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Reactor  coinponents are discharged from Che Iliglil F l u x  
I so tope  Reactor and eraplaced i n  S o l i d  Waste Storage Area 6 at 
Oak T11'.dge Nat iaraal LahoraCnry . T h e  c ~ m n p ~ n ~ ~ t ~  are r ad ioac t ive  
d w  t n  ne:it r : t m  ,act i v a t  i o n  of various s tab le  I m t ~ p e s .  Emplace-  
m e i l k  ~ ~ I V O I V E S  di spos ; i l  i.n. l iner! a n d  ~ n l i n e d  a~.gt:ar litales i n  ~r3i.l 
nbcve cllle weber t a b l e t  The uadboamuel%de Inventory ,  as of 
.June 1 ,  1986 ~ o f  disposed ~ompot~c?r : t :~  W ~ S  c a l c u l  aked I/ L ~ I ~ Q T ~ Q ~ - -  
t i o n  on t.he c.omposi.tion and wei.ghi. of  t he  components, as w e l l  
RS reasonablr,:.. ;iasr*lmp5.ioils f o r  the rreilt-rors € lux  dterirlg use 9 the 
t i w  of neu t ron  expr;psi~re, and r ad ioac t ive  decay a f t e r  discharge, 
were employed i , n  t h e  i.invi:ritorg. ~ a l ~ u I . . ~ t i o n .  The ne :~ r - f i c l d  ( i . i t  

the imwdia t .e  v i c i n i t y  of th.e empl.ace?d wastes) release ~ate,c; of 
1 5 2 ~ 1 1 ,  1 5 ' L ~ a i ,  ,arid * 5 5 ~ ? 1  frois C O ~ ~ ~ K O I  p l a t e s  arid c y ~ i n c ~ c r s  were 
ca l cu la t ed  f o r  50 years  after ernplacement The rel.ease rates 
o f  t h e  europium i s a t o p e s  w e r e  uiicerta3.n because of t.he .%z.ck O F  
i n fo r i aa t  ion for a number of trke calculational- pa,rameters. Two 
r 2 1 ea R e --r a t e -1 imi t i, ng mode 1 s were cons i d e  r e d  ( n sat  zlra 2 ion-  
l i m i t 4  i m d ~ l .  and a d i f  f m i o n - l i m i  t e d  r t t~de l ) ,  an3 a range sf 
rea .sonable  val.iic!s were assunied for the  cirne-to-f ail.nre of the 
auger-hole liner a d  allumlnum c ladding  ;md europiuin solubility 
in SCJSA-G groundwater. The bounding eurcapium radionucldde 
near-field release r a t e s  peaked at about 1.3 @i/ye.ar  t o t a l  f o r  
152,154,155Eu 1.11 1987 f o r  t h e  lower boiind, and at about 
420 C i l y e n r  i n  1992 f o r  t h e  u p p e r  bound. Bet te r  inpue r'nforma- 
t i o n  allowed tal-culatton o f  the radiaactivtty releases from the 
other components with more confidence e The nea r - f i e ld  release 
rates of 55E'e, 59Ni, ''Co, and 63Ni from stai.nless steel. and 
c o b a l t  alloy components, as well as of l o  e ,  41c.3, and 55Pe from 
beryllium ref lectors ,  were c a l c u l a t e d  f o r  the  next 100 y e a r s ,  
assuming 1)iil-lc waste eorr-cisrian was the release-rate-limP~ing s tep  ,. 
F o r  the stai.nless ste.el and cobal t  a l l o y  components, the current 
(1986) t o t a l  radionuclide release rate was ca lcda ted  to be 
a b o u t  0.07 Cf/year, w h i c h  decreases by 2010 to a steady release 
o f  about 0.803 Ci/ycar clue pr1mar i l .y  t o  6 3 N i .  
conservative assumptions .for the ref lectors ,  the c u r r e n t  (1986) 
t o t a l  radiipnucl-9 d e  release ra te  was cal m l . a t e d  to be about 
1.2 X Cilyear ,  dec reas ing  by 1992 t o  a steady release o f  
about 1.5 X Ci/year due primarily to 41Ca. The domFnant 
uncer ta l i i t l . es  fn the eal.eulation of the inven to ry  and release 
rates, as w e l l  as the research arid devel.opment work would be 
needed t o  reduce these u n c e r t a i n t i e s ,  are d i s c u s s e d  i n  the report. 

Under the midst: 

1 
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1. EXECUTIVE SUMMARY 

1.1 REPORT PURPOSE AND SCOPE 

The purpose of t h e  work descr ibed  i n  t h i s  r e p o r t  was t o  estimate t h e  

near - f ie ld  r a d i o a c r i v i t y  release rates a s s o c i a t e d  wl th  the high a c t i v i t y  

low-level wastes c u r r e n t l y  c ~ p l a c e d  i n  Sol id  Waste Storage Area 6 (SWSA-6) 

at Oak Ridge Nat iona l  Lahnratory (ORNT,). This  information would bc 

u s e f u l  both as a source  t e r m  i n  assessing environmental- contarninat i o n  

which could be a s s o c i a t e d  wlrh t h e  high a c t i v i t y  low-'level. wastes a l r e a d y  

emplaced, and i n  e v a l u a t i n g  f u t u r e  modes of d i s p o s a l  o r  s t o r a g e  o f  such 

wastes. Examination of the e x i s t i n g  records  (Boegly e t  a l .  1985) sl~owed 

tha i  abaut 84% o f  the  r a d L s a c t i v i t y  mpl.aced i n  SWSh-6 could apparent ly  

be acrounted f o r  by neut ron-zc t iva ted  metal parts discharged f row t h e  

High Flux Psotope Reactor ( H F I R ) ,  and t h e  work descr ibed  i n  t h i s  r e p o r t  

waq l i i n l  t e d  t o  c o n s i d e r a t i o n  o€ t h e s e  IIPElC wastes. The rad ionucl ide  

i n v e n t o r y  contai  ned i n  1 i w  H F I K  wastes w s  f i r s t  <sal c u l a t e d ,  and then 

rcaJ i s t i c  oz conserva t ive  assumptions, as well as e x i s t i n g  da t a ,  were 

employed t o  calculate  :se.?r-fic.ld radionucl  i d e  release races. The 

dominant u n c e r t a i n t i e s  i n  t h e  calcula ' l ions are i n d i c a t e d  j n  t h e  text, 

and the  r e s e a r c h  and development (R&D)  hat would be m.eded t o  reduce 

these u n c e r t a i n t i e s  is descr ibed .  

1.2 DESCRIPTION OF H F I R  PARTS EMPLACED .IN SWSA-6 

l'hree d i s t . d n c t l y  d i f  f Erelit types  of metal p a r t s  are discharged from 

the H F I R :  (1) c o n t r o l  c y l i n d e r s  conta in ing  cont ro l  p l a t e s  composed of a 

europiiim oxide-aluminurn cermet clad wath aluwinrnm; ( 2 )  s t a i n l e s s  steel 

d u c t i n g ,  s u p p o r t ,  and assembly u n i t s ,  as well as cobalt alloy bear ings ;  

and ( 3 )  berylliurri neutron ref lectors .  Iluring use i n  t h e  HPIK, tliese 

p a r t s  received a s u b s t a n t i a l  neutron and thermal exposure. Neutron act i -  

v a t i o n  r e a c t t o n s  form a nriiulwr of r a d i o a c t i v e  i s o t o p e s  i n  thrse p a r t s  

t h a t  r e q u i r e  i s o l a t i o n  of Lhe discharged p a r t s ,  The d i s p o s a l  mcIhotl f o r  

all. of t h e s e  p a r t s  i s  s i m i l a r .  'I'Re p a r t s  are stored i n  the HFZK pool 

afLer d ischarge  from t h r  r e a c t o r  and, as convenient ,  are shipped t o  
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The available SWSA-6 rad i  crnuclide inventory  iiifcsrmatiora proved t o  

be both inaccurate and incomplete,  Thc.ref~>re, as a f i r s t  s t e p  in calcu- 

l a t t n g  release rates,  we caleulated the r ad ionuc l ide  i n v e n t o r y  of t he  

disposed  p a r t s  as of Jimne 1, 1986 (Table 1.1). The i d e n t i t y  and number 

of parts discharged from the HPIR and shipped t o  SWSA-6 w a s  ob ta ined  

from reactor records,  and cons t ruc t ion  informat ion  w a s  used t o  provide 

t h e  weight and  eletnental composition of the  va r ious  partse Reasonable 

assumptions as to t he  netatrorn flux and ~ X ~ Q S U T P ,  t i m e  i n  the  r e a c t o r  WCKC 

made to allow c a l c u l a t i o n  of the radionucltde inventory.  Decay dur ing  

out-of-reactor  time was included in the ca lcu la t ions ,  The most recent 

cropis sec t ions  and ha1 PI-life values  for the  respect-ive isotopes were 

a l s o  U S P ~  i n  t h e  c a l c u l a t i o n s .  

I n  terms of c u r i e s  of r a d i o a c t i v i t y ,  t he  1 5 2 9  ' 5 4 , 1 5 5 ~ ~  content of 

the control p l a t e s  and cylinders dominates the SWSA-6 fnventory.  The 

S S F ~ ,  coco,  and 6 3 ~ i  content  of the s t a i n l e s s  steel and coba l t  alloy 

parts are next in quantity, w1ii1.e muc~i smaller amounts of '%e, "@a, 

and 55Pe are present in t h e  reflectors, 
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Table 1.1. SWSA-6 r a d i o n u c l i d e  inventory 
of: MPIR parts as of June 1, 1986 

19,878 
21,307 

4,420 -.-- 

3,372 

3,002 
353 

3.15 

0.0721 
0.00592 
3,22 

'ihese calculated inventory values € G K  the europftini i s o t s p e s  at"e mach 

lower than the values  in t he  SWSh-6 data base ( s e e ,  f o r  example,  Table E%--3 

of Boegly 1984, or Table A.2 of Boegly eC a l .  198s). This  difference 

stems, in part, from the fact  that the standard data base dses nat take 

into account radioactive decay after discharge from the reactor. The 

half-lives of these radionuclides are relatively s h o r t ,  compared to 

SWSA-6 disposa!. ttme, and failure to take c r e d i t  for tlw decay which is 

occurring seems unnecessarily conservative e The calculated q u a n t i t y  of 

"Co also is much lower than the data base value, This situation a l s o  

ilMy r e s u l t  frora the fa i lure  to account f o r  radioactPue decay i n  the data 

base.  I n  addition, the  data base value nay include d i sposed  cobalt sources 

n o t  considered i n  this report. The data base has nmrach 1 o . w ~ ~  values f o r  

5 5 P e  and 63Ni than we calculated, while 59Ni is not includzd in the da ta  

hase, It seems possible that the presence of these neutron-activated 

isctopes nay not have been considered during compilation o f  the d a t a  

base, Our calculated value f o r  ''Be is nwch lower than the data base 

value  (Table 8.2 of Boegly et al. 1985>. We have no good explanation f o r  

t h i s  difference. 

not to have k e n  included in the data base. 

 he poss ib l e  presence of small amounts o f  'IC, appears  
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Of the  H V X K  wastes emplaced i n  SWSA-6, the cont ro l  p l a t e$  and 

c y l i n d e r s  raay be the most environmental ly  i n t e r e s t i n g  because (1) the 

greatest  arnctunts of r a d i o a c t i v i t y  are contained i n  the europium iscrtopes 

( 4 5 , 6 0 5  Ci as of June 1, 1986), and (2)  the ckennistry and geochemtstry sf 

this waste iii t’nc so i l /g roundnater  system are the least w e l l  nnderstood, 

No informatton i s  a v a i l a b l e  d e s c r i b i n g  t h e  r e a c t i o n s  of tine europium 

oxide-aluni r u m  c ~ r i a e t  w i t h  groundwater o r  the rate of corrosion of the 

aluminum c ladding  by groundwater.  Only very liraritpdl in€arwat ion  i s  

a v a i l a b l e  d e s c r i b i n g  t.Fle s o l u b i l i t y  of europium i n  groundwater; however, 

i t  i s  apparent  t h a t  t h e  s o l u b i l i t y  is very dependma: npon the s o l u t i o n  

PH e Unfor tuna te ly ,  thc  2B of the SWSA-6 soil/grQuiidwater system i n  the 

n e a r - f i e l d  i s  a l s o  poox-ly ~ J I Q W T I .  F i n a l l y ,  t h e  calculation o f  release 

rates  is  f u r t h e r  comp1ic:ated by t h e  fact  Lhat some control pla tes  are i n  

l i n e d  auger h o l e s  while others are i n  m l i n e d  holes.  Where a c t n a l  da ta  

were unavai lab le ,  w e  use3 reasnnable or c o n s e r v a t i v e  assumptions i n  the  

c a l c u l a t i o n  oE the r e l e a s e  rates. Because t h e  i n p u t  d a t a  are uncertain, 

the c a l c u l a t e d  europium release rates a r e  correspondingly uncer ta in .  

The wastes  i n  unl ined  auger holes  were assumed t o  be i n  contact wPth 

i n f i l t r a t i n g  ra inwater  i m e d i  a t e l y  a f t e r  emplacement because the sh ipp ing  

can has holes i n  t h e  t a p  and bottom. These wastes were assumed t o  be 

contacted by a vo11-tme of groundwater e q u i v a l e n t  t o  t h e  net i n f i l t r a t i o n  

r a t e  times t h e  c r o s s - s c c t i o n a l  area o f  the auger  holes. The release of 

europium r a d i o n u e l i d e s  w a s  assumed to begln a f t e r  fa i lure  of the aluminum 

cladding.  The release-rate-limi King s t e p  was assumed t o  be t h e  

s o l u b i l l t y  ~f europium i n  the groundwater. 

We modeled two p o s s i b l e  release s c e n a r i o s  f o r  wastes i n  t h e  l i n e d  

auger  holes.  Release a€ rad ionucl ides  was assumed to begin only a f t e r  

s e q u e n t i a l  f a i l u r e  of the l i n e r  and c ladding ,  I n  one case, we assumed 

t h a t  t h e  concrete end plugs ,  and poss ib ly  the steel  liner, underwent 

massive failure, For this case, the wastes i n  the l i n e d  auger holes 

would experience a groundwater-contact s i t u a t i o n  siiiii.lar t o  t h e  wastes 



6 

hn t h e  unl ined auger h o l e s ,  and the release of rad ionucl ides  W R S  similarly 

modeled. We also madtr?ed a s i t u a t i o n  where t h e  e-nd plugs would remain 

i n t a c t  bit the l i n e r  .crould corrode and develop a number of small breaches 

t h a t  Liould a l low groundwater t o  f lood  the i n c e r i o r  of rhe l i n e r .  For 

t h i s  case3 WP assumed rhai the wastes were s t a n d i n g  i n  s t a g n a n t  ground- 

water and t h a t  d i f f u s i o n  of  radionucl  i d e s  i n t o  the  boundary l a y e r  .dmdd 

be Llie raLc-limT King process .  

Radionuclide release rates were ca1culat .d  assriming t h e  augcr bole  

l i n e r  f a i l e d  at  10 or 20 p a r s ,  t h a r  t h e  alurna'ntim claddLng failec! a f t e r  

a 7- or  4-year exposurc t o  groundw?ter, atid that the curopiunt s o l u b i l i t y  

w a c  1 x lo-" o r  1 X mol/L, M I  wastes i n  unl jncd auger holes  wcre 

madeled by t h e  satrir-at ion-li~itrrd release model, hit wqstes i n  lhc* l i n e d  

aiiger h o l e s  were am'2lnS both by tlic s a t u r a t i o n  .ltrnit.ed release ncdel and 

t h e  d i f f u s i o n - l i m i t e d  release i a ~ d e l .  Because of the u n c e r t a i n t i e s  i n  t h e  

Input  infornnatto~i,  we fellr t h a t  t lw ral c u l a t e d  r e l e a s e  rates were most 

u s e f u l  i n  e s t a b l i s h i n g  b m n d i  ng release rate valses f o r  rlie assumed pardm- 

~ t r h r s  The lower bound, or least  conserva t ive ,  re1 ease r a t e  occc~rs when 

a l l  wastes ate  rn~del e d  by t h e  sa tura t ion- l imi  Led model the lower eu~opic lm 

s o l u b i i i t y  v a l u e ,  2nd t h e  1on;er l i n e r  and claddiing l i f e  val iws are used, 

Eu.r-c~pluns releases begin about  1984 ~ K K B  peak a t  about 1.3 Ci/year  i n  about 

1987. T h e  upper bound (or  most coasecvstive) release rate  occur s  d i e n  

t h e  waster, in t h e  l i n e d  augcr holes are modeled by t h e  diffusioii-: imited 

model (wastes i n  T h e  un l ined  holes  arc  modeled by the s a t u r a t i o n - l i m i t e d  

model) the higher europiclm s o l u b i l i t y  v s l e c ,  and the shorter  l i n e r  and 

c l a d d i n g  life values  are used. I n  t h i s  case, wastes i n  t h e  unl ined h o l e s  

begin t o  r e b a s e  a c t i v i t y  about 1982 and peak a t  abaut 290 Ciljrear a t  

about 1984. A gr'cr3te_r release peak o f  about 620 Cl lyen-c  then occurs  a t  

about 1992 due t o  wastes i n  the l i n e d  auger holes .  The release rate  

drops abru; ,Lly at ahout 2015 because a l l  t h e  e u r u p i i m  has been leached 

%tom t he  wastes i n  the l i n e d  auger holes .  

The eufopium release r a t e s  c a l c u l a t e d  art3 mar -field re1eas::s from 

the waste t o  the immediate sur roundings  i n  SMSA--6 and are not the release 

from the  s i t e  t o  t h e  environment. C a l c u l a t i o n  of the  m o b i l i t y  of released 

europium r a d i o n u c l i d e s  through the SWSA-6 soi l /groundwater  system was 
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beyond the  scope of t h i s  task .  The s u b s t a n t i a l  uacestaLnty in i npu t  

values used t o  calculate t h e  europium near-field release rates has 

r e s u l t e d  i n  several orders-of-magnitude u n c e r t a i n t y .  Since these 

nears-field rates constitute the source  term for t h e  c a l c u l a t i o n  of 

e n v i r n n m n t a l  rel.esscs from the s i z e ,  it seems deskrable t o  mznsidrr 

improving the input infurmatton f o r  t he  r o n t r a P  p l a t e s  and c y l i n d e r s  

(see Sect,  1.7). 

The s ta inless  steel and c o b a l t  alloy wastes a ~ t ?  considered as a 

g~t .~ . tp  beca~~se  they are s i m i l a r  i n  r ad ionuc l ide  con tan t ,  exist  as carro-  

s i o n  reststant metals, and are all emplaeed i n  un l ined  auger ho1.e~. The 

radionuclides xere assumed t o  be evenly  d3.s t r i b u r e d  throughout the  

r e s p e c t i v e  waste forms. Release  was assumed t o  begin  soon. after  mplace- 

mcnt, and t h e  bulk waste form co r ros ion  w a s  assumed t o  be the release 

r a t e - l i m i t i n g  step. L i t e r a t u r e  Znformation f o r  the c o r r o s i o n  o f  similar 

stafnless s t e e l  alloys bur ied  i n  similar so i l /g roundwater  environments 

was used far the. co r ros ion  ra te  input .  

c o r r o ~ i ~ n  ra te)  w a s  employed. The c o b a l t  a l l o y  bea r ings  were assumed t o  

m r r o d e  at the same rate as s t a i n l e s s  s teel ;  t h i s  a lso is probably 8 

A conse rva t ive  value ( h i g h e s t  

conse rva t ive  assumption. 

The i n t t l a l l  release rate ( i n  1986) I s  about 0.07 Cf/year, p r i m a r i l y  

due t o  55Fe and 6oCo. 

r e s u l t i n g  from 63Ni, by about 2010 and remains nearly constant a f t e r  t h a t  

date because o f  the long  h a l f - l i f e  of 63NL. These calculated meas-field 

release r a t e s  are known w i t h  considerably more confidence than  those  f o r  

the  europium isotopes because of t h e  more s i m p l i f i e d  emplacement, data on 

s t a i n l e s s  steel corrosion, and s imple release mechanism modeled. 

The rate drops to ahout 0,003 Cilyear, p r i m a r i l y  

Unless these near-field release rates t r a n s l a t e  t o  p o t e n t i a l l y  prob- 

lernatlc environmental  releases from t h e  s i te ,  o r  t h e  low but con t inu ing  

release of n icke l  radionuclLdes Impacts s l t e  c l o s u r e  p lanntng ,  additional 

or improved information on t h e  s t a i n l e s s  steel and c o b a l t  a l l o y  wastes 

may not  be needed. 



1.6 RELEASE RATES OF BERYLLIUM, CALCXUH, AND IRON FROM REFLECTORS 

The r e f l e c t o r s  emplaced i n  SUSA-6 cont-sjn only small mounts of 

r a d i o a c t i v i t y  p r imar i ly  55Fe formed from contaminant i .mn assumed t o  

be p r e s e n t  i n  the beryllitirn. Release m s  assuard to begin soon a f t e r  

eupfacement and the release--rate-li~itllzF; srep vas assum? eo b~ 

bcrylll dum corrosion controlled a t  the p o s s l b l e  ~ O P J  S W A - 6  groundwater 

pH by t h e  a v a i l a b t l i t y  o f  d i s so lved  oxygcln, o r  a t  the poss ib ly  high pH 

by t h c  d i f  fusSon of b e r y l l i m  sa iub le  species through Ehc boundary layer. 

1hir to  the l ack  of l i terature  information on the :on o s i o n  rate of 

be ry l l i um i n  grt.mndwater, we assuacd that i t  was mr'e rap id  than t h r  ra te  

of dif€us ion o f  oxygen t o  t1-w surlace; t h l s  i s  a canserv,itLue assumption. 

F o r  the m o s ~  acidic SWSA-b soil/geouodwater cond i t ion  (pli of 4 . 4 > ,  

tile irritjal  release rate ( i n  1986) i s  about 1 . 2  x IO-'# ~ i l y e a r ,  primarily 

because of tlie 55Fne The 55Fe decays r e l a t i v e l y  rgpfdly, arid a f t e r  about 

199? a constant release raee l a  e s t a b l i s h e d  at ahmt  1 - 5  x lom5 Cilycar 

due t o  the  lCICa which m y  he present as a contaidnznt iii LF-E bery l l ium.  

The release rate f o r  ''Be i s  s t i l l  lower; about 1.8 X loea5 C:i/year. A t  

~ G T E  alkaline pll coiidit-ions a l l  the r2dionucPide re1 ease rai'ps are 

decreased .  A t  pH 7.7 they ark* abouL 3 t o  4 orders  oF i)iay,nitcIde lower. 

Consideration of t h e  R&D efrort that could be rieeded to improut Xr 

accuracy of the c a l c u l a t e d  near-field releasc raLps T J W  l i m i t e d  to  the 

c o n t r o l  p l a t e  and c y l i n d e r  wastes The c a l c u l a t e d  europiurfi release ra tes  

from t h e s e  wastes a r c  bath the great2st and the most uncert;Pin For  the 

HPLK wastes i n  SWSA-6. The c a l c u l a t e d  stainless s&t:el and c o b a l t  a l l o y  

r ad ionuc l ide  r e l e a s e  rates are more a c c u r a t e  because of the b e t t e r  i n p u t  

data on the co r ros ion  ra te  of the bulk waste form, while the r e f l e c t o r s  
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c o n t a i n  only small amounts oE r a d i o a c t i v i t y .  The informat ion  needed with 

~ t , z a r ~ l  t o  (1) t h e  rontrol.  c y l i n d e r  and plate waste a l r eady  emplaced i n  

SWSA-~,  and ( 2 )  p o s s i b l e  a l t e r n a t i v e  future disposa l  or s t o r a g e  of  t h e s e  

w n s t ~ c ,  i s  b r i e f l y  cons i~- l t~ rcd .  

Two major types of u l i c e r t a l n t y  complicate  accurate p r e d i c t i o n  of  

tine pe r fo rmance  of the c i ~ ~ : e n t l y  ~ n p l a c e d  c o n t r o l  p l a t e s  and c y l i n d e r s :  

( 1 )  t h e  lack of  irafrjrmatinn on the co r ros ion  rate of the release h a r r i e r s ,  

and ( 2 )  the  absence of d a t a  on tile r e a c t i n n  o f  $.he europitim ox3.de-aPurninurn 

cermtr y i t h  g roundva te r  and the r e s u l t i n g  europium sat.nraited s o l u t i o n  

conceti tration. Knowledge af the  s a t u r a t e d  s o l u t i o n  concen t r a t ion  i s  

€art-her comyli.cated by the absence of informat-ion on the pi% of t h e  near- 

f i e l d  e n v i r o n i i i e n t  i n  SWSA-6. Kf the aager-lrolc l i n e r  and aluminum-cladding 

rel.easc barriers re3naii-s i n t a c t  for times longer than assumed, the europium 

release peak i.s de layed  and the  radi.onuclide rates decreased because t he  

c i i r o y i i i m  radi .onucl ides  are decaying tluring i s o l a t i o n .  I f  the cermet 

r e a c t s  o d y  s l o w l y  wi th  groundwater and/or t he  europium s o l u b i l i t y  i s  

lower t h a n  ass:iroed, t h c i  release r a t e s  are a l s o  s u b s t a n t i a l l y  reduced. I n  

particiil.?r t he  re lease r a t e  i.s dircc l l l y  p r o p o r t i o n a l  t o  the s o l u b i l i t y  

va lue  nsed i n  t h e  c a l c u l a t i o n s .  T h e  following types  of a c t i v i t i e s  would 

be needed t o  improve the  q u a l i t y  o f  the i n p u t  information:  

1. h g c r - h o l e  l i n e r  - Tlic auger-hole l i n e r  i s  ga lvanized  road cu lve r t  

p i p e .  !de were unab le  to l o c a t e  any co r ros ion  rate informat ion  Eor 

t i i i  s rnatrrial a t  ClRNL. Contact  wi th  manuFacturers might develop 

d a t a .  FaiLing t h a t ,  long-term c o r r o s i o n  tes ts  P n  an environment 

- --..- - -  -1 - - - -  

t y p i c a l  of SWSA-6 might be needed ,  

2 e Alurni  nun1 c ladding  - T h e  alrnminuin c ladding  receives an a p p r e c i a b l e  

ncutrori and thermal exposure du r ing  use i n  t h e  HFHK, thus the  

co r ros ion  r a t e  may be d i f f e r e n t  from t h a t  f o r  new material. I n  

any case, the c o r r o s i o n  of aluminum i n  s t a g n a n t  water i s  a 

ca t l a ly t i c  process t h a t  may be strongly in f luenced  by speclf  i c 

local cond i t ions .  T.ong--term co r ros ion  tests i n  an environment 

s imi l a r  t o  t h a t  i n s i d e  tire l i n e d  auger  holes  (which may be 

--- - ._ - - _.---_- 
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d i f f  erelaic than the geochemical coi ldi t ions i n  t h e  o v e r a l l  SWSLI-5 

s i t e  d u e  t o  i s o l a t i o n  by ehe pzrt - ja l ly  f a i l e d  l i n e s )  w ~ u l d  be 

needed t o  develop r e a l i s t i c  co r ros ion  l a t e  infors la t ion  f o r  wasip 

i n  l i n e d  holes .  The tests would l i k e l y  need Lo cons ide r  pi: 

and r a d i o l y s i s  e f f e c t s .  The geochemi c a l  cr,uiconnt-i-t i n  the case 

of weste i n  unl ined  anger ho le s  p ~ o b a b l y  i s  more s i m i l a i  t o  the 

o v e r a l l  SWA-5 s i t e  geochemistry.  

3 .  React ion of the  cermet ~ d t h  roundwatrr - The europium oxide- 
~ __-._I__c Î_-- - -- 3.- -- --__ c_ 
aluminum cermet is a unique material ,  2nd i t s  dre1ilistry i n  the 

presence  of water or groundwater has  appa ren t ly  never been 

s t u d i e d .  Chemical r e sea rch  would be needed t o  q u a n ~ i f y  tht. 

r e a c t i o n  rate and i d e n t i f y  t h e  s t a b l e  s o l i d  plr;-rs~(s) form,>d 

and the solution spec ie s .  Rnorzsledgr~ o f  the s o l i d s  f o r w d  i s  

particularly tmportant since t h e  s o l i d s  determine t h e  s o l u b i l i t y  

(sa tar ; l t~d  s o L u i i  nil coneen t r a t i  on) of cnropiclm. 

4 a Europium s o l u b i l i t y  - Only prtxliminary me.asuremr?nLs of ea?ropirun 
---l-_l-_l___l̂ l--- 

s o l u b i l i t y  as a func t ion  of pH o r  estirnarees biiscd on Panthariide- 

group element simili tut-le are a v a i l a b l e  in t lne  l i t e r a t u r e .  The 

s o l u b i l i t y  s e l e c t e d  i s  very important  i n  determining the calcu- 

l a t e d  relcase r a t e s  of the europium radioiiucl i d e s  because the  

rates arc l i n e a r l y  p r o p o r t i o n a l  to changes i n  the s o l u b i l i t y  

va lue .  A l s o ,  t h e  s o l u b i l i t y  i s  s t r o n g l y  d e p e d e n t  upon t h e  

groundwater p~ since t r i v a l e n t  i ons  ( ~ u 3 +  i s  assumed t o  be t ~ i e  

s o l u b l e  s p e c i e s )  hydrolyze ex tens ive ly  a t  h ighe r  pIIs. Chemical 

research rwuld be needed t o  develop b c t t e r  so lubi  l i t y  in format ion ,  

The ques t ion  of  t h e  p o s s i b l e  f o r m a t i o n  of c o l l o i d a l  europium forins 

should a l s o  be addressed,  

Wa recognize  t ha t  t h i s  i s  a r a t h e r  daunt ing l i s t  of R5rD w e d s ,  but 

without  improved informat ion  f o r  sone of the i npu t  va lues  i t  i s  d iEEicul t  

t o  sec how t h e  u n c e r t a i n t i e s  i n  t h e  c a l c u l a t e d  neau-f ie ld  release rates 

from the  c u r r e n t l y  emplaced control p l a t e  and c y l i n d e r  wastes can be 

d e f e n s i v e l y  reduced. 
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1.7.2 F u t u r e  Waste Disposa l  or Storage O p t i o n s  -_.- 
--I 

I n  t h e  consideration of options f o r  the f u t u r e  d i s p o s a l  or storage 

sf discharged c o n t r o l  p l a t e s  and cy l i t ldere ,  enhanced i S O h k i Q I 2  could be 

an attractive approach. In t h i s  case,  t h e  wastes would be i s o l a t e d  from 

contact ~ 8 t h  groundwater for g r e a t e r  than 10 h a l f - l i v e s  of the l o n g e s t  

l i v e d  radionuclide (152K,:,3 w i t h  a h a l f - l i f e  of 13.6 years) or fa r  

>134 years, t o  allow nea r ly  complete decay of t h e  radloacktvity. 

