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ABSTRACT 

A cost-benefit  s’cud.y was m3d.e t o  determine the  cost and. 
eff ec’civenecs of rcadioactive waste (radwaste) trreatment sys Lems 
f o r  decreasing t h e  release of  :radioactive mater ia ls  from :model 
uranium ore prcocessing m i l l s ,  and .L9 d.etermri.ne the  rad.iologi.ca1 
i.mpa.ct (dose comiiii;mzeirit ) of  t h e  released mater ia ls  on the 
envi..?-oment. The study i s  desi-gned- t o  a s s i s t  i n  defj.rr.ing t h e  
t e r n  “as low as  pract icable” i n  r e l a t i o n  t o  limi’iling b e  re-  
lease of  radioactive mater ia ls  from nuclear f a c i l i t i e s  * The 
base case model. m i . l l s  a re  representat ive of m i l l s  which will 
process a major f r a c t i o n  of the o re  i n  t h e  next 20 years,  
Each m i l l  processes 2,000 short  tons of ore per day. Ad-d5tional.  
radwaste treatment techniques are appl.ied- t o  the  base case m i l l  
artd the waste -Lailings area in a series of case st,ud.i_es t o  
decrease the amounts of radioacbive mater ia ls  re leased and t o  
reduce t h e  radiological  dose comnmitmea’i -to Lhe populatj-on i n  
the surrounding area.  The cost  f o r  the  added w a s b e  ‘crea-txnent 
operations and tine corresponding dose commitment are ca7-culated 
f o r  each case. In the  f i n a l  analysis,  radiol.ogica1 dose i s  
pl.otted vs the a.l.nniml cost  f o r  treatment of’ the radwastes. The 
s ta tus  of  t h e   adw waste treatrlient methods used i n  the case stud.ies 
i s  discussed.. Much of t h e  technology used i.n t‘ne advanced cases 
wil.1. require  development and. d.emons’iratioi1 and i s  not su t tab le  
f o r  immediate use. The methodology used i n  estimating the  costs ,  
d.etai.led calculzt ions , ar?d tahii2ati.ons are presented i n  OiXNL-TM-$j03, 
Voliune 2.  The methodology and assurrqt3t3.ons f o r  the  radiological  
doses are  found. i n  ORIuk.4992. 



M. B. Sears G. s. H i l l  
R. E. Elanco A. 13. Ryon 
R. C. 33aIi.lnlan .J. P. Witherspoon 

A study w a s  made t o  dete:rmine .tine do l l a r  cost  ,and effectiveness of 

radioact,ive w a s t e  (radwaste) treatment systems f o r  decrea:jing the  mount 
of' radioactive and norradioactive ma te r i a& released f r o m  model uranium 

m e  processing m i l l s  and t o  determine the rad.iological. b y a c t  (dose 

comni.tment; ) of the released radioac.t;ive materials c)n the envirorrment . 
U r a n i u m  i n i l l s  recover uranium from n a t u r a l  ores as a concentrated, s o l i d  

product called "yellow cake", which is then shipped t o  a conwerslon plant 

f o r  fur-Lher purification as a s-tep i n  preparing the  uY.an.iu.m for use in 

nuclear f u e l s .  Two model m i l l s ,  which are ky-pical of cwrerit3;i operziting 
rni l l :s  and are representative of' mills which w i l l  process a, major f r a c t i o n  

of .l;'n.e o m  in the next 20 years, are used as base cases in this study. 

One mi11 1 ~ 9 ~ 3 s  the acid leach-solvent extraction process and t;he second 

. L h e  a lkaline-leach process. 

ore per day which c o n t a h s  0.2$ &(I8. 
seciilar equil-ibriurn with its radioactive dazghters. 

curies of radioactivity enters t h e  mill emh. day of which 2.0 C i .  is 

uranium and i s  recovenxi as prcd-u-ct. 

i n  -the l i q u i d .  and solid. wastes  called tailings, which are impounded on- 
site near t h e  mill. 

leac'ning m d  leave L'ne mill .  w i t h  the s o l i d  Lailing-s. 

Each m i l l  processes 2,900 short; tons of  
. . . . . . . . . . . .  ...... 

' ..:. . .  
The  uranium i n  the  &? i.s in 

-.... .............. 

A t o t a l  of 14.4 . 

The rma-ining P.13 Ci .  i s  discharged ..,, 

b b s t  of the radionuc1id.es remain insolu'ble during 
The radionuclides 

I 
of in-Lerest are '38U, 234U, 22"oRa,  ""Th, "34Th, "''Pb, 210Bi, 2 2 0  

a?ld aaa-  iin . 
Off-ci te  releases of radioact ive materials consist oi' airborne ore  

dust, ycilow cake dust, t a i l i n g s  d u s t ,  and  radon pas w h i l e  the i n i l l  is 

act ive.  

by covering w i t h  earth topped by rock o r  vegetation t o  minimize wind and 

- 

After the m i l l  has ceased opemt ions ,  the  tai1iryi;s are stabilized 
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water erosion. 

s t a b i l i z e d  t a i l i n g s  p i l e  f o r  thousands of years.  

was-tes a r e  released d i r e c t l y  t o  surface stream a Liquid waste disposal  

i.s by n a t u r a l  evaporation a,nd seepage t o  the ground beneath the  t a i l i n g s  

impoundment area.  The t a i l i n g s  area i s  s i t e d  where natural  waters are 

not l i k e l y  t o  contact t h e  t a i l i n g s ,  and no underground migration of  - the 

seepage beyond t h e  plan'c boundary i s  expected. This corresponds t o  t h e  

cu:rrent s t a t e  of knowledge where there  i s  no evidence of underground 

movement of radioactive mater ia ls  beyond t h e  plant boundary from t a i l i n g s  

areas s i ted  in Yne semiarid western s t a t e s  by cumelit s'caxdards (See-t. 

9.5.2). L i t t l e  movement -i.s predicted in a smy1.e calculat ion (Sect .  7.6). 
However, t h e  p o t e n t i a l  for t h e  underground migration o f  rad.ioactive 

materials i n  seepage of  l i q u i d  eff luents  under some geological conditions, 

o r  as the r e s u l t  o r  leaching i.f wa'ieer should contact Lhe t a i l i n g s  i s  

recognized, 

rainfall; ( 2 )  i n  we.t storage areas,  such as spent mines; and (3)  i n  t h e  

event of some fu ture  geologic o r  meteorological change, which could form 

a f i s s u r e  under the  t a i l i n g s  area,  o r  cause t h e  water iable  to Tise into 

-the t a i l i n g s ,  although these considerations a r e  not  var iables  i n  t h i s  

study. 

Ifowever, radon gas w i l l  continue t o  be released from the  

No  l i q u i d  o r  s o l i d  

These p o t e n t i a l  re leases  might oeeur (1) ai; s i t e s  with htgh 

The waste treatment systems consis t  of  methods which (1) reduce the 

amounts of airborne radioactive dusts and radon released froln the m i l l  

and t a i l i n g s  area, ( 2 )  reduce the m o m t  of radioactive I tqu id  l o s t  as 

seepage through the bottom of t h e  t a i l i n g s  area: and (3 )  provide t i g h t e r  

1-ong-tern containment of t h e  stored ta.i.lings. 

the  nuclear f u e l  cycl-e, where s o l i d  was.Les a r e  shipped o f f - s i t e  .to an 

approved repository o r  b u r i a l  ground, -the m i l l i r l g  industyy must address 

the  problem of long-term, safe,  on-site disposal  o f  solid wastes. 'Treat- 

ments t o  reduce -the amount oi" airborne radioactive ma-terials released are 

correlated. with t h e  maximum annual individual  dose coumitments (mrem) t o  

t o t a l  body, bone, lung, l i v e r ,  kidney, and spleen a t  0.5 mile from the  

mod.el mi1.1, and w i t h  t h e  animal average population - t o t a l  body dose (man-rem) 

out t o  a distance of  55 miles. Doses a r e  not estirnaLed f o r  t h e  re lease  of 

radioacti-ve seepage o r  the potei1Lri.al i-elease of leach wzters because of 

Unl.i.ke other segments o f  
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t,he lack of the de ta i led  information required t o  ca lcu la te  tlne underground. 

movemen-t; of liquids and dissolved so l ids  m d .  because of the diversi-by of 

tbe s i t e s  to be considered. Treatments t o  reduce seepage and leaching 
are eor:r.elated with t h e  .mgu.nt of radioact ive mater ia ls  which might 

p o t e n t i a l 3 j  be released i n  seepage o r  leach waters (Sects. 8.6 and 8.7) .  
These trea-Lments provide addi t iona l  safe-by i n  the storage of t h e  wastes 

axj are ef fec t ive  i n  reducing p1;ent;ia.l doses if geologic or rnet.eorolog<.c 

c'=1:mges should occur i n  t h e  future .  

