

1 each1 ng f r om  the bor e  t o  occur thr ough the sur face o r  sur faces tha t  had 

been or 1 g1na1 1y  exposed to the acc\dent wa ter . The 1n 1 t1al sample handl\ng 

and pr epa r at 1 on procedur es a re  1 \s ted \n Append\x A .  

3 



TABLE l. TMI-2 REACTOR BUILDING CONCRETE CORE SAMPLE ACQUISITION INFORMATION 

Elevat1on Rad1at1on F1eld 
Sample Above (Rad/hl 

Sample Acqu1s H 1on Length Floor 
Ident1f1cat1on Date Descr1pt1on (em} (m} Beta/Gamma Gama 

Ala 11/26/85 A 2.5-cm-d1ameter bore obta1ned 1.3 2.5 1.6 1.1 
from the 3000-ps1 unpa1nted 
concrete wall near the reactor 
bu1ld1ng a1r cool1ng assembly and 
elevator access area. 

B2a 11/26/85 A 2.5-cm-d\ameter bore obta1ned 2.2 0.8 0.37 0.03 
• from the 5000-ps1 pa1nted concrete 

•o" r1ng near the sta1rwell. 

Sub-2b 3/86 A 2.5-cm-d\ameter bore obta1ned 3.2 2.5 2.0 2.0 
from the concrete block wall 
surround1ng the elevator. 

a. Th1s sample was wrapped 1n two layers of plast1c sheet1ng. 

b. Th1s sample was conta1ned 1n a plast1c co1n tube 1ns1de a plast1c bag. 
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Photov \sual E xam \nat \on 

The photov\sual exam 1 nat 1 on of the  concre t e  bor e s  was per formed at the 

INEL to characterlze the expos ed front  and back s u r faces of the concr e te 

bor es. 

Concr ete  Bore Gamma Scans 

The fr ont and back faces of the concr e te bor e s  wer e  analyzed by 

rad 1 ochem1 cal me thods to eval uate to tal r ad \onucl \de con tent, and 

coll 1mated gamma scan s wer e  taken al ong the l ength of t he bor e  to determ 1 ne 

how far the rad \onucl \des had pene t rated \nto  t he bor e s . The gamma 

spectroscopy character \zat \on of the concre t e  bor e s  was per formed u s 1 ng a 

spec\al \zed col l \mator (F\gur e  2), a Oav\dson mul t \channe l analyzer sys tem, 

and a Prlnce ton Gammatech 1 n tr1 n s \c german \um detector . For the front and 

back scan s, the samples were placed as shown 1 n  F \gure  2a so  that only the 

face of the sample  was exposed to the de tector. Cal 1 br at 1 on o f  the sys tem 

was performed uslng s tandards f r om the Nat \onal Bureau o f  Standards.  These 

meas uremen ts  were  performed only to s em \quan t 1 tat \ve l y  e s t 1 mate the amount 

of  act 1 v1 ty depos 1 ted 1n  the concre te  bores .  The 1 nd 1 v 1 dual bor e were 

analyzed at d 1 f ferent d 1 s tances, because of var 1 at 1 ons  ln the total 

act 1 v1 ty present 1n the bores. The d\s tance from the fron t face of  the 

bore to the de tector for each concr ete  bore was: Al (1 00 em) , B2  (1 1 em), 

and Sub-2 (300 em). 

Meas ur ement of the depth of rad 1 onucl 1 de pene t r at 1 on 1 n to the  bor es 

was performed by tran slat 1 ng the concr ete  bore thr ough the l ead p l ug at 

0. 1 6-cm 1 ncremen ts  (f 1 gure 2a) and obta1 n 1 ng a gamma r ay s pect r um at each 

1 ncrement. Follow1 ng acqu1 s 1 t 1 on, the spectra were tran s ferred to the 

Rad\at\on Measuremen ts  Laboratory (RML), where they wer e  anal yzed on the 

VAX computer sys tem us 1 ng GAP.
5 

leach 1 ng Analys t s  

The plan for the leach 1 ng analysts per formed on the concr e te cor e  

samples was developed t o  meet the spec\f 1 c  requ \remen t s  o f  GPU/Bechtel 
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6 
Nat1onal Corporat1on and does not follow standard leach1ng procedures. 

Preparat1on of the concrete bores for the leach1ng study cons\sted of two 

parts. F1rst, all surfaces of the bores were coated w1th paraff1n except 

those faces whlch were to be leached (1.e., the front faces of Al and 82 

and both faces of Sub-2). Th1s was done so that the rad1onucl1de leach1ng 

would s1mulate the lMI-2 reactor bu1ld1ng basement wall surfaces . Both 

front and back surfaces were left exposed on the concrete block sample 

(Sub- 2), as the \nter\or surface of the block was exposed to acc1dent water 

present 1n the central annulus of the block. The second preparatory step 

performed Just before the leach1ng study was to mo1sten the exposed sample 

surfaces by water m1st1ng to prevent rap1d absorpt1on of rad1onucl1des 1nto 

the 1nter1or of the sample mater1al. 

Each sample was leached \n a four l conta1ner wh1ch conta1ned 

135 cm
3 

of s1mulated reactor coolant per square cent1meter of exposed 
3 

surface area. Th1s resulted 1n us\ng 685 em of s1mulated coolant for 
3 

samples Al and 82 and 1370 em for sample Sub-2. The s1mulated reactor 

coolant spec1f1cat1ons were prov1ded by GPU and they are 5000-ppm boron and 

1500-ppm sod1um hydrox1de, w\th an adjusted pH of 7. 6 .  The leach1ng 

per1ods and the t1mes when the coolant was replaced are 11sted 1n the 

exam\nat\on results sect\on as they were mod\f\ed based on the measurement 

results. 