C a l c u l a t i n g  the release of r ad ionuc l ides  ( ~ r  , mare a c c u r a t e l y ,  showing 

that_ no rad io~xucl ides  are released dur ing  134 years 1 .c\rcp\ald r e q u i r e  only 

imparoved i n f o m a t i o n  on the s t a b i l i t y  af t he  isolation harrier(s), It 

sec:rns likely that  less R&D work mjgirnk be needed to obtatn the necessary 

information t o  support madeling this s i t u a t i o n  than  for mladeling the 

soillgroumlwater system. Improved corrosion data on the materiaI(s) 

selected for isoiation or storage,  s e l e c t i o n  of des ign  mrterials EOZ- 

w h i &  adequate data  alreadg exlst, could be an a t t r a c t i v e  method of 

anodeling future waste performance. 

2. INTMQDUCTION 

This  r e p o r t  descri hes the modeling of near-f ield r a d i o a c t t v i t y  

release rates for some of the high a c t i v i t y  low-level wastes ernplaced 

ab t h e  Oak Ridge Nat iona l  Laboratory (ORML) Sol id  Waste Storage Area 6 

(SBJSA-6). Low-volume, b u t  high a c t i v i t y  wastes dtscbarged from the Ifigh 

F lux  I s o t o p e  Reactor ( H P I K )  may a c c ~ ~ i t i t  for about 84% of t h e  radioac- 

t i v l t y  in. shipments rece ived  a t  SWSA-$ during r ecen t  years (Boegly et aP. 

1985). We mi~deled the h e h a v i ~ ~  of these HFIR high a c t i v i t y  wastes i n  the  

SWSA-4 near-field geo log ic  soillgroundwater system to:  (1) exp lo re  tlne 

modeling r n e t h ~ ~ d o l ~ g y ~  and t h e  suppor t ing  data a v a i l a b i l i t y ,  which could 

be a p p l i e d  to the characterlzation of low-level d i s p o s a l  sites i n  t he  Oak 

Ridge Reserva t ion ;  ( 2 )  improve the p r e d i c t i o n  of future performance of 

the I-IFIK wastes a l r e a d y  emplaced i n  SWSA-6; and ( 3 )  kelp i n  the e v a l u a t i o n  

of alternative dispasal/isatatian cachnolsgles t h a t  may be cons idered for: 

future high actdvity waste shipments from the  I-ZFIR. Modeling was l i m i t e d  

t o  t h e  near-field environaent. The near-field is def ined  t o  inclu 
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t m a t e  f o ~ r n ,  c ladding  ( i f  any), auger-ho1.e b a c k f i l l  ;~rager--holc l l n e r  ( i f  

any), and i n t r u d i n g  groundwater In rhe immediate vlcinity o f  t h e  waste. 

A d e s c r i p t i o n  of auger-hole w a ~ t e  emplacement is glvc;? i n  Appendix A. 

T h i s  n e a r - f i e l d  r e l e a s e  K R t a  would be apyiPcahle as a sourzle L~rm for 

s u b s e q w a t  model i ng of the far-field migra t ion  of radioacrtl ~ f t y  through 

the  S W A - 6  s i t e  hydrogeologic syskm.  Modeling o f  f a r - f i e l d  r ad ionuc l ide  

raigration tlliscugk the s i t e  t o  the environment is a separate a c t i v i t y  and 

would irnvolve other i npu t  data and methodology tlia;~ that employed for tlae 

n e a r - f i e l d  studies desc r ibed  i n  t h i s  report, T h ~ r e f o r e ,  fo r  example, 

sorption ~ e a c t l i o n ~  invol  vimg r ad ionuc l ide  'a1 iiding t o  SWSA-6 s o i l s  were 

n o t  eva lna ted  i n  t h i s  s tady .  

Groundwater intr11sioZPIgroun~~~ahrer migration was the only radj o a c t i v -  

i t y  release scenario modeled. The ~ K ~ W S S ~ S  o r  parameters that ran lead 

t o ,  o r  are i n v o l v d  in, the  releas- of r a d i o a c t i v i l y  from emp1act.d vast2 

t o  the far-+:eld er,~t.;~mn7ent include?: (1) the i-adioniiclidP inventory  i n  

t h e  cmplaeeb wastes, (2) failure 01 engineered aspects  of  the  eulglaeen,ent 

techniques, (3) the  rates of co r ros ton  of c ladding  and bulk Taaste forms 

under t he  so i l /g rsundvalee  geochemical environment ( 4 )  riw rates of 

d i s s o l u t i o n  o f  tihe r e s p e c t i v e  radf onucl ides  f roa  the  bialk xasces i n t o  the 

in t rud ing gxaundwater (5) s o l u b i l i t y  c o n s t r a i n t s  on the s t e a d y - s t a t e  

groundweter concen t r a t ion  o f  the r a d i  oixuclides , ( 6 )  d i f f u s i o n a l  c o n s t r a i n t s  

nn t h e  rate of t r a n s p o r t  of t he  r e s p e c t i v e  r ad ionuc l ides  i n t o  trhr 'naaindzrp 

layer  to t h e  mig ra t ing  groundxater,  and ( 7 )  the groundwgter f l ux  i n  the 

nea r - f i e ld .  ( I n  this report, t h e  6:errn "*groundwater" i s  used i n  t h e  

general sense t o  i d e n t f f y  any water i n  the s o i l .  The :IFILK waetes  under 

e v a l u a t i o n  are  placed i n  aixger ho les  t ha t  are supposed to bc well above 

the water t a b l e ,  Thus,  water contarting the wastes is considered t o  he 

i n f i l t r a t i n g  salinwatclr OP mcteori G water althmngh i t  is  c a l l e d  ground- 

water i n  t h e  t e x t . )  Information f o r  a l l  these proeesaes or  parameters 

w a s  not r e a d i l y  available f o r  all the WPIK wastes or f o r  scme SWSA-6 

geoteekinIci3.1 aspec ts ,  and a number of s impl i fy ing  or  l i m i t i n g  assumptions 

were necessary  dur ing  rmdalimg O E  the release rates; these assumptions 

are deecstbed i n  t h e  body of the repor t  i n  the  s e c t i o n s  for t h e  r e s p e c t i v e  

wastes. 
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As ,a f i r s t  step i n  the modeling a c t i v i t y ,  we compiled all t h e  

pertinent p u b l i s h e d  or available informat ton f o r  Ghesc HFPM w a s t e s  and 

f o r  t h ?  SWSA-6 s i t e n  Tha t  i L I f O t l ~ 2 3 ? 8 0 1 1  IS sumnar ized  i n  subsequent S ~ C -  

t i o n s  (Sects. 2,% thrc3i~gh 2,5). The general  approach which we took t o  

model  r a d i o a c t i v i t y  releasc rates i s  descr ibed  i n  the following s e c t i o n  

( S c c t .  2-11. 

Bur dppm&Ch to  modelfng the near-f icld sadioactivlty release rates 

for the f o u r  waste forme stind-hed i s  srrtmarized i n  the follrswing s e c t t o n s .  

A d e t a i l e d  deseriptfon is presented i n  Sects,  3, 4 ,  and 5 l o r  the various 

wastes . 

2.1.1 General  Description 
--I_- - - -y.^--_ 

WP have incll lded a general d i scuss ion  of our philosophy or approach 

t o  modeling the behav-ior of these wastes i n  the SWSA-6 s i te  a t  t h i s  point 

i n  the report  to h e l p  put  the work i n  perspective. 'VJc considered a t o t a l  

o f  s i x  release h a r r i e r s  (Table 2,l) and atLempted t o  e v a l u a t e  the impor- 

tance of each of thest-? €or thc r e s p e c t i v e  wastes.  The s i x  Items as shown 

i n  the  table are: 

1. The r a d i o n u c l i d e  inventory  aL t h e  time of release. We first ----------- I_ -_L----I--- -- ----I 
considered the a v a i l a b l e  r a d i o n u e l i d e  inventory  dahza, but found 

i t  to be of emcertain accrsraey or completeness and used i t  only 

as a general g u l d e  t o  i d e n t i f y  the more impor tan t  wastes. We 

chose to recalculate the quantity of r a d i o n u c l i d e s  that have 

h a l f  - l i v e s  g rea t  enough t o  be of environmental  sigsiif icance i n  

the emplaced wastes. This  calculation was based on an estimation 

o f  the qriantiLy of  the rad ionucl ides  jfr~r~ued during the exposure  

of t h e  metal p a r k  i n  t h e  HFIK.  Some s i m p l i f y i n g  assumptions 

as t o  neutran flux and exposure  time were required, and the 

va lues  obta ined  may be considered conserva t ive .  Data from pos t -  

i r r a d i a t i o n  examination of p a r t s  were also utiltzed. These 
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3 .  The wasre form leach rate. If t h e  radionuclides already e x i s t  

w i t h i n  the waste i n  a water-soluble  farm, tlie release rates 

depend on the s o l u b i l i t y  l i m i t  ( s a t u r a t e d  so l t i t t on  concen t r a t ion )  

for the soluble species, t h e  rates atr whteh the matrices are 

removed by chemical r e a c t i o n s  o r  corrosion, and t h e  rates of 

d i f f u s i o n  of the s o l u b l e  s p e c i e s  away from the  h o s t  matrices. 

I f  the radionuclides are not present in a water-soluble  form, 

their release r a t e s  then w i l l  de end upon (1) t h e  rate a t  which 

reactants in t h e  groundwater d i f f u s e  to the exposed waste 

sur fac~is ,  (2) the rates of r e a c t j o n  of the r e a c t a n t s  at the 

sinfaees, and (3) t h e  rates a t  whlch t h e  soluble r e a c t i o n  

products d i f f u s e  i n t o  t h e  surrounding soillgroundwater system. 

---------- 

4 .  ----lll--l.----.--- I s o l a t h n  of the r a d i . o n u c l i d e - r o n t ~ e n P n g ~ t r ~ x  ----c_ by c laddin t .  

When the r ad ionuc l~de -con ta inbng  waste forms are confined with in  

a eladding material, t h e  corrasiaia o r  failure of t he  c ladding  

would be an important inodeling aspect. We have assumed that no 

r a d i o a c t i v i t y  coiild be r e l eased  be fo re  the c ladding  i s  breached. 

The r a d i o a c t i v e  material is i s o l a t e d  from con tac t  by groundwater 

by an e x t e r n a l  cladding material only  i n  t h e  case of t he  

europium-containing HFZK con t r a1  p l a t e s .  Unfortunately, we 
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folmd l i t t l e  data that would esippork c a l c u l a t i o n  of the cor ros ion  

rate of the aluminun con t ro l  p l a t e  c ladding  in stagnent groundwater 

a f t e r  neut ron  and thermal exposure i n  the r e a c t o r ,  Wc were able 

t o  t akc niz3Ly minfmal  c r e d i t  f o r  t l~is  p o t e n t t a l l y  important release 

barrier i n  Che modeling. 

6 .  I s o l a t i o n  of the emplaced waste by an auger-hole l i n e r .  kn the -__-. I .  .______ --- _-I ~- - ~~ _I____ly 

case of some of the h igh ly  radioactive H F i R  c o n t r o l  c y l i n d e r s  

and p l a t e s ,  added environmental i s o l a t i o n  i s  provided by t h e  

galvanized p f p e  used t o  l i n c  rhe auger ho le  for worker radiatlorm 

p r o t e c t i o n  dur ing  d i s p s a l  Me assu:nzd va lues  f o r  rhe lifetiriae 

of galvanized p i p e  in so i l /g ru imdwater  S ~ S ~ ~ T P ~ S  and assumed t h a t  no 

groundwaeer contacted t h e  eluplaced waste until af te r  the TaLlu r r  

o f  the  l iner .  No ccedi l i  could De taken f a r  a hole l i n e r  I n  t h e  

case o f  the other  waste forms s i n c e  these wastes were placed i n  

unl ined  auger holes 

R a r e l y  wneald Che overall r e a c t i o n  rates f o r  the process  and param-- 

eters descr ibed  above tar e q u a l l y  dependent upon all biic s teps  in t he  

release reartion seqwnces e In a h o s t  a l l  cases o f  heterogeneous chem-i ca4 

reactions, on$= s t e p  i n  t he  seqix~ir-e is slower than the others  an.J becones 

the r a t c - l i m i t i n g  step. Oui approach has been t o  c r y  and i d e n t i f y  the  

m o s t  l i k e l y  rate-limti itzg s t e p  COT each of t h e  d i f f e r e n t  radion(lc1ides in 

t h e  d i f f e r e n t  WPIR wastes i n  SWSA-6, and t o  s a l n u l a t e  t he  radionuclide 

r e l e a s e  races based on those rate-limiting s teps .  Where w e  have been 

a b l e  to i d e n t i f y  actual data thaL q u a n t i f y  the presumed r a t e - l i m l s i n g  
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r e a c t i o n ,  we have used that data. In cases where we were unable t o  

locate actrtal d a t a ,  we hypothesized a plausible rate-BimttTng step that 

~ 0 1 1 1  d be modeled. 

The maJ  o r 1 o ng --I i VI d rad i o nu c 1 1 de 8 o € e t i  v i. .rcmme 11 t a 1 imp 8 r t an c e wb .L ch 

are pr~duc:ed in the stainless steel arid cobalt  a l l o y  (Kaynes 2.5) parts 

du- r ing  use i n  the RPIK are 5 5 ~ e  ( h r a l f - ~ i ~ e  2.3 years), ~ ' C O  (half-life 

5,27 years), 59Ni (half-life 7,6 x 1.0' y e a r s ) ,  and 63N1. (half?-life 100 

y e a r s ) ,  The q u a n t i t t e s  of each r a d i o n u c l i d e  i n  the ernylacetl waste were 

estimated by assumtng the following: ( 1 )  each disposed p a r t  was exposed 

to a spatially uniform nerrtron f lux eqzia'E t0 the in;nx%imum flux that exf.sts 

i n  t h e  region of the reactor core where chat part  r e s i d e s ,  and ( 2 )  the 

durat ion.  of  the  exposure was f o r  the t l r n e  that p a r t  w a s  in the reactor. 

Thi.s c:nlculatic-sri yields an upper  limit (311' conservaeive estimate of the 

rad ionucl ide  prodrrction, and the ac tua l  valaie w o u l d  be less t h a n  thls 

ccai iscrva~i .ve ~auaibe1-. The r a d i o n u c l i d e  inventory  f o r  each p a r t  was then 

rediuced €or radiosctive decay d u r i n g  the cmt-of -reactor time lint t l  the 

time of the  releasc eveul: a f t e r  d i s p o s a l  i n  SWSA-6. R a d i o a c t i v i t y  release 

W R S  assumed to begin p m n p t l y  a f t e r  disposal.  because these wastes are 

typically ernplaced in iarilttied auger ho l s s  and contac t  with  infiltrating 

raiawater would occur soon aE tes disposals These r ad ionuc l ides  were 

assumed ( 1 )  to be equally distributed tliroil.ghcsut the waste form matrix, 

and ( 2 )  to be released aQ i3 ra te  that i s  l i m i t e d  by the c o r r o ~ i o n  rate 

of the s t a i n l e s s  steel or cobalt. a l l o y  material i n  the soillgroundwater 

s y s t e m .  Release of  the s o l u b l e  c o b a l t ,  n i c k e l ,  and iron species to 

grotiudwater N ~ D S  assumed not  to be l . imited by the soBubi.l.ity of these 

elements i n  water ,  due t o  the low corrosion rates, or by dif fus iot l  of 

the  sol.uble species f rmn the wnste surface. D a t a  can corrosion of bur ied  

s t a i n l e s s  s tee l  cnmponents over the range of pH conditions which may 

e x i s t  a t  SWSA-6 (pE-1 4.4 to 7.7) were retrieved from the l i t e r a t u r e  and 

used in c a l c u l a t i n g  the  release rates ,  as d iscussed  i n  Sect. 3,  Expert 
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judgment w a s  used t o  estimate c o r r o s i o n  rates f o r  the Haynes 25 a l l o y  

p a r t s  i n  the  aot l . /groundwater  s y s t e n  and t o  Pstiirrate the f l u x  of 

i n t r a d i n g  ralmwate r . 

2 1 . 3  Control Cyl inder  a i d  P l a t e s  . . ..1.- ---I 

Tile r ad ionuc l ides  o f  environmental csnc r rn  i n  the  H F i K  c o n t r o l  

plates are activat i on-induced isoeoyes of eu1-iJpium. The tantalum 

rad ionuc l ides  formed have s h o r t  h a l f - l i v e s  and promptly array,  b u t  o n l y  

small  q u a n t i t i e s  of gadolinium radi onue l idcs  are formed dur ing  i r r a d i a -  

t i o n .  The long-lived i so topes  of inrpor+,anee a re  15’Eu (h i31  f - - l i f e  13.4 

y e a r s ) ,  1 5 %  ( h a l f - l i f e  8.5 years) I and 155~11 ( h a l f - l i f e  4.73 yezrs ) .  

The qutintirtes of europium i s o t o p e s  i n  the c o n t r o l  p l a t e s  and c y l i n d e r s  

were esriiiiaced from q u a n t i t i e s  measured i n  cont re l  p l a t 2  No. 3 i n  a 

p o s t - i  r r ad ia t io r l  examination (Knfght and Rich[ 1 9 7 2 ) .  It idas assumcd 

t h a t  t h i s  c y l i n d e r  ws examined s h o r t l y  a f t e r  removal from tlir H F I K  and 

t h a t  ttacr m s t  shor t - l i ved  i s o t o p e ,  ’ 5 5 ~ 3 , ~  had mor decayen a p p r e c i a b l y  

p r i o r  Lo exaxina t ion .  Q u a n t i t i e s  for o the r  c o n t r o l  p l a t e s  and c y l i n d e r s  

were scaled i n  proport,fon t o  t o t a l  i r r a d i a t i o n  i n  terms of Mwd. Then, 

t h j  s rsdionucl  i d e  inventory  was co r rec t ed  f o r  r z d i s a c t i v c  deray unt t l  the 

 ti^ of tht assumed release event .  Some conti-01 p l a t e s  are i n  l i n e d  

auger holes ;  orher  p l a t e s  and one c y l i n d e r  are -in unl ined  holes .  When an 

auger-hole l i n e r  i s  prt.!seiat, we s s s u w  nu rcxlease w i l l  occur u n t i l  a f t e r  

Lhe fa i lure  of t h -  l i n e r .  Thc l i n e r  i s  ga lvanized  steel r o d  cr i lver t  

p ipe .  Minimal c r e d i t  was taken fo r  t h e  aluminum cladding on the c o n t r o l  

p la tes  because dara on co r ros ion  after i r r a d j s t f o n  are lacki i lg ,  and 

al::mirnuin co r ros ion  t y p i c a l l y  i s  r e l a t i v e l y  rapid  i n  s t a g m n t  water. ‘Chc 

release rates a f t e r  auger-hole lincr and c ladding  f a i l u r e  were est Fmated 

by assuming that E u ( O H ) 3  i s  t h e  chemlcal form of the  europiuui oxide- 

aluminum cermet wa9t.e a f te r  breach of containmen: and reactl ion w i t h  

i n t r u d i n g  raknwater ,  arid either (1) that  the release rate o f  the  so lub le  

r ad ionuc l ide  s p e c i e s  ( E u 3 3  froin t h e  corroded auger-hole Liner  can be 

desc r ibed  by a di  €fus ion - l imi t ing  made1 similar TO t h e  waste performance 

model o f  Pigford  and Charnbrg 1985, or Chat ( 2 )  the release is s s l u b i l i r y  

limited. The release rates were ca lcu labed ,  as d iscussed  i n  Sect. 4 .  
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The release rates were very dependent on the pN assumed for the SWSA-6 

sofl/groundwater aystern since the Eu3+ solubility is very sensitive to 

the solution pN. 

2,1.4 Reflectors __I-.--- 

The tIF!"PR reflector components emplaced in SWSA-6 contain activation- 

induced lQBe (half-life 1.6 x 106 years) formed from natural %, 
Alt'nauglr the reflectors are manufactured from 99.99% purity beryllium, 

impurities which may be present  i n  the metal may lead to the formation 

of 5 5 ~ e  (laalf-life 2 . 3  years) and 4 1 ~ a  (half-life 1.0 x 105 years). A 

conservative calculation of neutron flux and exposure time was used t o  

estimate the r ad ionuc ldde  inventory after discharge from the reactor e 

The radionueltdc inventory was reduced for radioacttve decay during out- 

of-reactor time unt€l shipment of the components to SWSA-6, Release to 

infiltrating rai.nwinter was assumed t o  QCCU~ promptly af ter  emplacement 

because the reflector compsnents are ernplaced in unlined auger holes I 

The radionuclides were assumed to be evenly dispersed  throughout the 

beryllimn and to be released to groundwater at the corrosion rate of the 

beryllium, A t  low groundwater pH (pIQ 4.41, we assumed that the beryllium 

eorros.hon. rate was lim3ted by the diffusion to the metal. surface of dis- 

s o l v e d  oxygen i n  the groundwater flowdng p a s t  the waste. The dissolved 

oxygen content was estimated from data on Henry's law constants from 

standard references, assuming saturation at the partial pressure of 

atmospheric oxygen. At hlgh p (pH 7.7), the corrosion rate of beryllium 

was assumed to be limited by diffusion of Be(OH)* and Be(8H)2(soPutPon) 

from +,he solid surfaces through the boundary layer. UIEfusion o f  oxygen 

to the metal. surface and diffusion caf dissolved beryllium from the metal. 

surface w a s  estimated using boundary-layer approximations similar to 

those used For estimating europtum diffusion rates. 

The SWSA-6 s i t e  is the G U K X - ~ ~ ~  active low-level waste disposal 

facility f o r  radioactive wastes generated at ORNE. A radionuclide 

inventory of wastes placed in SbJSA-6 from 1977 through 1984 is given  in 
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Table A.?  o f  B ~ e g l y  et al. 1985. Of the total .  of 211,000 C i  of 

r a d i o a c t i v i t y  emplaced dur ing  t h i s  per-Iod, 193,008 C i  (OH 91%) of the  

r a d i o a c t i v i t y  was placed i n  auger ho les"  (Auger fnrz1.e~ are v e r t  i.ea11y 

bored holes  of 18 f t  o r  less i n  depth  which are w e d  f o r  the disposal  

of t h ~ "  m;-e radioactitie wastes. ) The following t h r e e  r ad ionuc l ide  

groups dominate the auger-hole inventory :  

1. 400 Ci o f  10Ze, which is p r i m a r i l y  soii taincd i n  n e t ~ t r ~ ~  ref lectors  

d ischarged  f r o m  the BPTK; 

22,200 ci of 5 0 ~ 0 ~  which is p r i m a r i l y  contained i n  used s t a i n l e s s  

steel. parts, cobaPL a l l o y  hearings, and spent  ton-exchange res ins  

d ischarged  from t h e  HFIK;  arid 

154,800 C f  of 15291549155Eu, vlrich is primarily cocttaiIned i n  

cont ro l  c y l i n d e r s  and pla tes  d ischarged  from the HFTK. 

2, 

3 .  

T h ~ r s ,  3bCgrli 84% of tiit? t o t a l  r a d i o a c t i v i t y  emplaced in SS,Jlsd-fp, OT 92% 

of the a c t i v i t y  emplaccd i n  t h e  auger holes, i s  accounted f o r  hy wastes 

discharged  f r o m  t l i e  BPTR. The cur ie  inventory values  given i n  

Boegly eL a 1  1985 have not becn C O i K t 2 C t e d  for r a d i o a c t i v e  decay a f te r  

shkpment. 1-0 SWA.--6; therefore t h e  current empl aced i ~ v e n t o i - y  f o r  these 

rad ionuc l ides  would be lower,  depending on the h a l f - l i f e  of the respec- 

tive r ad ionuc l ides  and the accuracy of these Z m P t i a l  Inventory  va lues .  

This publ i shed  r ad ionuc l ide  inventory  informat ion  proved t o  be of 

valiic on ly  a5 a general guide t o  the amount and i d e n t i t y  of the major 

radioiiur.1 i d e s  i n  the wastes Radiochenical ana lyses  are no t  perforffied on 

the  was~es p r i o r  t o  shipment t o  SWSA-6. This, t h e  inventory  c u r i e  va lues  

are only estimates, A l s o ,  only  some of the major r ad ionuc l ides  be l ieved  

t o  be presea: i n  t h e  wastes are l i s t e d  on the  shipping invoice .  W e  

attempLed r.0 develop more accurate r ad ionuc l ide  inventory data for each 

of t h e  wastes s t u d i e d ,  as discussed  i n  Sect. 2.1. 

2 . 3  DESCRPPTION OF HPIR BJASTES -AND EMPLACEMENT 'YkKHNIQUE AT SWSA-6 

The following general d e s c r i p t i o n  of t h e  major high  a c t i v i t y  

low-level wastes shipped from the BPZK t o  SbJSA-6 w a s  developed through 

d i s c u s s i o n s  w i t h  stafE involved i n  S F I R  operations (Parrar 1986) .  The 

ma.En sources of r a d i o a c t i v i t y  are conta ined  i n  a few t y p e s  o f  waste 
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inarerial 3 I con t ro l  c y l i n d e r s  and plates staiilless stc?el parts, cobalt 

alloy Bear1 ngi; % u,aed ion-exchange resfns, and r e f l e c t o r  emnponenre. The 

 node of shipment and emplacemlt  i s  similar for . d l  t h e s e  wastes a d ,  

w h a 8 1  cnnvenient ,  more &han one waste material m y  be enritained t n  a 

s i n g l e  siiiprncnt. The jaaste m a t e r i a l s  are s t o r e d  under water i n  the IlFJK 

poo l  a f t e r  discharge frwn the r e a c t o r .  For shipment t o  SWfiA-6, the waste  

i s  p laced  i n  a m t l r l - s t e e l  s h i p p i n g  basket or c a n  rmdcr water and raised 

i n t o  a t ranspor t  s h i e l d .  Thc Lraaspor ta t ion  s h i e l d  is a drum waste cask 

cons t ruc t ed  of 4 i n ,  of m l l d  s t e e l  arid 1 to 2 in. of lead. Xany of the 

waste parts are t oo  13al-g~ t o  be placed d i r e c t l y  i n  tlae can, and these 

part.; are brwken arid cmnp.acted i n t o  smaller pieces as rxecessary to fit 

i n  the  sh ipp ing  c'an, The ~ L e e l  can c o n t a i n s  holes  i a  the top  and bottom 

s o  t h a t  pool water w i l l  d r a i n  f r o m  the basket when i t  i.: r a i s e d .  

A radiochemical  a n a l y s i s  of the wastes is not perEormed rprtor to  

shipment to  SWSA-6. The curie values  on the UCN-2822 t i c k e t  which accom- 

pan ies  each shipment t o  SWSA-6 are approxhmations based on r ead ing  the  

l e v e l  of r a d i a t i o n  a t  some distance from the transportation shfelcl and 

e x t r a p o l a t i n g  that  readjng  t o  estimatiJ tlie c u r i e  con ten t s  of the waste i n  

t h e  shippi;7g can. Only the m/?Jor r ad io i so topes  bel ieved t o  be present In 

R sh ipment  u ~ i i a l l y  are i d e n t i F i e d  on  the UCN-2822 t i c k e t .  S i n c e  the 

neutron € lux  exposure of t he  HFiCR p a r t s  was v a r i a b l e  and iineuen dur ing  

use ,  depending o n  the p o s i t i o n  of  the r e s p e c t i v e  p a r t  re la t ive t o  the 

cor{;. and the HPTK opc ra t  ing history, t h e  radi(>llttclidca are unevenly 

d i s p e r s e d  throughout the  waste bulk.  Th i s  uneven radlonut:li.de d i s t r  ibu- 

t i o n  p rec ludes  a n  a c c u r a t e  measurement of t he  t o t a l  r ad ionuc l ide  content 

of a waste sh ipment  wi thaut  e x t e n s i v e  sampling and a n a l y s i s .  The s t r o n g  

garorna emiss ions  from 

d i f l r i c u l t  f o r  t h e  s t a i n l e s s  steel  o r  c o b a l t  a l l o y  wastes. The waste can 

may be unevenly f i l l e d  and ]nay have an  unknown vofd space ,  so n e i t h e r  the 

volume nor weight of t he  r a d i o a c t i v e  w a s t e  m y  be accurately known for a 

g iven  shipment. The weight  of the i n d i v i d u a l  HFIK p a r t s  s e n t  t o  SWSA-6 

are known froin the c o n s t r u c t i o n  records ,  but  the welght of waste material 

in a g iven  sh ipp ing  can may not be w e l l  known. A l s o ,  assorted wastes may 

be placed i n  a g iven  sh ipp ing  can as convenient .  Consider ing a l l  these 

'Go would a l s o  make d e t e c t i o n  of some rad ionuc l ides  
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Eactors, both the i d e n t i t y  of rad ionucl ides  as w e l l  as the q u a n t i t y  of 

r a d i o n u c l i d e s  l i s t e d  i n  the SVsA-4 inventory (Hoegly et a l e  1985) probably 

should he viewed wi th  caut ion.  

On a r r iva l  at SWS.4-6, t he  t r anspor t  sh i c ld  i s  positioned o v e r  a 

prcpared auger hole.  The hole  may he li~I~*il with  a galvanized steel p i p e  

i n  ~lme case ~f some of tlie more r a d i o a c t i v e  shipmii^es. The sh ipping  can 

is lowered by a s t e e l  cable ou t  of the t r ~ u s p o r t i o n  s h i e l d  t o  the boLtom 

of t h e  auger h u i e .  The  steel cable  i s  discarded along wPth the sh ipping  

can. S ~ i l  o r  sand  i s  placcr! on top o f  tbe sh ipping  ran f o r  r a d i a t i o n  

s h i e l d i n g ,  and then a d d i t i o n a l  s h i p p i n s  cmb may be p laced  i n t o  the hole .  