A s e r i e s  of increasingly e f f i c i e n t  (and ex@nsive) r s d w a s t z  treatment 
cases :.md t h e i r  corresponding flowsheet s a r e  presented f o r  treating t h e  

effluenLs from the model m i l l s  (Sect. 4). T h e  general  plan 2nd objectives 

of the stttdies a r e  suuunarized i n  'Table 1.1. ';Many of the assumptions and 

treatment cases are based on the backgr.ou?d survey of present i n d u s t r i a l  

practices laboratory research i n  radwaste nianageneni; (Sect. 9.0). 

Seven conceptu-al cases are  considered f o r  t?'eating airborne radwaste frorri 

the  mill buildings.  S i m i l a r l y ,  f i v e  conceptual. cases are considered f o r  

l i q u i d  e f f luents  from t h e  acid-leach m i l l ,  four  f o r  1i.qu.ri.d.s from t h e  

aUcrzline m i l l ,  t e n  solid radwaste cases fa* t h e  acid-leach mill, ar?d nine 

s o l i d  radwaste cases f o r  t h e  a l k d i n e  m i l l .  '?'rea.tment of the various 

e f f luent  streams i s  assessed separately i n  Sects.  4 and 8 bel'ore they are 

combined i n  t h e  summary cases of Sect. 1.1. Cost-benefi.t correlxt ions of 

t h e  cmbined treatmtsn-L methods in Sect,. 1.1 revea l  only gross comparisons 

and mask many of" t h e  components of t h e  eases, where'coinparisons can be 

I .: . --. ..__.._ 

" ..._.. . .. 

made reg;zrding the r e l a t i v e  cost  -benefit  o f  alternztivc: proced-ures . 
Comparisons of the  components a r e  presented in Sects .  8.9-8.8. Case 1 

I 

represents  current ,  waste treatment methods and provides the  base f o r  the 

incremental malysis. Some Case 2 and Case 3 Diethods are also used c u r r e n t u ,  

but on a l imited bas is .  %he di f fe ren t  treztment segments c m  usually be 

combined i n  o t h e r  ways - f o r  exmple, Case 4 m i l l  dus t  treatment might be 

used with Case 3 treatment of liquids arid solids. Much of t h e  technology 

used i n  the advmced eases has been used i n  other  i n d u s t r i a l  applications 

but has not been applied at uranium m i l l s ;  consequently, some addi t ional  

development w o r k  may be required. All costs a r e  PstLmated on the basis of 
the construction of' a new m i l l .  (Sect. 6) .  Backfittirig must be considered 



on an iiidivtduR1 basis ,  although t'ne s.&vanced technology i s  generally 

s u i t e d  t o  ex is t ing  plants. 

Each type of model r n X L  i s  assessed a t  s i t e s  i n  Wyoming and i n  New 

Mexico wliich have environments t h a t  are c h a r a c t e r i s t i c  of t'ne maJorri.ty 

of contemporary m i l l i n g  operattons. 

processed j.n these two areas The popii.S_a,tio:ri distribii t ioii  i n  these areas 

and the  meteorologic data  are derived from nearby f i r s t - o r d e r  ~ e a t l ~ e i -  
s t a t i o n s  I B o t h  areas a re  characterized by t h e i r  low popula-tion dens i t ies ,  

pers i s ten t  winds, and. ar-X climate 

About 8% of - h e  tonnage of ore  i s  

The an.nua,l .amounts of radioacti-ve ma'i,erial..s released ( the soiiree 

terms, Sect,  4), the  capi ta l ,  annual, and contributions t o  power costs  

(Sect. 6 ) ,  and t h e  radio1og:ical i m p  t ( the  doses, Seck. 7) are  ca l -  

cu.lated. f o r  each case f o r  t h e  raodel. solvent exti-act,.!:.on and t h e  inod.el 

alkaline-leach uranium mi l l s  s i t e d  i n  New Mexico and i n  Wyoming f o r  th ree  

t ~ n e  peri0d.s: ( I )  t l i e  periocl while t h e  rni.11 i s  operati.ng, (2) t h e  i.nteri.cn 

period following m i l l  closure while t h e  t a i l i n g s  dry and berere they are 

s tab i l ized ,  and (3)  the  pcri-od a f t e r  f i n a l  s ta .bi l izat lon of the  t a i l i n g s  - 
a total of 38 case s tudies  each examined ovei- t h e  three  ti.me period.s, 

many cases both the  source be rms  and the costs  vary with the si-be. ?'his 

i s  i n  addition -to the differences i n  '&e doses caused by differences i n  

t h e  meteorologica,l di.spersi.orz a t  t h e  t w o  s i t e s .  

t h e  amount of r a i n f a l l  are  two important s i t e  variabI.es. The average 

wind vel.oci.ty a t  t h e  New Mexico site i s  7 rnph compared- with 1 0  niph a t  

t h e  Wyoming s i t e .  Since t h e  amount of - ta i l ings  dust resuspended. by the  

wind increases w i t h  the cube of  the wind velocity,  the s i n a l l  difYerwice 

i.n wind veloci ty  makes a difference of a f a c t o r  of 1-3 between t h e  two 

si.Les i n  the mouilt of  windblown t a i l i n g s  dust  re leased per acre of expszd ,  

dry t a i l i n g s  (Sect,  7.2).  The higher win-d- veloci ty  a . h o  causes m o r e  d i l u t i o n  

of the  m i l l  dusts and radon which a re  rei-eased, i . e . ,  Imzrer d-oses for 

equivalent sources i n  Wyoming -than i n  New Mexico (Sect. '7.1). 'The ne-'i 

annual evaporation rate which i s  7.?5 ft  i n  New Mexico and 4 f t  ii1 Wyoming 

In 

The wind veloci ty  and 

de-termines the area of t h e  pond required -Lo evaporate t h e  waste ws-ter 

(Sect. 4.4.2.1.)* 
-the t a i l i n g s  impoundment basin,  the  area of wet and dry t a i l i n g s  w h i l e  t h e  

This a f f e c t s  t'ne s i z e  of the  tai.lj.n.gs d-am, t h e  .mea, of 
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, 



b 

t h e  t a i l i n g s  area are  t h e  average releases  over 'cine 20-yr l i f e  of t h e  

mi l l . ,  and (3)  the  llypothetical man's d i e t  consis ts  of  50% meat produced 

0.5 mile from the m i l l  i n  the prevail ing wind direct ion,  bi?;'i a l l  h i s  

ol;her food i s  tmported from outside the area, then the  sverage annual 

bone dose i s  100 rnrern t o  the  hypobhetieal man l i v i n g  0.5 mile downwind. 

If the area i n  -the prevai l ing wind d i rec t ion  from the  mLl.J.. fo? a dis tance 

of abou-t 2 miles i s  not used f o r  food production or residences, then -the 

maximum annual bone dose t o  persons livi.ng 0.5 m i l e  from the  m i l l  i n  

d i rec t ions  other  than the prevaili.ng wind i s  only aboul; l!-O mrern. 

assumy-Lions a.re valid. for many mills a;?d s ign i f icant ly  lower than t h e  

estimated dose. 

r'nese 

1.1 Airborne and Liquid. Effluents from M i l l  and. Tail ings 
Area During M L l l  Operation and After M i l l  Closure 

'The t o t a l  a.nmaal costs  f o r  reduction of t h e  radiological  dose t o  t h e  

population surrounding t h e  model mills during m i l l  operation and a f t e r  

m i l l  closure a r e  surmiiarized for Cases 1 t o  '7 5.n Table 3.1 and Fig.  8.1. 
f o r  t h e  model acid leach--solvent extract ion m i l l  a t  New Mexico a n d  i n  

F ig .  8.2 f o r  t h e  alkaline-leach m i l l  a t  New Mexico. S h i l a r  sunmaries 

f o r  the Wyoming s i t e  a r e  presented i n  Table 8 .2  and Figs. 8.3 and 8.1-t. 
The t o t a l  annual costs  include a l l  cos ts  f o r  treatment of airborne and 

1iqui.d e f f luents  from the  m i l l  and t a i l i n g s  area during rnj.11 operation 

and after m i l l  closure and include the amounts required t o  reduce t h e  

release of radioactive maberials  i n  seepwe o r  potential.ly i n  leach waters, 

even though the liquid re leases  do not contr ibute  t o  t h e  ca,lcul.ated. dose. 