The sampl\ng procedure used when samples were obta1ned from the 

leach\ng solut\ons was to remove a 3-ml sample w\th a p1pette. One 
90 

m\1111\ter was used for Sr analysts, 1 ml was depos1ted on a f1lter 

paper and analyzed us\ng the EG&G mob\le laboratory gamma spectroscopy 
7 

system, and 1 ml was reta\ned as an arch1ve sample. 

Bulk Sample 0\ssolut\on 

Upon complet\on of the leach\ng port\on of the study, each of the 

bores were d\ssolved and the total res\dual rad\onucl\de content was 

measured. Th\s was done because the 1n1t1al rad\onucl1de 1nventor1es used 

were est\mates and were expected to be h\ghly 1naccurate. lhe deslruct1ve 

analysls was done 1n stages because of the large amount of mater1al present 

8 



\n each bor e. f\r s t, each sample was cr ushed and placed \n a pla t\num 

d\s h . Second l y , the cr ushed debr\s was pretr eated w\th hydrofl uor\c ac\d 

a nd s ubjected to a potass\um fluor\de fus\on. lh\s fus\on d\d not 

co.pletely d\s solve the debr \s, so the rema\n\ng mater\al wa s subjected to 

a pyr osulfate fus\on. The fused mas s wa s then d\s solved \n 2� hydrochlor\c 

acrd. It r equ\red between one and four 1 \ters of solu t\on to pr event s ome 

ca.ponent s  of the concrete  bor es from produc\ng par t\cula t e  mater\al. Upon 
90 

ca.ple t\on of the d\s solu t\on, samples were removed for Sr and gamma 

r ay �\tler analys\s . 

9 



EXAMINATION RESULTS 

Exam\nat\ons performed on the concrete bores 1ncluded a photov1sual 

exam1nat1on, a gamma spectroscopy analys1s of total act1v1ty and the 

penetrat\on of rad\onucl\des 1nto the concrete, leach1ng of the 

rad\onucl\de content from the bores, and a destruct\ve d\ssolut1on of the 

bores to determ\ne total rad\onucl\de content . These exam1nat1ons prov\ded 

1nformat1on that \s valuable both 1n understand1ng the TMI-2 acc1dent and 

\n the decontam1nat1on effort now be1ng performed by GPU. 

Photov1sual Exam\nat1on 

Photographs of the concrete bores were taken after they had been 

coated w\th paraff1n on the surfaces that were not to be leached and after 

the 1n1t1al 821-h leach . F\gure 3 shows the front and back surfaces of 

sample Al. F1gure 3a shows the unpa\nted surface of the 3000-ps\ concrete, 

and F1gure 3b shows the back paraff1n-coated surface of the sample. The 

major\ty of the surface (> 90 percent) 1s 1ntact, wh1ch 1nd1cates that 

the concrete bore when leached 1s probably representat1ve of the unpa1nted 

concrete surfaces \n the reactor bu1ld1ng basement where the sample was 

obta\ned. F\gure 3b was 1nc1uded to prov1de a better perspect1ve on the 

sample d1mens1ons (2.5 em d\ameter x 1 . 3 em length) . 

F1gure 4 shows the pa1nted 5000-ps\ concrete sample (82). Aga\n, the 

surface of th1s sample appears to be \ntact, w1th most of the concrete 

rema1n1ng on the sample. Th\s sample was longer than the Al sample and had 

d1mens1ons of 2 . 5 em d\ameter w1th a length of 2.2 em . 

F\gure 5 shows the exter1or and 1nter1or surfaces of the concrete 

black sample (Sub-2) . The exter1or surface shown 1n F1gure 5a 1s 

d1scolored, probably due to the presence of part1culate mater1al depos1ted 

on the surface dur1ng the format1on of the "bathtub" r1ng .
7 

The 1nter1or 

surface was not d1scolored, probably because the acc1dent water to wh1ch 

th1s surface was exposed had to leak 1nto the 1nter1or of the block before 

10 



(a) Exposed surface. 86-478-1-4 

a .  Exposed sur face. 

(b) Paraffin-coated back s urface. 

b .  Para f f,n-coated back sur fac e .  

f'gure 3. Unpa,nted 3000-ps' concr ete ( Al ) .  
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(a) Painted surface. 
a .  Pa1nted surface. 

b. Paraff\n-coated back s urface . 

F 1 gure 4. Pa\nted 5000-ps' concrete ( 82 ) . 
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• 

a. Exter , or sur face exposed to the baseMen t. 

(b) Interior surface. 86-478-1·9 

b. ln ter1or sur face . 

f'gure 5. Concrete B lock (Sub-2). 
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depos1t1ng on the surface and either the surface contaminants were leached 

out or there was adequate t\me for particulate material to settle out on 

surfaces lower 1n the block wall. 

Concrete Bore Gamma Scans 

Gamma scans were performed at three different t1mes during the 

leach1ng analys1s; before the leaching analys1s was begun, after 821 h, and 

after 3006 h of total leach1ng . As previously d1scussed, measurements were 

made of radionuclide penetration 1nto the concrete by taking collimated 

gamma ray spectra at 0. 16-cm increments from the front face of the bore. 