Yhcn the h ~ l e  i s  filled t o  w i t ' n i ~ i  3 f t  of the s c r f a c e ,  a concrete p l i ig  I s  

placed  i n  Llse auger hole to  act as an irlt-rsldes seal .  ( A  d e s c r i p t i o n  o f  

curren t  au&t.*t'-hole waste disposal p r a c t i c e s  is publ ished i n  b e g :  y eC ak. 

1955 and i n  Rates 1883.) D i scusa jnns  were a l s o  h e l d  w i t h  Opera tPons  

u f v i s i o n  s t a f f  (Bo1 dnsky 1986). 
- 

A mare d e t a i l e d  d e s c r i p t i o n  of thc d i s p o s a l  ii~etho;! f o r  Toui- of the 

1iF111 wastes F s  g iven  i n  Sects, 3 through 5 ,  and augcL- -h le  conotriiction 

i s  descr ibed  i n  Appendix A. 

Among t h e  parameters t h a i  c o n t r o l  L i i e  m ~ b i l i t y  o€ coutaaninantb ai 

g e o l o g i c  d i s p o s a l  sitps, the geoc'ncmi ral  condi t ions  (pR, Eh, m i  rrzarslogy, 

wst-er composition e t  c-  ) p l a y  an important r o l e  i n   he c o r r o s i o n ,  d i s s o -  

l u t i o n ,  and s o l u b i l i t y  react ions involv ing  the waste forms ard con- 

tdiiiinznts (1.11ttoon e'l a l .  1982, O l s e r  e f  1983). rhus ,  knowledge of 

~ h c  geochemical coridit lons i s  a p r e r c q u i s i  t e  t o  both Lllc s u c c e s s f u l  

incld~ling O I  Lhc w a s t e  and si t P performancp ad t h e  ral c i i la t io i i  of con- 

tariiinamt rt.1 cas<= rates. 

Uetailed geochemical information is riot availabl.? f o r  t h e  SWSA-6 

sPte,  and a p l a n  has been developed t o  c o l l e c t  needed data (Bop_&: y et al. 

1985). Some infoxmation was obtained for a pkarrned f i e l d  demonstrat ion 

f a c i l i t y  (Engineered TesL F a c - l l i t y )  w l  Chjn t h e  SIG.4-6 s i t e  boundaries 

(Davis et ale 1984), and thls information has been prsvistoaally used 



23 

I n  considering the pW value(s) t o  be used i n  the ca lcu la t ion  of the 

bulk waste d i s s o l u t i o n  rate OK radionuclide s o l u b i l i t y ,  there seems t o  

be no obvious choice between these pH valiies. Layers of l imes tone  have 

been observed a t  the SWSA-6 si te ,  and t h e  Engineered Test F a c t l i t y  s i te  

aetiia1l.y is  i n  the Hlaryvflle Limestone member of the  Conasauga Croup 

(Boegly 1984).  IC seems p o s s i b l e  t h a t  the groundwater samples from the 

ETF wells may have been i n  con tac t  with t he  l imestone.  Thus, t h e  slightly 

a l k a l i n e  groundwater pB of -7.3 may be r e p r e s e n t a t i v e  of s t and ing  ground- 

water, or  the water t a b l e ,  a t  SWSA-6. Conversely,  i n f i l t r a t i n g  rainwater, 

which m y  su r round  waste placed i n  an auger  h o l e ,  may be more l i k e  t h e  

s o i l / d i s t i l l e d  water  p a s t e ,  s lnce  the waste may be i n  a soil-leached-zone 

environment that Ls not dominated by l imestone.  Thus, i t  i s  poss ib le  

that the  s o i l / w a t e r  environment around the emplaced waste could be better 
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represented by  he pa of 4 . 4  i n  some cases. Acidic  s h a l e  i n  the Oak Wfdge 

Reserva t ion  typically weathers t o  y i e l d  sai l /groimdwater  systems x i t h  a 

pR o f  5 or less ( O l s e t a  et ~ 1 . -  1983).  

For t h e  w d e l i n g  s t u d i e s  condiscted t o  e s t i m a t e  r e l e a s ?  rates, ~ g f  

decided t o  use both a pR of 4.4 and 7.7, since t h e s e  values  may descr ihc  

the range OK exerems of acidity coredi'r;ions which m y  exist at SWSA-6. 

2.4.2 Redox C m d i t i o n  
LILII-IIIIC------- 

T h e  soil/gr-o*;ndwatei redox condition may play a s ign i f i can t  r o l e  i n  

es t a b l i s h t n g  the bulk sic dissasl utiorr rate, raGiondcli?c diss.;l l  ilLioii 

rat e ;  and radionuc1l.de s o l a b i l i t y  ( U z y a l  ekl a1 . 1386b). No w e l l  water Eli 

m i ? ; ~ t i r e m e r i ~ ~  are reported i n  Davis et. 41. 1984 or  Hoegly 1384, I t  seems 

reasonable  eltat. these shal low groundwaters wornld be g e m r a l l y  oxidizing; 

thus, tor the relcase rate Endcliiig s t u d i c s ,  oxlaizing rndnrc condftiotis  

wc'.re presumed t o  e x l s t  at SUSA-6. An exception t o  this cond i t ion  could 

be a s i t i raa t fnn  where the bulk W ~ S ~ C  contained reart t v e  reducing i.hemiea1s 

wtnd ch coiild a l t e r  the nxi.ci-oenviro.rmncnE around t h t ~  ewplaced 

such a situation f r equen t ly  e x f s t s  i n  w n s t e  d i s p o s a l  t renches  due to 

biological degrada t ion  of paper,  w m d ,  ete .  (Day-al et a l .  1986a and 

TrayaP e t  91. 1986t3, the m e t a l l i c  HPTR wstes  i n  auger ho le s  might not 

be reac t ive  enough eo generarc ruducing condi t ions.  Conve c s e l y ,  rcadi J-y 

cor rod ib le  material such as ihc mild steel sh ipping  CA:I could le.34 t o  

rcducing cond i t ions  immediai ely ndjacent  to the empl aced. waste. 111 the 

abseme of any informat ion  on the spec i f ic  geochemical condi t  i n n  of 

t y p i c a l  closed auger ho les  at SWSA-5, we took no c red i t  f o r  the decreased 

s03~uhi Iity o f t ~ ~ r  a s s o c i a t e d  with reducing redox cond i t ions .  

For  t h e  release rate c a l c u l a t i o n s ,  the noma1 os ld ized  valeecce of 

a l l  contaminant eleme~ts was assumi.6 t o  p r e v a i l  at  SWSA-6 because t h e r e  

i s  [io cvhdence at. t h i s  t i m e  t:, suppor t  use of  E d u c i n g  cond i t ions .  

2 , / J . 3  Groundwater Chemistry 
-I_-pI____ 

The compo~dtion of t-he groundwater in contact w i t h  the waste [nay 

i n f l u e n c e  t h e  contaminant behavior i n  a d d l t i o n  to p1-I 2nd Eh. The i i l for-  

mation i n  Davts e t  a l .  1984, or Boegly 1984, shovs t h a t  the Engixxeered 
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Test Facd l i ty  w e l l  waters were e s s e n t i a l l y  very d i l u t e  Ca2’, Mg2*, 

and CI- s o l u t i o n s .  s i l i ca  was a major s o l u t i o n  coinponent.  or 
t h e  contaminant release rate mcideling work, no unusual e f f e c t s  due t o  

groundwater composition were assumed t o  occur.  The d a t a  are i n s u f f i c i e n t  

t o  i n d i c a t e  any passfble  presence! of complexing i o n s  or  compounds t h a t  

might i n c r e a s e  the rad ionuc l ide  solubility values .  

2.4.4 S o i l  Mineralo~f 
-__I_ --.-.ax 

The soil mineralogy pt-tmarlly i n f l u e n c e s  t h e  s o r p t i o n  of r ad ionuc l ides .  

Since s o r g c i o n  was not eva lua ted  i n  t h i s  near-field s tudy ,  s o i l  mtneralagy 

infontnation was not coas ldered  F~.irther. Data i n  D a v i s  et al. 1984 d e s c r i b e  

t b e  sai ls  from three t r enches  a t  the Engineered Test F a c i l i t y  as highly 

leached solum f r o m  weathered ac id  shale. The mdnerala Ident Pf ied  (Davis 

e t  a1 e 1984, T a b l e  17) were i l l i t e ,  chlortte, and v e r m b c u l i t e f s ~ e e t i t e ,  

A d e t a i l e d  s u r v e y  O C  SLJSA-6 s o i l  has recent ly  been published (Lierzke and 

Lee 1986). 

The g r o u n d w a h r  flux i s  taken as the p o r t i o n  of annual r a i n f a l l  

w h i c h  i n f i l t r a t e 9  tlae ground, The annua l  r a i n f a l l  measured a t  the 

Oak Ridge s t a t i o n  between 1948 and 1976 i s  55 i n , / y e a r ,  and t h e  f r a c t i o n  

t h a t  i n f i l t r a t e s  is approximately 20 t o  25% of t h i s  amount. &le assumed 

a f r ac t ion  of 25% f o r  t he  ealculatdons i n  th13 report,  OF about 

13.75 in./year (Davis  1986). SSnce t h e  auger holes a r e  all w e l l  above 

t h e  water t a b l e ,  the only  water t o  which these holes arc exposed is 

i n f i l t r a t e d  r a i w a t e r .  T h i s  f l u x  2.; assumed t o  be vertical atid cons tan t .  

The value  o f  13.75 i n . / y e a r  i s  the  darcy water v e l o c i t y  through the sutl 

or the  value t h a t  would o b t a i n  ln the hypcatlietical absence of s o i l .  The 

i n t e r s t i t i a l  v e l o c i t y  OF water i s  the darcy v e l o c i t y  d i v i d e d  by the s o i l  

p o r o s i t y ,  a m ~ a s u ~ e  ef the t r u e  area a v a i l a b l e  f o r  flow compared wirh the 

hypo the t i ca l  s i t u a t i o n  where t h e  presence of t h e  s o i l  is neglec ted .  The 

v a l u e  of the s o i l  porosity i n  SwSA-6 is reported t o  be 0,5 (Davis 19861, 

Thus, the i n t e r s t i t i a l  ve loc i ty  used i n  the c a l c u l a t i o n s  i s  27.5 Pn,/year. 



2.5 RADIOLYSIS 

Radio lys i s  r e a c t i o n s  invo lv ing  gr-ouadvater components i n  t h ~  fiear 

f i e i d  ilodld ch.mge t h e  g~~nchern ica l  pararrr;s,ars of t k . ~  szfl/ground~ater 

system surrounding t h e  emplaced waste and a l ter  t h e  wasE,e form cor ros ion  

raL? and/or rad io i iuc l ide  s o l u b i l i t y .  I n  p a r t j  c u l a r :  t k r 2  f P e l d  a s soc ia t ed  

rd, t h  t h ~  high1 y r ad ioac t  i v e  c m t r o l  plates  and c y l i n d e r s  might be expected 

t o  in f luence  tl-re pesiorn7al e of these  wastes. I n  general, the s ta in less  

s t ee l  par t s  and the bery l l ium ref lecturs  are less r a d i o a c t i v e  a ~ x d  these-  

fore s riadiolysi s r e a c t i o n s  coiild be OF less importance i n  undersemdi  ng 

the performaace of t h e s e  wastes. 

A literaz-tit-? s e a r c h  revealed l i t t l  P qaiara t i ta tkvc  informat ion  t h a t  

could be used t o  e s t i m a t e  t h e  e h f e c t s  of  r a d i o l y s i s  reactions on t h e  

mpslaced waster;, Cciasiderable reseaLcL has been donc iii the p a s t  on t h e  

radiolysis 05 pure water (mich of ~ i i i s  r o r k  was done ac O R N L ) .  F ree  

r a d i c a l s  such as 11% S J ~  OB*, AS w e l l  as chemicals such as 112,  0 2 ,  H 2 0 2 .  

and H N 0 3  may be formed. Carbonate inns i n  s ~ l u t i o n  w.y a lso bc poly-. 

merized t o  va r ious  orgsni c: coinpounds inc lud ing  carb- lxyl ic  a c i d s  - The 

v a r i o u s  seactcions are complex, arid t h e  rcacti(9n prsduc'::; formed are 

eaoi l y  i n f luenced  by t h e  system compnczsrs e Recent p i b h i c a t i o n s  con- 

ccrnirag high- leve l  waste s i  t r ~  have repor ted  t h e  €01 l o ~ i n g :  

effects of r a d i o l y s i s  r c n c t f o n  products  on container cor ros ion  mechanisms 

arad k ine i - ics  (Glass 1985; Taylor e t  a l .  1984; Euruya et a l .  1983), 

( 2 )  changes I n  the geochemical and chemical. processes i n  the geologic  

system (Reed 1985), (3 )  changps $-in t h e  ox ida t ion  p n t e n t t a l ,  of L h c r  rock/ 

groundwater sys ten?  (Jantrzen and Biblpx 1385), ( 4 )  tile formatisn of 

organic polymers (Gray 19841, ( 5 )  increases i n  acidity of the ww:e 

package environmcnk (Bates and Oversby 1984; Couture and Seitz 19871, 

and ( 6 )  i n c r e a s e s  i n  the  s o l u b i l i t y  o f  r ad ionuc l ides  (NBsbi3y 1986). 

( 1) the 

Most o f  t h e  l i t e r a t u r e  inrormat ion  was q u a l d t a t i v o  i n  n a t u r e ,  or  

relaLed t o  s p e c i f i c  h igh - l eve l  waste systems, and could not be app l i ed  

t o  the  c a l c u l a t i o n  sf changes i n  r a d i o a c t i v i t y  r e l e a s e  rates f o r  the 

w a ~ t c  materials emplaced i n  SIGA-5. Thhercfare, we d id  not t a k e  radiolysis 

e f f e c t s  i n t o  account i n  the calculations. However, it should be horn I n  

mind that such e f f e c t s  are g e n e r a l l y  d e l e t e c i s u s  ( inc reased  a c i d i t y ,  
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hlgher  co r ros ion  rates,  inc reased  r ad ionuc l ide  s o l u b i l i t y ,  etc.) and 

f a l l u r e  t o  t reat  t h e s e  e f f e c t s  i n  t h e  c a l c u l a t i o n s  r e p r e s e n t s  a p o t e n t i a l  

nonconservatism i n  t h e  r e s u l t s .  

3 .  STAINLESS STEEL AND COBALT ALLOY PAIzIL’S 

3 . 1  DESCRIIITXON OF PARTS EMPLACED IN SWSA-6 

The fo l lowing  d e s c r i p t i o n  of t h e  d i s p o s a l  of s t a i n l e s s  s t ee l  and 

ecabalt alloy pasts was developed through d i s c u s s i o n s  w i t h  HPXR o p e r a t i o n s  

s t a f f  (Parrar 1986). Some of t h e  s t r u c t u r a l  p a r t s  of t h e  HFIK are 

.~~nstructed of 304 o r  343 series s t a i n l e s s  steels. These p a r t s  i nc lude  

d u c t i n g  f o r  cont ro l  of coolant flow and v a r i o u s  support and assembly 

unbts, The parts closest t o  she core accumulate neut ron  and thermal 

e - x p ~ s ~ r e  axid are  periodically rep laced .  A f t e r  d i scha rge  from t h e  r e a c t o r ,  

the  used p a r t s  are s to red  i n  t h e  HFPK pool .  The parts are p laced  i n  

a sheer, metal. sh ipp ing  can and t r a n s p o r t e d  t o  SWSA-6 i n  a l e a d  and steel  

t r a n s p o r t a t i o n  shield, Many of t h e  par ts  are too  l a r g e  t o  be placed 

d t r e c t l y  i n  the sh ipp lng  can  and are c u t  i n t o  p i eces  that will. fit i n t o  

the can, The sh ipp ing  can has holes i n  t h e  top  and bottom 60 p001 water 

w i l l  drab froia the can when i t  i s  r a i s e d  from the pool i n t o  the t r a n s -  

p o r t a t i o n  sh i e ld .  A t  SWSA-6, t h e  t r a n s p o r t a t i o n  s h i e l d  is p o s i t i o n e d  

over an anger ho le ,  and t h e  s h e e t  metal can containfng t h e  s t a i n l e s s  

s tee l  waste i s  lowered i n t o  the auger hole .  The s tee l  lowering cable 

Is discarded wi th  the can. ( A  d e s c r i p t i o n  af auger Role emplacement 

methodology is  g iven  i n  Appendix A, 

Both 304 and 347 s e r i e s  s t a i n l e s s  steels ~ K E !  a nldxture a i  m n y  

a l l o y i n g  elements,  The base element, of course, is i r o n  wi th  a d d i t i o n s  

of 16 to 20% chrmiorn and 8 t o  14% n i c k e l ,  Manganese, mol.yhdenum, and 

s i l i c o n  are also added ka t h e  a l l o y s .  I n  a d d i t i o n ,  cobalt i s  present as 

9 tramp element i n  the chromium and nickel at a f r a c t i o n a l  percentage 

level i n  the stainless steel a l loys .  Neutron a c t i v a t i o n  i s o t o p e s  of 

several of these elements are farmed dur ing  r e a c t o r  ope ra t ion .  The mst 

inportant rad ionucl ide  present i n  HFZK stalnless steel  wastes, Pra terms 
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o f  personnel exposure,  is 6 o C o  (ha I f -Xfe  5.27 years . )  due t o  tlac hfgh-. 

energy gammas cnitted, A l l  half-lifr values  from W3lkcr ec al. 19%. 

some of t h e  60Co is ft3rme4 froa elne tramp cohalt i n  the al,!oy, h e :  SQUe 

a l s o  might: be surface contamination s f  "CO iTaPSpt>T ted fram i ; ~  .;oumaE 

Lesrimgs (see below). In preaskariLerd w a t e r  react 01s (PWL5) :mrh of t i a c  

OCo on stainless s tee l  p a r t s  has beerr t r a a s p o r t r d  f POI", high--cobalt a l l o y  

par ts ,  The shigmenzs from EPlK t o  SWSA-6 have l i s t e d  only 6oCo as the 

radioactive elenaent an the UCN-2822 form, b u t  o ther  rad ionucl ides  a u s t  

also be p r e s e n t  in t h e  s t a i n l e s s  steel For s ta in less  ?tee1 parts from 

PWRs, 59N!. a d  63Ni are considered 1.0 be :mpoztait radionuclides I n  

s tudying  repository performance of spent  fuel (Kerrisk 198.5). This 

importance i s  primar2I.y due Lo the long h a l f - l i f e  (7.6 X 1 O 4  years f e r  

5 9 N i  and 100 years folz " N i )  and tlie snlubility of n i c k e l  in g r ~ u n d ~ ~ a t ~ r .  

Some 59Nf and 6 3 N i  mus t -  also be present in ti?e HFIR staiiiless steel 

w a s t e s  from neutrorr a c t i v a ~  ion of the  nickel coatrr,t. 

(half-life o f  2,3 y e a r s )  must be presccb ia the H Y T K  wastes fnom aeastron 

activation of the ii-ora content  o f  the a l loys .  Chromium has no long-lived 

i s o t o p e s .  T t  is not clear if edthsr m l y b d e n w  o r  manganese, wlaic'ta have 

a t  least cine i s o t o p e  wlcts. a h a ~ f - ~ i ~ e  o f  > I  year (93x0, 53~11, ani1 5 ~ n ) ,  

could c o n t r i b u t e  significantly t o  the radioactivity i n  IiFlia wastes ; they 

vere no t  considered f urclher 

Also  * a ~ m v  55Fe 

J o u r n a l  beardfigs from t h e  H F I R  are alsa r o u t i n e l y  discharged and 

shipped t o  SWSA-6 fo r  d i s p o s a l ,  Since t h e s e  bearings are smsll, they are 

stored i r r  the  HFIR poarl a f t e r  discharge and then ~ d x e d  in with  slrjpinents 

of o ther  wastes as convenient .  Therefore, t h e r e  K G ~  be i10 inventory 

nurnbees f o r  the amaunt  of r a d i o a c t i v i t y  associat e d  s o l e l y  v i t h  the j o u r n a l  

bearings.  The bear ings  are constructed of Hnynes 25 alloy; 50X Co, 202 Cr, 

10% Nb, 3% and 0.5% W, Neutron astivation produces appryclahle amounts 

of 6oCo in these bearings during reactor operation. 

to assume that some 53Nt arid 63Ni alsu are present  in the  j o u r n a l  bear ings,  

It seem r rmonab le  

During t h e  per iod  1977 through 1984, the inventory  (Table A.2 of 

Bseg1y e t  al. 1985) shows that a t o t a l  o f  22,200 C i  of were p l a c e d  

i n  auger holes in S W S A - ~ .  Most of ttiese surces of 6 0 ~ o  can probably be 

accounted f o r  by the s t a i n l e s s  steel parks and jou-hnd bearings from 
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HFIK, although some also must  be due t o  emplacement of used ion-exchange 

resin from RFZR as we11 as disposal of c o b a l t  s au rces  from I so tope  

D i s t r i b u t i o n .  The inven to ry  (Table A - 2  of Boegly et a].. 1985) shows only 

10 Ci of 55Fe and no va lue  f o r  53Ni or  6314i; it seems probable t h a t  t h e  

5sFe, 59Ni, and 63N-6 content of t h e s e  s t a i n l e s s  s teel  parts and j o u r n a l  

bea r ings  were not  inc luded  i n  the inventory .  

The inventory  of 55Fe, 6 o C s ,  59Ni, and 63Ni i n  each of t h e  s t a i n l e s s  

steel  components w a s  e s t ima ted  for t h i s  s tudy  us ing  t h e  fo l lowing  equation: 

where 

A = i nven to ry  of r a d i o i s o t o p e  - i i n  t h e  s t a l n l e s s  s teel  
i , c  

component I c under c o n s i d e r a t i o n ,  C i ;  

fi = mass f r a c t i o n  of t h e  p recu r so r  i s o t o p e  for i i n  the - 
s t a i n l e s s  s teel  component, kg precursor /kg  s t a l n l e s s  steel; 

MW = atomic. weight of precur so r ,  kg/kg-mol; 

ro = mass oE s t a i n l e s s  steel component, kg; 
i 

C 

9 = neutron f l u x  t o  which t h e  s t a i n l e s s  steel component i s  

exposed, neutrons/cm2as; 

a = c a p t u r e  c r o s s  seerion of p recu r so r  t o  i, tu; 

t = time o f  exposure t o  neut ron  flux i n  r e a c t o r ,  year; 

- i 

R 
h i  = 0 . 6 9 3 / t 1 / ,  

= h a l f - l i f e  of i s o t o p e  - i. 
1 / 2 , i  

t 

The valiies f o r  t h e  input t o  t h i s  c a l e u l a r i o n  are d iscussed  i n  t h e  para- 

graphs below. 

The HFIK s t a i n l e s s  s t ee l  components were f a b r i c a t e d  from 347 s t a i n l e s s  

s teel  and 304 s t a i n l e s s  s teel .  The nominal. compositions f o r  t h e s e  a l l o y s  

are g iven  i n  s t anda rd  r e f e r e n c e s  (e.g., Perry  et al .  1963). The components 

of t hese  a l l o y s ,  which are p recu r so r s  to long-lived r a d i o a c t i v e  i s o t o p e s ,  

are r e s p e c t i v e  s t a b l e  i s o t o p e s  of c o b a l t ,  iron, and n icke l .  The impor tan t  

p recu r so r  i s o t o p e s  a r e  5 9 C 0  (-100% relative abundance i n  n a t u r a l  c o b a l t ) ,  

54Fe (5.84% r e l a t i v e  abundance i n  n a t u r a l  i r o n ) ,  58Ni (67.88% r e l a t i v e  
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abundance in natural n i c k e l ) ,  and 62Ni (relative abundance of 3 .7% in 

natural n i c k e l ) .  Table 3.1 shows the  perce~tage of the naEiirakly oceur- 

r i n g  neeals  i n  ?.he stainless steel a l l o y s .  These cornpositions were used 

in es t ima t ing  t h e  inventory  of the r a d i o a c t i v e  i s o t o p e s  i n  the buried 

metal parts. 

The inventory of stxlnless stecl par t s  cmplaced i n  SWSA-6 (Farrar 

1986) is  given i n  Table 3.2 along v i t h  w t e r i a l  of constrrtiction of each 

component, enp1 aced inass, specific a r ~  (as calculai-+d i n  Sect e 3.2.5), 

maximum neutroir flus t u  which t h e  p a r t  was exposed ( f o r  use in Eq. 3.1), 

and tilt? time. of exposair:: in LIE reactor. TIX jnarlrea activities of 5 5 ~ e ,  

5 9 N i ,  6oCo,  aid 63Ni, as c a l c u l a t e d  using Eq. (3-11,  aic giver, a l s o ,  The 

netatron captarrce ::ross s e c t i o n s  f o r  5%e, 5 8 ~ 1 :  s9c0, a:ir~ 6 % ~  werz taken 

from Walker et a i .  1984;  ttw values used were 2.3, 4 . 6 ,  37, and 14.5 h ,  

r e spec t ive ly .  

3 2 CALCULATION OF RADIOACTIVITY RELEASE RAWS 

The waste  leachat-e was assumed to he inflltratfng rainrrrater. As 

d i scussed  in Sect. 2.4.1, the i u o s t  important- SMSA-6 groundwater a s p e c t s  

arc. the extreme pB values  obsecvctd for SWSA-6 siaf l/grouadwatcr systems 

(pk: 4 . 4  and 7.7) in ~ine uzctdelirig c a l c u l a t i o n s ,  

Tab le  3.1 - CobalL,  n i c k e l ,  and i r o n  
c0ntent:s o f  H P I K  compolnerats 

A l l o y  

3h7 ss 0.2 71.5 10.0 
304 ss 0.2 71.5 '3 .0 
Hsynes 25 53.65 0 10.0 
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3.2,2 Time of R a d i o a c t i v i t y  Release 

We a s s u m d  t h a t  t h e  re1 ease oE radioactli vity w m l  d begin ismiaediateby 

a f t e r  emplacement. o f  thtz waste i n  the auger hole [ i . e . ,  the  t h e  of 

i n i t i a l  r a d i o a c t i v i t y  release used i n  the release rate c a l c u l a t i o n s  

(Sect. 3.2.6) W B S  0 year.] rrhis ass impt ion  w a s  reached hecause no engi- 

neered aspects e x i s t  t o  i s o l a t e  the waste from i n € i l t r a t € n g  ra inwater .  

The a u g e r  holes are not bi.kled, and the mild stcel shfppiag can containing 

the waste h a s  holes i n  t h e  top and bottom. The C=.-ICI-CLP p l u g  poiured i n  

t h e  t o p  of t h e  h o l e  f o r  i n t r u d e r  p r o t e c t i o n  would not providc  significant 

hydrnlagbc i s o l a t i o n .  A l s o ,  the  wastes a w  not d a d  or  enclosed 13 

sealed c o n t d  wrs. 

3.2.3.1 S t a i n l e s s  Steel Mechanioais of co r ros ion  of s t a i n l e s s  

steels include g e n e r a l  e o r r o s i o n ,  p i t t i n g ,  c r e v i c e  corrosion, in te rgran-  

u l a r  cor ros ion ,  a d  stress cor ros ion  c racking ,  General  co r ros ion  refers 

t o  the u n i f o m  loss of metal over b l ~  entfrr exposed surface. In t h l s  

cor~0s io11  mode, the thiekncss of mter ia l  is ~ ~ n i f ~ r m l y  reduced. The 

o the r  ? o m s  of co r ros ion  are special  cases 01 localized corrosion. h p l t  

i s  a s n d l  cavtty i n  the s u r f a c e  caused by loealldzed corrosion. Crevice 

corrtrsion i s  a fora sf accelerated l o c a l i z e d  co r ros ion  that occurs  al: 

locations where easy access t~ t h e  hulk e ~ v l r o n ~ ~ n t  is pregented, such as 

t h e  mating surlirces of ~ a c . t a l  assemblies Cntergranuhar ( o r  i i~tercryst-al-  

1 ine) corros ion  is preferentlab corrosfoil at g r a i n  boundaries in a metal 

or a l l o y .  Stress cor ros ion  c racking  i s  t h e  c racking  of a m e t a l  produced 

by the combined action of corrosion and t e n s i l e  stress, 

I --..--- 

The corrosion b e h a l o r  of b u r i e d  stainless steel  waste b n k s  on t h e  

IIanford r e s e r v a t i o n  has been a s ses sed  (PNL 19841, This  work showed that 

the uniform cor ros ion  ra te  of e l e c t r i c a l l y  i s o l a t e d  pass iva t ed  s t a i n l e s s  

s t ee l  i TX relatively noncorros ive  so i l  (>lo00 ohm-crrm r e s i s t i v i t y )  was 

n r g l i g i b l e ,  and t he  p t t t i n g  p e n e t r a t i o n  rates <5 mil /year. 

Both p i t t i n g  and crev ice  cor ros ion  can be caused by differsfices i n  

the oxygen concen t r a t ion  between an occluded area and an area that is 

f r e e l y  exposed t o  t h e  bulk+ environment. I n  b r i e f ,  oxygen r educ t ion  



occurs  on t h e  f r e e l y  exposed s u r f a c e  ( c a t h o d i c  r e a c t i o n )  and metal d i s s o -  

lut Lori occurs I n  the occlaided reg ion  (anodic r e a c t l o n )  I Because t h e  

e l ec t r i ca l  c u r r e n t s  c r e a t e d  by the c a t h o d i c  and anodic  reactions mast be 

equal, a high r a t i o  nf the  area of the f r e e l y  exposed surface t o  the area 

of t h e  occluded region (eCge9 c r e v i c e  or  p i t )  can cause  r e l a t i v e l y  high 

c o r r o s i o n  rates i n  t h e  occluded region. A corroding rrev-lce (or  p i t )  

becomcs i n c r e a s i n g l y  aefdic  over  time due t o  the h y d r o l y s i s  o f  c o r r o s t o n  

products .  Pit growth k i n e t i c s  are gene ra l ly  governed by a c u b i c  rate 

law. I n  the ahscrnce o f  ch lo r ides ,  the p i t t i n g  o f  s t a i n l e s s  steels is  

r e l a t i v e l y  u n a f f e c t e d  by the pH sf t h e  bulk environment i n  the  range sf 

pH 2 . 0  t o  10, 

I n  a d d i t i o n  t o  p f t t i n g ,  i n t e r g r a n u l a r  c o r r o s i o n  and stress corrcasian 

cracking  occwr l r i  s t a i n l e s s  steels that  are sensttized. These c o r r o s i o n  

modes cause the lo s s  o f  s t r u c t u r a l  s t r e n g t h  of the material with r e l a h l v e l y  

1 i t  t l e  weight loss. 