These amual  cosl;s vary from about $175,000 i n  Case 1 to nearly $10,000,000 

i n  Case 6c. 

The rnaximurri annual indivri.dua1 doses a re  shown i n  Tables 8.1 arid 8.2 
f o r  whole body and organs a t  a distance of 0.5 mile from the operating 
iilodel m i l l s  and t h e i r  associated t a i l i n g s  impoundments near the end of 

the 20-year l i f e  of t h e  mi1.l-s when the t a i l i n g s  cover the  m a x L r n m  area.  

The doses f o r  whole body and bone drop from Case 1 .io Case 2. 

ne<= stn operating New Mexico solvent extract ion m i l l ,  the doses to am 

individual  assuming t h a t  100% o f  Lhe food i s  produced l o c a l l y  drop from 

Forp example, 



about 37 mrem f o r  t o t a l  body and 400 m r e m  f o r  bone i n  Case 1 t o  about 6 
and 73 mrem, respect ively,  i n  Case 2 af; a t o t a l  arxiual cost  increment of' 

$27,000. About 45% of t h i s  dose _reduction i s  the result of coverlng the 

t;ailings beach t o  prevent wind resuspension of t a i l i n g s  ,at an annual. cost 

of $7,000 (sect. 8 . 3 ) .  

food inge:stion dose drops from 61 men1 for t o t a l  body and 640 mrem for 
bone i n  Case I-, t o  5 and 57 imm, respect ively,  i n  C a s e  2 at it t o t a l  annual 

cost  increment of $~~,ooo. 
food ingest ion dose drops from 102 n w a  f o r  to - ta l  bo8y ,md 1.057 mem for 
bcjne in Case I., t r _ ,  6 and 66 m r a n ,  respecti.ve~y, i n  Case 2 a t  a t ,otal  annual 
cost  :i.ncrement of $2!5,C)GO. 

doses drop from about 2 mrem in Case 1. to 0,4 mrar :in case 2 for tota.~ 

bod.y a.nd f r o i n  about 60 t o  10 m r e m  for bone, 
w h i c h  tailings dust becomes airborne f r o m  an exposed Seach during operation 

of' t h e  mill. In subsequent cases, t h e  t a i l in -gs  beach i s  coated. with a 

chemical. spray to prevent resuspension of t h e  t a i l i n g s  'by the w i ~ i d .  

sequentPjr, in Cases 2 -to 7, radon i s  t he  0nl.y radioact ive material. that  i s  

re leased from t h e  t a i l i n g s  area. 

dose in Cases 2 t o  '7 i s  the resu-lt of the ,hproTfed dust rernovitl systems 
applied 'ro t h e  gaseous eflTlueiit fson the m i l l .  The m i . 1 1  dusts conta in  

A% the Wyoming solvefit exbraction mill the  IO@, 

~ t ,  t ~ i e  blyoming aUraline-I.each . m i l l  the ~OO$ 

If no food is produced near t h e  mill, t h e  

Case 1 is .the only case i n  

Con- 

The &crease i n  t h e  - t o t a l  bod.y arid bone 

Ra w h i c h  i s  a major contributor t o  t o t a l  body and bone dose. 226 

A f t e r  the m i l l  i s  closed, the t a i l i n g s  p i l e  i s  s t d j i l i z c d  to prevent 

tTle rnovernent of airborne t a i l i n g s  p a r t i c l e s  and t o  decrertse t h e  eraa,nat,ion 

Irate of' radon. T'hus, radon i s  the  only radioactive r n a t e r i a l  re leased from 
t h e  t a t l i n g s  pile a f t e r  r a i l 1  closure (with t h e  exception of the  iiiterjla 

period, Sect, 8.4) 
after the  mill is closed is higher i n  Cases I and- 2 than the rad.011 1u.n.g dose 

from t h e  conbined m i l l  and 'tailings area during operat3.on of the rni.21 b e w u s e  

t h e  ra,d.on i s  atttenm&ed by the  pond water which covers a f r ac t io r l  of the 

tailings during operation of the m i l l .  

t,m.eatment, lowers 'the radon dose. 

b i l i z e d  tai.lings pile i n  New Mexico decreases from lG0 m e a  i n  Case I t o  
;i .iz loe3 m e m  i n  Case 

for case 1. to nearw $~O,OOO,OOO for Case 6, 

!Che radon lung dose from. the stabil.:ized t a i l i ngs  area 

In l a t e r  cases, t he  stabil izati .on 

Overall, the radon dose from the  s ta-  

a4n.d. the total annu-a~. cos ts  increase frorn $1-75,000 
I n  ac~cli-t~on to {;'ne lmg 
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d.ose from t h e  radon, which is continuously released from t h e  t a i l i n g s  

a f t e r  the  m i l l  closes, there  i s  alko a loiig-’cerm dose Yrom ‘che long,.. 

l i v e d  radioactive mater ia ls  whj.ch were dispersed while the . m i l l  was 

operating. 

l i v i n g  within 50 miles is l.4 x 16” mrern/yr and the boine dose i s  

7.6 x Id3 ml-ern/yr a t  Lhe xodel m i l l .  -that Yel.eased the grea tes t  amount 

of radioactive mater ia ls  (Sect. 7.5.1). Since these doses a rc  small 
compared -Lo the  hackgl-ound dose, 110 cos t  correlati-ons a re  m.de for the  

long-term perf-od f o r  the dose received fl-om iiie par t icu la tes  dispersed 

by the  operating mill. and the act ive t a i l i n g s  area. 

‘she long-tern t o t a l  body dose t o  ail average ri.ndividual. 

i n  Sections 8 .2  t o  8.7, the  - to ta l  costs are  separated into cos ts  

f o r  reduction i n  release of  airborne iradioactive materia1.s and costs 

f o r  treatment of  l iquid.  wastes t o  reduce the  zmount o f  radioactive 

materi.als re lsased i n  seepage o r  ?o ten t ia l ly  i n  leach waters, and. these 

c o s t s  am compared wi-th the maximum dose t o  t h e  i.ndividua,l. o r  the  amounts 

of naateria1.s re leased i n  seepage 3 J a t Z e Y .  bhi le  the  m i l l  i s  Operating, 

the  t o t a l  whole body close t o  t h e  population out ’LO a di.stance of 55 miles 

i s  1- -Lo 3 m a n - r e m  in Case 1 and l e s s  thail G.2 1nan-rern i n  Cases 2 t o  7 
(‘l’abl.es 8 .1  and 8 . 2 ) .  
s-tabilized-, t h e  t o t a l  annual.. whole body dose Lo the population oui; t o  

55 miles i s  l e s s  than 0 .01  man-rem i n  Case  1. 

r e l a t i o n s  are  made wi th  the  populatioil dose. 

AXter t h e  m i l l  i s  closed and tailings haxe been 

Therefore, no cost  cor- 

l . 2  Contributi-on o f  the Cost of Radwdste Treatment 
t o  Y e l l o w  Cake and Total  Nuclear Power Costs 

The c z p i t a l  cost  of t h e  mod.el  umanium mill. i s  estim2ted a t  $13,000,000. 

The c a p i t a l  costs  of radwas’Le treatment addzd to the  model mil1 range from 

$357,000 for Case 1 to $10,59l,OOO f o r  Case 7 (Tables 6 .1  and 6 .2) .  
spec ia l  case  where khe conven.ti.ona1 su l fur ic  acid leach. i s  replaced wi .%i  a 

n i . t~^ ic  acid leach, the net increase I.iI c x p i t a l  cost <.s $27,959,000. For 

current prac t ice  (Case l), the  maximurn a.i-mual cost of radwaste treatment 

is $180,000, which i.s equivalent to  $O.O7/lb of Us08 a,nd O . O O 3  mills/kWhr. 

The annual. costs  increase f r o m  this base c a s e  t o  a maxi-num of $9,900,000 

In the 

J L C J ~  - Case  6b f o r  t h e  alkaline-leach mill, which i s  equivalent to $3.65/1.b 
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3. Usr more e f f i c i e n t  dust co l lec tors  on yellow cake streams at 

alkal-ine-leach m i l l s ,  

14. Minimize Lhe long-term release of radoil from t h e  s tored  

t a i l i n g s  by placing th icker  ear th  covers over Lhe t a i l i n g s .  