The full length of each bore was scanned. Measurements of the front and 

back faces of the samples were also performed to determine 1f s1gn1ficant 

amounts of the total act1vity had been released by the 1each1ng process. 

The measurements of radionuc11de penetrat1on 1nto the concrete bores are 

tabulated in Appendix B, Tables B-1 through B-3 . 

137 
Figures 6 through 8 show the Cs penetration into concrete bores 

Al, 82, and Sub-2, respectively, and the leaching effects on the 
137 

distr1but1on of Cs in the bores. The rad1onucl1de penetrat1on data 

for sample Al shown 1n F1gure 6 1ndicates that the majority of the 
137cs 

was depos1ted in the front 0.3 2 to 0. 48 em of the unpainted concrete. The 

leach1ng data ind1cates a sign1ficant release of this activity, but some 
137 

Cs remained deposited 1n the concrete and was distributed through 

about the first 1. 0 em of the concrete. These data suggest that the 

average penetration into the concrete was slow (approximately 0.1 em per 

month) during the approx1mately 9-month exposure to accident water and that 

much of the activity was probably deposited in the first day after the 

mater1al was submerged in acc1dent water.
9 

F1gure 1 shows the penetr.at1on of 137
cs into the pa1nted 5000-ps1 

concrete and the effects of leaching on the fission product release from 

the concrete. Penetration into the concrete is qu\te 1\mited, w1th almost 

all act1v1ty be\ng initially deposited 1n the front 0. 5 em. The subsequent 

measurements, after 821 and 3006 h, 1nd1cate that the peak act1v1ty near 

14 
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the sur face of  the concr ete 1s s ubstant1ally reduced and that there  1s 

M1gr at 1 on 1nto the 1nter1or of the concrete as a funct1on of t1me . Th1s 

sa� l e  was expos ed to the acc1dent wa ter for a per 1od of 30 months; and the 

penet r a t , on r a te, 'f averaged over the per , od the saMple  was submerged, 1 s  

0.01/ c.Vmonth. I n  fact, the m1gr a t 1 on ' s  probab ly  not 1 1 nea r; but these 

dati g1ve a n  'nd 1 cat , on of  the l ow poros1ty of the pa , nted 5000-ps 1 

concrete and  1 t s  reduced potent1 a l  for r ad1onucl1de absorpt 1 on .  

F'gure  8 shows the penetrat1on o f  
1 37

cs 1nto the concr ete block wal l 

sa� l e  and the ef fec t s  of  leach 1 ng on the 
1 37

cs  r e l ease from the b l ock 

.. ter , al .  A grea ter number of scans were  taken on th1s sample  to 
1 37 

character , ze the C s  content through the ent1re b l ock . The conc rete 

block 1s cons 1 derably  more porous  than the other sampl es, and s1gn 1 f 1cant 
1 37 

aMOunt s  of C s  were tr anspor ted through the block . Th's 1 s  fa1r ly  

'.,ortant, as the b lock wa s on l y  s ubmerged 1n  coolant for a per1od of  

approx1�te l y  10  months. However, cap 1 1 1a ry  act1on 1 n  the conc rete would  

tend to carry wa ter 1 n to the  concr e te some d1stance above the sur fac e  of  
g 137 

the free stand 1 ng water l eve l .  lhe l each 1 ng ef fects on the Cs  1n 

the concre t e  block 1nd 1 cate a grad1ent behav1or, w 1th the h1ghest 

concentrat , ons be 1 ng r educed to an appr ox1 �te l y  average d1str1 but1on 

ac ross the b l ock . 

1 37 
In add1t , on to  char acter1zat1on of  the C s  • 1 grat1on 1n the 

concrete  b lock, scans were  taken of the fr ont and back sur faces of the 

sa.ples  to deter• 1 ne 1f s1gn 1 f 1 cant reduct1ons or • 1 grat1on of the act 1 v1ty 

1 n  the b l ock  wer e  occ ur r 1 ng dur1ng the 1 eac h1ng tests . Table 8-4 

(Append 1 x  8) 1 1 sts the measurement res u l ts. These data 1nd1cate reduct1ons  

tn the tota l .ea s urab l e  act 1 v1ty that ar e cons1stent w 1 th the d 1 str1but1on 

o f  r ad 1 onuc l 1des 1 1 s ted 1 n  Tabl es B-1 through B-3 and w 1 th samp l e  

d 1 ss o l ut 1 on resu l t s wh1ch are  to b e  presented . 

Rad 1 onuc1 1 de leac� Analys1 s  Res u l t s  

The r ad1onuc1 1 de leach1ng eva l uat1ons o n  the concrete bor�s were  

per for.ed to deter • 1 ne the effects of  long-term leach1ng and of replac1ng 

the l each s o l ut 1 on on the behav1or of f1s s1on products depos1ted 1n the 
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reactor bu\ld\ng basement.· Table 2 11sts the leach per\ods 1ntervals 

between samples, solutlon changes, and when gamma spectrometry were 

measurements made. The leach1ng analys\s was begun on March 26, 1986. The 
137

cs and 
90

sr leach1ng data for the concrete bores are 1\sted 1n 

Append\x C. These data are 11sted \n m\crocur1es per m1 11111ter of 

solut\on, wh1ch \s then mult1p11ed by the volume of the leach solut\on and 

d1v1ded by the total 1nventory of the f1ss1on product depos\ted 1n the 

concrete core, \. e . , 

Release Fract\on ; 
Concentrat\on ( C1/ml) x Volume of solut1on {ml) 

Inventory (C\) (1) 