No s t u d i e s  have h e n  conducted can the c o r r o s i o n  Q €  underground 

s t a i n l e s s  s teel  i n  t h e  Sb7SA-6 area a t  ORNL. The Natioiial .Bureau of 

Standards (NBS) however, r e k a s c d  t h e  major study eoncer.ning the long- 

t e r m  rmndergroknnd c o r r o s i o n  of metals (RoinanoEE 19571, and t h e i r  f indings 

provided the source of cor ros ion  r a t e s  used i n  t h i s  report  t o  estimate 

r e l e a s e  rates of r a d i o a c t i v e  c o b a l t ,  i r o n ,  and nickel. I n  the 

3 4 7  s t a i n l e s s  steel was not considered. The NR5 conducted c o r r o s i o n  

tests in many d i f f e r e n t  s o l 1  c o n d i t i o n s  arcatnnd t h e  c m m t r y ,  but none i n  

t h e  east  Tennessee area. Based an c o n s u 1 t a t i . m  (Lee 1986), w e  selected 

f i v e  s o i l s  described i n  t h e  NBS document which resembled the  kno-m 

chloride and s u l f a t e  charactcr ts t ics  of  the SMSA-6 s i r e  sad spanned the 

known pW range of 4.4 to 7,7 a t  SWSh-6, The c s n d i t i o n s  sel.ected were: 

( 1 )  a c i d i c  c o n d i t i o n s  (pW of 4.5 t o  5.5,  l o w  chlorlde and low-to-moderate 

sulfate), and ( 2 )  slight1.y alk.altne c o n d i t i o n s  (pH of 7.5 t o  8.0, l o w  

chloride and l o w  sulfate), O f  the so i l s  that  were l i s t e d  i n  Table 8 of 

the PNL 1985 r e p o r t  and were also s t u d i e d  in the  c o r r o s i o n  tests described 

i n  T a b l e  7 of PMI. 1985, w e  selected t h e  following as r e p r e s e n t a t i v e  of 

t h e  a c t d i c  and s l i g h t l y  a l k a l i n e  c o n d i t i o n s  which mtghe: exist a t  SWSA-6: 



Acid ic  Condit l  on: 

SoiL NO 58 - Mu&, New O r l e a n s ,  L ~ i . ~ t ~ i a n a  

Soil No. 59 - Carkislc. W a k ,  KaZauaazoo, Xichigan 

S l i g h t l y  Alka l ine  Condition: 

Soil No. 65 - China s i l t  loam, Wilmtngton, California 

S o i l  No. 66 - Mohave fine gravelly loam, Plioexiz, Arizona 

Soil No. 67 - Cinders ,  Mi.Lwablkee, Wisconsin 

3.2,3.2 Cobalt . .-- Alloy. Based u p o ~ ~  expert jiidgrnearr (Griess 19963, 

assumed that. the co r ros ion  ra te  of the coPalS a l l o y  p a r t s  -ms  the same as 

for stainless. steel .  This  l i k e l y  is  a conservative as sump ti or^.. 

3.2.4 Radionuclide Solubi  l i .rr 
_I__ 

T h e  environmentally important  radionuclides are presen t  i n  the 

emplaced s ta in less  steel parts as either neu t ron -ac t iva t ed  a l l o y  c o n s t i t -  

u e n t s  d i s t r i b u t e d  throughout the m e t a l  or as ncutrsn-activated atoms o f  

the  i r o n  base metal. In consider ing the s o l u b i l i t y  of these r a d i s a u c l i d e s  

w e  have asseLmed that the  s o l u b i l i t y  o f  Feo metal atoms i s  i n s i g n i f i c a n t  

and t h a t  the  release o f  "Fe €ram the emplaced wss te  into groundwater 

would OCCUT only aftpa: the corrosion ceactions of ox ida t ion ,  

and h y d r o l y s i s ,  
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Since  t h e  6oCo, 59Ni, and 6 3 N i  are d i s p e r s e d  throughout t h e  i r o n  matrix, 

it seems l i k e l y  t h a t  the release oi these r ad ionuc l ides  would also be 

controlled by the  bulk metal cor ros ion  r a t e .  In the ease a% the  eobalr 

a l loy  bearings, we have s l m t l a r l y  assumed t h a t  the. cobalt and nicke l  

metal. a t o m  have instgntffcant so lubi l t i ty  in groundwater and t h e  release 

of GOco from the waste 4.mo grnvnawater would OCCUK only a f t e r  oKidat ion,  

and h y d r o l y s i s  reacttons, 

formed cobalt; hydroxide as the s a t u r a t i n g  s o l i d  phase. We have a lso 

assumed t h a t  the n i c k e l  component of t he  journal bearfngs undergoes s i m i l a r  

r e a c t i o n s .  

Based on the  assumption that the respectivc inydroxides would be the 

s a t u r a t i n g  solid phase, we have calculated the s o l t i b i l i t y  of cobalt, 

nickel, and i r ~ i i  t ha t  mighP: be achieved i n  the SWSA-6 soil/gronndwmter 

system at: the: measured extreme pH l e v e l s  of 4 . 4  and 7.7. Considerable  

in fo rma t ion  i s  available in the l i t e ra ture  for  t h e s e  compounds. The 

fa l lowing  d l s ~ ~ s s i o o  1s based on t h e  sumnary o f  thermodynamic d a t a  g iven  

i n  Baea and Mesmcr 1976 for the respecttve systems, ~ ( ~ ~ ~ ~ - ~ ~ ~ ~ ~  4s: p~ 

4 . 4 ,  the  ox ida t ion  s t a t e  expected for cobal t  in sail/groundwater systems 

voiald be Co(l1). 

t h e  s o l u b i l i t y  would be h i g h  0 1  m o l / L ) .  A t  pW 7.7, the s o l u b i l i t y  of 

@a2-' can be c a l c u l a t e d  from the solubility product ,  

The dornlnant Co(I1) s o l u t i o n  species w s i ~ l d  be Co2*, and 

ana  the equat ion  for t h e  f i r s t :  iaydrolysis product., COON+, 



36 

t o  get  t h e  t o t a l  eonecn&ration o f  eobalt i n  s o l u t i o n .  (In t h e s e  ealcu- 

l a t i o n a ,  we have assumed t h a t  the equ i l ib r ium cons tan t :  K,  i n  equivalent 

t o  the cqujltbrfum q u o t i e n t ,  Q, D e ~ a u s e  the gsoandwater solutions have ,? 

low i o n i c  s t r e n g t h . )  

-4 x l o y 3  m l / L  and from Kq, (3 -7 )  t h e  [CoSH? i s  c a l c u l a t e d  io be 

1. I X IOm5 w d / L  at pll 7.7; thus, t h e  hydrolyzed s p e c i e s  is unimportant.  

 he concen t r z t ion  of ~ 0 2 - 0 -  is  g iven  as -4 x 10-3 ~IIOI/T, because ~ o ( 0 ~ 1 2  

has a niiaidt-~~ of d i f f e r e n t  phys i ca l  forms t h a t  have d i f f e r e n t  s o l u b i l i t y  

products .  s i n c e  t h e  form o f  c o b a l t  hyaoxiae which d g h t  form in the 

SIJSA-6 soil/groundwatew system is unknown, we used a median va lue  o f  the 

d a t a  i n  Eaes and Mesnter 1976 f o r  the log K of Eq. (3.51, Thus, tile 

cobalt  s o l u b i l i t y  va lue  of 4 X 

to w.ithin OTIC or t w o  orders of magnitude. It has bean a l r eady  e s t a b l i s h e d  

tbC: cobalt forms many s t a b l e  s o l u b l e  compEexes, and the cobal? solubility 

c o u l d  be much h igher  than t h i s  va lue  i f  such eaiq~lexiog i o n s  are present 

i n  the SWSA-6 soil/groprmdwater system. 

From Eq. ( 3 . 6 )  the [so2+] i s  c a l c u l a t e d  to be 

mol/L at pII 7.7 may be a c c u r a t e  0~2.y  

The s a l u b l l f z a t i o n  r e a c t i o n  f o r  n i c k e l  hydroxide is gllven i n  Baes 

and Mestwe;.: 1976 as 

Ni(Okl12 + 2H' = M i 2 $ .  I- 2 3 2 0  , Log K = 10.8 ; 

and fur the f i r s t  hydrolysis reaction as 

Thus, as with c o b a l t ,  t h e  hydrolyzed species is unimportant. A t  pB 4 . 4 ,  

t h e  s o l u b i l i t y  of N i 2 *  woirld be high (>I  m l / L ) .  

of 2.5 x PO-s mol/L i s  calculated from Eq. (3.8).  

can form s t a b l e  s o l u b l e  complexes. I n  an assessment: o f  important  rad io-  

nuc l ides  i n  high-level  waste (KeE-risk 19SS>, the s a t u r a t i n g  solid phase 

for Ni(Z1) was assumed t o  be N i C 0 3 ,  and a much higher  s o l u b i l i t y  va lue  of 

1 x lo-'* mol_/% was c a l c u l a t e d  at pI4 7.2. 

difference i n  e a l c u l a t e d  n i c k e l  s o l u b i l i t y  i l l u s t r a t e s  t he  need to b e t t e r  

A t  pR 7.7, a s ~ l u b i l i t g ;  

As wi th  cobal t ,  n i c k e l  

This  three order-d-magnitude 



e s t a b l i s h  t h e  composition and geochemical parameters o f  the groundwater 

i n  con tac t  w i th  t h e  w a s t e  i n  SWSA-6 and t o  de te rmine  t h e  saturating s o l i d  

phase  i n  o r d e r  t o  c a l c u l a t e  a c c u r a t e  s o l u b i l i t y  va lues  

The c a l c u l a t i o n  af i r o n  s o l c t b i l t t y  i s  more complicated than fo r  

c o b a l t  or  n i c k e l  because e i t h e r  Pe(IXe) or Fe(I.KI) may be s t a b l e  i n  s o i l /  

groundwater systems, depending an t h e  redox cond i t ion .  No Eh measurements 

had been r epor t ed  f o r  SWSA-6 groundwater (see Sect, 4.2.2) ;  t h e r e f o r e ,  

t h e  redox condicion is unknown. S ince  Pe(TX) compounds are much more 

s o l u b l e  than  Fe(1I.K) compounds fn sof l lgroundwater  sys t ems ,  w e  chose a 

conse rva t ive  approach t o  t h e  c a l c u l a t i o n  of i r o n  s o l u b i l i t y  and assumed 

t h a t  t h e  system was s u f f i c i e n t l y  reducing t o  form Fe(II), a l though we 

t h i n k  i t  is more l i k e l y  t o  be oxidizing. This  might be a real is t ic  con- 

d i t i o n  a t  depth  in SWSA-6 because t h e  s o t 1  is derPved from t h e  weathering 

of shale strata t h a t  might c o n t a i n  soine p y r i t e .  Near t h e  s u r f a c e ,  

however, t h e  s o i l  would be less l i k e l y  t o  be reducing due t o  o x i d a t i o n  of 

t h e  p y r i t e  ( i f  p r e s e n t )  du r ing  weathering. Baes and Hesmer  1976 g ive  the 

equa t ion  

Fe(OH)2(solid) = Pe2+  1- 20H- , Lag K = -,15.15 , (3.10) 

f o r  t h e  so luh i I i . t y  product of f e r r o u s  hydroxide. Thus, as for the other 

t r a n s i t i o n  e lements ,  t h e  s o l u h i l t t y  would be high 0 1  mo1,i’L) at p1.l 4 , 4 ,  

while a t  p~ 7.7 a Power s o l u b i l i t y  c a l ~  2.8 x 18-3 mol./L was c a l c u l a t e d .  

I n  an analysis of the planned Ceritral ‘/Jaste Disposa l  Fae i lP ty  on blest 

Chestnut Ridge (P in  e t  al. 1984) ,  a much lower s o l u b i l i t y  l i m i L t  of 

1 x 10-13 mol/L w a s  given f o r  ~ e 2 +  as the so1c1131e spectes. 

l i k e l y  t h a t  much lower va lue  was c a l c u l a t e d ,  not for Fe(II) but  for 

Fe(III), because P in  e t  a l .  1984 g i v e s  t h e  s a t u r a t i n g  s o l i d  phase as 

Fe203. If i r o n  i s  assumed t o  be p r e s e n t  as Fe(’EIL), t hen  d a t a  i n  Baes 

and Hesmer  1976 i n d i c a t e  the  n e u t r a l  species Fe(OB33 is  the dominant 

s o l u t i o n  form of F e ( I I 1 )  but g i v e  only l i m i t i n g  informat ion  on t h e  

s o l u b i l i z a t i o n  r e a c t i o n ,  

It seems 

(3.11) 
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and they estimated t he  solubility from pIl 6.5 t o  8.5 at -10-p1e5 mol/Lm 

At: pi1 4.4 ,  an Ye3' s o l u b i l i t y  of 2,2 x 

the following equation : 

m l / L  can be calculated From 

Such large calculational d i f f e rences  can easily result from cihc 

i n i t i a l .  assurript ions as tu the stre geoche i~ i s t ry  and only serve as a 

dramatic illustration of the need t o  beti i.:t e s t a b l i s h  the SWSA-6 geochem- 

icsl paramters inc luding  groundwaie; composition, i n  o ~ d e r  ? (3 suppact 

defensible migcation n o d e l i n g  calculations. 

These sfmplif t ed  c a l - r u l a t i o n s  sugges t  t he  fol lowing conc2usion 

considering the s o l u b i l i t y  of 55Fe, 59Ni, 6 o C ~ ,  o r  6 3 N ~  in the SWSA-6 

s o i l  /groundwqt.cr system: The concentrations of c o b a l t ,  n l eke l ,  arid i r o n  

i I p  soli i t i isn m y  be c o n t r o l l e d  by the rate of t he  ror ros ioa  r r s r c t ions  

between ehe grsandvater and 1 - h  n\aS--J panes. It seems possible that the  

oxidation and hydrcolysis reac t ions  could proceed so s l n w l y  thae i n s u f f  i- 

c i e a t  Cn!O13)2, N i ( O H ) ? ,  or FeiOB)? cou ld  bp P o ~ m e d  t~ s a t ~ i t a t e  the. 

groundwater. ( Corrosicn i s  dbscuss~d  in Sect. 3.2.3 .. ) T h i s  sCtiinat ioil 

wac used i n  t h e  calculation of release rates. 

7.2.5 GeometryJSurface Area of P a r t s  ., I - - ~  .~ __ - - - I - - - I - - -L 

Because of thr. Eti f f e r e n t  gearfietries 01 the p a r t s  s e n t  t o  SWA-6 

( i ' ah l e  3 . 2 ) ,  p l u s  the fach t h a t  some of these w r e  c u t  or  crtihhe2 t a  

f i t  into the shlipping C ~ Z ,  m wcce f o rced  to  make s i m p l i f y i n g  assunptions 

about t h e  gi>.omtries of the emplaced s ta inless  steel and cobal t  a l l o y  

m a t e r i a l  i n  the ShrSA-6 auger h o l r s .  TJe assiimrd that  each part w m  com- 

posed of a c o l l e c t i o n  of srantfard cagineeajag qhapt?>. for wbich T'ri... 

surface area per un:t weight is readily calculable. Wc Lhen estimated 

t l i r  fraction of  the t o t a l  weight of tire r s ~ c t o r  coinpongnt vhich vas 

approximated by each s tandard  shape aid the eotal s p e d  €I c surface ai-tx~ 

was deterrained as t h e  weighted sum af the z o n t r i h t i o n s  of each shape. 

The upper tracks are asstirred t o  bc cornposcd o f  POX 1/8--in. plates, SO% 

1/4-Li1, platcs, and 30% 1/2--tn. p l a t e s  with a wea'gbted specific area of 
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412 em2/kg. 

plates and 255: 1/2-in,  plates with a specific area of 343 em26kg, 

bearings were assunred to be right circular cylinders, 318 in. tall by 

1.19 in. in diameter, with a specific area of 429 c.m2/kg, 

were modeled as spherical particles d t h  an arbitrarily assumed size 

distribution: 307; with 3- d i m ,  40% with 0.3-ram diam, 20% wfth 0.83-mn 

diam, and 10% with 0,003-m dim. The t-esml.ting specbfic surface area 

for this combination is 284,000 cm2/kg. 

radionuclides froln corrosion of the filings is a major component of the 

total release even though the welght C J ~  the filings i s  extremely small. 

The lower tracks are assumed to be composed of 754: 3/4-in. 

The 

The filings 

Qbvfoensly, the release o f  

3.2.6 Radionuclide Release Rates -------- 
The release rates of the four radionuclides under csnsideration in 

the stainless steel and cobalt alloy components were based 0x1 the corro- 

slon rate of statnless steel as given by the following equation: 

whe KC 

R rat€? of release of iSotOp@ d. from CQmpQnent C ,  Cf/Year; i * c  - 
C 

Sc = specific surface area of the  stainless steel. cornpaplent c 

A = acttvity of i so tope  i in component i: [from Eq. ( 3 * 1 ) ] ,  Ci; 

= corrosion rate of  stainless steel, kg"1cna"2yeamr"'; s 
- 

(from sec t .  3.2.51, cm"/kg; 

,..,.. - i,c 
xi. = 0.693/t1/2,1; 

= half-life of isotope i, years; 5/2,i - 
tc = time out of reactor fQr component c, yearI 

The total release rate of i so tope  i is then given by 

- 
- 

( 3 . 1 4 )  
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The results of these calculations for the highest, 07 nost conse rva t ive ,  

co r ros f sn  rate are shown in Fig. 3.1 for the maximum rate o f  release of the 

three r a d i o a c t i v e  isotopes f o r  the next 100 yea r s ,  beginning June 1, 1986, 

Far lower- corrosion rates, the release rates would be propartionakly 

decrezsed. These calculations arc only f o r  the c ~ ~ ~ p ~ n e n t s ~  t h a t  are 

currently emplaced in SWSA-6 as shown in Table 3.2, 'Cine somponcnts that 

have been removed from the reactor but have fiat yct  ( a s  of 9/1/86) been 

sene to bilrial a r ~  no t  Included. S f n c e  SWSA-5 i s  an active LLlJ d i s p o s a l  

site these c a l c u l a t e d  rcl ease r a ~ ~ s  could increase as fu tu re  shFpm~nts  

of w ~ s t c  from H P I R  art* emplatad iil SkTS4-6. 

T h r ~ r c .  are several simplifying assumptions t Itat were made to  faci7 I c a t e  

these calculations which introd-incc. w o m ~  uncert-ainty i n t o  the reaailts I 

These soumes  of uncertainty are discussed  below, 

Thqa ~ t h ~ d  O F  caPculatiag t h e  inventory in the stainless steel p a i t s  

oE the  radioactive compos7cnts assunsed that the sati tr  pari was exposed t o  

a uniform thermal neutron f l u x  characteristic o f  the l o c a t i o n  of t h a t  

p a r t  as d e t e m l n e d  by discussions w d t h  the ~pt.2-ators of H F I R  and the 

desig-ii basis  flux maps (R.  D. Cheverton, 1921). 'rhe i r rad iaLion  time I n  

the reactor of each par t  Gas provided by thc t IF iR spernt ing perso~ine l .  

i w v  o f f - s c t l  irrg errors  are in t roduced  in L h l s  maailc~:: (1) the  cantribu- 

tion to the invrnLory by the  thernsl f l u x  i s  overestimated, wtniie in t1-1~ 

aceual situation only a strial: portion of these  pr i r ta  sees 'the riia~L:ilm 

I l ux ;  and (2 )  the c a n t r i b u t i o n  t o  thc inventory  is iii~de~cstirnatec9 by 

neglecting the product ion  by the fas t  f l u x .  The f i r s t  ertor is  panbably 

l a r g e r  t h m  t h e  second error ,  thus t h i s  te1-m I T M ~  be c o n s ~ r v s t i v e .  

ri 

r 

The sur face  area exposed t o  the groundwater and over  vhich couroeian 

i s  assumcd to occur wcs very i-otighly estimated by assuniing that ~ a c h  part 

(for  hi rth the  weight w a s  known) was constructed priiiiarily 01 Siinpir,  

covmon engtncer ing shapes (i.e., l/$-, 114-, and 1/2- in .  p l a t s ,  rods,  

p i p e s ,  etc.) and t h e  specific surface area (cm2/'tcg) f o r  the assumes 
shapes was uscd,  On the average, t h e s ~  dimensions p robab ly  undereskirnate 

the  ac tua l  surface area by 2 small amoant, The l a r g e s t  error probably 

occucs i n  t h e  estimate OK the sarface aree of the- filings, Ax-: unknnwn 

error also e x i s t s  in the estinate of the quantity of  filings. The quantity 
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of f i l i n g s  w a s  estiuialied f r o i ~  the  amount of s t a i n l e s s  stcre2 t h a t  mifit 

be d r i l l e d  20 remove one o f  the Hayires 25 bear ings  and the number of 

bearings which have been rercsved 

The c o r r o s i o n  rate of s t a i n l e s s  steel and cobal t  a l l o y  parts i n  

SWSA-6 was es t imated  as d iscussed  previocsly (Sect. 3 . 2 . 3 ) .  A rartge of 

corrosion rates was chosen whtch is  l i k e l y  to span t h e  behavior o f  s t a i n -  

less steel  i n  SWSA-6. This  range v a r i e s  by a f a c t o r  of approximately 15. 

The rates shown i.n Table 3.1 are based QTS the  maximum c o r r o s i o n  rate. 

The l a r g e s t  e r r o r  i n  t h e  re lease r a t e  e s t i m a t e s  probably resides i n  the 

c o r r o s i o n  rate esllmate. 

3 - 3 . 1  Predic ted  Performance o f  Emplaced P a r t s  
.-...._..-_I-_ __l-_I__ 

The predi.c.ted m a x i m u m ,  o r  rrmt conse rva t ive ,  near-fi-eld release 

rate o f  55Fe, 5 9 N i ,  6oCo, and 5 3 N i  from t h e  st .a ln less sZee1 and cobal t  

a l l o y  HFXR parts known t o  be emplaced i.ri SWSA-6 i s  shown i n  P i g .  3.1 for 

the next  100 years,  s t a r t i n g  June 1, 1986. The rate-control l - ing process 

was assumed to be thr? bulk c o r r o s i o n  r a t e  of these metal p a r t s  i n  ground- 

water,  and Fig.  3.1 shows t h e  release rates calculated f o r  t h e  mximuw 

racrtal corrosion ra te  estimated for t h e  geocheiuieal condi t ions  i n  t h e  

SWSA-6 so i l /g roundwater  system ( 2 . 2  x lo-’ kg-’~rn-’~year~.’) .  

corrosi.on rate i s  d i f f e r e n t  ~ K O I I I  t h i s  value ,  then  t h e  release rates b7ould 

a l l  be. proport Lonally d i f f e r e n t .  Corrosion and r a d i o n u c l i d e  re lease were 

assurned t o  be occurr ing  aT. t k i s  t i m e  s i n c e  tliese parts are direcr1.y 

enplaced i n  the s o i l  w i t h o u t  isolat:  i.on from groundwatc:: e 

I f  t h e  a c t u a l  

The in i t l . a l .  release r a t e  i s  about 0.07” Ci/year ,  prlr i iar i ly  due t o  55Fe 

and 6oCo.  

by about the y e a r  2010 and remains near ly  cons tan t  aEt:r?r t h a t  date .  The 

changeover time i n  t h e  release rates of the f o u r  rad ionue l ides  (Fig.  3.1)  

reflects the h a l f - l i f e  of t he  respective rad ionucl ides .  

l i f e  of 2.3 years) release ra te  decreases by ahsut  13 orde r s  of magnitude 

over 100 years. Therefore, t h e  r e l e a s e  rate becomes i n s i g n i f i c a n t  The 

“Ca ( h a l f - l i f e  of 5.27 y e a r s )  s i m i l a r l y  decreases  by about 5 orders  of 

The r a t e  drops  t o  t h e  63Ni c o n t r i b u t i o n  of about 0.003 CiJyear 

The 55Fe (ha l f -  
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magnitude over t h i s  per iod .  

7.6 x l o4  y e a r s ,  and 6 3 N i ,  h a l f - l i f e  of 100 y e a r s ) ,  however, show n e a r l y  

cons t an t  release rates over  t h i s  per iod .  

The n i c k e l  i s o t o p e s  ( 59Ni, h a l f - l i f e  of 

The release rates i n  Fig.  3.1  are maximum-predicted nea r - f i e ld  rates 

i n  t h e  immedial:e v i c i n i t y  of t h e  emplaced p a r t s  and, as s w h ,  do not  

r e p r e s e n t  t h e  amount of a c t i v i t y  t h a t  could be r e l e a s e d  t o  the environ- 

m e n t  o u t s i d e  t h e  SWSA-6 boundary. Even though va lues  taken  from Table 3.1 

cannot be used d i r e c t l y  t o  assess p o t e n t i a l  environmental  hazards o r  e v a l -  

u a t e  remedial  a c t i o n  o p t i o n s ,  some g e n e r a l  obse rva t ions  are p e r t i n e n t .  

Eieca~ise of the r e l a t i v e l y  s h o r t  h a l f - l i v e s  of 55Fe and 60Go, it €s p o s s i b l e  

t h a t  f a r - f i e l d  s o r p t i o n  i n  combination wi th  t h e  nea r - f i e ld  release rates 

might conf ine  t h e s e  r ad ionuc l ides  to t h e  SWSA-6 s i te  f o r  t i m e s  long enough 

f o r  r a d i o a c t i v e  decay t o  e s s e n t i a l l y  e l i m i n a t e  t h e s e  r ad ionuc l ldes .  The 

nickel. r a d i o n u c l i d e s ,  however, p re sen t  a d i f f e r e n t  s i t u a t i o n  due t o  t h e i r  

l onge r  half-lives p a r t i c u l a r l y  59Ni. These i s o t o p e s  would remain r ad io -  

active for  thousands of years .  A m5re d e t a i l e d  assessment of the mobi l i t y  

of n i cke l  i s o t o p e s  i n  SWSA-6 would be needed t o  exp lo re  the long-term 

behavior  of t h e s e  r ad ionuc l ides  I n  t h e  so l l /g roundwater  f a r - f i e l d  system 

and the  a s s o c i a t e d  environmental  i m p a c t s ,  

3.3.2 Add i t iona l  liPeseaE-ch/Ibevelopmei~t Needs ------ 
Impo~tant u n c e r t a i n t i e s  i n  p r e d i c t i n g  t h e  f u t u r e  near-field performance 

of t hese  parts i n  SWSA-6 and t h e  concomitant f a r - f i e l d  environmental  impact 

a s s o c i a t e d  w - i t h  t h i s  waste are (1) t h e  co r ros ion  rate assumed f o r  t h e  

p a r t s  (hulk metal cor ros lon  w a s  assumed t o  be the r a t e - c o n t r o l l i n g  step 

f o r  the nea r - f i e ld  release rates c a l c u l a t e d  i n  Chis report), (2 )  the 

e f f e c t i v e  s u r f a c e  area, and ( 3 )  the  subsequent f a r - f i e l d  r e t a r d a t i o n  of 

i-t?]ieas~d r ad ionuc l ides  by s o r p t i o n  processes e The release rate caPcu- 

In tcd  is d i r e c t l y  dependent upon t h e  co r ros ion  rate assumed. We used 

l i t e r a t u r e  val1.w~ f o r  similar stai~less s t ee l  a l l o y s  (and assumed the 

Haynes 25 cobalt. a l l o y  pprformed l i k e  s t a i n l e s s  s tee l )  i n  s i m i l a r  soli/ 
groundwater systems i n  t h e  absence of specific in format ion  for t h e s e  

a l l o y s  i n  the SWSA-6 so i l /g roundwater  system, The accuracy of the calcu- 

l a ted  r e l e a s e  rates could be improved i f  more relevant cor ros ion  rate 
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data w e r e  developed, Developmeot of such Lnformation could ~ e q ~ i r e  a 

long-~erm s tudy  of co r ros ion  o f  both unfrradiatcd an& i r r a d l a t c d  n e t d  

specimens in SWPA-4 so i l / g roundxa te r .  

is a very favorable site aspect: e L,abormGory iwasurement o f  r ad ionuc l ide  

s o r p ~ E o n  values would be necessary  as an i n i t i a l  s t e p  t o  quancify sorption 

retardatjon. Some preliminary work has been pvblfshed (Friedman and 

R c l m r s  1987). 

to t h e  c o b a l t  and iron i s o t o p e s ,  grea'rer a t t e n t i o n  should possibly be 

giveti t o  t h e  behivlor of n i c k e l  i n  the S W S h - 6  system than t o  i r o n  or 

cobalt for the evaluation of site closure performance. 

Sorptinn onto a t t c  s o i l s  f req:ientl.y 

Recnuse of the longer  h a l f - l i v e s  of 5 9 N i  and 63Ni eompared 

It a l s o  w m l d  be d e s i r a b l e  to valddate the c a l c u l a t e d  iron, c o b a l t ,  

and ni ckel radi nnucl ide  con ten t  of the d ischarged  wastes. This  v a l i d a t i o n  

could e a s i l y  be done by  sampling some of these wastes which.  are ~ ~ i ~ ~ n t l y  

he ld  li~i t h e  HIa'Lt: pool. and obt a i  ning  a courp'kete radioche:nical a n a l y s i s .  