The use of more efficYent dust co l lec tors ,  as i n  Case 2, on ore dust 

streams at  m i l l s  processing wetter (8-lf10 moisture) ores or on yellow 

cake dust s-breams at acid-leach. m i l l s  i s  of  secondary p r i o r i t y  k-elative 

to the treatment of  the  t a i l i n g s  a??ea. In Cases 3 ’i3-rough ‘7, bhe use of’ 

inereasin-gly e f f i c i e n t  dust collec‘mrs (except. where dusty Dres a re  

processed), t h e  radon re ten t ion  uni t  on t h e  ai:pborne mill eyfluents,  and 

t h e  I.-in. asphalt. membra.ne over the -t;ailin.gs area for radon i-eteqtion i n  
Case 7 are of marginal r e l a t i v e  valu.e. The incorporation of t a i l i n g s  

wastes i n  cement or asphalt  i s  re]-at-ively exyensLvc and has marginal- 

Yelative value, -if the  purpose i s  to reduce the  release of radon. However, 

t h i s  trea’men’i i s  effect ive i n  decreasing the  arnoun’is of radioactive 

mater ia ls  l o s t  i n  seepage o r  t h a t  po ten t ia l ly  may be lost by leaching, 

The need for incorporation of ta.l.1-ings must be detemnined. on an individual  

basis f o r  each s i t e  where the geology, soil properties, and climate are  

known. 

The assessment of -tine environmental impc t  of uranium mil l ing i s  

complicated and involves a large number of parameters including the 

internal.  m i l l  I.eacbing and uranium recovery process, the waste ireatmen’i. 

methods, t h e  nature of the ore, the i1aLI.lral evaporation r a t e  a t  the  s i t e ,  

t h e  annual average wind velocity,  the  frequency and wrind d i s t r i b u t i o n  

pat tern,  t h e  food production and consumption p a t t e r n  i n  an a r i d  region 

where there i s  ranching but o’iherwise l i . t . t l e  food is gco%m, and ’che geoI.ogy 

of the  si’ce. The mi l l i ng  industry i s  highly d ivers i f ied ,  and each m i l l  

rnus1; be assessed as an individual.. case. Genera,l. conclirsions draacrlz from 

t h e  model stud.ies based- on m a x i m u m  releases  a.nd maxirnim doses should no‘i 

be applied t o  a specif ic s i t e  wj-t(ho1J.t considering t h e  specif ic  variables 

t h a t  apply a t  t h a t  s i t e .  It i s  beyonil the  scope of t h i s  report  ’io discuss 

these va,riabI.es in d e t a i l ;  however, in fomat ion  has been presented i n  
both Sect,  4 and Sec t .  7 Yor est7mating cases other than  ’die model mills. 



The dose coiimitmenls presented in t'nis survey adre s.txcted in temns 
of the d.ose comra.itment received Lrl the 20th year of ogerat,ion of the 

m i l l .  

who l i v e s  nezr the mill throughout the entire 20 years cjperatiol-1 of the  
m i l l  plus the 2-y-ear irherirn period. As discussed in Sect .  7, the total 
body and bone doses: are primarily from ingested radium aid -Lhorim, which 
are not  removed '5% an apprecia'ble rate from the body by radioactive decay 

or excretion. The individual who lives a l l  his life near tbe mill 

accumulates a permanent body burden from each yeay's s,xposu-re. 
in assessing radwaste treatmeat it; f.s impoTt8iit to csons-ider not orrZy the 

maximum ef'fects from the  year which produces the  highest 'ex-psure, 5s has 
been done in this stuciy, 'out also the cumulative effects from exposure 

to many years operation of the f a c i l i t y .  

Thris stnw does riot ~ddress  i r r  d e t a i l  the problem of the i.ndivi.di..ml. 

Therefore, 



2.0 INTKODUC'TION 

This s-Lud.y was performed t o  determine t h e  cost  and t h e  effect iveness  

of radioac-Live waste treatmeni; systems t h a t  are ixed. ,  o r  could be used, a'c 

uraniim ore p o c e s s i n g  m f l l s  Lo decrease the  c-mount of radioac-hive ,and 

nonradioacttve mater ia ls  rel.ea.sed t o  t h e  environment. A second ob jec-tive 

i s  t o  determine t h e  impact OF t h e  radioa(ct-tive releases  on the env-iroixnent. 

'The effect iveness  of  the  a l t e r n a t i v e  radioact ive waste treatment systems 

t h a t  a re  coiisi.dered i s  measured by comparing the amounts of rad<-oactive 

mater ia ls  yeleased by the various systems and the impact of these releases 

on Lhe envkrosxient. The amoun'c of radioactive mater ia ls  released. i n  each 

case is ca l led  the  " S O U T C ~  t e rn ,"  s ince  these  va,l.ues are t h e  source o r  

i n i t i a l  numbers used in evaluating t h e  impact o f  radioacti-ve releases  on 

t h e  environment. Yne trnpact on the environment i s  assessed and compared 

with t h e  rad.loactive waste treatment costs  as t h e  basis f o r  a cost-benefit  

analysis.  The radioactive material.s a.re urailium i n  secular e q u i 1 i b r i . u  

with i-is daughter pl-oducts. 

The function of uranium mills i s  t o  ex'iract urai1j.m i n  concen-bra-Led 

fo-m from naturally occurring ore deposits f o r  shi.pmeni; t o  a uranium con- 

version f a c i l i t y  and ult imate iisz 8,s 9 nuclear fuel. The z-a.d.ioactive waste 

materials  a r e  i:<po12-jlded i n  an on-si te  'iaili.iigs re ten t ion  area. A small  

f r a c t i o n  of the radioac Live mater ia ls  i s  released as airborne par t icu la tes  

from t h e  m i l l  and by Kind erosion of dry tai-l ings.  

relkased from both t h e  m i l . 1  and t h e  t a i l i n g s .  Liquid effluen-ts a re  i r n -  

pounded in t h e  t a i l i n g s  area w i t h  varylng degrees of coriiaj.nment. Unlike 

o ther  phases of the nucleai- f u e l  cycl..e where s o l i d  rarlwas?,es a r e  packaged 

and shipped o f f - s i t e  'LO an approved 1-eposi'mry, t h e  urani.iun inil.1.in.g indus t ry  

must solve the probleri: of sa fe ,  permanent, on-site s o l i d  m s k e  disposal.  

Rad.on gas ~i1.1. be 

T m  model m i l l s  which a re  representative of ciirrei&ly opera%ing m i l l s  

are used as base cases i n  t h i s  study. Hoxqevej:, t h e  iilodel m i . I l s  do not 

represent the cl.esi.gn Tor any parcticu1a.r existing facility. 'Eie radiological 

impact of the  mi l l s  i s  considered. ai; t w o  typical. s:i.t,es, i.. e . ,  in Myomiog 

and flew Mexico. Since t h e  ta-i.?.ings represent a pcrpetual source of radio- 

ac t ive  eff luents  long af-ier the m i l l .  5.s closed, both ';'ne shor'L-kerm 



1.3 

Some of the techriology used in the advanced. cases is in an earxjr s t a g e  
of developnie-rl-1; and is not sui table  for. immediate use i n  existing p l a i t s ,  

Iiowevei-, it is necess:ary to use this technology in the :;t;udl;i to pre8ict  
cost-benefit  relationships over t,he next, f e w  heccades II 

alternxLl.ve technology to accompl.ish a given objective is ilonexistent ~ 

In E G S ~  cases, 

. . . . . . . . . . . . . . . . . ................ . . . . . . . . . . . . . -. . . . . , . . . . . , . . . . . .........::... . .  
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3.0 OBJECTIVES AND ASSWRIONS 

3.1 Objectives 

The object ives  of‘ t h i s  study are:  (I) t o  determfne -Lhe doJ.lar cost  

t o  reduce the amount of rad.j-oactive rr,s’ce?ials re leased t o  t h e  eiwironment 

from mills which use current treatment sys”ians, t o  very low 1-evel-s using 

advanced, comp1.e~ treatment sys’iems; and. ( 2 )  to  detemiine the environ- 

mental impact of t h e  radioactive e f f luents  re leased from these conceptual 

i n s t a l l a t i o n s .  The def in i t ion  of t’ne incremental value of addi t ional  

:radioactive waste treatmen-i equipment i s  an important p a r t  of the  basic  

objective and i s  emphasized i n  t‘ne study. Generally, -these Val-ues w i l l  

not change wi-th s i z e  of t h e  p lan t .  

e f f luent  t o  be treated. genejrally increases w i t h  t h e  plant  s jze ,  and la rger  

treatment system are  reqiri-red. However, t h e  f r a c t i o n  released i s  essen- 

t i a l l y  t h e  same f o r  la rge  and s m a l l .  s y s t m s .  Thus, a la rger  total- mount  

of radioactive material i s  re leased f o r  t h e  la rger  unit when operaking oil 

the  same type, but l a r g e r  voluine, of radioactive effliuent. The incranental  

and absol-ute values derived i n  t h i s  study f o r  a s ingle  size of concep’iusl 

plant  caii thus be extrapolated t o  1.arge:c or s m a l l e r  p lan ts .  

t o t a l  mounts of radioactive materials released a re  a lso defined, but; are 

less  knportant i n  this study since they aye expected t o  vary with  he plaint 

s i z e ,  -the ura.niuni conten’c of t h e  ore  processed, and envimnmental p a r m e t e r s  

such a s  the  net annual evaporation r a t e  and t’ne wind speed. The volumes 

a,nd_ composition of radi.oactive wastes a re  based on t y p i c a l  flows a t  mi l l s  

today. 