The total \nventor1es of f\ss\on products present 1n the concrete bores and 

the\r uncerta1ntles are d\scussed 1n the follow\ng sect\on. Plots of the 

cumulatlve release fract1ons for samples Al, 82, and Sub-2 for ces\um and 

stront\um are shown 1n F1gures 9 and 10, respect\vely. The release 

fractlon data are plotted versus the square root of the cumulat\ve leach 

per\od. The ceslum release fract\on data plotted 1n F\gure 9 1nd1cate 

relat\vely 1\near leach\ng w1th some except\ons. These except\ons 

generally occur 1n the per\od after the leach\ng solut\on has been replaced 

and \nd\cate a sudden \ncrease \n the leach rate . The most 1\kely cause of 

the change 1n release rate 1s the establ\shment of a new concentrat\on 

grad\ent between the surface of the concrete and the uncontam\nated 

solut\on. F\gures C-1 through C-3 (Append\x C) show the compar\sons 

between the 
137

cs and 90
sr behav\or for each sample. 

An analyt\cal evaluat\on of the transport of the ces1um and stront\um 
10 

was performed by Oak R1dge Nat\onal Laboratory (ORNL) personnel. These 

data \nd\cate that the observed f1ss1on product leach\ng behav\or exh1b1ted 

by sample Al \s cons\stent w\th one-d\mens\onal d\ffus1on from a slab or 

surface 1nto a solut\on. The 82 sample data, however, suggest a more 

complex mechan\sm (e. g. , 1\near surface transfer through a f1lm) wh\ch 

would tend to slow the m\grat\on of f1ss\on products \nto the concrete. 

The stront1um data shown \n F\gure 10 follow the same general leach\ng 

behav\or as that exh\b\ted by ces\um for each sample . The concentrat1ons, 

18 



TABL E 2 .  LEACHING ANALYSIS SAMPL E SCHEDULE 

Tota l l�ach P�r \od/Sample  
Sa��pl� l�ach T\me for Each 
NUIIb�r (h) (h) Connents 

0 0 Ganma scan  each core  
1 4 4 
2 8 8 
3 24 24 
4 48 48 
5 1 68 168 
6 336 336 
1 672 612 
8 821 821  Ga� scan  sa.pl es 

0 R�plac�d sol ut\on 
9 1 181  360 

10 1493  612 
11  1661 840 

0 Repl aced solut\on 

1 2  2023 362 
1 3  2331 670 

0 Repl aced sol ut\on 
14 2671 340 
15 3006 67 5 Ga� scan samples 
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although not s1M\lar,  fo llow the same gen�r al pat tern. For bo th s t r on t\um 

a nd ceslu., the concre t e  b l ock exh1b1ted the grea test l eachab111ty, 

followed by the unpa1nted concrete a nd the pa1nted c oncrete. 

Bulk 01s so lut1on a nd_}o tal Relea ses 

Upon ca.pl e t1on of the l each1ng s tudy ( 3006 h), the concr ete bores 

were ga�-scanned and d1sso lved to determ\ne the actua l con ten t  of f1s s1on 

products  (\. e., ces1um and stront1um ) presen t .  lhe quan t1ty of  ces1um and 

s tr ont\uM or1g1na l l y pr esent  \n the bor es wa s determ1ned by mea sur\ng the 

reta\ned rad1onucl \des presen t \n the bores a f ter leach1ng and add1ng th1s 

quan t\ty to the quan t1ty of mater\al l eached 1n to sol u t\on . Table 3 1\s t s  

the total  qua n t \ty of  f1ss1on pr oduct s  present 1n each bore and the total 

per centages leached \nto s o l ut1on dur 1ng the 4-month s tudy . 

These da ta 1nd\ca te tha t a subs tant\a l per cen tage of  the f1ss1on 

product \nventor\e s  of the concr ete  bores can be removed by leac h\ng and 

that the 3000-ps\ concre t e  (Al ) \s mos t suscep t1ble to  l each\ng \n that 
137 

al.as t 801 of  the Cs 1nventory and >901 o f  t he s t r on t\um \nventory 

were r e.oved during the l each\ng process . The pr obable reasons  for  the 

les ser r educt\on \n act1v1ty for samp l e  82 are tha t the f\s s1on product 

1nventor\es  were  s ubs tant\ally lower (factor s of  229 and 18 for ces\um and 

s tr on t\�. r espect\vel y) and tha t  react1ons w1th  the pa1nted sur face may 

have caused 1r r ever s1ble p l a teout on th\s sur face .  The lesser r educt1on \n 

act1vlty for Sub-2, t he concrete  block sample, may be surm\sed f r om the 

r ed1s t r 1but1on of act1v1ty wh\ch occ u r r ed dur\ng the leac h1ng per\od .  The 

later scans  1nd1cated tha t  the concen trat1ons 1n the \nter\or of the b l ock 

tnc reased w\t h  t he amount of time the bl ock was submerged . These da ta 

s ugges t that t he capt lla ry  act\on of the water to t he 1nner por t1ons of the 

block ca r rted some of the depos1ted rad1onuc11des  fur ther 1n to the concr ete 

rather than outwar d 1nto the l each1ng solut1on. 
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TABL E 3. RADIONUCLIDE INVE NTORIE S AND TOTAL RE L E ASE S CAUSE D BY L E ACHING 
FROM THE CONCRETE BORE S 