4 1.1 Descrfption of Control. Cylinder 8 I and 111--...1 Radionuclides _.__--._ Formed - 

The consLruc t ton  of the I-IFIR c o n t r o l  c y l i n d e r s  i s  described i n  

Bowden e t  al. 1934. The control c y l i n d e r s  occupy an annular r eg ion  

h~tween the o u t e r  f u e l  element and the bery l l ium r e f l e c t o r  in the  WFLR, 

The radius of the outer  cylinder i s  9.300 i n . ,  and the r a d i u s  o€ the 

jraoer c y l i n d e r  i s  8.921 i n .  The c y l i n d e r s  are 0.25 i n .  thick.  Thc 

c o n t r o l  plates, whlch are composed of a eemcL o f  31 v o l  X Eu2O3 in 

a l u i n i t ~ m  metal powder, are: i n  t h e  upper reg ion  of t he  cyl i r ider  near  the 

cen te r .  The cermet i s  formed by compaction and s i n t e r i n g  a t  590°C i n  

vaciiuiii. The cermet region i s  22 in .  long by 3/16 in. t h i c k  a d  i s  CG(I- 

tairred betweern two ?/32-in. p l a t e s  of 606: aIuminum. A lower s e c t i o n  of 

the  cylinder bellow the europium cermet reg ion  contains 38 vol  % fxntalum 

in aluminum. T h i s  t an ta lum section is  5 in. long and is also clad by 

6041 aluminum p l a t e s .  Each cyliizder c o n s i s t s  of f o u r  control pla tes  

conea ln ing  europium and tantalum reg ions  e The aluminum ends of  the 
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c y l i n d e r s  inrsl~xde ho les  for coolant f low,  and extend above arid below the 

europium cermet and tatitalum c o n t r o l  p l a t e  reg ions ,  A p a i r  of  cylinders;  

( i n n e r  and o u t e r )  c o n t a i n  7.6 kg of E11203 and 3.6 kg of tantalum. 

Roth the  e r a r ~ p i ~ m  cermet c o n t r o l  p la tes  and tan ta lum regions  of t h e  

c o n t r o l  c y l i n d e r s  act as meutron adsorbers and r e f l i e r t o r s  durPng NFIR 

opera t ion .  A s  a r e s u l t ,  Fneutson cap tu re  by s t a b l e  i s o t o p e s  r e s u l t s  i n  

t h e  formation of u n s t a b l e  nuclei e The europium rad ionuc l ides  of h t e r e s t  

a f te r  waste emplai-eintnt i n  SWSA-s are: 1 5 2 ~ ~  ( h a l f - l i f e ,  1 3 . 4  years), 

154@u (h,alf-l.ife, 8,5 years) ,  and 1551,:u ( h a l f - l i f e ,  4.73 y e a r s ) .  These 

va lues  f u r  t h e  h a l f - l i v e s  of tlrese I so topes  were taken from Walker e t  al .  

19%. These europium rad ionuc l ides  account f o r  most of t h e  radioactivity 

i n  t h e  c o n t r o l  p l a t e s  a f t e r  emplacement. A small amount of some gado- 

l i n ium i s o t o p e s  is a l s o  formed by the decay of t h e  europium i s o t o p e s  but 

was riot cons idered  i n  t h e  r e l e a s e  c a l c u l a t i o n s .  'i'he longes t - l i ved  

tantalum r a d i o n u c l i d e ,  formed i n  t h e  tantalum-contai ning reg ions  of the  

c o n t r o l  p l a t e s ,  is Ia2Ta ( h a l f - l i f e ,  112 d ) .  We have assumed t h a t  i t  

decays s u b s t a n t i a l l y  p r i o r  t o  release events.  

The fo l lowing  d e s c r i p t i o n  of c o n t r o l  c y l i n d e r  d i s p o s a l  w a s  developed 

through d i s c u s s i o n s  with HFlM ope ra t ing  staff (Farrar 1986). The c o n t r o l  

cylinders are rep laced  a f t e r  about 80,000 tn 100,000 PFdd of WPLR opera- 

t i on .  The d ischarged  c y l i n d e r s  arc:\ stored i n  the HFTK pool,  POP sknlpment 

t o  SWSA-6, t he  alurninum end p i eces  are. cut off  and d i sca rded  separa te ly ;  

aluminlaiii has no Long-lived i s o t o p e s  ,, and the  neut ron-ac t tva ted  aluminum 

rad ionuc l ides  decay dur ing  the pool s t o r a g e  per iod  a The e u m p i u m  and 

tantalum c o n t r o l  p l a t e s  m y  be sepa ra t ed  from t h e  c y l i n d e r  and placed i n  

a sheet metal  sh ipping  c a n ,  or the i n t a c t  c y l i n d e r  may be shipped t o  

SWSA-6 i n  a shee t  metal sh ipp ing  can. The s h e e t  metal can con ta ins  ho le s  

i n  t h e  top  and bottom 80 t h a t  pool water w i l l  d r a i n  as t h e  can is  r a i s e d  

from t h e  pool.  The sh ipp ing  can is t r anspor t ed  t o  SWSA-6 i n  a l ead  and 

steel t r a n s p o r t a t i o n  cask. A t  SWSA-6, t h e  t r a n s p o r t a t i o n  cask is pos i -  

t i oned  over a prepared auger h o l e ,  and t h e  s h e e t  mtal can con ta in ing  t h e  



c o n t r o l  p l a t e  waste i s  l o w ~ r e d  i n t o  the h o l e ,  The s t e e l  lowering cable 

i s  d iscarded  w i t h  t h e  can. A d e s c r i p l i u n  of auger h o l e  eaplarement 

methodology i s  g iven  i n  Appendix A, 

E i g h t  c o n t r o l  plates and two c o n t r o l  c y l i n d e r s  - each composed of 

four c o n t r o l  p l a t e  s ec t tons  - were shipped from M F l K  for b u r i a l  Eiom 

1970 through 1981. The loca t to r i  of Chese components was detenained as 

a c c u r a t e l y  as possible and w i t h i n  the l i m i t a t i o n s  o f  t h e  e a r l y  records  

of the b u r i a l  ground. Table 4.1 shows the  ber-g estimate of t h e  p o s i t i o n  

of each c o n t r o l  plat-e and c y l i n d e r ,  along with d s t c  o f  empLwemcnt ,  t h e  

cumidative i r r a d i a t i o n  i n  Lhr reactor, anti t h e  daLe of discharge  from the 

reactor. 

A l l  of t h e  c o n t r o l  p l a t e s  (as opposed t o  the i l l t a c t  cont-rol c y l i n d e r )  

are  known t o  De emplaced i n  l i n e d  auger holes Nos. 735, 2'36, acb the 

unl ined  auFes hole  No. 272,  l oca t ed  on a kno l l  o f  high sround a i  A p o i n t  

wheee the  v a k e r  table  i s  about 25 f t  lZc6o.a t h e  suzface,  The l o c a t i o n  of 

t h e  c o n t r o l  cyliridpr that has  b sent  to SWSA-6 is  ~ c t  as  p r e c i s e l y  

i d m t r '  F i  ed as the locations of t h e  c o n t r o l  p la tes  Con1 b o 3  c y l i n d e r  

No. 5 apparent ly  w m  emplaced i n  SWSA-6 on Oet. 2&., 1979; howrver, t h e  

l o c a t i o n  i s  i m t  a v d l a b l c  from t h e  srirvEving records. T J ~  a s s i i w  that  i t  

was placed i n  an rinliried auger hole ' ~he r~c  i E  Ps not inLeLcepted by t ire  

water t a b l e .  Control  c y l i n d e r  No. 3 (not  i i lc lr ided i n  tine SYSA 6 i rrueo- 

tory) was sent from t h r  HFTK t o  the High Rad ia t iwb  Level Bxamlrracion 

Laboratory (Bldg.  3525) sometime dui i n g  1970, whci-e L t  was eiiavtined to 

deter ro ine  the ancsunt and d i s t r i b u t . i o n  of a c t i v a t i o n  p r o d u c t s  (Knight  1972). 

It was sent t o  C u r i a l  from Bldg. 3 5 2 5 ,  presumably i t r  late 1970 or  e a r l y  

19i1.  S ince  SWSA-5 t k 7 . 3 ~  not open a t  this d a t e ,  wo presume that r i t f s  

c o n t r o l  cylirider was not s e n t  t o  SPSA-6 brrt was sent t o  %SA--5, Thus, we 

have iiot considered t h i s  c o n t r o l  c y l i n d e r  i n  our rclcasc estimates. 

E s t i m a t e d  rad ionucl ide  i n v e n t o r i e s  o f  t h e  coni c~rits of t h e  m g e s  

holes  t h a t  conta in  the ZFLR coritrol  p l a t e s  and cylirrtler arc avajlable 

from the OWL S o l i d  Waste Disposal  Log (Kolinsky 1986).  These invek:-- 

tories were es t imated  by H F I R  pcrsmne1 a t  t h e  t ime  of eaplac.c.me.ib and 
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Table 4.1. Discharge of c o n t r o l  c y l i n d e r s  from t h e  
H F I R  and d i s p o s a l  i n  SWSA-6 

SWSA-6 Date C y 1  i n d e r  
T r rad ia tdon  SWSA-6 Auger hole Emplacement ou t  of set 

NO .I Const ruc t  d m  d a t e  r e a c t o r  No. -_-- 
Caaatrol p r a t e s "  

235 Linea 61 OS/ 80 11/70 4-3A 3 9 764 

236 Lined 6/10/80 6/77 4-4A 68,192 
2/75  6-1 54,697 

18/70 8-3 11,409 

272 Unlined 2/23/81 12/76 9-1 72 660 
12/76 9-2 72 660 

12/76 9-4 72,668 
2/77 9-3 67,886 

Contro l  c v l i n d e r s b  

Unknown Unlined' 10/24/79 3/77  5 78,185 

"These c o n t r o l  c y l i n d e r s  were sepa ra t ed  i n t o  i n d i v i d u a l  p l a t e s  f o r  

bThese c o n t s s l  c y l i n d e r s  were d isposed  i n t a c t .  

=This c y l i o d e r  was assumed t o  be i n  an un l ined  auger h o l e  i n  SWSA-6. 

d i s p o s a l  e 

represent upper - l imi t  appruxliaat-hons Me r ees t ima ted  t h e s e  i n v e n t o r i e s  

such t h a t  our c a l c u l a t e d  inventory  of c o n t r o l  c y l i n d e r  No. 7 coinc ided  

w i t h  t h e  measured inven to ry  of t h a t  control c y l i n d e r  as r epor t ed  by 

KnPght and RPcht (Knight and Kicht 1972). Me f e e l  t h a t  our estimates are 

mare a c c u r a t e  than the d i s p o s a l  l o g  s i n c e  they  reproduce t h e  one measured 

v a l u e  

Knight and Richt (1972) analyzed samples from c o n t r o l  c y l i n d e r  No. 3 

f o r  the con ten t  o f  152Eu, 15"@u, and 155Eu a t  d i s t a n c e s  of 0.5, 2, 5, 10, 

and 20 i n ,  from the h igh  flux edge of the c o n t r o l  cy l inde r .  W e  numeri- 

c a l l y  i n t e g r a t e d  the r epor t ed  va lues  [g iven  i n  atom pe rcen t  (at. % ) I  over  

t h e  22-in. l e n g t h  o f  the c o n t r o l  c y l i n d e r  to c a l c u l a t e  an average va lue  
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f o r  each isot:ope, O u r  calculated values were: 

2.34 at. % 154E119 and 0.81 at .  X 155Eu at the t i m e  of discharge Erocn 

the reactor. Control c y l i n d e r  No. 3 was exposed to 48,615 H?dd o r  1.45 

f u l l  power years, assuming 33,500 PNsl per fu l l -power  year  (Parrar 1986), 

T h i s  c o n t r o l  cg l tnder  w a s  discharged €rom the reactor in January  1970. 

The i s o t o p i  c Concentrations calculated above sorreopond to the  fol lowing 

a c t i v i t i e s  of the radi.onuclidcs ac t h e  t ime?  of discharge of the c o n t r o l  

3.38 a t ,  7: 152Eu9 

c y l i n d e r  froljl t h e  reactor: 9520 C i  152~, : ,9  8510 C i  15cEu, and 25,100 @i 

155Eu. 

These equat ions  were i n i t l a l l y  sol.ved €or the cond i t ions  at 0.5, 2 ,  

5, 10, and 20 i n .  f r o a  the high flux edge of each plafe and c y i f n d e r  

using l i t e r acum valiies of ai and of Ai  for each of the i s o t o p e s  (Tdalker 

cl a l .  138L.), The value of the f l u x  at each position ws adjusi-cd t i n t i l  
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t h e  c a l c u l a t e d  value of t h e  concen t r a t ion  of 151Eu matched t h e  measured 

value as g iven  by b i g h t  and Richt  1972. S ince ,  i n  g e n e r a l ,  t h e  ca lcu-  

l a t e d  and measured values  of the other is~topes d i d  not  agree, the 

values of  t he  cross s e c t i o n s  sf each i s o t o p e  i n  the B terms were varied 

success ive ly  until each calculated isotope concen t r a t ion  mtched the 

measured c ~ ~ ~ c e ~ ~ b r a t i ~ n  a t  48,615 d i r r a d i a t i o n .  Li terature  va lues  of 

CKOSS s e c t i o n  were always used i n  the A terms, and these valtxes were mot: 

varied. S f n e e  caPeulatPons were done i n  t h e  t i m e  domain, this cor re -  

sponded. to m t c h i n g  cnieuiatecg and mastlred vaiues a t  1.43 years, 

the cal cul-nted europium Isotope concen t r a t ions  m t c l w d  those o f  Knight 

and R i c h t  1972,  Eq.  (4.1) was so lved  for the  range of i x r a d i a t i o o  of 0 t o  

92,000 Ndd, spann ing  t h e  i r r a d i a t i o n s  of a11 control plates and cylinders 

t o  d a t e  (16  i n  a l l ) .  For each p l a t e  and cy l inde r ,  the  c a l c u l a t e d  values 

of t h e  five i s o t s g f r :  concent ra t ions  at each loca t ion  along t h e  con t ro l  

surface were i n t e g r a t e d  t o  ge t  an  average concen t r a t ion  for each i so tope  

in each p l a t e .  T h e  va lues  f o r  the  average i s o t o p e  concen t r a t ions  were 

empirically f i t t e d  t o  equa t ions  f o r  ease i n  computer m m i p u l a t i o n s  

T h e s e  equa t ions  are: 

and are plot ted  i n  Fig, 4.1. The u n i t s  OR the abscissa on Pig.  4 . . b ,  

however, are i n  atom percent  (a t ,  % >  r a t h e r  than atom f r a c t i o n .  
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Table  4.2. Calcu la t ed  europium i s o t o p e  inven to ry  of 
c o n t r o l  p l a t e s  and c y l i n d e r  i n  SWSA-6 as of June 1, 1936 

Cy 1 i nde r 
Auger set  -- =Ci) 

hole No. No. 2Eu 1543, a 5 5e, 

Contro l  p l a t e s  

235 4-3A 207 66.6 2.38 

236 4-4A 
6-1 
8 -3 

272 9-1 
9 -2 
9-3 
9 -4 

Contro l  c y l i n d e r s  

1,950 2,060 916 
1,640 1,370 445 
54 1 20 1 6.40 

1,920 2,110 946 
1,920 2,110 946 
1,910 2,000 866 
1,920 2,110 946 

Unknown 5 7,870 9,280 4,420 

Totals 19,878 2 1 307.6 9,493.78 -_ ---- - “il-- 

v a r i a t f o n s  i n  our inven to ry  estimates and the estimates of Boegly and 

coworkers 1985 can probably be expla ined  by the fo l lowing:  (1) t h e  waste 

d a t a  base t h a t  they used does noP: consider r a d i o a c t i v e  decay, and (2 )  t h e i r  

i nven to ry  p o s s i b l y  Included o t h e r  sources of europium rad ionuc l ides ,  

Considering all the approximations arid estimates involved Bn t h e  summation 

o f  either our i n v e n t o r y  o r  t h a t  of Boegly et al.. 1935, we feel  that t h e  

v a l u e s  of Boegly et al, 1985 are not i n c o n s i s t e n t  w i t h  o u r  ca l cuka t lons .  

We feel that Q U ~  values are more a c c u r a t e ,  however, because o f  our inc1.u- 

s i o n  of a correceiorn f o r  radioaetiue decay out of r e a c t o r .  

T n  tihe release ra te  e a l c u l a t i o n s  the  inven to ry  values were corrected 

from Juce 1, 1986, to the date under c o n s i d e r a t i o n ,  The J u n e  1, 1986, 

date was selected to gtve a cnmon reference po in t  f o r  a coinparison of 

these wastes a 
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4 3 WASTE LEAmA'EE CliEMX STRY AND 

4.3.1 Auger-Hole Liner  Corrosion 

PARAMETERS USE11 IN CALCUIA'II CONS 

L i t e r a t u r e  review revea led  l i t t l e  informat ion  on co r ros ion  o€ buried 

ga lvanized  road c u l v e r t  pipe. The cor ros ion  would be highly  dependent 

upon the s o i l  pH and the content  of chloibde and s u l f a t e  ions. The 

r eco rds  o f  the  burial. ground a l s o  d id  not con ta in  informat ion  on the 

s p e c i f t c a t i o n s  t o  which the liners were purchased. Spec i f i eaL ly ,  t h e r e  

was no informat ion  on the thlcknesa of the zknc coating. Because of a 

lack o f  in format ion ,  w e  a r b i t r a r i l y  modeled t h e  t i m e  of f a f l u r e  f o r  t h e  

auger-hole l i n e r s  a t  10 years and agatn a t  20 years. 

4 . 3 . 2  Al.uminum Claddin& Corrosion 

A l i t e r a t u r e  SeiZKCh w a s  coiducteed and c-~pert o p h i o r i  s o l i c i t e d  

(Gr i e s s  1986) to i d e n t i f y  information that  t,rou.ld help d e s c r i b e  fhe ra te  

of cor ros ion  o f  the IlPlCK c o n t r o l  plates  emplaccd i n  SWSA-6. The c o n t r o l  

plates consist of i n t c r n a l  neutron-adsorbing feg3 ons formed O C  an E11203 .- 

a l u m i n u l p  cermet and a tanP:alurn-taluminuru compact which are ronta tned  w i t h i n  

6061 aliamEniim c ladding  p l a t e s  ( S C C J  Sect 4 , l .  1). The QQ6l aluininum eon-- 

ta3ns  0.4 t o  0.8% S t ,  0.15 tca 0.40% Cu, 0.8 t o  1.2% Mg, ai~d 0.15 t o  0.35X 

Cr as alloying e1.ennemts. The discharged c o n t r o l  plates are emplaced i n  

SVSA-6 without rupturing t h e  aluminum c ladding  surrounding the cermet. 

WQ have assumed that  the europium rad ionuc l ides  ( 1523 15'3 1 5 % ~ )  i n  the 

cermet would not  become a v a i l a b l e  f u r  relleasc to  groundwater and migra- 

tion Lhrsugh the  SWSA-6 s i te  u n t i l  after t h e  aluminum c ladding  p l a t e s  

have been breached by p i t  of c rev ice  co r ros ion  r eac t ions .  Therefore, the 

rate of cor ros ion  of the aluminum p l a t e s  under S'aSA-6 soil/groundwater 

geochemical cond i t ions  i s  an important  parameter i n  c a l c u l a t i n g  t h e  

europium r a d i o a c t i v i t y  releases t h a t  may be assoc ia t ed  wi th  the  rmplaced 

c o n t r o l  places e W e  have a l s o  assumed t h a t  tantalum rarlionticlides slncli as 

lE2Ta, h a l f - l i f e  of 112 d ,  would not he s i g n l f i c a n t l y  r e l eased  t o  gronnd- 

water from the tantalum-aluminum compact a f t e r  aluminum c ladding  breach 

because of t he  chemical s t a b i l i t y  and corrosion realstance of tantalum 

metal. and have not f u r t h e r  considered t h e  release of tantalum rad ionuc l ides ,  
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A good general suimnary of t h e  cox-rosion of alunaiiiuin l a c  aqucoua 

environments i s  given  i n  Shrter 1997. Based on that: discussban and 

expe r i ence  a t  ORNL, it seems reascnab le  that t h e  most l i k e l y  f a i l u r e  a d e  

of the a ~ u ~ ~ l ~ ~ ~ ~  cladding in con tac t  w i th  t h e  wet s o i l  would k p i t t i n g  

co r ros ion ,  S h r i e r  2977 p s d n t s  out t h a t  very  low l e v e l s  ( f r a c t i o n a l  ppm) 

of heavy metals i n  water, such as copper, produce pits i n  aluminum allOy6. 

The exper ience  w i t h  aluminum i n  p~ ta l i s l e  water (Gray et: a l .  1978) and i n  

w a t e r - f i l l e d  beam Lubes i n  the Oak R i d g e  L inea r  Acce le ra to r  (Griess and 

Meumann 1968) I 1  lustrate t he  susceptibiltty of aluminum t o  pdtzlng iii 

sLagnant water. The c o ~ n p o s i t i o n  sf t he  alnrninl~ra a l l o y  appears t o  be of 

o n l y  minor import:ance wi th  regard  h e  p i t t i n g  Fn water. 

A few laborab-ory tests wl th  small specimens w e r e  run t o  s i rnula te  t h e  

co r ros ion  of de fec t ed  c o n t r o l  p l a t e s  (Engl ish and Gr-Eess 1965). In 1965, 

a g a d s E i n i u m - s a ~ ~ a r i u m - ~ ~ ~ ~ ~ ~ i ~ ~ ~  oxide mixture wi th  aluminum w a s  under 

c o n s i d e r a t i o n  f o r  thk~ neutron-adsorber w t e r i a l  so the tes t  results may 

n o t  be d t r e c t l y  r e p r e s e n t a t i v e  of t h e  esrreston behavior of the Eu203- 

aluminum r eg ions  of  the c u r r e n t  X i F I X  con t ro l  plates, In these accelerated 

tes ts  apprec iab le  react Lon a;rccurred between water and the r a r e - e a r t h  

ma te r i a l  . Severe e x f o l i a t i o n  nccurrecl aZong edges of con tac t  between the 

r a re -ea r th  mater ia l  and water for sheared specimens, and blisters developed 

i n  samples defec t ed  by c l r i l l i n g  holes  through t h e  aluminum c ladd ing ,  1x1 

a n  extreme case, an aluminum-clad, r a r e - e a r t h  compact s p l i t  a f t e r  100 h 

exposure t o  pM 5,0 water a t  1180°C. It appeared that the water had r eac t ed  

w i t h  t h e  rare-eartll oxides t o  form a larger-volume product ,  probably a 

hydra ted  oxide o r  hydroxide,  which forced  the  c ladding  p l a t e s  a p a r t .  

The a v a i l a b l e  in fo rma t ion  d e s c r i b i n g  c o n t r o l  p l a t e  c o r r o s i o n  under 

condit-lons r e p r e s e n t a t i v e  of the SWSA-6 so i l l g roundwate r  s y s t e m  i s  

extremely l i m i t e d  and a l lows  cons ide ra t ion  of only a c o n j e c t u r a l  model 

of c o n t r o l  p l a t e  co r ros ion  a f t e r  f a i l u r e  of t h e  auger-hole l i n e r  and t h e  

subsequent i n t r u s i o n  of groundwater, The fo l lowing  s e q u e n t i a l  even t s  may 

occur: 

Event 1 - The discharged  c o n t r o l  p l a t e s ,  minus t h e  aluminum end 
p i e c e s  that have been removed, are placed i n  the auger  
h o l e  i n  a mild s teel  sh ipp ing  can t h a t  has  ho le s  i n  the 
l i d  and bottom. The auger h o l e  is f i l l e d  wi th  sand o r  
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s o i l .  No release of europium rad ionuc l ides  occurs as 
long  as t h e  aluminzm cladding has no t  been rupkured  
dur ing  the disposal opera t ions .  

Evenc 2 - The auger-hole l i n e r  (when present) f a i l s ,  and ground- 
water e n t e r s  t h e  sh ipping  can through th? holes  i o  the  
l i d  and bottom of the can. The con t ro l  plates are now 
i n  a wet so i l /g roundwater  system a t  a pB between 4 , 4  

groundsaater systems; see S c r t .  2.4.11, arid are i n  
con tac t  iri.th t h e  mild s teel  can- Corrosion of t h e  
allmi nurn c ladding  hegiile hut no r e l w ~ a e  3f europiznrn 
radionuclides occurs s i n c e  the cladding has not ' C a ~ ? i l  

and 7.7 ( t h e  pw extremes repor ted  for SWSA-6 s o i l /  

breached e 

Evenf; 3 - F i t t i n g  cor ros ion  cont inues  u n t i l  am;zL1 breaches occur 
i n  t h e  aluminum c ladding  f. and groundwateL coiitzcts A 
s m a l l  area o f  t h e  Eu~03-aluminuaz cerwt. Some of the 
Eu2O3 hydrolyzes am3 ~ ~ i ~ d r ; :  so lub le  e u r o p i m  i s  formed. 
A sntall amount of the europium d i f f u s e s  through the  
breaches and is ava i l a31e  fer migrat i  mi wi th  ground~dater 
through the s l t e .  

Event 4 - p i ~ ~ i c g  and c r c v t c r  co r ros ion  o f  t h e  alumtnum cladding 
continuc More groundwatcr c o n t a c t s  a greater volume 
of the ei:rspiurn cermet. M u L - ~  o f  t h e  Eu?Oq hydrolyzes 
t o  lorm larger-volume products  [possibly liSu(OM)3] 
which expand and cause extr_tAnsive r a p t u r i n g  of the 

E11203 and groundvab-er occurs.  More e-iiropium dissolves 
and mote europ l~ im bermes a v a i l a b l e  f o r  migration wBLh 
groundwater through the  s i t e .  'the concent ra t ion  of 

€or EuzO3 o r  Eu(OB)3. The hydrolysis and d f s s o l u t i m  
reacl i o n s  conliiirie u n t i l  a1 1 the europiun~ r ad ionuc l ides  
have been l eached  from tlte c o n t r o l  p l a t e  wastes and 
d ischarged  t o  t h c  site so i l /g roundwater  systein. 

a l ~ ~ i ~ i n u t i l  c ladding.  NS~?, CX! ~ i ~ s t v e  conr;rct brtWeefi the 

e ~ ~ ~ p k ~ l m  be c o ~ t t r ~ l l e d  bji t he  sol  iibL1 i t y  product  

T h e  e x h t i n g  Informat ion  i s  inadequace it0 al low a c c u r a t e  p r d i  c t i o n  

o f  times ~ O K  t h i s  conjectinral series o f  corrosion steps. The evolutiori  

of events might take a raii ib~r o f  months OT years. Laboratory research 

would be r equ i r ed  t o  i d e n t i f y  atid t o  quantify the rates of the v a r i o u s  

corrosion reactions involved I Since discharged control p l a t e s  have 

accumulated a s i g n i f  icaznt neat ran and thermal exposure they could 

pcrforra  differently i n  the so i l /g roundwater  environment than  unitradiated 

c o n t r o l  p l a t e s .  1 t might be necessary t o  conduct coi r o s i o n  experiments 
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w i t h  samples  of i r r a d i a t e d  c o n t r o l  p l a t e s  In orde r  t o  develop defensi-ve 

corrosion rate d a t a ,  If so, such r e sea rch  would need to be conducted 

i n  ho t  cells for r a d i a t i o n  s h i e l d i n g ,  Such work c ~ u l d  r ep resen t  an 

a p p r e c i a b l e  ef fort .  

For our umdeling c a l c u l a t i o n s  we  a r b i t r a r i l y  wdeled the c ladding  

f a i l u r e  a t  2 and again a t  4 years after the f a i l u r e  of the auger-hsle 

l i n e r .  These values W&P@ chosen s i n c e  i t  seemed u n r e a l i s t i c a l l y  conser-  

v a t t v e  t o  asstlme ins t an taneous  failure of the cladding on con tac t  w l th  

groundwater. On the sther hand, t h e r e  is no evidence t h a t  ex%sts t o  

sugges t  t h a t  the c ladding  inlght remain i n t a c t  for per iods  of t i m e  as 

long  as decades,  

4 . 3 . 3  Rate of React ion of Cermet I d t h  Groundwater 

The europlum r ad ionuc l ides  are contained i n  a unique europium oxide- 

aluminan metal eer-onet, Apparent ly  no s t u d i e s  of t h e  r e a c t i o n s  t h a t  m y  

occur  between t h i s  cermet and water 'have been performed, thus we can not 

p r e d i c t  t h e  rate of r e a c t i o n  a f t e r  the cement i s  contac ted  wi th  ground- 

water or, w i t h  c e r t a i n t y ,  even t h e  compounds which d g h t  be formed. I n  

the absence of sther ev idence ,  we have assumed t h a t  the europfum oxide 

p o r t i o n  of the cermet would react t o  y i e l d  the  same products  as pure 

e u r ~ g i ~ m  oxide. Therefore, we were forced t u  assume t h a t  europium oxide  

(Eu203)  chemistry would d e s c r i b e  the behavior of the C O ~ ~ ~ Q P  plate cermet. 

We considered both d i r e c t  s o l u b i l i z a t i o n  of the europium oxide 

(4 .5)  

and hydro lys i s  of the cermet by groundwater at t h e  time of c ladding  

breach t o  form h igh  s u r f a c e  area Eu(OH)3 and subsequent s o l u b i l i z a t i o n .  

(4.6b) 
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Of t he  two, the hydro lys i s  reactlion y be t h e  more l i k e l y ,  based on t h e  

obse rva t ion  of English. and Gri€!SS 1965 tha% the  xare-enrth oxgde pQrt ioI l  

of defec ted  eoatrol p l a t e  specjtmens stmkred swe l l ing  and e x f o l i a t i o n .  