For exanple, the volume of waste 

The calculated 

Estimates a r e  mad.e o f  the  arverage ra,rlioacti.vc a.nd mnradi.oactj.ve re-  

leases  and. t h e  cost of radioact ive waste trcztment; operations over the  

20-year I.ifetime of Lhe ore processing m i l l .  

nuelear power reactors ,  %:reat emphasis was placed on maintaining contin- 

uous operation of t h e  power plan’c. Consequently, t h e  more complex radio- 

ac t ive  waste ’Lreatmeiit systems conk ai.nzd redund-ant (par a.l_lel) treatment 

uni’cs t o  ensure continued operatioil should one of t h e  imi t s  become i n -  
operable. T n  ’che miI.1.ing study, l ~ s s  emphasis i s  placed on contiruous 

operation since t h e  plant  could ’iemporarily cease operations i n  the even-‘i 

I n  3 similar  study for 
1. 



t h a t  a major radhact ive waste 1;reatrnent un i t  f a i l ed .  O n l y  p o t e n t i a l  

releases from normal operat ions,  including antic.ipated oper.a+;ional occur- 

rences, hzve been considered -in t h i s  study. 

3.2 Selection of t h e  Mcdel P1:m-f;~ 

A rriodel acid-leach m i l l  and. a model. a.lk..aline leach IrriZI were selected 

which zre typic?zl of  plants operatirig ?In 1973 and are represeritative of 

t he  p l an t s  that w i l l  process t h e  major loa4 of ore  in the next two d.ecades 

(Sects.  9.1 and 9.2). On a d a i l y  bas i s ,  the m-ills .,siU process 2000 -ton:;~x- 
of ore  containing 0.2% TJ305. 

grinding,  chemical leaching wherein t h e  wanriurn i s  dissolved. Tram the 

ground ore,  and recovery of khe uraniwn from %he leach solutions. The 

ac id  leach r n i l L  w i l l  also have a solvent ex t rac t ion  s t e p  t o  pu r i fy  ?;he 

leach solut ions.  T h e  waste treatment me-t;iiods used .i_n the Case 1 (base 

e a s e )  s tudies  are representa t ive  o f  current  waste handling nethods , 

som.e r a i l l s  use por t ions  of the :_tdvanced technology, which. i:; i l l u s t r a t e d  

i n  Cases 2 an& 3, the  axemge re leases  for t h e  industry a re  current1.y 

1,ower than those l i s t e d  for t h e  C a s e  l s tud . .  . 

Steps basic -Lo a l l  m i l l s  are cr1.~s'hing, 

Since 

3.3 Manqqment of Badioactive Wastes 

The most wmykx i"lowsheets i n  t h i s  study illustrate very low, but 

not "zero", relt-ase of rsdioauclides , 

Airborne Eff luents  e - >k i rbo~ .ne  . . eff lnents  cons i s t  LI~' radon gas and 

rad2oactive p a r t i c u l a t e s  from both the i n i l l  and the  tai.l.i.ngs a,rea. 
gases from the mill are t reated.  such that increasingly- l a rge  f rac t ions  

of the flust are re-t;ained, and -bhe ta i l i .ngs  are covered -Lo e-rrinx,te wind- 

blown dust, 
advanced cases. The  mount  radon released during the  milling process 

i t s e l f  i.s s m a l l  compred w i t h  the quan t i t i e s  rele:ased from the tailings 

pi les .  Therefore, treatment f o r  gaseous radon fron the m i l l  off-gas has  

been postponed to the most a&v.aneed case. 

Off- 

A radon d.iffusion barrier is placed over the tailiws in 
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l i qu ids  i n  a pond with zero re lease  to surface w a t e ~ s ,  b s s  of radio- 

isotopes by seepage t o  t h e  environment i s  reduced i n  advanced cases by 

employing more t i g h t l y  sealed hpoundment systems and c h m i c a l  treztment . 
I n  t h 2  most advanced cases, l i q u i d  s t ~ e a n s  a r e  puri-fied- ancl recycI.ed, 

Sol id  Wastes. - Sol id  wastes are  re'c;ained i n  an on-si te  t a i l i n g s  

impouridment area.  i n  t h e  e a r l i e r  cases, the  s o l i d  wastes are s t a b i l i z e d  

by covering wi'ch e a r th  or rock t o  prevent .rsind and water erosion, but 

perpetual  maintenance and survei l lance w i l l  be reyuirell. A radon d.i.ffusion 

b a r r i e r  of ea r th  i s  placed over t h e  solid wastes, begi-rzlaing with Case 3. 
I n  t h e  advanced cases,  tile s o l i d  wastes are  treated.  by b u r i a l  and by 

f i x a t i o n  i n  asphalt  o r  cement. 

tenance and retu:rns t h e  surface I.and t o  l imi t ed  use. 

This reduces the  need for perpetual. m a i n -  

3.4 Cost Pa rme te r s  

Base cases are se lec ted  wl6c.h aye mpresenta t ive  of  m i l l s  operating 

i n  1973 but  do not represent the design f o ~  any par t i cu la r  ex is t ing  

f a c i l i t y .  Capi ta l  and. annual cos ts  are estimated f o r  d i f f e ren t  waste 

e f f luen t  treatment segments i n  a s e r i e s  of case s tud ies ,  The Case 6c 

study involves -the use of a complete1.y di.fferent i n t e r n a l  m i l l  f bwshee t ,  

i . e . ,  t h e  use of a n i t r i c  ac id  leach step,  i n  addi t ion t o  the  ad-vanccd 

waste treatment 1nethod.s. 

as t h e  incremental cos-ts above -those reyiii.sed f o r  a conventional su l fu r i c  

acid leach m i l l .  'The cal.cul_ation of incremental annual c o s t s  for  a 

var i e ty  of  waste treatment methods i s  a primary object<-ve of the study. 

They are  cor re la ted  a ~ i t h  the changes in environmental impact f o r  each 

case si;udy i n  Sect.  8.0. 
using CLiyect maintenance. No attempt i s  made t o  estimate backf i t t ing  

costs  f o r  present p lan ts .  Complete d e t a i l s  of t h e  cost  estimating pro- 

cedure are listed i n  Sect. 6.0 and OHl-L-TM-4903, Vol.  2.  

Consequently, t h e  cos ts  f o r  Case 6c are taken 

The estimated costs are  based. on. a new pl.ant 

3.5 Equipment Operation 

I-t i s  assumed that all. ~ a d i o a c t i v e  wastes will be L-rea'ced, i..e., 

wastes w i l l  not bypass treatment system and be 4isc;flarged even though 

the radioackive c!on-teiit of t he  waste i s  lower than " p r m i s s i b l e "  l icensing 



levels .  The eqzlpneni; is adequately sized. t o  en.sure hFgh opra,ting 

f l e x i b i l i t y  and ePficiency fac tors  This t~ype of des'l,g?z provide:; extra 

assurance that raCioac%ive releases will not exceed. the  calculated design 
levels. 



absence o f  surface water i n  these locati.ons, aild because t a i l i n g s  waters 

a x  not re leased to surface waters i n  t h e  case s tudies .  Underground 

aqui-fers provide drinking water f o r  local populations ak both si.tes. 

Estimates are made f o r  t h e  movement of rad-ioacti-ve iilaterials which seep 

from t h e  t a i l i n g s  pond. S i t e  se lec t ion  i s  described i n  d e t a i l  i n  Sect. 

7.0. 