1 37 
C s  

90
Sr 

Concrete 
Total Relea se Tota l Release 

Core Inventory
a 

(%)b Inventor y
a 

(%)b 

Al 3. 79 ff-3 77.9 7. 46 hl 92. 7 

B2 1 .  36 E + 1 25.5 4 . 2 1  E O  29 . 3 

Sub-2 1 . 45 E +4 40. 8 3. 36 Et2 53.0 

a .  Inventory 1 s  1 \sted 1 n  m 1 crocur1 e s  per samp l e  a nd repr esen t s  the total 
quan t 1 ty of the 1 1 s ted f 1 s s 1 on product s \n the sampl e .  

b. Total percentage of  \nventory l eached 1 n to solu t\on dur\ng the 4 month 
s t udy . 
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CONTRIRUTJONS 1 0  REACTOR OECONTAMJNATJON 

The pr\nc\pa l con t rtbut\on that the concrete bor e data makes to 

r eactor decontam\nat\on \s that the concrete data suggest that leach\ng may 

be an a l ter nat\ve to �chan\cal r emova l of  sur face depos\ted and/or 

absorbed rad\onuc l \des f r om concrete  sur faces wh\ch have been submerged \n 

r eactor coo lant for per\ods of  t\me. A second cont r\but\on \s that 

d\f ferent\al  absorpt\on of ces\um and s tront\um occur s  \n the concr ete \n 

the r eact or bu\ldtng. Prevtous  e s t\mates have ass umed that the absor pt\ons 

of  cestuN and s t ront\um at TMI-2 were s tm t lar  and that the tota l quant\t\es 

absorbed were s t• t l ar.  lhe concrete data s uggests, however,  that 

absorptton \s a f f ected by the type of  concre te \n wh\ch the absorp t\on 

occur s and t hat cestum and stront\on absorpt\ons d\f fer . 

The ces\um-to-stront\um tnventory r at\os for A l ,  82 and Sub-2 are  

50. 8, 3.2. and 43 . 2  respect\ve l y .  lhe bare concrete sur faces \nd\cate Cs 

to Sr rat\o s  of  approx\matel y  50. whereas the pa\nted sur face rat\o \s 

sub s ta n t\al ly d\f fer ent (3 . 2).  The conclus\on that may be drawn \s that 

the pa\nt s ubs tan t\al ly  affect s  ces\um absorpt\on a s  the patnted sur face 

has s\gn t ftcan t l y  lower sur face concentra t\ons . 

137 
The quant\ty of C s  pr esent  \n the basement (wa ter) has been 

90 
est\.at ed at 31 0,000 C\, whereas the Sr \nventory  was est\mated a t  

11,0 0 0  C t .
1 1 

These data produce an atom rat\o of  appr ox\mat ely 29 wh\ch 

ts l e s s  than the observed .axt .u• absorpt\on rat\os \n the concrete by a 
137 

factor of 1 . 8 .  Th\s data aga\n s ugge s t s  sel ect\ve absorpt\on of Cs. 

However ,  tt shou ld  be noted that the concen t rat\ons \n the basement wat er 

to wh\ch the sa�les  may have been exposed may be s ubstanttal ly  d\f ferent 

f r a.  th\s rat\o, because  samp l es Al and Sub -2 wer e  expos ed to acc\den t 

water on l y for a r e l attvel y  shor t t\me ( 10 mon ths ) durang 1982 wh\ch may 
1 37 90 

not have Cs  and Sr concentrat\ons s\m\lar to the aver age 

concentrat\ons of both r ad\onucl \des. A l so of \nter es t \s the fact that 
90 

quant\t\es of Sr rematned \n s o l ut\on 20 months a fter the acc\den t and 

wer e avatlab l e  for depos\tton on concrete  approx\mat e l y  2.5 m from t he 

bas�nt f loor (\ . e . , Al  and Sub-2) . 
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CONCLUSIONS 

The pr 1 nc 1 pal observat 1 ons  and conclus 1 on s  that can be made f rom the 

conc rete core l eac h 1 ng s tud 1 es t hat r elate  to the r eac tor decontam1 nat 1on 

e f for t be 1 ng per for med by GPU Nuclear are: 

• The quant 1 ty of rad 1 onucl1 des  t hat can be depos 1 ted 1 n  t he 

r eac tor bu 1 ld 1 ng conc rete  1 s  af fec ted by t he type and dens 1 ty of 

the conc rete . 

Coat 1 ngs (e . g  . •  pa1 n t) appear to s 1 gn 1 flcantly r es t r 1 c t  t he 

absorp t 1 on of rad 1 onucl1 des 1 n to the su r face. 

• Leac hlng of ces 1 um and s t r on t 1 um from r eac tor bu 1 ld 1 ng sur faces 

1 s  s 1 gn 1 f 1 cant.  as up to 93% of the s t ron t 1 um and up to 7 7. 9% of 

the ce s 1 um can be r emoved by leac h 1 ng .  
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SAMPLE PACKAGING AND HANDLING 
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APPE NDIX A 

SAMPLE PACKAGING AND HANDLING 

Al l three samp l es (Al, 82 and Sub-2) were transported to the JNE l 'n a 

s�ll lead sh,e l ded conta,ner sea l ed l oose '" p l ast'c bags or 'n a pl asl'c 

tube . lhe samp l es had on ly  smal l  amounts of  sur face contam,nat,on, wh,ch 

was .astly re.aved w'th K,nw , pes . 
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RESUlTS OF GAMMA SPECTROSCOPY ANALYSIS 
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APPENDIX 8 

RESULTS OF GAMMA SPECTROSCOPY ANALYSIS 

The r esult s f r om  ga�-scann,ng Samples A l ,  82, Sub-2, and the 

concrete bore faces for all thr ee samp l e s  are  g 'ven '" Tables B-1 thr ough 

8-4. A l l results have been decay-cor r ected to Mar ch 26, 1 986, for 

ca.par , s on pur poses. 