In the absence of any r e a c t i o n  rate information, we W E K ~  unable t o  

take any c r e d i t  for the reacrion rate 5f t he  cermet with groundwater, 

4 e 3 . 4  T i m e  of I n f t i a l  R a d i o a c t i v i t y  Release .- __I.1- 

The  "kinme of  i n i t t a l  r a d i o a c t i v i t y  release depends upon (1) t h e  

length of time f o r  the aluminum c l a d d h g  i n  t h e  unlined auger holes to 

f a i l ,  ( 2 )  t h e  l eng th  of t ime f o r  the galvanltsed steel p i p e  l i n e r s  i n  the 

l ine3 holes t o  f a i l ,  and ( 3 )  the length o f  t i m e  f o r  the  aluminum cladd-9ng 

i n  tlrc l i n e d  holes t o  f a i l .  NQ c r e d i t  WBS taken for t h ~  r e a c t i o n  t i m e  of 

the carmet with groundwater. We examined two  cases t o  show t he  effect cjf 

t i m e  to Pallure of the two types of b a r r i e r s .  The f irst  case assumes a 

l i f e  of 10 years  for the galvanized p i p e  and a l i f e  o f  2 years f o r  t h e  

alurni num cladding f o l l ~ ~ i n g  f iprst exposure t o  groundwater OK an i n i t i a l  

release t i m e  of 12 years  after emplacement. The second case  assumes a 

life f o r  t h e  galvanized l i n e r s  of 20 years and a l i f e  l o r  t h e  alunirnua 

cladding of 4 years, r e s u l t i n g  i n  an i n f t l i a l  release t i m e  ~f 24 yea r s  

a f t e r  emplacement. It should be understood t h a t  the actc~al time L'ncse 

two barriers f a i l  i s  h ighly  u n c e r t a i n  i n  t h e  absence of d a t a  In SMSA-6. 

AS d i scussed ,  the rime tu fa i lure  of these barriers depends upon maray 

factors i nc lud ing  the soil pH, d i s so lved  i o n s ,  ox ida t ion  p o t e n t i a l ,  

r a d i o l y s i s  e f f e c t s ,  etc. Even though i t  would be more consc rva t ivc  t o  

assume t h a t  t h e  t i m e  o f  b a r r i e r  f a i l u r e  l s  zero  years ( i . e e ,  immediately 

a f t e r  emplacement), we f e l t  t h a t  such an approach would be ove r ly  C O A S ~ X -  

v a t i v e  and f a i l  t o  t a k e  c r e d i t  f o r  a reasonable  l i f e  of tile galvanized 

§Lee1 auger  hole  l i n e r s  and the aluminum e ladding .  Clearly, betr'er- 

iizfosmation on t h i s  s u b j e c t  would be needed t o  a l l o w  es t ima t ion  of a more 

a c c u r a t e  t i m e  of i n i t i a l  releaser. 
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4 . 3 . 5  Radionuclide S o l u b i l i t y  
-l__l -.-- 

A l i t e r a t u r e  search for information on the system E u ~ O ~ - H ~ O  was 

conducted, b u t  vcsy little informatlon re levant  to e ~ r o p i ~ ~ a ( T I I )  chemkstry 

under t y p i c a l  groundwater geocheind ea1 parameters  w a s  Ident - i f ied ,  Under 

the range of s o i l  /groundwater a c i d i t y  condi t ions  reported f o r  SMSA-6, pR 

4 . 4  t o  7.7 ( see  Scct. 2 , 4 . 1 ) ,  rwirher  the equi l ibr ium europium s o l i d  

phaste(s) mar t h e  europium so lu t ion  species have been cliaracterized 

gXpe K d I W i 7  t a4 l y  

A previously publ i shed  c a l c u l a t i o n  of Eai( 111) acrlr tbi l i ty  in more 

alkal ine carbonate groundwaters at a pH sf 8 (Early et a l .  1'382) was 

based on data for  the Eru203 s o l u b l l i z a t f o n  reaction: 

E a r l y  et a l ,  1982 referenced tEie source of t h a t  equl l ibr ium cons tan t  as 

Bensvn mid Tcague 1980, w h i c h  i s  a compilat ion of thermodynamic d a t a  for 

many eleorents comirnon t o  radioactive waste systems. Most oE the data i n  

Bt?n..;i?n and 'reague 39868 are referenced t o  t h e  o r i g i n a l  literature source 

that they used. However, they s ta te  that 50iiae OF the da ta  have been 

ohtainec? by estirnrat ion or e x t r a p o l a t i o n  w h r e  publ ished informat ion  w a s  

not available. The E11203 soBuhi1 tza t i r sn  reaction g iven  i n  Benson and 

Teagm 1980 

Daca have bcen published ( B m s  and Wesrraer 1976) f o r  the s o l u b i l i -  

z a t i o n  r e a c t i o n  for etaropiuna hydroxide: 

( 4 . 9 )  
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( I n  t h e s e  c a l c u l a t i o n s ,  we have assumed t h a t  the cqul l ibr iuni  c o n s t a n t ,  K ,  

i s  equ iva len t  t o  the equ i l ib r ium q u o t i e n t ,  Q ,  because the groundwaters 

have low ion ic  s t rength . )  Thfs  equi.1 lh r ium coilstant was estdmated (Bae~ 

and Mesmer 1976) by a comparison of the hydroxide c r y s t a l  a parameters 

and hydroxide s o l u b i l i t y  c o n s t a n t s  f o r  t h e  lantlranide-group elements, 

Apparently,  Baes and Mesmer 1976 were unable t o  l o c a t e  s p e c i f i c  hydroxide 

s o l u b i l i t y  cons t an t  d a t a  f o r  europium(II1).  Baes and Mesmer 1976 a l s o  

r e p o r t  constants f o r  the f i r s t  hydro lys i s  r e a c t i o n  of Eu3+ as 

(4.10) 

and, f o r  the s o l u b i l i t y  o f  the neutral  hydroxide s p e c i e s ,  as 

The l o g  K va lue  f o r  Eq. (4.10) appa ren t ly  w a s  der ived  from a c o r r e l a t i o n  

o f  the formation q u o t i e n t s  vs the q u a n t i t y  of t h e  l an than ides ,  but the 

l o g  K va2ue f o r  Eq,  (4.11) was der ivcd  from '3sti9~mthed'' data for l iydsolysia 

r e a c t i o n s  A l l  of the p e r t i n e n t  ewopium theramchemical va lues  i n  Eaes 

and Meamer 1976 appear rccs have been der ived  through extrapolation and 

lanthanide group elemcnt s i m i  l i t u d e  rather than  exper imenta l  measureme~t , 

Since  the s o l u b i l i z a t i o n  reacttons for e i t h e r  the oxide ,  E a 2 0 3  

[Eq.  (4,5)], or  t h e  hydroxide,  Eu(OH)3 [Eq.  (4.5b)], are dependen t  upon 

t h e  t h i r d  power of t h e  hydrogen don concen t r a t ion ,  

(4.12) 

t h e  ~ u 3  +-saturated s o l u t i o n  concen t r a t ton  calculat-cd from these reactions 

is  very sensf t tve  t o  t h e  s o l u t i o n  pH used i n  t h e  c a l c u l a t i o n .  Thus, 

us ing  the log K va lue  for e i t h e r  of t hese  r e a c t i o n s ,  europium is calcu- 

l a t e d  to be very s o l u b l e  a t  pH 4e4e In  f a c t ,  the va lues  obtained f o r  

[@u363 are s o  large as t o  be neaningl.essm 

Eu2O3 o r  Eu(OH)3 are the the es+rec$ equ i l ib r ium s o l i d  phase under pB 4.4  

It Ls p o s s i b l e  t h a t  n e i t h e r  



59 

geochemical cond i t ions .  A hydra ted  oxide ,  o r  p o s s i b l y  a s i l i ca t e  or 

some o t h e r  compound might be t h e  a p p r o p r i a t e  s t a b l e  s o l i d  phase,  A t  pN 

4 . 4 ,  t h e  [EuOH2T concen t r a t ion  would be i n s i g n i E i c a n t .  

t h e  [EuOW2’] would be only  

h y d r o l y s i s  i s  not important a t  l o w  pH>. Since  Eq. (4.11) is independent 

of 

be on1 y M ,  and t h i s  value would be meaningful only If the hydroxide 

i s  s t a b l e  a t  pH 4 . 4 .  

i n  considering europium s o l u b i l i t y  at pH 4 . 4 ,  and t h a t  the  s a t u r a t e d  

s o l u t i o n  concen t r a t ion  of t h i s  s p e c i e s  could be h igh ,  bu t  an a c c u r a t e  

value cannot be c a l c u l a t e d  because of the  inadequacy of the suppor t ing  

themochemica l  data. 

Prom Eq. (4.10) 

of t h e  [Eu3$3 concen t r a t ion  (i*e., 

the concen t r a t ion  of t h e  n e u t r a l  s p e c i e s  Eu(OH) 3(solutg0n) would 

- 
It appears t ha t  only t h e  s p e c i e s  Eu3’ i s  important 

Much lowex europium s o l u b i l i t i e s  are c a l c u l a t e d  a t  pW 7.7 using 

E q s .  (4.7) rand ( 4 , 9 )  and t h e f r  e q u i l i b r i u m  cons tan t s .  For EuzO3, the 

c a l c u l a t e d  [ E u 3 9  i s  

i s  s t i l l  much too  large t o  be meaningful o r  accep tab le .  It. is not 

consistent with q u a l i t a t i v e  obse rva t ions  of l o w  europium s o l u b i l i t y  i n  

neutral  or slightly alkal3.w groundwater s o l u t i o n s  (Pkyer l98G). Hydro- 

l y s i s  and p r e c i p i t a t i o n  of acidic s o l u t i o n s  of europium s a l t s  usually can 

be observed t o  begin at about pM 5 t o  6 ,  and s o l u b i l i t y  dec reases  f u r t h e r  

a t  hig~iea: p ~ s .   or ~ 1 1 ( 0 ~ ) 3 ,  t h e  c a l c u l a t e d  [ ~ u 3 + 1  i s  10-5*5 - M at p~ 7.7. 

The ratio of [EuOH2$-q f [ E u 3 f i  calculated from Eq. (4.10) i s  

add i t iona l .  europium sol.utpility of lO-”’ - M i s  con t r ibu ted  by 

Eu(OH) 3 ( soluQ ion). 
concent ra t ion  calculated fron the avallahle d a t a  Ear the species ~ u 3 +  + 
E~OH** +- ~ u ( 0 ~ j 3 ( ~ ~ l , ~ t l ~ ~ )  is abour, 5 x 10-6 - H.  his value, at least,  is 

not i n c o n s i s t e n t  w i t h  qualitative obse rva t ions  of low europium s o l u b i l i t y  

in n e u t r a l  or s l i g h t l y  alkaltnc scslmtians,  Considering the very poor 

q u a l i t y  of t h e  suppor t ing  thermoehembeal d a t a  however ,  t h e  valua o f  

5 x $1 could e a s i l y  be i n  error by s e v e r a l  orders of magnitude. 

- M at pH 7.7. However, t h i s  s o l u b i l i t y  va lue  

An 

Thus at pB 7.7 t he  t o t a l  europium saturated s o l u t i o n  

I 

one expe r imen ta l  W-asuP-ernent of europium ~ m h i i g  tY was i aen t i f i - ed  

( h e  ana serne 1978). Their plat of europhm activity vs pki (F igs  4 . 2 )  

shows a strong dependence on pH. We have assumed t h a t  a c t l v i t y  may be 

t aken  as equivalent to c o n c e n t r a t i o n  for the low europium c o n c e n t r a t i o n s  
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Fig. 4.2. The influence of pdll on the activity of europium in 

s o l u t l o n  (Fig.  14 of  Serne and Rai 1976). 
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and low i o n t c  s t r e n g t h  of t h e  s u p p o r t i n g  s o l u t i o n .  Thus, by e x t r a p o l a t i n g  

the  d a t a  i n  the f-igure t o  p 7.7, the s o l u b i l i t y  of E:u3f Would be hetween 

and mcal/L. A t  lower pNs t h e  s o l u b i l i t y  increase!: r a p i d l y  and 

a t  the  lowest pH experimental  l y  rne3sured, pH 5.5, t he  p l o t t e d  s o l u b i l i t y  

i s  between 10"' and mol /L .  At pll 4 . 4  t h e  e x t r a p o l a t e d  s a t u r a t e d  

s o l u t i o n  l i n e  would be of f  the t op  of the graph, 

We then compared these l i t e r a t u r e  earispiurn s o l u b i l i t y  v a l u e s  w i t h  

pract 2cal l abo rn to ry  exper ience  a t  OWL, Genera l ly ,  europium s s P u b i l i t y  

i s  known t o  decrease with increasing pH. I n  one brief q u a l i t a t i v e  experi- 

rnent, a europium nitrate s o l u t i o n  was atlded t o  SWSA-fa w e l l  water at pM 

7.3 (Friedman 1486). A t  an X u 3 +  concen t r a t ion  of mol/L, a v i s i b l e  

p r e c i p i t a t e  formed immediately. ~t '10-5  mol/^ o r  lower concen t r a t ions  

no p r e c i p i t a t e  formed, In angolng work i n  rhc O k i L  Chemistry Division t r ,  

s tudy  europium chemistry i n  grtaianclw:rter relevant t o  a candl d a t e  h igh- leve l  

waste r e p o s i t o r y  a t  Yucca Mountain, Nevada (Meyer 1986) ,  the chemistry of 

europium a t  near-ncti~ral pH has proven to he complex, When th i s  ground- 

water was brougtit t o  a concentration of 10-4 ~ O I / L  E : I ~ + ,  no p r e c i p i t a t e  

w a s  seen. I-Iowevn-r, SIN renictions occurred over a p e r t o d  o€ months which 

gradinally dtse:reasd the apparent  s o l u t i  cwi concen t r a t ion  of europium to  

less than 10-4 m n o l / ~  wit:hout the appearance of n v i s i b l e  p r e c i p i t a t e .  

T h e  nature 05 these  reaetians is  c u r r e n t l y  unknown. 

For the  cnl c u l a t i n n  of the relesae of  europlusn r ad ionuc l ides  from 

t h e  planned Centra l  Waste Disposal Fac tP i ty  at West Chestnut Ridge, P i n  

e t  al, 1984 used a value  of 1 x IOm4 mol/L f o r  t h e  s o l u b i l i t y  of Xu3+ at 

pll 6.9. That va lue  w a s  ob ta ined  froin a @ a l c u l s t i o n  of t he  s o l u b i l l t y  

l i m i t  us ing  the  computer code PMKEEQE assunling Eu(OH)  3 t o  be t h e  s a t u r a t i n g  

s o l i d  phase. Computer codes such as PtIKEEQE r e q u i r e  thermodynamic d a t a  

as input  Informat ion ,  and i t  seems l i k e l y  t h a t  the c a l c u l a t i o n  used e s t i -  

mated o r  e x t r a p o l a t e d  va lues  f o r  Eu(OB)3 ( p o s s i b l y  t h e  e s t ima ted  d a t a  for  

Eu(OH)3 from Baes and Mesmer 1976) s i n c e  no o t h e r  thermodynamic d a t a  seem 

t o  be a v a i l a b l e .  

Even though the europium solubility in format ion  a v a i l a b l e  is very 

l imdted i n  scope and of u n c e r t a i n  accuracy ,  it does sugges t  t he  fo l lowing  

f o r  c o n s i d e r a t i o n  i n  e s t i m a t i n g  europium s o l u b i l i t y  i n  SWSA-6 groundwater: 



1. The c a l c u l a t e d  europium sa tura ted  s o l u t i o n  concentration wi 1 1. 

be very s e n s i t i v e  t o  the s o l u t i o n  pH used i n  the c a l c u l a t i o n ,  

r e g a r d l e s s  of t h e  spec i l ic  thermodynamic va lue  employed, 

S imi la r  I y  , measured europium s o l u b i l i t y  values were h igh ly  

dependent  upon the experimental pH. Thet-efore hiovledge 01 

tlaz nea r - f i e ld  grouildXJnt@s pB i n  the i m a d f a t e  v i c i n i t y  of t l i ~  

disposed c o n t r o l  plaLes i s  e s s e n t i a l  foc  a d e f e n s i b l e  ca1c.ul.a- 

t i o n  of europium s o l u b i l i t y  and, then ,  rclense r a t e s .  At- the 

p r r s e n t  t i m e ,  kl iv  groundwater pis* at SWSA-6 i s  not vrekk known 

( s e e  Sec t ,  %.4,1) and can only  be bracketed by  the range nf 

mt?ast.ared values  of pR 4 . 4  t o  7.7. R e r r t P r  c h a r a c t e r i z a t i o n  0: 

pB of SGJSA-6 s s i l / g ~ w i t i d w x t e r  sys tem(s)  ~ 3 l l  be cesdcd tu 

improve ~ i i e  accuracy of earopium P o l a b i l i t y  ami release raic 

calcu1af:ions f o r  SWSL-E . 
If thn n e a r - f i e l d  SUFA-6 g roundmt r t  Ls as acidPc as pH 4 t o  5 

(va lucs  typical of shale-derived s o i l s )  , t i w n  wropium r c l o a a e d  

from t h e  c o n t r o l  plates could be r p l n t i v e l y  solul~Bc. The a v a i l -  

a b l e  thhernaodynamic datd  (o r  experimental i n f o r m a t i o n >  are 

i n s u f f i c i e n t  t o  a1 low q u a n t i f i c a t  9i7n of the ~ c x ~  ' re]-atiuely 

s o l u b l e .  'I Lsbsra tory  research would be r e q i ~ i  r - r d  t o  charact ri-izv 

the Eu2O3-H2O s y s t m  i n  this pII range and wreasiire a p p r o p r i a t e  

thermodynamic cons t an t s .  Such ai! i n u s s t i g a t i o n  cmi ld  r ep resen t  

an app r,*ci ab1 e e f f o r t .  

2. 

3 i f  the  near-ffe1.d SWSA-6 grorltiduster s y s t e z  i s  n e u t r a l  t o  s l i ghLly  

al.kal.ine (pN of 7 t o  $1, then europima released  fro^ Lhe r o r z t ~ o l  

p l a t e s  c o u l d  be r e l a ' l i v e l y  irreoliihle Again, the &he a v a i l a b l e  

themodynainic d a t a  ( o r  experimental  i n f  oruratliora) ~ K P ,  inadequate 

t o  aUow accurate quantt Eica t ion  of "'reLaEively i n so lub le" .  I n  

order t o  b e t t e r  q u a n t i f y  the europium so lnhl  I.l.ty acd release 

rates , an apprec-iabl~e l a b o r a t o r y  rc?search e f f o r t  would be requi red  

t o  c h a r a c t e r i z e  t h e  system Eu203-H2O i n  t h i s  pi-3 r;mge and ~easu-ie 

app r u p r f  ate thermoc'ry iiarrd c constants . 



Afte r  cons ider ing  the u n c e r t a i n t y  a s soc ia t ed  wi th  the  spa rce  i n f o r -  

mation a v a i l a b l e  f i x  t h e  se l ec tZen  of europium s o l u b i l i t y  va lues  f o r  use 

i n  t he  release rate c a l c u l a t i o n s ,  we e l e c t e d  L o  u se  and rnol/L 

because i t  seemed p o s s i b l e  that t h e  europium s o l u b i l i t y  under cond i t ions  

which may e x j s t  i n  the SWSA-6 auger holes might be bracketed by t h e s e  

s o l u b i l i t y  values. The higher s o l u b i l i t y  va lue  could t y p i c a l l y  r e s u l t  

froin l o w  pH, r a d i o l y s i s  effectss and/or presence of conplexing anions 

(such as F-1 or complexdng o rgan ic s  (such as EDTA). 

va lue  could he i n d i c a t i v e  a€ (1) h ighe r  pB cond i t ions ,  and (2 )  the  absence 

of radiolysis e f f e c t s  OF cornplexing reagents, 

The lower s o l u b i l i t y  

A search of Chemical Abs t r ac t s  i d e n t i f i e d  only  one r e fe rence  t h a t  - I_ 

gave values for t h e  d i f f u s i o n  c o e f f i c i e n t  of t he  i o n  in aqueous 

solutions e Mcerowitz and Rloornquist 1972 r epor t ed  va lues  for t he  s e l f -  

d i f f u s i o n  c o e f f i c i e n t  of Eu( I1 I )  i n  d i l l u t e  n i t r i c :  a c i d  so'hutions a t  

v a r i o u s  temperatures ,  The s e l f - d i f f u s i o n  c o e f f i c i e n t  is equ iva len t  

t o  the diffusion caefficient a t  i n f i n i t e  d i l u t i o n ,  so we accepted t h e  

r e p o r t e d  value o f  the s e l f  -dif fusion coef E i c i e n t  at  i n f i n i t e  d i l u t i o n  

a t  25'C f o r  use in t h e  c a l c u l a t i o n  of europium diffusfcrn through the 

boundary layer. The value  i n  that r e fe rence  was given  as (1.24 t 4 )  x 

lom5 cw2/s. 

i c a n t  figure of t h e  va lue ,  w e  chose to  round it t o  1 x 10-5 cm*/s. 

This r epor t ed  va lue  i s  c o n s i s t e n t  wi th  o t h e r  t a b u l a t e d  va lues  of t h e  

d i f f u s i o n  c o e f f i c i e n t s  f o r  s t r o n g  e l e c t r o l y t e s  a t  d i l u t e  concen t r a t ions  

(Table  F-62 of CRC 1976-1977), which range from 1 . 3  t o  1.9 X cm2/s 

a t  25°C. 

1 x 10-5 cm2/s i n  the  c a l c u l a t i o n s .  

S ince  the  reported error w a s  l a r g e r  than the f irst  s i g n i f -  

The d i f f u s i v i t y  of Eu3' i n  t h e  boundary l a y e r  was taken as 

4 . 4  MODELS FOR ESTIMATING RELEASE OF EUROPIUM RADIONUCLIDES 

HFIB c o n t r o l  p l a t e s  and a c y l i n d e r  were placed i n  both l i n e d  and 

un l ined  holes i n  SWSA-6. The wastes i n  t h e  unl ined  auger  ho le s  were 

assumed t o  be d i r e c t l y  in con tac t  with i n f i l t r a t i n g  ra inwater  because 

t h e  sh ipping  can has  holes i n  t h e  top  and bottom. The wastes were 
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assuiaied t o  be contact.ed ~ 5 t h  a volume of water equ iva len t  t o  the net 

i n f i l t r a t i o n  zate (13,75 in./year) tinea the cross-sectional area of 

the auger hole (1735 i n . 2 ) ,  and the release rate-l imiLfng step vas 

assumed to be the s a t u r a t i o n  of t h i s  valumc of groun~1waTer by eusopimx, 

We envis ioned  two p o s s i b l e  release modes f a r  F ~ P  vastier: i n  t he  l i n e d  

asiger laoles. an  one case, WP assumed that the e s n c r e t e  end p l u g s ,  and 

FassLbly also the steel l i n e r ,  underwent massive f a i l u r e .  Thus ,  f o r  t h fe  

case, the wastes i n  t h e  l i n e d  auger holes wipu1.d experience a groundwate~-  

con tac t  s l t tua t ion  s imi la r  t o  ihe wastes i n  unilned acyer h o l c s ,  and the 

release of r ad ionuc l ides  was ~Irp i i la r ly  m43deled by assuming s a t u r a t i o n  as 

ehe rate -1imFcing s t e p .  We a l s o  envis ioned  z s-itnatiisn idisre the auger- 

hole end plugs ? ~ u P d  relnaln i n t a c t ,  bat the l i n e r  vould corrode and 

develop a l i m i t e d  numhcr trf  small breaches J+<& wonld allow g:rcmiindwa 

t o  e n t e r  and s a t u r a t e  or f lood  the inter2or of t h e  l i n e r .  For t h i s  case, 

we assumcd the $Tastes were standing in stagnant groundwater and t h e t  

d i f f u a l o ~ ~  of rad1 onuc l ides  into trlu? boundary l a y e r  vould be t h e  release 

rete-ll ni-8 t i n g  step, The ealculati on o f  tlte release OF eurapiuur m d h  ~~ 

n u e l i d e s  from these tw0 inodes s€ graundwaeer contact vi I1 rqui re 

s e p a r a t e  m d e l s  Thc followf ng s e c t i o n s  d e s c r i b e  the mdcEs i i t l l i z r d  

t o  e s t i m a t e  selease frnir: each type of mnplaceme9T. 

4.4.1 Di-Ffuaion-~”,nzlted Release M~?hl (? l  ._ .......- ______--___ 

A s  discussed  i n  the previous  sections, we asstme tha t  the europium 

rad ionue l idea  are EOL r e l eased  i n t o   he so i l l g~o t r rdwa te r  bystem unt i l .  thc 

ga lvanized  steel liner i n  the disposal. w e l l  and the alum$num c ladding  on 

the c o n t r o l  p l a t e s  and c y l i n d e r s  both fail due to c o r r o s h n .  We assuiilte 

.that when tlae ga lvanized  p i p e  f a i l s ,  water w i l l  f i l l  the  p i p e .  This 

i n f l u x  of water w i l l  cause (1) the aluminum c ladding  t o  fail, and ( 2 )  the  

europiuru. t o  d i s s o l v e  and saturate  C h e  water i n s i d e  t h e  p ipe .  UP assume 

t h a t  the p i p e  does not completely disintegrate, but  naintairrs i t s  shape 

and prevents eraropiurn transport by conver%ion, That is, we a s s m e  that 

the water en te r s  the p ipe  upon f a i l u r e ;  however, because the water f l u x  

i s  vertical and paral le l  t o  t h e  p ipe  walls and i s  prevented from i n t e r -  

s e c t i n g  the p i p e  contents by the concrete plrrg on t a p  and bottom of the 



pipe, the dissolved europium s p e c i e s  s a t u r a t i n g  the water inside the p i p e  

are t r anspor t ed  only  by molecular diffuston in the d i r e c t i o n  perpendicular 

t o  the p i p e  and are converted away by the v e r t i c a l  water f lux once the  

europium species d i f f u s e  the v i e i n i t g r  of the p i p e  wall. The situs- 

t l o n  i s  diagrammed i n  Fig. 4 . 3 .  

An approximate s o l u t i o n  for the malar f lux  of europium diffusing 

from the perforated pipe  j n t o  thts downward flow of water around the p-lpe 

i s  given i n  the fsPZowlrrg equation: 

( 4  * l3a.) 

(4.1%) 

This ~ j u a t i ~ n  is d e r i v e d  i n  Appendix B. T a b l e  4.3 shows values for 

rP?Bative abundance, fi) i n  each bole  i n  SWSA-h as of Jwne 1, 19 

valties were calculated from jnfarmation found i n  See!:. 4.2. 
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Fig. 4 . 3 .  Conceptual model for diffusion of europium from lined 
auger holes. 
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Table 4 . 3 .  Average europium i s o t o p e  concen t r a t ions  
in SWSA-6 auger holes as of June 1, 1986 

.- ------ -- 
Average concen t r a t ion  (a t ,  %) Auger. 

ho le  No.  1 *EU 1 5 4 ~ ~  155Qu 

23.5 
236 
272 

0.25 8.05, 1.02E-03 
1.64 0.93 1.95E-01 
2*29  1.59 3 e 97E-09 

Unknown 2 * 34 1.77 4.73E-01 

4.4,2 Saturation-Limited Release Model I ------- 
For modeling the release from t h e  unlined auger holes  or from l i n e d  

auger h a l e s  a f te r  massive l i n e r  Failure, we assume that eumpLum radio- 

n ~ c l i d c s  are not r e l eased  ~ t P l  the aluminum cladding on the  control. 

plates and c y l i n d e r s  fail. This event i s  assumed to be 2 or 4 years 

after enplacement. After f a i lu re  of  the cladding, the rate of release of 

each i so tope  i s  assumed to be given  by the product ~f t he  europium sslu- 

b i l i t y  i n  the ga-oundwater, t h e  relative abundance of t h e  i s o t o p e  ~9 

consideration, the f lux  of water, and the cross sec t ion  of the hole in 

wkzlch the plates have bren buried. The diameLer of t h e  unl ined holes i s  

aS§Urn@d to bt? 47 in. The e Q U a t i 0 I l  far the release pate iS 

(4.14) 

4.5,1 Mixed Release R a t  -. ___--.--.. 

T h e  more conservatAve ens-opium release ~ i t ~ a k i o n  involves a mixture 

of release rate-limiting modes, and w e  chose t o  model that s i t u u k b o n  

f i rs t .  For chis  ease, the release of r a d i o a c t i v i t y  from w a ~ e e ~ i  in the 

u n l i n e d  anger tmle (see Table 4.3) was assumed t o  be c o n t r o l l e d  by t he  

sotubt~ity (saturated s o l u t i o n  concen t r a t ion )  of ~u’* tons . ~ n  tare 
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i n f i l t r a t i n g  groundwater,  and the  release rates were ca l cu l  a t e d  as 

descr ibed  iil Sec t ,  4.4,2. The release of r i3d ioac t iv i ty  from the wastes 

i n  the l i n e d  auger  holes w a s  assumed t o  be con t ro l l ed  by t he  dtffusisaa 

o f  Eu3+ ions  through the boundary l a y e r ,  and the release rates were 

c a l c u l a t e d  as described i n  Sect, 4,b.l. A base-case s i t u a t i o n  was 

s e l e c t e d ,  and then  the s e n s i t i v i t y  of t he  c a l c u l a t e d  release rates t o  

changes 111 S Q ~ C  o f  t h e  inpu t  va lues  w a s  explored,  The base case aasuaeik 

the following: t h e  l i n e r  (when p r e s e n t )  fa3.J.s l.0 yea r s  a f t e r  emplacement 

the sPuminum c ladding  f a l l s  after 2 years  of exposure to groimdwater 

( t h u s ,  12 years a f t e r  empllaceinent for the l i n e d  auger  h o l e s ) ,  and the 

euscrptum s o l u b i l i t y  i s  mol./L. The release rates of curopium radio-  

n u c l i d e s  €or 50 ycars a f t e r  emplaccaeat are shown. i n  Pig. 4.4. The vastes 

i n  LFie unl ined  hole begin to release a c t i v i t y  i n  1982, ~ h i l e  release I L m i  

the wastes i n  the l i n e d  holes  i s  delayed uxiti.1 1992, The peak release 

occurs ahoirt 1995 and i s  about 5.3 Ci lyear  t o t a l  for 152s1549155Eue 

Became the c a l c u l a t e d  release rates are d i r e c t l y  p ropor t iona l  t o  the 

valug used for t h e  Eu3' s o l u b i l i t y ,  t he  rates arc 2 orders-of-mgnitade 

greater (Pig.  4 - 5 )  i f  the s o l u b i l i t y  is assumed t o  be IOo-'' m l l / L I  

for t h i s  case, thc m s i m u m  release rate i n  about 1992 i s  4 2 0  Ciiyear lop. 