3 ,  ~7 Radiologica.1 :T.mpact, 

Radiation doses t o  t h e  population surrounding -the model inil.7.s are 

estimated using the  procedures Twhich have been standax-di-zed f o r  environ- 

mental impact statements for  light-w3;ter-cooled iiucleay power s’Gations 

by the USAEC-Regula-tory. l’athways f o r  ex terna l  radfa1;ion dose from 

sources outside t h e  body and f o r  i n t e r n a l  dose from sources ins ide  the 

body are  considered. Immersion i n  the radon gas, airborne m i l l  dusks, 

a.nd t a i l i n g s  p a r t i c l e s  as  they are  d i l u t e d  and dispersed leads t o  

ex terna l  exposure, while inhalat ion leads ’LO interna.1. exposu-re e The 

deposit ion of radioactive p a r t i c u l a t e s  on t h e  land surface leads to 

d i r e c t  ex+ernal exposure and t o  internal.  exposure by t h e  ingest ion of 
food products through various food chains. The pathways f o r  movement of 

t‘ne radioactive mater ia ls  a re  considered t o  be tine same at  t h e  two s i t e s  

because of the  generally si.mi.1lar ecological condi-tions at these locattons,  

1 -  

The difference i n  meteorological conditions a t  -the two s i t e s  i s  the 

pri.acipal f a c t o r  t h a t  controls the  difference i n  rad io logica l  imp ic t  at 
these I-ocations. The estimated rad ia t ion  doses t o  individuals,  t o  the  

human population, and t o  t h e  b i o t a  a r e  calculated f o r  ailriual distances 

out to 55 m i l e s  i n  2’2.5’ sectors  using t h e  s i - te  paramt::ters l i s ted .  i n  

Sect. 7.0. Doses t o  individuals &re calculated f o r  t h e  t o t a l  body and 

individual  orgais .  Popul~at,ion doses (man-rem) a re  the sum of t h e  t o t a l  

body doses t o  a l l  individuals i n  t h e  population consid.ered-, Details o f  

dose models, assumptions, and- methods are g-i.ven i n  Sect. ‘7.0. 
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The function of iiranii i ln m i l l s  i s  Lo ex-tract in-anium i n  concentrated 

form from natul-ally occurring ore deposits which generally contain 3 t o  

6 To of U.300, per ton  of ore (0.15 'IO 0.3@ U308).  

semiref ined uranium compound (USOR o r  N ~ U 2 0 ~  1 ca l led  yellow cake, which 

i s  then shipped t o  a conversi.o:n plant  for f u r t h e r  p u r i f i c a t i o n  as a step 

i n  preparing the uranium for use i n  nu.r:l.eas Yue1.s. 

wa,st,es ca l led  t a i l i n g s  are inipounded. near -the m i l l .  Off-site re leases  

o f  radioactive rnaterj-alls consis t  of' airborne i l i ist,s a n d  radon gas from 

the  m i l l -  and- from the  t a i l i n g s  i.mpamdJment area. Dcpending i q o n  t h e  

geol.ogy and the ?m.ter tab le ,  therc  i s  a l so  a pcheiitia.1 for the  underground. 

migratton of -rPad.-i.oact,ive ma'cer.i.a.ls i.n seepage of l i q u i d  el"fIu,er-its OT as 

The product i s  a 

Liquid an? solid. 

the r0-7 L,,,iLt of leaching c j f  tai..l.i.ngs. 

A s e r i e s  of' i-ncreasingly eff lc ief i t  (ami expensi.ve) radwaste trexz.tinent 

cases a rc  presented. for a model acid-leach m i l l  and a iiiodel alkaline-lesch 

m i l l  a t  two s i t e s ,  New Nexico atd- TdyornrLng (Summary, Ta,bl-e 1.1). Many of 

the  assumptions and 'creatiment cases a re  based on the background survey of 

present i-ndustrial  pract ices  and  1-aboi-atory research i n  ro.dvacte manage- 

ment ( S ~ C L .  9.0). Seveii coiqeep-tual. ,es are considered. f o r  trea-Ling 

airborne r a d w x t e  from t h e  m i l l  buildrings Sirmilxrly, f i v e  conceptual 

cases axe considered Yor liquid. efflueii ts  fi:om the  acid-leach ii~tl.l-~ four 

f o r  l iqu ids  from -the a lka l ine  m i l l . ,  t e n  s o l i d  r adwas te  cases f o r  the  

acid-leach m.S..l; and. nine s o l i d  radwas-'ce cases f o r  t h e  al.kal.ine m i l l .  

Treatment of t h e  various cffluen'i s t r e a m s  i s  assessed separately,  beJTore 

they are combined i n  the su.mary (Table 1.1). I n  many cases, both tine 
releases of radioactive mater ia l  ( the  soi.~.%"ce t e r n s )  and the  cos t s  w i l l  

vary wi.th the  si-Le because of differences i n  the  net aimual evaporation 

r a t e  and t h e  wind.speed. Treatment of Lhe vari.ous effl.-uue-r;t streams i s  

assessed separate1.y (Sects. 4.3 and 4.4)  before they ai-e eombined i r i  Lhe 

sirrrmary (Table 1.1). 

t i m e  periods: 

assumed- t o  be 20 years; ( 2 )  the int;eri.m p e ~ i . o d  following mill closu:re, 

while the t a i l i w s  dry and before they a re  s tab i l ized ;  axd. (3)  the period 

Source terms are shown on an anllual basis  For three 

(1) the  period. duri.ng operation of the m i l l ,  which lis 
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after f i n a l  s t a b i l i z a t i o n  and covering of the kailings, The source-tern 

t a b l e s  include cos ts  and doses for t h e  separate treatment seLments; 

however, discussion of cos ts ,  doses, arid cost-benefi t  i s  deferred u n t i l  

S ~ C % S .  6-8. 

Generally, t h e  r e l ease  of racXoactivc mater ia l  decreases and. the  

cost  increases  with increasing case number. 

represents  typical , ,  current ,  waste man<agemen.t methods and provides the 
base for the increm.en%al cost analysis .  The case s tud ies  assume t h a t  the 

i n i l l  i s  processing a @$ moisture ore which produces a re la t ivePj  l<a.rge 

:mmunt of d2Js-L. 

are a lso  presented i n  Sect. 4.3.3. 
and s ince  some of the treatment methods i l l u s t r a t e d  in- Cases 2 and 3 &re 

present ly  used., t h e  average re leases  by the  ind.ustr.y a s  a whole a re  lower 

.than those es- t inate4 for Case 1. Est ixa tes  of t h e  re lease  of airborne 

radioact ive mater ia ls  from the  t a i l i n g s  a rea  a re  based on m u a l  average 

wind speed,. The effect 02 unusually strong windstoms i s  discussed i n  

Sects .  7 e 2 J  7.4.2> and 9.2, but a s t z t i s l i e s l  ana&y-si.s of t h i s  var iable  

i s  beyond t h e  scope of t h i s  su-rvey. Estimates of  t h e  releases of airborne 

radioact ive mater ia ls  f r o m  t h e  m i l l ,  seepage losses, ,aid 3.each ra,tes axe 

based on conser7rati~re assixnptioix i n  scleeting treatment cfftciency r a t ings  

which tend t o  maximize the amomits released. T h e  advanced cases are  sub- 

divided i n t o  (a) and (b)  when 2aLternate radwaste treatment rnethods have 

s imi la r  source te.ms f o r  air 'bome m d  seepage re leases  but -the long-texm 

Case 1, the base case? 

Es-ti.nia.te:; of re leases  from mi1l.s processing wetter ores 

Since many m i l l s  process wetter ores ,  

integr-i-t;y of  the  wa,ste toward leaching i s  not the  sane. 

ment m d  waste management methods su.ggested i n  the  ear l ie r  cases c m  prob&ly 

be backf i t t ed  t o  ex i s t ing  mills. 

advanced cases i s  i n  an early stage of d.evelopmexit and is not ready for 

imnediai;e use,  

mounts of radjoact ive mater ia l s  t h a t  would be released f o r  each case, t he  

source terms, a re  given in Sects.  4.3 a_rd 4.4. 