8-3 



TABLE 8-1. SAMPLE A1 137cs GAMMA SCAN RESULTS (counts/s) 

Pos\t\on
a 

F\rst Scan Second Scan Th\rd Scan 

1 2.34 E03 ± 5.86 E01 1.07 E03 ± 2.58 E01 9.67 E01 ± 1.81 EOO 
2 2.12 E03 ± 4.88 E01 7.49 E02 ± 1.35 E01 3.40 E02 ± 6.12 EOO 
3 8.68 E02 ± 1.56 E01 3.15 E02 ± 4.41 EOO 3.29 E02 ± 6.12 EOO 
4 3.80 E02 ± 1 .10 E01 2.09 E02 ± 3.14 EOO 2.81 E02 ± 5.31 EOO 
5 2.09 E02 ± 5.86 EOO 1 .37 E02 ± 3.02 EOO 2.1 0 E02 ± 6.62 EOO 

6 1.12 E02 ± 3.03 EOO 1.01 E02 ± 2.84 EOO 1.29 E02 ± 1 .74 EOO 
7 5.95 E01 ± 1.55 EOO 4.74 E01 ± 1.42 EOO 9.06 E01 ± 1.91 EOO 
8 2.89 E01 ± 9.24 E-01 2.26 E01 ± 5.1 9  E-01 4.96 E01 ± 1 .46 EOO 
9 1.28 E01 ± 3.97 E-01 2.50 EOO ± 8.00 E-02 2.43 E01 ± 4.1 3 E-01 

1 0  3.27 EOO ± 9.81 E-02 5.20 E-01 ± 4.89 E-02 1 . 1 1  E01 ± 3.94 E-01 

a. Sample was scanned at 1/16-\n. \ntervals. 
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TABLE 1-2. SAMPLE 82 131cs GAMMA SCAN RESUlTS (count sis) 

Pos\t\ona F\rst Scan Second Scan 

1 8.03 E+OO t 1.53 E-01 3.52 E•OO t 5.28 E-02 
2 1.73 E•01 t 4.1 5 E-01 7.32 E•OO t 1.32 E-01 
3 8.20 E-01 t 1.80 E-02 5.1 3 E+OO t 9.75 E-02 
4 3.50 E-01 t 1.23 E-02 1.63 E+OO t 5.54 E-02 
5 2.70 E-01 t 1 .57 E-02 6.90 E-01 t 1.52 E-02 

6 1.70 E-01 t 7.82 E-03 3.50 E-01 t 1.05 E-02 
7b 1.10 E-01 t 6.60 E-03 1 .90 E-01 t 7.98 E-03 
8b 9.00 E-02 t 6.48 E-03 1.50 E-01 t 7.35 E-03 
9b 8.00 E-02 t 5.84 E-03 1.20 E-01 t 1.07 E-02 

tob 0.00 E•OO t 0 1.30 E-01 t 7.02 E-03 
11b 0.00 E+OO t 0 1.20 E-01 t 7.20 E-03 

a. �le scanned at 1/16-\n. \nterva1s unless otherw\se noted. 

b. �le scanned at 2/16-tn. \nterva1 s. 

Th1rd Sctn 

1.97 £•01 t 2.1 4 E-02 
2.60 E•OO t 6.14 E-02 
6.09 E+OO t 1 .28 E-01 
3.06 E•OO t 8.14 E-02 
8.58 E-01 t 2.73 E-02 

3.64 E-01 t 1.22 E-02 
2.62 E-01 t 1.39 E-02 
1.15 E-01 t 2 . 59 E-02 
1.20 E-01 t 2.43 E-02 
1.49 E-01 t 2.00 E-02 
1.03 E-01 t 4.23 E-02 



TABLE B-3 . SAMPLE  SUB-2 1 37cs  GAMMA SCAN RE SULTS ( counts/s ) 

PosH1 on 
a 

F 1 rs t  Scan Second Scan Th t rd Scan 

1 8 . 66 E 02 ± 2 . 7 7 E 01 2 . 79 E 02 ± 5 . 02 E OO 2.1 8  E02 ± 4 . 62 E OO 
2 1 . 05 E 03 ± 3 . 38 E 01 7 . 86 E 02 ± 1 . 49 E 01 5.09 E02 ± 1 . 22 E Ot 
3 9 . 32 E 02 ± 2 . 80 E0 1  9 . 1 3  E 02 ± 1 . 83 E0 1  9 . 7 1 E 02 ± 2 . 39 E Ot 
4 8 . 68 E02 ± 2 . 52 E 01 8. 7 7  E 02 ± 1 . 7 5  E 01 9 . 44 E 02 ± 2 . 26 E01 
5 8 . 00 E 02 t 2 . 24 E01  7 . 5 1  E 02 ± 1 . 50 E01 1 . 1 0  E03 ± 2 . 12 E01 
6 8 . 04 E 02 ± 2 . 73 E 01 6 . 44 E 02 ± 1 . 29 E 01 1 .24 E 03 ± 3 . 24 E01 
7 8 . 40 E 02 ± 2 . 11 E0 1  6 . 33 E 02 ± 1 . 20 E01 1 . 27 E 03 ± 3 . 30 E 01 