15291549155Eu. 

assuming t h a t  t h e  l i n e r  reanalns intact f o r  20 years  and t h e  aluminum 

c ladding  f a i l u r e  is at; 4 years ( t o t a l  of 24 years  f o r  the l i n e d  h o l e s ) ,  

t hen  much lower release rates are c a l c u l a t e d  because of the c ~ n t i ~ ~ ~ h g  

decay of t h e  r a d i o a c t i v e  i so topes  dur ing  the Isolation (prerelease) 

per iod .  As shown Pn Fig.  4 . 6 ,  now the  two release-rate peaks are delayed 

t o  about 1887 and 2006, and the t o t a l  release rates are only 2.2 and 1 .8  

Cilyear , r9spec t ivePy.  

Thus, 

I f ,  on the o t h e r  hand, t he  t j m e  af release i s  delayed by 

4.5.2 Sing le  Release Rate-Limiting Mode 

It is p o s s i b l e  t h a t  t h e  release of r a d i o a c t i v i t y  f r o m  wastes in both 

the unl ined  and l i n e d  auger holes could be c o n t r o l l e d  by the s o l u b i l i t y  

of europium i n  the i n t r u d i n g  groundwater, as discussed  i n  Sect .  4 . 4 ,  and 

w e  have a l s o  modeled this s i t u a t i o n  as descr ibed  i n  Sect.  4.4.2. Tt a l s o  

w a s  of i n t e r e s t  t o  model t h i s  s i t u a t i o n  as a check on the release rates 
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calcinlated by t h e  d i f f u s i o n  modell (Sect, 4.5.1). 'Khe s a w  range of i n p u t  

va lucs  was used i n  t h e  caIcuIations: t iwe-to-- ia i lure  of t he  l i n e r  (whea 

p r e s e n t )  of PO and 20 years; time-to-faLlure of the cladding of 2 znb 4 

years; and, Eu3' solubilltry of 1Om0 and mol/L, The calciml.ated 

release rates far  the base ~howil in Fig .  4 * ? *  For the ~ L P B ~ ?  

case, 8-he wastes i n  the unl ined  holes  dsrnCrmate the release ralcs;  

releases begin aboui: 1982 and peak at .dxw.t 1.5 Ci/year i n  198s. Lf the 

e:ir~pium s o l u b i l i t y  is asaumcd t u  be POm4 moI/L i n s t e a d  o f  LOm6 mml/L, 

then t he  c .~ 'bculated release rates are 2 o rds r s - -o"~~Rni tude  greater (Pig. 

4 , 8 ) .  I f  t h e  l i n e r  and cladding are assumed to renain i n t a c t  for 20 and 

4 years, respectively,   hen (Fig. 4,9)  the release rates are s l i g h t l y  

reduced r e l a t i v e  t o  the base case i n  Pfg.  4 # 7 *  

In comparing t k e a ~  c a l c u l a t e d  single-mode release pat.m (F igs .  4 .  T- 

4.9)  wit-1, those calculatrtrd f o r  the mixed mad? ( F i g s ,  4 * 4 4 . 6 ) ,  it can be 

seen t h a t  t h r  calculated releases from the wastes i n  the l i rwd auger 

h o l e s  are s a b s t a n t i a l l y  low?-9. Ttxese lower va lues  resuIi_ F r m  the 

under?_ying assumptions used t~ comb-ruct the release m m i e l s .  ~~~~n the  

r a r e - l i m i t i n g  s t e p  in aseumzd to be s~i turat  i o n  of the  i n f i l L r a t i n g  

g s n u n d v a t e r ,  the only arc*;? f o r  release 1s that of the aaiger-hole cross 

seetioin becausn, no a l l ~ w a ~ i ~ e  is for axial  mixing. k%en th;. rate-- 

l i m i t i n g  s t e p  is asa:imed to F?Q d i f f u s i o n  from the ent t re  cylindrical. 

surface of tine auger h o l e ,  however, a mu& greater are8 for release is 

psesen~  which results in 1.arger cal cu la t cd  release rates. The actual 

situation in SWSA-6 probably i s  soaewinere tnatwcea these tvo node l ing  

1irnit.c; - an i n t e r e s t i n g  case where release eslculatPsns based on the 

saturat?ion of the  v o l u ~ , c  02 infii t r a c i n g  groundwater is  not necessarily 

the most conservatFve 01: maxiniurn l i i x i t l n g  rare, 

4.6 CONCLUSIONS L4NTl RECOWENDATTONS 

4.6.1 P r ~ d d c t e d  Performance of Gmplaced Cyiindei atid Pla tes  ___l_-__;__.l ....... -.______-_ .-- -___1^-___ 

Witlxin t h e  l- imitetlrcsns of the caveats iii t l w  follor*irig paragraphs,  

wc bekievc chat the europium r e l e a s e - r a t e  cal culat torrs  deacri1)ed i n  

Sect-  4 , s  m y  bound the a c t u a l  situation f o r  1.1w con t ro l  cylindcr and 

plaies wtpl  aced i n  S'w'SA-6. The re1 ease-rate plots for Liie bounding 
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situations are repeated i n  Pig. 4,10 fo r  easy comparison. The lover 

bound (least conservative, OF lowest release rates) occurs w%th the 

single-mode release model where the near-field release from wastes in 

both lined and unlined auger holes are assumed to be limited by Lhe Eu3+ 

solubility in the volume of infiltaating r a inwa te r ,  Release begins A O M C  

1984 and peaks at a total. of about 1.3 Ci/year i n  about 1987, After 

about 1987, the CUKV~S decrease dme to the radioactive decay of the 

respective radtonuclides, and the proportions between the  152Eu, 154E:,9 

and I55eu ciirves changes accordingly.  he small rsptke i n  the curves a t  

about 2006 i s  caused by the release from the lined auger holes. The 

higher  boaand (most conservative, or highest release rates) oc.curs w i t h  

the rdxed-mode release nodel,  where release from wastes (1) i n  unlined 

auger holes  is assumed to be s o l u b i l i t y  l imir-ed,  and (2 )  in Pined auger 

holes is assumed to bp limited by c ~ f f o s i o n  of ~ u 3 1 -  t h roug~ i  the ~xmndary 

layel. The wastes i o  the unlined auger holes begin to release activity 

about  1982 and peak at about 290 C.l/year about 19%. A greaiter release 

peak of aboat b20 Ci/year OCCUKS about 1992 due t o  releases from the 

waster; i n  lined auger holes .  The release rate drops  abruptl-y at about. 

2015 because all of t h e  europium has been leached from the wastes in the 

l i n e d  holes, A s  discussed in the following paragraphs, bertter input data 

would be necessary to reduce the range bebueen these bourrding calcula- 

t ions or to increase the certainty that  these t w o  calculations do 

actually bound t h e  SWSA-6 system. 

The predicted near-fie1 d radioactlvity rel.ease rates f o r  the control 

cyl inder  and plates emplaced in SWSA-6 is witch more uncertain than for the 

sgaialess steel. and cobalt alloy parts or f o r  the bery l l ium reflectors, 

This uncertainty results from a lack of information for a number of the 

important parameters tised in the calculations, which include (1) tEme sf  

failure for the auger-hole liner (in the cases of l i n e d  auge r  holes) ,  

(2) time of failure of the aluminum claddtng, (3) rate of the reaction of 

the europium cermet with groundwater, ( 4 )  the solubility or saturated 

solution concentration of europium in groundwater, and (5) the pR of the 

near-field groundwater (which has a mjor effecl: on t h e  solubility 

value). Conservative, Itmitings OK reasonable assumptions were made to 



77 

1970 1980 lei80 2000 2010 2020 2030 
YEAR 

YEAR 

Fig. 4.10. Bounding europium release rates: ( a >  lower bound - 
mol /L ;  (b)  higher bound - mixed-mode release 

sin le-mode r e l e a s e  model; liner fails after 20 yea r s ;  c l add ing  4 years; 
Eu3' solubility is  
model; l i n e r  f a i l s  a t  10 years; c ladding fails at 2 years; Eu solubility 
is mol/L. 
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supply  the  n i s s ing  a c c u r a t e  or site-speciCic data f o r  the c a l c u l a t i o n s .  

I n  some cases, sevzral va lues  WPR ased j o  the c a l c u l a t l o n s  t o  explore  

the s e n s i t i v i t y  of the rclsasr rate t o  s p e c i f i c  parameters. I n  l i g h t  o f  

the u n c e r t a i n t y  in t h e  ila1-a used it  ~ii:t:~ins reasonable t o  sugges 1. ~.-aut ion 

i n  cons ider ing  e?ivironrn~~t .a l -  impacts rcmtdizl acz ion  opiAons : or  FuFure  

d i sposa l  options bast4 03 t h e s e  calculated release rates. 

The eiit-opiunr release rates are d i  rt-ctly propor t iona l  t o  the so lubi l i ' cy  

value used i n  the calrixJ.stions. 

I x IO-'+ mol /I, f o r  the  eur-op-i I I ~ ( I I I )  soli ibi-l i  t y  . 
unceriai.nty in the v a l i d i t y  of these va lues  f o r  elre mar--field system 

(see Sect. 4.2.61, which r e s u l t s  both froni the lack of expert 

;hemodynamic- d a t a  as  well as  he stro i lg  dependence of t h e  europium so lu-  

b i l i t y  on the grmindwaCer pH. The pB o f  t h e  SWSA-5 ;ear--f ie ld  system 

a l s o  is  poorly krrowr~ ( see  Sec t .  2.4,l). ~ ~ P L E L -  intorn5:jon f o r  both tile 

groundwater p:l a i d  the sol r i b i l i t y  of eirrop-i urn are needed t o  improv? t h i s  

a spec t  of tine calculationc. The t l r a c e  fo r  f a i l u r e  o f  t h e  aug 

liners (10 and 70 y e a r s )  arid the  aluminum c l a d d i n g  ( 2  and h y e a r s )  arc 

s imply estimates bceause of the absc~cic~  of aay a p p l i c a b l e  d a ~ a -  'The 

eiiPopiium i s ~ t o p e s  h a w  r e l a t i v e l y  s h i t  h a l f - l i v e s  (deczy r a p i d l y ) ,  thus  

i€ these barriers l a s t ed  longcr  t h a .  assumed f o r  these c a l c u l a t i o n s ,  t h t :  

r a d i o a c t i v i t y  rv? e ~ s e  ra tes  r m d d  be subsi m t i a l l v  reduced  - Br t t e r  

informati-on 0 1 1  the  corros ic in  rates f o i  these m3tcrials i s  needed t o  

improve these aspectr- nf  t he  c a l c u l a i i o n s .  liprpruved C O L - T O S ~ O ~ ~  rdite d a t a  

coiild be pa r t i c i i l a s?y  u s e f u l  i n  the c o n s i d f r a t i o n  of rciaedhsl a c t i o n  

opr ions.  

We employed values of 1 x lo-' r m l / L  and 

'rheri? i s  cons idcrdbh?  

Since  no infor inat ion i s  a v a i l a b l e  d r c c r i p t i v e  01 tlie r e a c t i o n s  of 

t h e  c u r o p i m  cerrnPL ~ i r h  groundwater,  we assumd i n s t a n t  r e a c t i o n  a n t  

d i s s o l u t i o n  u n r i l  t11e s a t u r a t c d  s o l u t i o n  c o n r e n t r a t i o n  of e u r o p i m  i s  

reached. TRi  s ~nr;ty be an u n r p a l i s t i c a l l y  conserva t ive  assumption. Rrttrr 

d a t a  on the re ,xc t iu i ty  of i h ~  europiuc1zli ceciiiet could rrsult i n  s u b s t a n -  

t i a l l y  dehjpell r a d i o a c t i v i t y  relcases. Due Lo L l i e  r e l a t i v e l y  slioxt 

ha1 € - l ives  of 1.1w enropium rdd ionuc l ides ,  i n c l u s i o n  of t h i s  rrtc.2se 

b a r r i e r  would s i  g i i i f i c a n t l y  riaduce the r e ? r a s r  rate values as releases 

a r e  postponed to l a t e r  da t e s .  
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The limited evidence available to date from SWSA-6 monitoring well 

samples ( O W  1985) does not indicate that europium isotopes have already 
been released from the HFIR sources as predicted by this model. One 

possible explanation for this negative finding is that the aluminum plates 

have not yet failed, and thus the barriers to release have a substantially 

longer life than was assumed in this study. Another possible explanation 

is that the solubility of europium in the groundwater in SWSA-6 is indeed 

very l o w  

so that the Eu3' concentration in monitoring well samples has not been 

detected at this time. Since sorption of europium on waste materials or 

soil has not been considered in these near-field calculations, it a lso  is 

possible that europium released from the control plates or cylinders has 

been sorbed by adjacent solids and thus is not available for migration to 

the SWSA-6 monitoring wells. 

mol/L), and the release rates of europium are small enough 

4.6.2 Additional Research/Development - Needed - 
Considerable additional R&D work would be needed to substantially 

decrease the uncertainties in the calculated europium near-field release 

races, Corrosion information to pin-point the time of failure of the 

auger-hole liner and aluminum cladding is needed under sitespecifie 

geochemical conditions. The reactivity of the europium-aluminum cermet 

with groundwater should be investigated. A l s o ,  the solubility or 

saturated solution concentration of europium(II1) under the near-field 

and far-field groundwater geochemical conditions should be experimentally 

explored. Finally, quantification of the releases of europium predicted 

from the SWSA-6 site to the environment would also require values for the 

far-field sorption processes. Measurement of a l l  these parameters would 

certainly be a significant laboratory experimental project extending over 

several years, An alternative approach to improving the release calcula- 

tions is suggested below. 

Since isolation of the control plates from groundwater for >134 years 

would allow nearly complete decay of all the europium radionuclides, an 

alternative approach would be to study only isolation features - a plan 
that would be effective either for remedial action or future disposal 



opt ions .  U t i l i z a t i o n .  of a hole  l iner  of s u f f i c i e n t  En tcg r i ty  t o  ~ s s u r e  

i s o l a t i o n  f o r  >134 yea r s  would r e s o l v e  environmental  con@eriis (slmce the 

e u r a p i m  rad lonuc l ides  wornEd have decayed) ani! ~lr~gate the  need f o r  an 

extcmsive %t&C program t o  q u a n t i f y  a l l  the re leaserate  parmeters 

d i scussed  above. Such a liner might, be made sf thick stca! zdvasced 

metals such as t i t a n i u m ,  or  bulk materials such as concrete. The liner 

might be employed in below-grade or  above-grade tnmul.ua con€ i g u r a t i  om.  

Therefore, we sugges I: g iv ing  p r i o r i t y  t o  the consideration of an improved 

l i n e r  f o r  p o t e n t i a l  IXSC in f u t u r e  d i s p o s a l  of cont ro l  p l a t e s  from the 

HF2R. 

The core  and c o n t r o l  cylinders o f  Lhe HFTR are surrzla2ded by a 

massive neut ron  reflector (Pig. 1 of Bowden et al.  19843. Th? followlrig 

d i scuss ion  o f  reflector disposa l  P ~ F I  dereliaprd r'nrough d P ~ ~ t ~ s i o n s  W P  E l i  

HFPiC oper i r t ions staff ( P a r r a r  1986). i h e  spflectorc is highly gurPfied 

beryllium (99.992 Be) and !s not c l a d  or covered wirh o ~ l i e c  material, 

Whe:r the re f lec tor  is replaced, the var ious  segineilts aze removed from 

arnund t h e  r e a c t o r  and s to red  i n  the [%FIR pool. For ship it to SWSA-S, 

the  reflector segments are broken up and p laccd  i n  a s h i p p i a g  can 

cons t suc tcd  of 16-gauge mi ld  s teel .  The can lras holes i n  the  hop and 

bottom so t ha t  poo l  water will d r a i n  when t h e  caz is r a i s e d  From the 

pool.  The sh ipping  can is enclosed i n  a t r a n s p o r t a t i o n  shield f o r  

shipment to SWSA-4. A t  SWSA-6, the transport ar:i on s h i e l d  i s  posit: ioned 

over  an auger h o l e ,  and t h e  shipping can con ta in ing  thr ref lector  p a r t s  

is lowered i n t o  the hole.  The s t e e l - l o ~ e r i n g  cab le  i s  discarded w i t h  the 

can 1 

Operation of the MPIR r e s u l t s  i n  neut ron  Capture react~oi ie  thar for1116 

soma? l o se  (half--life 1.6 X lo6  y e a r s )  i n  the r e f l e c t o r .  

are from Walker et al. 198b. Although the r e f l e c t o r s  are m n u f a r t u r e d  

from 99.997; bcryllirnrn, impurities i n  the  berylliun could lead t o  the 

formatInori of other r a d l s n u c l i d e s .  Based on literature in format ion  of 

A 1 1  h a l f - l i v e s  
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contaminants i n  reac tor -grade  bery l l ium (Cukr 19781, we have inc luded  

55Fe ( h a l f - l i f e  2.3 years) and 41Ca ( h a l f - l i f e  1.0 x I O s  years) i n  our 

c a l c u l a t i o n s .  For t h e  pe r iod  1977 through 1984, t h e  d a t a  base shows t h a t  

400 C i  of lBBe were p laced  i n  auger ho le s  at  SWSA-6 (Table h.2 of Boegly 

e t  al, 1985) Apparently,  the c u r i e  con ten t  of neut ron-ac t iva ted  con- 

t aminants  i n  t h e  beryllium w a s  no t  repor ted .  During t h i s  period, n ine  

sets of HFIK r e f l e c t o r  assembl ies ,  o r  about 1200 kg of B e ,  w e r e  shipped 

t o  SWSA-6 (Parrar 1986). 

5.2.1 Inven to ry  of R e f l e c t o r  Components --I_- i n  SWSA-Q 
-----*1------11 

The l i s t  of be ry l l i um r e f l e c t o r  components that are burled i n  SWSA-6 

were supp l i ed  t o  us by the o p e r a t i n g  staff of HFIR (Farrar 1986) from 

t h e i r  operaking r eco rds .  These componenzs are l i s t e d  t n  Table 5.1 a long  

with component we€ghts, accumulated i r r a d i a t i o n  i n  the r e a c t o r ,  the mxi- 

MU*R f l u x  t o  which the components were exposed, and the date of removal 

from the r e a c t o r .  From t h i s  in format ion  we es t imated  (using t h e  

equa t ions  i n  Sect. 3 . 1 )  t h e  s p e c i f i c  a c t i v i t y  (CiJkg) and t o t a l  a c t i v i t y  

( C i )  of 41Ca, 5 5 P e ,  and "Be. These  va lues  are a l s o  shown i n  Table  5,P. 

T h i s  t ab l e  S ~ O W S  t h a t  t h e  total a c t i v i t y  of cbese t h r e e  radionucltdes i n  

the  r e f l e c t o r  components are not major c o n t r i b u t o r s  t o  t h e  r a d i o a c t t v e  

contents of SWSA-4. 

i n  very  poor agreement with t he  data-base inventory  given i n  Table 19.2 

of Boegly et  al. 1985, which shows 400 Ci of ''Be i n  the auger ho le s ,  

We b e l i e v e  that our c a l c u l a t e d  va lue  cannot p o s s i b l y  be i n  error by such 

a Parge margin but have no good exp lana t ion  for t h e  d i f f e r e n c e  i.n t he  

two numbers. I t  is  p o s s i b l e  that t h e  d a t a  base con ta ins  a s i g n i f i c a n t  

mises t imat ion  f o r  t h i s  t ad ionuc i tde .  

Our calculated lBBe Inventory  va lue  of 0.0721 61 is  

5.2.2 Waste Leachate .- Chemistry 

The waste l e a c h a t e  w a s  assumed t o  be i n f i l t r a t i n g  r a inwa te r ,  As 

discussed in Sect .  2 - 4  1, the most important SWSA-6 groundwater a spec t  

f o r  co r ros ion  and s o l u b i l i t y  estimates is  the acidity. W e  used t h e  

extreme pN va lues  observed f o r  t h e  SWSA-6 so i l l g roundwate r  system (pH 4 . 4  



Tabla 5.1. Discharge froin H F l 3  and inventory  of bery i I i ; rn  rst!ecctors emplaced i n  SWSA-6 

Total x t l v l t y  as of 
June 1, 1986 CCi)  

Time I n  
I rrad 1 a t  1 on reactor FI ux Discharge Emplaced 

[MWd) (years)  (neuttons/cm2.s) date (kg) bIpa 55% 1 %e - 
Permanen? m f  1 ec-for 

No. 1 278254 8.31 1 .%E49 5 6/35 547.3 3.95E-03 9.67EN00 4.3iE-02 

Semiperm. reflector 
No. a 190009 5.67 I. 5E915 10/32 50.9 2.51E-04 6.77E-02 3.05E-03 
No. 2 722516 3.66 1.5E4-I5 8/75 50.9 1.62E-04 i.45E-03 1.97E-03 
NO. 3 171791 5. I3 1,5E+15 10/81 53.9 2.27€-04 5.64E-01 2.75E-03 

RemovaS 1 e ref 1 ector 
go* 1 48226 1.44 1.7€+:5 6/68 126.8 1.8OE-04 2.52E-02 2.19E-03 
No. 2 75570 2.29 1.7E-t: 5 1 G/70 126.8 2.85E-34 6.61E-02 3.48E-03 

No. 4 105060 3.14 i .?E+! 5 8/76 126.8 3.92E-04 3.72E-01 4.77E-03 
No. 3 32769 2.47 1.7E+: 5 4/73 126.8 3.06E-04 3.33E-01 3.76E-03 

C. R e  ~CCESS ~ I U C J S  
No. I 235292 7.02 ’1.5€+15 6/75 27.3 1 -56E-04- 7.87E-(32 2.03E-53 

co 
N 

TOTALS i254.5 5.92E-33 3.22END 7.21 E 4 2  
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and 7.7) in the modeling calculations. Because of the slow corrosion 

rates (low chemlcal reactivity) of the beryllium metal (Sect. 5.2.5) ,  it 

seemed unlikely that the  waste form would substantially alter the in situ 

near-f ield geochemical parameters, 

5.2.3 T i m e  of Radioactivity Release 

We assumed that radioactivity release would beg in  immediately OR 

the emplacement of the waste in the auger hole [i.e., the time of initial 

radioactivity release used i n  the release rate calculat tons (Sect, 5.2.8) 

was 0 years], This assumption was reached because no engineered aspects 

e x i s t  to isolate the waste from infiltrating rainwater. The auger holes 

typically are not lined, and the mbld-steel. shipping can containing the 

waste has holes in the top and bottom, The concrete plug poured 111 the 

top of the I-aole for intruder protection would not provide  significant 

hydrologic isolation. 

5.2.4 RadionucLi.de S o l u b f m  

The reflectors emplaced Pn SWSA-6 are composed of pure beryllium 

metal. 

would be negligibly small, and we have assumed that significant beryllium 

solubility and coneomitant release of l0Be from the ref lectors would 

occur only a f t e r  oxidation, 

The solubility of beryllium metal atoras (Be') in groundwater 

and hydrolysis, 

reactions proceed to form beryllium hydroxide on the surface of the 

reflector parts In contact with the soillgroundwater system. We have 

assumed that hryllium hydrox-lde would be the saturating s o l i d  phase 

that would control the solubility of beryllium in groundwater. 
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Considerable  informat ion  is a v a i l a b l e  i n  the l i t e r a t u r e  on the aolu- 

b i l i t y  of bery l l ium hydroxide i n  aqueous s o l u t i o n s ,  A good su 

t h e  thermodynamic d a t a  far Be(0lZ)g i s  given i n  Baes and Efesmer 1976, and 

the fo l lowing  d i s c u s s i o n  of beryJXum solubi'b-lty i n  groamdwater a t  SWSA-6 

i s  based on d a t a  in t h a t  reberenee. Sirice pH extrems o f  4 . 4  and 7.7 

have been mt3,ssured €or SWSA-6 soil/groundwater systems (see Sect .  2.4.1), 

t h e  bery l l ium s o l u b i l i t y  ( s a t u r a t e d  s o l u t i o n  concen t r a t ion )  was considered 

at. both pH 4 - 4  and pH 7.7 i n  order t o  explore t h e  range of bery l l ium eon- 

cen t r a t ions  that. could be encountered i n  groundwater at SWSA-6. 

The bery l l ium s o l u b i l i t y  at pB 7.7 w a s  c a l c u l a t e d  from d a t a  f o r  the 

d i s s o l u t i o n  of s o l i d  bery l l ium hydroxide, 

and f o r  t he  hydro lys i s  of the B e 2 +  i on ,  

t o  geC an equi l ibr tum constant  for t h e  d i s s o l u t i o n  of beryl l ium hydroxide 

t o  € o m  the Be(0H)' species. 

t h a t  the equ i l ib r i t i a  c o n s t a n t ,  K ,  is equiva len t  t o  the equ i l ib r ium 

q u o t i e n t ,  Q ,  s i n c e  groundwater has a low i o n i c  strength.) 

( I n  these  c a l c u l a t i o n s ,  we have assumed 

Be(0H)' i s  t h e  dominant i o n i c  form of bery l l ium at pl4 7.7. In addi -  

t i o n ,  und i s soc ia t ed  bery l l ium hydroxide has an apprec iab le  s o l u b i l f t y  

and c o n t r i b u t e s  t o  t h e  concen t r a t ion  o f  beryllium i n  so lu t ion .  The t o t a l  

bery l l ium s o l u b i l i t y  was obta ined  by summing the s o l u b i l i t i e s  of Be(QH) +- 



Be(0H)' from Eq. (5.5) 3 . 9  x 10-7 - M 
1 . 1  x 10-7 M - -  Be(08)2 from Eq.  (5.5) 

5.0 X lom7 M - 

which gave a va lue  of -5 x IO-'] M for t h e  ~ r y l l i ~ z m  eoncen t r a t ion  a t  PI! 

7.7. S t n c e  t h e  chemistry of bery l l ium i s  f a i r l y  w e l l  understood i n  

aquecaus s o l u t i o n s ,  t h i s  s o l u b i ~ l  i t y  value m y  bo r e l a t i v e l y  a c c u r a t e  as 

long as comp%exfng i o n s ,  such as F-, are absent.  Because of i ts  small 

i o n i c  r ad ius  and and h igh  su r face  charge ,  Be(I1) ions r e a d i l y  form s t a b l e  

complexes wi th  a number of anions and s o l u b l e  s p e c i e s  sue11 as ReFk2- are 

w e l l  known. Addt t iona l  in format ion  on t h e  groundwater composition i n  

con tac t  w b t h  t h e  r e f l e c t o r s  i n  t h e  auger holes would be needed t o  

understand t h e  poss ib l e  c o n t s i b u t l o n  of complexing i o n s  t o  be ry l l i um 

s o l u b i l i t y  a t  pH 7.7 at SWSA-6. 

A t  pH 4.4,  beryl l i .z~.n hydroxide would be expected t o  be very so lub le .  

~ c c a r d i r l g  t o  ~ a e s  ana ~eslller 1974,  tile solution spec1e.s i s  B ~ ~ < O H ) $ +  and 

. the solt ibi  l i t y  would be greater 1~Iian 1 M (as B e ) ,  Such a hlgh concentrn- 

t l o n  of lxry!lium i n  groundwater l i k e l y  never  would be observed s i n c e  t h e  

rate o f  s o l u b l l i z a t l o n  of  bery l l ium probably would be l i m i t e d  by the rat:: 

of t h e  o x i d a t i o n  anrl h y d r o l y s i s  r e a c t i o n s  [Kqs. (5,1) and (5.211. Also, 

i n  soil/groundwater systems, o t h e r  low-solubillty s o l i d s  such as b e r y l l i u m  

s i l i c a t e s  may form. For example, t h e  n a t u r a l  minera l  b e r t r a n d i t e ,  

BeqSi207(OH)2, i s  i n s o l u b l e  in ac id  s o l u t i o n s  (CRC 1976-1977). Boegly 

1984 or  Davis e t  a l .  1984 reported s o l u b l e  s i l i c a  concen t r a t ions  of 7 t o  

14 mg/L o f  Si02 i n  t h e  ETF w e l l  water samples. Thus, i r  i s  conce ivable  

t h a t  the format ion  of an i n s o l u b l e  bery l l ium s i l icate  could result i n  a 

bery l l ium concent ra t ion  a t  pW 4 . 4 ,  which is much lower than  t h a t  cafcu- 

l a t e d  from the  d a t a  i n  Baes and Mesmer 1976 f o r  the  s y s t e m  8e(OH)2-H20. 

- 

The following obse rva t ions  can  be drawn from th i s  c o n s i d e r a t i o n  of 

bery l l ium s o l u b i l i t y  i n  SWSA-6 groundwater: 
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1 .  The concen t r a t ion  of bery l l ium i n  solution may be c o n t r o l l e d  

by the r e a c t i o n s  between gr~wmlmlater  arid the msskve be;-yl.l.ium 

m e t a l  p a r t s .  It is possLbPe that the oxidation and hydro lyaLs 

r e a c t i o n s  could proceed so  s lowly tbat insclfff c i e n t  k ( O X )  2 

would be forncd t o  a l low s a t u r a t i o n  of t h r  ~ K O I A ~ W ~ P - C .  An 

exper imenta l  a c t i v i t y  would be reqa lsed  to s t u d y  the r a t e s  of 

these react, ions. 

2, If i t  i s  a s s o m d  L h n t  t h e  o x i d a t i o n  and hydro lys i s  reacrions 

can proceed r a p i d l y  enough LO generate H c ( O I I ) 2  iii su f f  irien't 

qi ian t i ty  t u  ss":rate the s o i l / g r o m d c a i  ~r systerr, ~1-m-i the  p!i 

of t h e  s o i l  /groundwaser system is  an itixp;rtant v a r i a b l r  !-hat 

will s t r o n g l y  affect  tlnr bery l l ium s o l u b i l i  i y. Additioaal 

daua are n e e d ~ d  f o r  the SWSh-6 slie to b e L i r : ~  c h a r a c t c r l z e  

rh-* aoi l /groundwater  pZ4 in the  v i c i n i t y  of ['ne wastc arid along 

the  release pathway. The p r e s e n t  data d e f i n e  ext t -em values  

of p:l 4 . 4  and I .  1 ;  b-ryl l  i u l a  s a l u b i  1 i cy vould be q u i t c  di E f  e r e n t  

a t  these pII I.~eiels. 