So~te of' the equip- 

Much of t he  technology proposed i n  {;he 

Technical descr ipt ions of' the systems and t h e  calculated 

-1 / l + " l  Description of Model. Mills 

The pro(:ess of ur,zniwn ext rac t ion  varies among the mills diie, i n  
Steps basic  part, t o  differences i n  the  chemical composition of t h e  ore ,  

t o  a l l  m i l l s  are crushing, grinding, chemical leaching (wherein Lbe 

uranii-un i s  dissolved. from t h e  ground. ore), and recovery of the uraniim- 
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from t h e  leach so1ution.s. 

types : acid. leach--solvent extract ion (10,100 tons/d-ay), acid leach-- 

ion exchange (9,100 tons/day), a n d  a lka l ine  leach (3,350 tons/day ) 
(Sect. 9.2, Table 9.1). 
Leach m i l l  a re  considered- because they generate dj.fferent wastes i n  regard 

t o  l i q u i d  volume, bulk chemicals, and radioactive ela-cien'c concentration. 

The alkaline-leach model m i l l -  i s  based. on t h e  conventional flowsheet. 

Amine solvent extract ion with an mmonium s u l f a t e  s t r i p  was selected 

f o r  the  inod.el acid-lra.ch flowsheet s ince  t h i s  appears t o  be t h e  t rend of  

'ciie future .  

solvent extract ion process are  suita.blr for use wi.ti? ally of the  acid- 

leach flowsheets; however, t h e  source terms and costs  may be d.ifCerent. 

A more-detailed d-iscussion of -ihe sel,ec-Lion o f  the mod .e l  mil ls  i.s pre- 

sented i n  Sect. 9. 

The mill processes fall i n t o  three  general  

A model. acid-leach mil.]. and a mod-el a1,kaline- 

Nost of t h e  waste ti-eaLinent methods proposed for the model 

Each model m i l l -  i s  selected 'io have a d a i l y  capacity of 2,000 tons% 

of' ore  containing 0.20% Us O8 Assutning seculax equilibr-im, each membey 

of the  uranium decay chaiil  is present a t  515 pCi per ton of  ore. The 

m i l l  i s  a.ssimmed t o  operate continuously foi- 365 days per year for 20 years. 

Each m i l l  i s  evaluated a t  tw, geographic s i t e s  -'iha,k together represent 

most oT t h e  known reserves i n  the Uni-ked Sta tes ;  i.c., a Tdyo-ming s i t e ,  

and a New Mexico s i t e  (Sect. 9 .1) .  !d.though mining per se i s  not - the  

subjec-t of t h i s  study, the type of mine t h a t  i s  invalved is designated 

when it  i s  used.. t o  recetve waste as a Ineans of disposal.  Open-pit mines 
are ty@@al i n  Wyoming, while und.ergroimd mines are  t-ypical i n  New MexTco. 

The ore body l i e s  a t  l eas t  150 f t  bel.ow the surface sf Yne ear th ,  and- 

t h e  mine i s  assumed t o  be  wet. The lo-rg--term trend i s  towa.-rd deeper, 

wetter ores  and underground mines. The model i i n i l l  i s  located wi-thin 

3,000 ft of' t h e  mline, and. t h e  ore i.s trucked o n  ,nrri.va'cely owned land.  

4.1.1 -.. Acid Leach--Solvent Extract? _._... on M i l l  

The flowsheet f a r  t h e  acid leacb--sglvent extractxion m i l 7  i s  shotnl 

i t a  Fig,  4.1; chemical consump'cion i s  given i n  Table 4.1- 
dumped f r o m  trucks and passed through the grizzly t o  ihe primary crushing 

*Short ton, 2,000 lb/ton. 

The ore i s  

.._I. - 



c i r cu i t ,  which i s  operated 16 hr/day. 
screened, and the overs ize  material recycled to the crusher*. 
ore in elevated to four  stmrage bins which are vented through a dust, col- 

l e c t ~ ~  to a shorl, stack on the  roof. 

rubbey bel ts .  

&re the ore is crushed to I,/? in., 

The f ine  

The m e  i s  conveyed. on e n a e s s  

A i r  exhaust hoods &?-e loca ted  on t'nc crusher, zt the screens, 
and- z i t  each t m n s f e r  po in t ,  
before being djscharged through a roof vent. 

The air i b  passed t'nrnugh '̂I dust eoJllector 

 he ore is then wet yrounct in rod mius as a slurry eontainirig 63% 
%he ore ix ground Lo l ess  than 28 mesh and disrharged 3mto t l ~ e  solid.;. 

'leach .sircu.i.t, which c o n s i d i s  of e ight  t n  in seyi-es vjiyfi a t o t a l  yes- 
idmcc time of 7 hr. Sulfur ic  acid and an oxidant, sodium chlilirate, are 

add-ed c.ontinu0usl.y. 

separated from the sol ids  by counterciurent washing i n  a countercurrent 
clec,artrLtati-orl (CCjD) circuit. T h e  sl?xrry 3 s passed tkhrough hydroclr-mes to 

, 

The so lu t ion  containing t,he dissolved uranium is 

sepsrxte the coarse sand :fraction, and. the  sand is washed in a series of 

six c l a , a s i f i e r s .  

overflow, and the  slimes are washed ia 8 se.ri.es of six thickeners. 
FZocculmts axe ad.ded t o  pronio-Le se-ktling The s o l i d s  are washed w i t h  

fresh water and 'recycled raffinate frora %he solvent extmtction c i rcui t .  

T h e  washed slimes xnd. sands are pumped t o  the  ?;ail.ings pond. The sands 

are '-7@ of th.e ore  processed; .the slimes are 3C$. 
w a s t e  :;ol!.~ticsn aecompm-yi-ng the  i2and-s and slhies t o  -tne -ttti.lings pond. i s  

2.:5@ of .the ore  processed. 

The overflow from t h e  classifier joins  the  hydroclone 

The t o t a l  weight of 

. . . ~  ... 

. . . .  . .  .. .. 

The  urmiwa is recovered from the leach l iquor  by countercurrent 

contact i n  four extraction stages with a 1oizg-cha.in cn ine  dis:;ob~xd. in 

kerosene, The u.mnium is stripped from the  soTvent in Your stages wtth 

XI aqueous so lu t ion  of m o n : i m  sulfate, The solvent is recycled back 

to the extracticn circu. i t .  The uraniwn 3.s precLpitaked by addi t ion of 

gaseous ;mania, concentrated, md p a u % i a . l l y  washed i n  thickeners a.nd 

collected in Ifilters. The washed p r e c i p i t a t e  is dried in a continu-ou.s 
ste,zni-heated dryer. 'The dxied u r a n i m  precipitate, commonly. called yellow 
cake, is pa.ckaJged- in 55-gal s -Lee l  drums for shipnent to a r e f ine ry ,  Over- 

all. r.ecovery of  wanium 3.6 product i s  91% of ti-?at contained in the ore. 
T h e  thoraum content of t h e  ye1l.o~ cake is assumed to be :L.h x lo-" VCi./g 
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U308 (5% of t h e  t o t a l  Yloriurn) ,  and t h e  radium content 5.5 x lo-" vCi/g 

(@.2$ of t h e  t o b a l  ra,d-i.um) (Sect. 9 .3 .2) .  No other  significan6 radio- 

nixl ides  a re  present (Sect. 9 .3 .2) .  The a i r  s-breams from t h e  dryer and 

hoods over the  packaging area a re  combined and passed through a dust 

col.l.ector e 

c i r c u i t  i s  seiit t o  the leach circuit;.  Any l i q u i d  spillage or leakage 

throughout t h e  mill. i s  col lected 7.n f loo r  sumps and re - tuned  t o  the 

appropriate circu3.t. 

-the sands and slimes t o  the  t a i l i n g s  area. 

A small l tqu id  bleed stream from t h e  ui-aniwn precipitati..on 

The only l i q u i d  waste stream i s  t h a t  leaving w t t h  

4. I-. 2 Alkaline -Leach M i l l  

The flowsheet for the alkaline-leach m i l l  i s  showfl i n  Fig. 4.2; the 

chemical consmp-tion i s  given i n  Table 4.1.. 
conveying, and f i n e  ore storage f a c i l i t i e s  a re  t h e  same as those described 

for the  acid leach m i l l  (Sect e 4.1.1). 
of a b a l l  mill operated. i n  closed c i r c u i t  w.ith a classif i .er .  

i s  done a t  65% soli.ds i n  a sodium carbonate--bica~bonate so1.ution. 

ore i s  ground. f i n e r  'chm f o r  acrid leach, ?-.e., 35% l e s s  than 200 mesh. 