8 8 . 70 E02 ± 2 . 78 E 01 6 . 43 E 02 ± 1 . 22 E0 1  1 . 20 E03 ± 3 . 1 1  E 01 
9 9 . 09 E 02 ± 2 . 82 E0 1  6.6 1 E 02 ± 1 . 26 E0 1  1 . 1 7  E 03! 2 . 97 E01  

1 0  1 .06 E03 ± 2 . 97 E 01 7 . 05 E 02 ± 1 . 27 E 01 1 . 09 E 03 ± 2 . 56 E01  
1 1  1 . 24 E 03 ± 4 . 20 E 01 8 . 08 E 02 ± 1 . 62 E 0 1  9 . 55 E 02 ± 2 . 1 9  E01 
1 2  1 . 37 E03 ± 4 . 26 E0 1  9 . 45 E 02 ± 1 . 99 E 01 8 . 21 E 02 ± 1 . 95  E01  
1 3  1 . 47 E 03 ± 4 . 57 E 01 1 . 04 E 03 ± 2 . 28 E 01 7 . 59 E 02 ± 1 . 72 E 01 
1 4  1 . 56 E 03 ± 4 . 82 E0 1  1 . 1 2  E 03 ± 2 . 57 E0 1  7.1 1 E 02 ± 1 . 6 1  E01 

1 5  1 . 80 E03 ± 5.92 E0 1  1 . 25 E03  ± 2 . 88 E01 7 . 32 E 02 ± 1 . 64 EOl 
1 6  2 . 00 E 03 ± 6 . 60 E0 1  1 . 42 E 03 ± 3 . 42 E01 7 . 1 2 E 02 ± 1 . 56 E01 
1 7  2 . 23 E 03 ± 6 . 90 E 01 1 . 5 1  E 03 ± 3 . 46 E 01 6 . 88 E 02 ± 1 . 49 E01  
1 8  2 . 46 E03 ± 7 . 61 E0 1  1 .63 E 03 ± 4 . 08 E 01 6 . 31 E 02 ± 1 . 36 E01  
1 9  2 . 64 E03 ± 7 . 1 3  E0 1  1 . 76  E 03 ± 4 . 57 E 0 1 5 . 1 3  E 02 ± 9 . 95 E OO 
20 1 . 9 1  E 03 ± 4 . 96 E0 1  1 . 74 E03 ± 4 . 54 E01 3 . 1 6  E 02 ± 5 . 97 E OO 
21 5 . 60 E 02 ± 1 . 40 E01  1 .04 E 03 ± 2 . 1 9  E 01 1 . 46 E 02 ± 2 . 1 0  EOO 

a .  Sampl e  scanned at 1 /1 6  1 n .  1 n terva 1 s .  

B -& 
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TABlE 8-4. CONCRETE BORE FACE 137cs GAMMA SCAN RESUlTS (pC\)a 

Sa!p1e 

A1 
-lns\dec 

Outs \de 

82 
Ins\de 
Outstde 

(Patnted) 

Sub-2 
---rriStde 

Outs\de 

F\rst Scanb 

2.49 E03 t 8.52 E01 
3.01 E03 t 1.04 E02 

5.17 EOO t 2.15 E-01 
9.37 EOO t 3.78 E-01 

1.08 E04 t 3.49 E02 
1.23 E04 t 4.42 E02 

Second Scan 

8.46 E02 t 3.00 E01 
1.73 E03 t 6.33 E01 

4.52 EOO t 1.25 E-01 
8.52 EOO t 3.03 E-01 

1.01 E04 t 3.03 E02 
1.11 £04 t 3.72 E02 

a. All data has been corrected for background and adlusted us\ng RMl standards. 

b. Ftrst scan was performed before any leach\ng was done. 

c. Ins\de face \s \n t he wall. 

Th\rd Scan 

6.42 E02 t 1.68 EOl 
6.99 E02 t 2.03 EOl 

4.00 EOO t 1.13 E-01 
7.09 EOO t 2.14 E -01 

7.32 E03 t 2.28 E02 
7.71 E03 t 2.41 E02 





APPENDIX C 

RESUllS OF CONCRElt BORE LEACHING ANALYSIS 
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APPENDIX C 

RESUllS OF CONCRElE BORf lEACHING ANALYSIS 

The results of the leach\ng analys\s on Samples Al, 82, and Sub-2 are 

g\ven \n lables C-1 through C-3 and F\gures C-1 through C-3. A ll results 

have been decay-corrected to Karch 26, 1 986, for compar\son purposes. 
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TABLE C -1 . SAMPL E Al AL I QUOT R E SULTS  ( pC1/mL ) 

Hour s 
1 37

C s  

4 2 . 66 E -01 ± 3 . 1 9  E -03 
8 3 . 4 1 E -01 ± 4 . 90 E -03 

24 6 . 41 E -01  ± 1 . 4 1  E -02 
48 8 . 1 1  E -01  ± 5 . 56 E -03 

1 68 1 . 33 E OO ± 1 . 63 E -02 
336 1 . 68 E OO ± 2 . 69 E -02 

667 ? . 1 5  EOO ± 2 . 20 E -02 
821  2 . 36 E OO .t 4 . 1 3  E -02 

_ _ a 
360 9 . 60 E -01 .t 1 . 48 E -02 
672  1 . 1 8  EOO .t 1 . 65  E -02 
840 1 . 40 E OO .t 9 . 9 1  E -03 

a 
362 2 . 88 E -01 .t 9 . 44 E -03 
670 4 . 0 1 E -01 .t 8 . 34 E -03 

a 
340 1 . 1 3  E -0 1  .t 1 . 83 E -03 
675 1 . 48 E -01 .t 3 . 52 E -03 

a .  Complete  l eachan t change ou t .  