3 .  Lf the gromidwater pH i s  / .7 and complexing io i is  such as F- 

are not? p r r s e c t  i n  s u f f i c i e n t  qatintit?y t o  react form 

so luble  collipkxes , t he  heryl'linnr s a l a b i l i t y  ( s a t u r a t e d  so lu i io i l  

conrentratLon)  can be c d c u l a l e d  frorn t brrrrs,c;dynamie d a t a  i n  the 

l i t e r a t u r e .  A va lue  of -5 x IO-' ,M; is obta ined  i o s  t h e  L o t d l  

solubility of B ~ < o H ) +  p ~ n s  R ( Q H ) ~ .  ~'fiis va lue  m y  be fairly 

a c c u r a t e  u n l e s s  complexing i o n s  aye  prrsent Better data are 

needed f o r  t h e  SWSA-6 groundvater csmpos:tion t o  confirzi i  tlac 

abscnce of camp; exing  ions  

- 

4 .  P f  the ~ r w m d w . ~ ~ t e r  pH is as low 3s 4.b, as seems poss ib le  f o r  

shale-derived stsi 1 s y s t e m  then t h e  l i t e ra t i l i e  informai lon  

i n d i c a t e s  a higii s o l t i b f l i t y  of bc.ry"llium as tiire s p e c i e s  

B e g  (OH)8". Hci~cver insoluble berylliiiin compotind~ such as 

s i l i c a t e s  could poss ib ly  f o r a  in $ r ~ u n d w a t r r  a'; SWSA--S. The 

presens: in format ion  does not appear to Ire s u f f i c i e n t  t o  a l low 

RAP e a t  i m a t i o n  of the b e r y l l i m  s d t u r a t c d  solut ior i  conzentra  - 

t i o n  t o  be expected i n  SkJSA-6 i E  the pH is as low as 4 . 4 ,  An 
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exper imenta l  e f f o r t  would be r equ i r ed  t o  i d e n t i f y  t h e  s a t u r a t i n g  

s o l i d  phase and t h e  bery l l ium s o l u b i l i t y  i n  s o l u t i o n s  represen-  

t a t i v e  of SWSA-6 groundwater. 

The o t h e r  r ad ionuc l ides  o f  environmental  concern,  'Ca and 55Fe, 

probably would be p re sen t  i n  t h e  pure bery l l ium a t  such low molar 

concen t r a t ions  t h a t  t h e  q u a n t i t i e s  r e l e a s e d  could never  approach t h e i r  

s o l u b i l i t y  l i m i t s ,  We d id  not cons ider  s o l u b i l i t y  c o n s t r a i n t s  f~l: t h e s e  

r ad ionuc l ides .  

5.2.5 Radionucl ide D i f f u s i v i t y  

A sea rch  of Chemical Abs t r ac t s  r e fe rences  e s t a b l i s h e d  t h a t  t h e  paper 

OS Beukeshoven and Winkel 1933 is t h e  primary r e fe rence  f o r  va lues  of t h e  

d i f f u s i o n  c o e f f i c i e n t  of bery l l ium i n  aqueous s o l u t i o n s ,  They neasured 

t h e  d i f f u s i v i t y  of beryl l ium i n  potassium c h l o r i d e  s o l u t i o n  a t  10QC as a 

f u n c t i o n  of pM from pH 0 t o  5.8 .  The d i f f u s i o n  c o e f f i c i e n t  changed only 

s l i g h t l y  (from 0.45 x 

According t o  Baes and Mesmer 1976, t h e  species i n  s o l u t i o n  over t h i s  pH 

range would be B e d .  

g iven  by Heukeshoven and Winkel 1933 ( 8 . 4 3  X 

t i o n  of bery l l ium transporr .  through t h e  boundary layer o f  the r e f l e c t o r s  

a t  the lower pH environment of SWSA-6. No berylEiula d i f f u s i o n  d a t a  

appa ren t ly  e x i s t  f o r  t h e  h ighe r  pH envjronment of SWSA-6 (pH 7.7). 

Bydrolys is  reactions would r e s u l t  i n  t h e  formation of some Be(OMj 2 species 

i n  s o l u t i o n  at  t h i s  pH, and t h e  d i f f u s i v i t y  va lue  f o r  BeOH' would not  be 

s t r i c t l y  a c c u r a t e  f o r  t h i s  s p e c i e s ,  S ince  t h e  d i f f u s i o n  c o e f f i c i e n t  is 

dependent upon t h e  s p e c i e s  s i z e  and shape,  but  not  charge,  t h e  d a t a  far 

BeOH' may be adequate  t o  d e s c r i b e  B e ( O H ) 2  d i f f u s i v i t y .  

c o e f f i c i e n t  d a t a  of Heukeshoven and Winkel 1933 show a gradual  dec rease  

wi th  i n c r e a s i n g  pH, which is consis tent :  wi th  i n c r e a s i n g  s p e c i e s  s i z e  due 

t o  h y d r o l y s i s ,  so we g r a p h i c a l l y  e x t r a p o l a t e d  t h e i r  d a t a  t o  pH 7.7 t o  

o b t a i n  a va lue  f o r  use i n  boundary l a y e r  c a l c u l a t i o n s  a t  t h e  h ighe r  pR 

environment: of SWSA-6; t h i s  va lue  i s  0.3 x 

t o  0.34 x low5 cm2/s) over  t h i s  pH range, 

We chose t h e  d i f f u s i o n  c o e f f i c i e n t  va lve  at plI 4.4 

cm2/s> f o r  the calcula- 

The d i f f u s i o n  

c m 2 / s .  
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5 * 2 . 6  Corrosion of Berylliuni Metal -- 
We Boczted no publ iabed inKorrmtion on the cnr roe i sn  rates of 

bery l l iu ra  metal i.n so i l lg roundwater  systewr. 

p r t x i o u s  section, we have assumed tkate beryl ltum corrosion occurs  from 

reactiorz with d i s so lved  oxygen in the groundwater ( I t9  form BeB, wh4eh 

i n  turn, hydrolyzes t o  g ive  so lub le  k k ( O R ) 2 .  !+le assumed that brry l l iu in  

corroslon rates w e r e  d i f f u s i o n  c o n t r o l l e d ,  For C ~ K ~ O S ~ C J I I  i f f i  wstcr o f  

ptI 7.7, we assumed chat i n  the k m r d i a t e  v i c t n i t y  of the metal/wster 

As discussed  i n  the  

in te r face  the ~-+.ttr  COTES a a t z ~ ~ a t ~ d  ~ i t h  C O T P ~ ~ S ~ Q L I  prtodLxct Bc(OH) 2 , and 
the r a t e  of d i l l u s i o n  of B e ( O H ) 2  away from the m e t a l  surface l i n i l t e d  the 

corrosion rate. FOK corrnsion in water  OS pit 4.4,  we assuaed t h a t  the 

rate of d i f f u s i o n  of dfsso l  ved oxygen to the metal surEace l i m l t c l a l  t h e  

corrosioxr ra te ,  and the Rt=(OH)2 never saevrrated the water. 

T h e  ra te  of diffusiorn o f  dissolved oxyge:~ f r m  the groundwater t o  

t h e  metal su-ilace and the rate of d i f f u s l n n  of Ee(08)2 from the  m t a l  

s ~ n f a c e  to the bulk groufidwater W P Y ~ ?  calculat eJ 2ssw-l  ng f la t -plate  

getsreetry, wLch the grouxtdwater Elowfng para l le l  t o  the flat p l 2 t e  and 

oxygen o r  H e ( O I I ) 2  d i f f u s i n g  I - ~ O K H ~  t o  thc water f l u x .  The expression 

€or t h i s  d i f f u s i o n   ate I s  derived in !.he Appendix C and is  g iwi :  be1oy.r: 

(5.7) 

where 

J = anslar f lux  of 

C concen t r a t ion  I3 
CT = concen t r a t ion  

g-mol/cra3; 

E = p o r o s i t y  of soil ( see  Sect. 4 * 2 * 8 ) ,  dimensionless ; 

3 = diffusivity o f  3 2  o r  B ~ ( o H ) ~  i n  water, cm”/s; 

U = dat-cy groundwater v e l o c i t y  para l le l  t o  r e f l e c t o r  component 

(see Sect. 4 , 2 , 8 ) ,  em/Fi; 

L = characterfstic length of reflector component, cm* 
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A t  pH 7.7 where the co r ros ion  rate is c o n t r o l l e d  by t h e  d i f f u s i o n  

of the. co r ros ion  product Be(QZi)2 from t he  s u r f a c e ,  t he  co r ros ion  rate i s  

g iven  by: 

= 3.16  x 104 wBe J , 
where 

cBe = corroston rate o f  ~ e ,  kg/cm2.year; 

= atomic weight of Be, kg/kg-mol; 9 % e  
3.16 x 10” = f a c t o r  t o  conver t  from g t o  kg and from s t o  years. 

A t  pli = 4.4 where the co r ros ion  r a t e  was assumed t o  be l i m i t e d  by 

the rate of d i s so lved  oxygen t o  the  metal s u r f a c e  from the bulk of t h e  

groundwater, the  co r ros ion  ra te  i s  given  by: 

= 6.32 x 10” 1”ZwBe J , (5 .9)  
where 

= cor ros ion  rate of B e ,  kg/cm2. yea r ;  

MW = atomlc weight of B e ,  kg/kg-mol; 
B e  

6.32 x lo4 = f a c t o r  conve r t ing  g t o  kg and s t o  y. ( Inc ludes  a factor 

of 2 s i n c e  2 kg-mol of B e  reacts wi th  1 kg-mol of 02.) 

To c a l c u l a t e  t h e  en r ros ion  r a t e  a t  pB 7.7 from E q s ,  (5.7) and (5.8), 

w e  used a value of 5 

Bc(0H)z; a value of 0.3 x 

i o n s ;  a va lue  of 13.75 i n , / y e a r  for t h e  groundwater v e l o c i t y ;  a va lue  of 

0.5 w a s  used f o r  t h e  s o i l  porosity as d i scussed  i n  the s e c t i o n  on europium 

r e l e a s e ;  and a va lue  of 24 in .  f o r  t h e  c h a r a c t e r i s t i c  l e n g t h  of a r e f l e c t o r  

component. The bulk v a l w  of ’Re(OH12 concen t r a t ion  is  assumed to  be zero. 

S u b s t i t u t i n g  these va lues  i n t o  Eys. (5.7) and (5.8) g ives  a v a l u e  f o r  the  

bery l l ium co r ros ion  r a t e  a t  pH 7.7 of 0.62 x 

- M ( 5  X lo-’’ mol/cm3) f o r  t h e  s o l u b i l i t y  of 

cm2/s f o r  t he  d i f f u s i v i t y  of bery l l ium 

kg/cm*.year. 

To c a l c u l a t e  t he  co r ros ion  r a t e  a t  pH 4.4 from Eqs. (5.7) and (5.9) 

we  used a va lue  of 5.6 x 

oxygen i n  the  bulk groundwater. T h i s  value assumes s a t u r a t i o n  wi th  air  

a t  1 a t m  and 25’C, us ing  a va lue  f o r  t h e  Henry’s TAW cons tan t  for oxygen 

of 4.01 x l o4  a tm/uni t  m o l  f r a c t i o n  ( P e r r y  et al. 1963). The concent ra -  

t i o n  of 0 2  aL  t h e  meta l  s u r f a c e  w a s  assumed t o  be zero. A va lue  of 

1 d . / c m 3  f o r  the  s o l u b i l i t y  of d i s so lved  



2.41 x 1Q“5 cm2/s was used f o r  the d i f f u s i v i t y  of d t s su lved  oxygen 

(Vivian and King 196b). The same va lues  for poros i ty  arid c h a r a c t e r i s t i c  

l e n g t h  were used i n  tlnbs c a l c u l a t i o n  as in the previous c a l c u l a t i o n .  

S u b s t i t u t i n g  these  va lues  i n t o  Eqss (5 .7)  acd ( 5 . 9 )  results i n  a va lue  

for t he  bery l l ium co r ros ion  rate af pII 4.4 of 0.18 x kg/cm *year. 2 

5.2.7 Geornetry/Surface Area .---.- of Emplaced R e f l e c t o r s  

The beryllium r e f l e c t o r s  i n  W I R  are mss ive  blocks of bery l l ium 

with regular geometric shapes whose s u r f a c e  areas are r e a d i l y  c a l c u l a t e d  

frim the eng inee r ing  drawings. The s u r f a c e  areas p e r  u n i t  weight 

r epor t ed  in Table 5.1 were determined in.  t h i s  manrie~: the surface area 

f o r  each component was c a l c u l a t e d  from engineer lng  drawings of each 

component, and t h l s  r e s u l t  was dbvided by the wetght of the component. 

When each component is buried,  however: i t  i s  b iokm u p  and deformed into 

i indeflnahle  fragments,  Since i t  was impcsssi57e t o  estimate s u r f a c e  area 

sf t hese  fragments,  we simply used the e s t i m a t e  deteriinlne:’, for undeforned 

components. 

5.2.8 Radionuclide Release Rates -- 
The release rates of tlir three r ad ionuc l ides  considered i n  the 

bery l l ium r e f l e c t o r s  were c a l c u l a t e d  from the cor rohion  rates deterrniiied 

i n  Sect. 5.2-6 i n  a inanner sisallar t o  the c a l c u l a t i o n  of r e l e a s e  rates of 

r ad ionuc l ides  from the s t a i n l e s s  steel components. The release rates a r e  

g iven  by t he  fo l lowing  equat ion:  

(5.10) 
-A t K = c  S A  e i c ,  

i , c  B e  c i,c 

Where 

R = rate of release of i so tope  ?. from component c ,  Cidyear; i , c  c - 
C = cor ros ion  rate of bery l l ium given by E q s .  ( 5 . 8 )  and ( 5 . 9 > ,  

R e  
kg-’crn-*year-’ ; 

S 

i , c  

-- specff ic  s u r f a c e  area of beryllium component - c, m2/kg;  
c. 

A = a c t i v i t y  of i s o t o p e  1 i n  component c [€ram Eq. ( 3 , l )  and - - 
Table 5-11, C i ;  
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-. half-life of isotope - i, year; 5/2,i 
tc = time out of reactor far component I c, years; 

and the total release of radionuclide I 1 i s  given by 

I ‘ V c  e % - ScAi,ce (5.11) 

l h e  resul ts  of the calcimlations showing the release rates sf the 

threcl radionucltdes on June 1, 1986, at pH 4.4 and pH 7.7, are g€ven 

in Tab le  5.2.  The time-dependent behavior of the release rates for the  

conditions at pH 4 . 4  (the higher values of release rates) is shawl in 

Fig. 5.1. These results indicate that the most significant releases are 

likely t o  be from radionuclides introduced as very minor contaminants in 

the beryllium. The release rates of all radionuclides from the beryllium 

reflectors are estimated to be extremely low, 

Table 5.2. Radionuclide release rates from 
beryllium reflectors as of June 1, 1986 

Kadionuclide release rate (Ci/year) 
_I 

pH of 

groundwater 4 1Ca 5 5 ~ e  1% 

4.4 1 -4E-OS l.Q7E-Q4 1.76B-Q6 

7.7 5.00E-09 3.703-08 6.06E-10 
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5 . 3  CONCLUSIONS AND RECOMMENDATIONS 

5.3,l Pred ic ted  Performance of Emplaced - Ref lec to r s  ---I- --.-- 

The near - f ie ld  release rates f o r  41Cs9 55Fe, and "Be f o r  t h e  next 

100 years  are shown i n  Fig.  5.1 f o r  t he  most conservat ive (h lghes t  release 

rate) SituattQXI, which assumes a c t d i e  groundwater a t  pK 4 - 4 .  

s i tua t - lon ,  t h e  rate c o n t r o l l i n g  s t e p  w a s  assumed to  be d i f f u s i o n  of oxygen 

t o  the  r e f l e c t o r s .  

1.2 x 

1994 the release r a k e  is e s t a b l i s h e d  a t  about 1.5 x IOm5 Ci/year  by the 

Under t h l s  

I n i t t a l l y ,  55Fe e s t a b l i s h e s  the release rate a t  about 

Ci/year.  The 55Fe decays r ap id ly ,  however, and after about 

content  of t he  r e f l e c t o r s .  T h i s  release rate stays nea r ly  constant 

with  t i m e  due t o  the long t i a l f - l i f e  of 4'~a. 

'OB@ component of tliw r e f l e c t o r s  i s  s t i l l  lower; near ly  1.8 x 10-6 Ci/year, 

I f  the soi l /groundwater  system is a t  a pH as high as 7.7, then  t h e  calcu- 

l a t e d  release rates are a l l  about 3 t o  4 orde r s  ot' magnitude lower. A t  

t h i s  higher pW, the  r a t e -con t ro l l i ng  s t e p  was assumed t o  hr- d i f f u s i o n  of 

Be(OfI1-2 from the r e f l e c t o r s ,  

The release rate of the 

As w i t h  the c a l c u l ~ t i o n s  f o r  the s t a i n l e s s  s teel  or con t ro l  p l a t e  

wastes, many assumptions w e r e  nt-eessary i n  order  t o  c a l c u l a t e  t hese  

release rates. Perhaps the  m o s t  unce r t a in  is t he  assumed calcium and 

iron contaminant concent ra t ion  i n  t h e  h ighly  gur l f i ed  beryl l ium used t o  

cons t ruc t  the r e f l e c t o r s  a Errors i n  the assumed cornpasitton would be 

directly r e f l e c t e d  t n  she calculated release rates f o r  4 1 ~ a  ana 55~e. 

5 3.2 Add-ltiorial Research/DeveloDrnent Needed 

Wccause t h e  r a d i o a c t i v i t y  aP;sociated wi th  the r e l ease  of beryl l ium 

contaminants r a t h e r  than beryl l ium I s o t o p ~ ~ ,  dominates the ca lcu la t ed  

release rates,  i t  woi-ild be d e s i r a b l e  t o  confirm the  assumed contaminant 

concent ra t  ions. Analysis of the  trace contaminants i n  the  beryl l ium used 

t o  cons t ruc t  the r e f l e c t o r s  and radiochemical ana lys i s  of samples of 

reflectors discharged from t h e  HFlK should be performed t o  confirm the 

importance of 55Fe and '"Ca t o  t he  r a d i o a c t i v i t y  re leases from emplaced 

r e f l e c t o r s .  I f  the contaminant concent ra t ion  v a r i e s  from l o t  t o  lot of 

beryl l ium, t h e n  the ca l cu la t ed  r e l e a s e  rates would vary correspondingly,  

Analysis of the ''P,,? content of discharged reElec tor  p a r t s  also is  
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APPENDIX A. 

DESCRIPTION OF AUGER-HOLE CONSTRUCTION AND 
PAST HFIk WASTE EMPLACEMENT PRACTICE 

The fol lowing inf  ormati.cn descr ibes  the  cons t ruc t ion  of t he  auger 

ho le s  conta in ing  t h e  high a c t i v i t y  wastes shipped from the NFIR t o  SWSA-6 

through June 1986 (Bolinsky 1986), The c u r r e n t ,  post-June 1986, methodol- 

ogy involves  a more h ighly  engineered s t r u c t u r e  (Homan 1986). 

t h e  HFIR c o n t r o l  p l a t e  waste shlpments were placed i n  l i n e d  auger holes  

due t a  the high l e v e l s  of  r a d i o a c t i v i t y  1rBJrolved. Other high a c t i v i t y  

waste. shipments from HFIR,  p r i m r - i l y  the  s t a i n l e s s  steel p a r t s ,  coba l t -  

a l l o y  bear ings ,  or beryl l ium reflectors, were placed In unl ined  holes .  

Some of 

1. 

2 .  

3 .  

4. 

5 .  

Ah1 high a c t i v i t y  waste auger holes  are loca ted  on a knoll of 

h igh  ground i n  SWSA-6. The water t a b l e  is about 25 f t  below 

t h e  s u r f a c e  a t  t h i s  l oca t ion .  

A 47-in,-diam hole  was augered to B depth of 18 t o  20 ft. Thus, 

t h e  bottom sf t he  hole is about 5 t o  7 f t  above the  water t a b l e .  

A t  this po in t ,  the hole  w a s  l i n e d  w i t h  corrugated 24-in. 14-16 

gauge galvanized steel c u l v e r t  pipe (not  a spha l t  coated)  i f  

des-lred. The l i n e r  extends the  f u l l  depth of t he  hole.  The 

purpose ~f the  l i n e r  was t o  reduce t he  r a d i a t i o n  sh ine  from t h e  

tog  of t he  hole by l i m i t i n g  t h e  top diameter and, thus ,  reduce 

personnel  expasure. The dec is ion  t o  l i n e  wi th  p i p e ,  or no t ,  w a s  

based OR t he  t o t a l  r a d i o a c t i v i t y  expected i n  a planned shipment 

For l i n e d  holes, t he  pipe was placed in pos i t i on ,  and the  space 

between the  24-411. p ipe  and t h e  nominal 47-in.-diam hole  w a s  

backf Flled with a v a i l a b l e  s o i l  a 

An approximately 1-f t  concre te  plug w a s  poured i n  t h e  bottom of 

t h e  p ipe  i n  the  case of l i n e d  holes .  No concrete  w a s  poured i n  

t h e  bottom of unl ined holes .  

101 
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6 .  A m i l d - s t e e l  waste s h i p p i n g  container from HFTR tm.8 then  pl.aced 

i n  t h e  h o l e .  The s t e e l  and l e a d  t r a t r s p o r t a t i o n  s h i e l d  was 

p o s i t i o n r d  over t h e  h o l e ,  and the  csintatner w a s  lowerud w l t h  a 

s teel  c a b l e .  The s t e e l  c a b l e  w a s  d i s c a r d e d  w i t h  litae container .  

7.  To reduce r a d i a t i o n  shine out the t o p ,  f i l l  was promptly added 

t o  t h e  hole .  In the case of l i n e d  h o l e s ,  r i v e s  sand and/or  fine 

s h a l e  from t h e  area were used t o  cover the s h i p p i n g  conta iner .  

A s k l p  bucket was used t o  place t h e  sand and f i n e  shale i n  t he  

h o l e  ; use  of t h e  s k i p  bucket helped reduce persoiing.1 exposure. 

I n  t h e  case of unl ined  h o l e s ,  a v a j l a h l e  s o i l  was pushed i n t o  

the hole .  

8. From 1 t o  3 m i l d - s t e e l  s h i p p i n g  conta iners  were p l a c e d  i n  a 

s i n g l e  auger h o l e ,  depending on t h e  t o t a l  radioactivily involved.  

When a d a d ,  t h e  second and t h i r d  conta iners  were placed  i n  the 

h o l e ,  as d e s c r i b e d  i n  s t e p  7 ;  s e v e r a l  reek of sard or soil were 

added t o  the hole  hetwccn c o n t a i n e r s ,  

9. After a l l  w s s t c  c o n t a i n e r s  were placed i n  t h e  h o l c ,  etther l i n e d  

o r  urnl inpd,  the hole  was backfilled t o  w l t h i n  about 1 fi of the 

surface. A t  least  1 ft of concrete was p u r d  i n  t h e  t o p  of t h e  

h o l e  f o r  i n t r u d e r  p ro tec t ion .  The plug may also provide some 

s e a l i n g  froin r a i n  i n f i l t r a t i o n  i n  t h e  case of Pfnrd  hnhew. 



APPENDIX B. 

DERIVATION OF RELEASE RATE FROM LINED AUGER HOLES 

A schematic of the flow and concentration field surrounding a lined 

auger hole I s  given in Pig. 4 . 3 ,  Sect. 4.2.8. The steady-state diffusion 

equation for cylindrical coordinates for t h i s  field is 

v = interstitial water velocity through the soil, ern/$; 

5 molecular diffusivity of europium, an2/,; 

c = concentratfon of europium, g - ~ t ~ i / c d  (c is a function of 
I 

r and 2 ) ;  - - 
r = radial coordinate measured from the p i p e  centerline, em; 

2: = axial coordinate, measured from the concrete plug, an. 

To solve Eq. ( B 1 )  for e ,  we assumed the following functional relationship 

exis ts  for C :  

where R(z)  is the outer edge of the diffusion boundary layer, cm. 

We further assume that 

c(no) = e ( - )  Ro = cI (the saturation concentration of europium), 
R(z) 

c(1) = 0;  

]KO = radius ~f auger hole liner, en\. 
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By substituting the r e l a t l o n s  

Eq .  (B1) becomes 

An approximate solution to Eq. 034) is Pound by assuming a reasonable  

functional r e l a t i o n s h i p  fur C( 11): 

where 
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This choi.ce o f  function satisfies the requirements 

r - B  c = C z ,  o 

Substituting Eqs. (B7) into (B4) yie lds :  

If the terms within the parentheses are averaged over the range 

]R Cr%(z) or i lo<r1<4, t he  r dependence of concentration will be approxi- 

rnately accounted for, and the result will al low the approximation of the 

locus of the outer edge of the diffusion boundary l ayer .  

0 

Averaging the terms in parentheses over the range no"Gl: 

V 
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From Eq. (ElO) the dependence of R as a f u n c t i o n  of z (axial distance 

along the pipe) can be d e t e r d n e d  by l e t t i n g  

Substituting (all) into (B10) yields: 

The desired r e b t i Q n S h f p  is obtained by tn t egsa t tng  t h e  lef t -hand s lde  of 

E q .  (812) from 5 = 1 to 5 = R/R0 and the right-hand side of E q .  (B12) 

from z = 0 to z I, to g i v e  

3 L  
- - - j d Z =  - .  2 J L  
KO 2 v 0 R, 2, 

The left-hand s i d e  of E q .  (B13) was evaluated using the trapenoidal  

r u l e  t o  perform the integration numeric-ally for a range of va lues  of  

R/Ro.  The results of t h i s  series of calculatlons were fitted to Che 

following empirical eqrratton: 

Equation (B14) i s  used to esti.mate the o u t e r  radius of the di f fus f sn  

boundary layer (K) at the  lower end of the lined auger hole of length L. 
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I n  Eq. ( B 1 4 )  t h e  fo l iowing  r e l a t i o n  has been used: 

whe  re 

U = " ' super f ic ia l"  water v e l o c i t y  (explained i n  Sect .  2.4.S), cm/s; 

v = i n t e r s t i t i a l  water v e l o c i t y ,  m / s ;  

E = p o r o s i t y ,  a imensionicss ,  

A t  steady state the molar rate of release of  eurapium from the pPpe 

is equal to the rate of convection of europium by the flowing water 

through t h e  annular reg ion  R,(re;R a t  the lower end a€ the auger hole 

l i n e r  ( a ;  = L).  This  is given by the r e l a t i o n  

where 

N = rnalar rate of release of europium, g=-mal/s; 

U = " s u p e r f i c i a l "  groundwater v e l o c i t y ,  c m / s ;  

e(r> = concentrat ion of europium, gmol/cm3; 

r = radial coord ina te ,  cm; 

R, = r a d i u s  of auger hole l i n e r ,  cm; 

R = radius of edge of d i f f u s i o n  boundary layer [determined 

from Eq.  ( B 1 4 1 .  

When t h e  ind ica t ed  i n t e g r a t i o n  is performed t h e  result i s  

where 

5 = R / R ~  [ ca l cu la t ed  from Eq. ( B 1 4 ) l .  

This is Eq. (4.13a) of Sect. 4.2.8. 





APPENDIX C. 

DERIVATION OF DIFFUSION U T E S  IN THE 
V I C I N I T Y  OF BERYLLIUM REFLECTORS 

The rate of dtffuaion of oxygen from the bulk groundwater to the 

beryllium metal surface or diffusion of Re{OW)2 from the metal surface to 

the bulk groundwater was estimated from a simple boundary-layer diffusion 

model assuming flat-plate geometry. The flow and concentration fields 

are diagramed in Fig. (2.1. The d i f f u s i o n  equation for the diffusing 

species in this geometry is 

with the boundary conditions 

c = cI for y = 0 ,  a l l  x, 

c = cB for y = a, all x, 

c = concentration S€ diffusing species, gmol/cm3;  

v = interstitial water v e l o c i t y  (assumed constant), cmjs; 

x = distance coordinate i n  directdon of water flow, measured 

where 

from leading edge of the beryllium surface, cm; 

y = distance coordinate normal to direction of water flow, 

measured from the beryllium metal surface, cm; 

3 = diffusivity of diffusing species in water, cnn2/s. 

For an approximate solution o€ Eq. (Cl) we assume that the change in 

concentration between t h e  Detal surf ace and the bulk of the groundwater 

is conftned t o  a boundary layer of thickness 6 cm. The boundary layer 

thickness 6 is a function of x which will be determined through well- 

established boundary layer analysis methods (Denn 1980). 

In thls analysis we assume a reasonable concentration profile within 

the boundary l a y e r ,  substtitit, this into Bq. (Cl), and solve for the 

boiindary layer th ickness  6, so that Eq. (C1) is approximately satisfied. 
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Pfg .  C.l .  Diffusion in the v ic in t ty  o f  beryllium reflector 
components * 
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We make the following assumption for the concentratfon profile: 

where n -- y/6. 

This equation satisfies the boundary conditions 

c --- cI at y = 0, and 

c = cg at y = 6. 

In order to substitute Eq.  (C2Q into Eq. (Cl) the Tollowing relations are 

needed : 

- 3c - - (CR - @.p - 2rl)(- -1, , ax 6 ax 

32,  a ac 2(cg - 

When E q s .  ( C 3 )  are substituted into Eye ((21) the following expression 

i s  obtained: 

The terms containing ?I are averaged over the diffusion boundary layer 

(06;Wl):  



resul t ing  i n  the following ordinary differential- equatkon for 6(x): 

d6 23 6 -- . 6 I 

dx  V 

( C i )  

where 

u = "superficial" water ve1ocbt.y (explained i n  Sect. 2 . 4 . 3 )  , cm/s; 

v = interstitial water v e l a c f t y ,  m / s ;  

E = porosity, dimensionless .  

The molar f lux  o f  the  diffusing species at the m e t a l  S U P € X ~  is given by:  

From the fourth line in Eq.  ( C 3 ) ,  
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The total molar diEEusion rate at the surface of the beryllium ref lector  

component is given by 

Where 

W = width of flat p l a t e ,  em; 

L = length of f l a t  p l a t e ,  cm. 

The average molar flux at the hery l l iun i  surface i s  given by 

T h i s  i s  Eq. ( 5 . 7 )  i n  Sect. 5.2.5, 
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