C -4 

8 . 9 1 E -03 ± 1 . 34 E -03 
1 . 0 1  E -02 .t 1 . 52  E -03 
2 . 53 E -02 .t 3 . 80 E -03 
3 . 65 E -02 ± 5 . 48 E -03 
5 . 9 3  E -02 ± 8 . 90 E -03 
6 . 44 E -02  ± 9 . 66 E -03 

7 . 04 E -02 ± 1 . 06 E -03 
7 . 63 E -02  ± 1 . 1 4  E -03  

1 . 37 E -02 ± 2 . 06 E -03 
1 . 90 E -02 ± 2 . 85 E -03 
1 . 96 E -02 .t 2 . 94 E -03 

2 . 58 E -03 ± 3 . 87 E -04 
3 . 88 E -03 .t 5 . 82 E -04 

8 . 36 E -04 .t 1 . 25  E -04 
1 . 31 E -03 .t 1 . 96 E -04 



TABl f C-2 .  SAMPL E 8 2  AL I QU01 RE SUL T S  ( pC1/It ) 

Hours 
1 37 C s 

90sr 

4 1 . 05 E -04 ! 5. 1 6  E -06 2. 83 E -04 ± 5 . 66 E -05 
8 1 . 1 6 E -04 t 5. 98 E -06 2. 1 6  E -04 ± 4. 32 E -05 

2 4  2 . 31 E -04 t 8 . 66 E -06 3. 46 E -04 ± 6. 92 E -05 
48 3. 4 7  E -04 t 1 . 30 E -05 3. 6 7  E -04 ± 7 . 34 E -05 

1 68 7 . 69 E -04 ± 2 . 37 E -0 5  4 . 08 E -04 ± 8. 1 6  E -05 
336 1 . 09 E -03 ± 1 . 64 E -05 5 . 29 E -04 t 1 . 06 E -04 

61 7 1 . 58 E -03 ± 4 . 24 E -05 6. 58 E -04 t 1 . 32 E -04 
82 1 1 . 80 E -03 ! 3. 1 1  E -05 6. 4 5  E -04 ! 1 . 29 E -04 

- _ a  

360 9 . 68 E -04 ± 2. 81  E -05 4. 36 E -04 t 8 . 7 2 E -05 
6 7 2  1 . 4 5 E -03 ! 4 . 40 E -05 4 . 45 E -04 t 8 . 90 E -05 
840 1 . 80 E -03 ± 3. 23 E -05 7 . 08 E -04 t 1 . 42 E -04 

- _ a 

362 7 _ 1 2  E -04 t 2. 7 2  E -05 1 . 43 E -04 ± 2. 86 E -05 
6 7 0  9 . 34 E -04 ± 2 - 25 E -05 2. 49 E -04 ± 4 . 98 E -05 

a 

340 3. 45 E -04 ± 2. 82 E -05 1 . 30 E -04 t 2 . 60 E -05 
6 7 5  5 . 33 E -04 ± 4. 09 E -05 1 . 96 E -04 ! 3. 9 2  E -05 

a. COIIP1 ete 1 eachant change out. 

----------------- --
--- -
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TABLE  C -3 .  SAMPLE  SUB -2 AL I QUOT RESULTS ( pC1/ml ) 

Hours  
1 37

Cs  
90

Sr 

4 7 . 20 E -02 ± 1 . 66 E -03 6 . 29 E -03  ± 9 . 44 E -04 
8 1 . 09 E -01  ± 1 . 54 E -03 1 . 22 E -02  ± 1 . 83 E -03 

24 1 . 88 E -01  ± 3 . 00 E -03 1 . 56 E -02 ± 2 . 34 E -03 
48 2 . 58 E -0 1  ± 5 . 79 E -03 1 . 82 E -02  ± 2 . 73 E -03 

1 68 4 . 1 9  E -01  ± 7 . 03 E -03 2 . 4 4  E -02 ± 3 . 66 E -03 
336 6 . 23 E -01  ± 7 . 1 6  E -03 3 . 09 E -02 ± 4 . 64 E -03 

67 1 8 . 31 E -01  ± 1 . 21  E -02 4 . 1 2  E -02  ± 6 . 1 8  E -03 
821 9 . 41  E -01  ± 1 . 83 E -02 4 . 53 E -02 ± 6 . 80 E -03 

- _a 
360 1 . 1 5  E OO ± 1 . 7 2  E -02 2 . 21 E -02 ± 3 . 4 1 E -03 
672 1 . 43 E OO ± 1 . 96 E -02 4 . 05 E -02 ± 6 . 08 E -03 
840 1 . 87 E OO ± 9 . 7 1  E -02 4 . 30 E -02 ± 6 . 45 E -03 

a 
362 1 .  53 E -01 ± 1 . 29 E -02 1 . 28 E -02 ± 1 . 92  E -03 
670 8 . 37 E -01 ± 6 . 90 E -02 2 . 22 E -02 ± 3 . 33 E -03 

a 
340 3 . 89 E -01 ± 4 . 07 E -02 9 . 89 E -03 ± 1 . 48 E -03  
675  6 . 72 E -01 ± 1 . 39 E -02 1 . 88 E -02 ± 2 . 82 E -03  

a .  Compl ete 1 eachant  c hange out . 
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