The uranium i s  I.eacIied from t h e  ore i n  two stages consi.sting of a 5-111- 
leach a-t 65 psig pressure and 200"F, followed by an 18-hr leach a t  at-  

mospheric pressure and 185°F. 
of u r a n i u m  by Ynree stages of countercurrent frilkration. The so l ids ,  

which c0nsis.t of a 50-50 mixture of sands an4 s l h e s ,  a r e  repulped with 

fresh water and pumped t o  the  t a t l i n g s  pond. 

sent to t h e  pond i s  105% of t h e  ore  processed, 

'The ore receivirg,  crushin.g, 

The wet-grinding sys 1;em cons is t s  

The grinding 

The 

The so l ids  are separated and washed f r e e  

The weight of  waste solutri.on 

The uranium i s  recovered from t h e  leach solut ion by addition of sodium 
hydroxi.de, which forms insoluble sodium d i u r m a t e  (yellow cake). 

precipibate  i s  f i l t e r e d ,  washed, and. dr ied  i n  a stem-heated- dryer. The 

produc% i s  .packaged i n  55-gal  drums fo r  shipment. The off-gas fTom t h e  

dryer an? packaging area  i s  passed through a dust co l lec tor  before d is -  

charge t o  a roof stack. 

ta ined  i n  the  ore. 

pCi/g U308, representing about l.% of that in the ore (Sect. 9.3.2). 
other  s igni f icant  radionuclides a re  present (Sect. 9.3.2). 

The 

Overall recovery of uranium i.s 93% of t h a t  con- 

Yne radium content of t h e  yellow cake i s  5 .5  x 16" 
No 



4,2 Composition and Amount of Radioactive Material 
Processed by the Mode l  Mill 

T h e  model. mill will process 2,000 tons of ore per day con-Lairling 

0,:2@, q200, as n a t w a l  mran-ium. 
e q u i E b r i u n  w i t h  i t s  13 radioact ive daughter. products (Sect, 9.3.2,  
Fig. 9.1, axid Table 9.2), so t ha t  the c o n e a t r a t i o n  of' each of the .14 

radionuclides is 515 Q C i  per t o n  of ore, A total. of 14.1: Ci o f  radio- 

activity enters  %he mill per day, of which 2.1 C i  i s  ursn-iim axl i.s re -  

covered as product;. 

The 238TJ i s  assumed t o  be i n  secular  

'The n m a i n i r g  12 .3  Ci i s  dischax-ged in t h e  waste. 
KosL of the rad.ionuc:lidns rma in  insoluble  during leaclli&y and leave {;he 

mill .  w i . t h  the solid h L l i n g s .  Acidic l i q u i d  wastes c:cint?~*in -S@ of t h e  

.thorLum bu t  ouly a f e w  percent of t h e  ot'ner radionuclides (Sects. 9.3.2 
and. 9.5. I). 
uadionuclides ( s e c t s .  9* 3.2 and- 9.5.1) Airborne eff.lljents consist Of 
dust p a r t i c l e s  frcm ore and yell-!m cake handling 'in the mi.lL, w i n d  e r o s h n  
of t a i l i ngs ,  and radon gas which emlanates from both t h e  o re  am1 the .titil- 

Albaline liquid wastes contain very small anlounts of the 

ings. Ore dust:; released from the  m i l l  m e  assuned t o  'be 2 . 4  times as 

r i c h  i n  radioact ive mater ia ls  as the mill feed (Table (3.12, Ssct. 9.3 .3) .  
See Sect. 9.0 for a more det;ailed discussion of the radioact ive rnakxials 

in the different eff luent  streams, 

The radionuclides of' primary concern are: Unat, * 226 r<a, 2 3 0 ~ ~ ,  2341 ih, 1 

210 210 "'"Pb, Bi, Po, and 2a2Rn. The other  daughter p ~ o d u c t s  are not listed 
as source terns, e i t h e r  because they individual ly  contr ibute  less than 

0.02% of' the total r e l a t i v e  hazard 01" because they have ha l f - l ives  ~f less  

than  2 hr end do not accumulate i n  the bioenvi roment .  The r e l a t i v e  hazard. 

i s  estimated by di.vidirq;: t h e  curies present i n  one ton of' ore by t h e  

Radiation Concenbration Guide f o r  t h a t  nuclide (presented i n  Code of 

Federal. Regulations, Title 10, P a r t  20, Appendix 3,  Table 2 ,  Columri 1, 

soluble nucl ide) .  

bu t ion  (less than  0.0%) t o  the  r e l a t i v e  liazarci i s  234~a. 

The only nuclide excluded because of i t s  s m a l l  cout r i -  
The stmrt-1ived 

*(%E curie of n a t u r a l  u ru l i1 .~$~8(U~~t )  is defined i n  10 CFR 20 as the sum 
of 3.17 x 10" di.s/sec from u plus 3.7 x ldo dis/sec from 234 u plus 
9 x lo8 dis/sec from 2 3 6 ~ ;  it i s  a l so  equivalent t o  3,000 kg of n a t u r a l  
uranium. - -. 

$y 
I 
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daughters art3 included i n  t h e  dose of tile longer-lived parent. 

example, the  short-.lived daughters of 222Kn, namely 

and 27.4P0 a r e  included when t h e  -inhalation dose from 222Rn i s  calculated.  

The Radiation Concentration GuTdes f o r  t h e  nuclides of i n t e r e s t  are l i s t e d  

i n  Ta.bJ..e 9.3; t h e  ha l f - l ives  a re  given i n  Pig. 9.1. 

For 
218 Po, "14Pb, 214Bi, 

4.3 Airborne Effluents from the  Model Mi1.1. 

Numerous opportunities a r i s e  fo r  t h e  formation of airborne radioacAive 

dusts i n  t h e  mill.ing processes .- ore crushing, screening, t ransfer r ing ,  

e t c . ,  and t h e  yellow cake drying and packing, Dust-producing a c t i v i t i e s  

a r e  e s s e n t i a l l y  the same i n  aJ.1 m i l l s  and are unrelated t o  'che chemical. 

f lowsheet .  Radon i s  released during t h e  crushing and gri-ndi-ng operations. 

I n  t h e  case studies ,  a i r  streams exhausted f r o n  t h e  m i l l  buildings are 

t r e a t e d  by a var-i.ety of  dust col lec tors ,  f i l t e r s ,  and radon decay traps 

t o  reduce the  spread of aii-bome radioact ive mater ia l .  The assumpttons 

used. i n  source te rn  calculat ions and t h e  desf~g~i  basi.s f o r  Lhe c0s-L 

e s t b a t e s  a re  listed i n  Table 1-!-.2- 

t h e  rm'ierial  presented i n  survey Sects .  9.3, 9.4, and. 9.7.2. Current 

p a c t i c e s  i n  the industry ai"e descrLbed i n  tlne survey See-t. 9.4. The 

control  of  airborne effluen-l;s from the  t a i l i q q s  area i s  discussed wi-th 

the treahment of  s o l i d  waste (Sect. 4.4). 

Many of the assumptions are  based on 

4.3.1 Treatment Methods 

14.3. I. 1 We$ Scrubbers . - The pr inc ipa l  mechanism iilvolved i n  __ __ 
wet co l lec t ion  of p a r t i c u l a t e  mat-ter is impingement of individual p a r t i c l e s  

upon scrubbing I.iquid dyoplet s . 
droplet ,  it di-verges t o  avoid the  obstac3.e; however, the  ineytia of heavier 

entrained. p a r t i c l e s  keeps them moving ii i  a nearly styraight path, forcing 

'ihm t o  co l l ide  with the  droplets  . The droplets , being subst a n t i a l l y  

larger and more massive, co l lec t  the  p a r t i c u l a t e s  and then fall due -to 

gravi-ty. The wet scrubber recovers the dust as a s l u r r y  which i s  recycled 

to  -the process. Gases such as ammonia i n  the  dryer off-gas may be ranoved 

by wet scrubbers. The stack e f f luent  wj.11 usual.ly be w e l l  cleaned but 

w i l l  contain some unwetted f i n e s ,  mjsts, and a, s t e m  plume. The -temperature 

A s  the  -flowing gas approaches an indivi&ual  
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m d  moisture content of t h e  i n l e t  gas are essential1.y u.n.limited. 

ment size and. i n i t i a l  cost  are reasomble,  but the opera t i rg  cost i s  h lgh  

f o r  t h e  high-eff iciency scrubbers that hwe l u g e  power consimption. Wet 

scrubbers a re  s t  amlard Fndustr ia l  equipment avai lable  “off the s h e l f “  in 

a va r i e ty  of sizes. 

Equip- 

The e f f i c i enc ie s  of various wet scrubbers ranging from 33.6 t o  99.H) 

under plant conditions fo r  a SkELriedrd i n d u s t r i a l  tes t  dust (roughly 

equiva:Lerit t o  t h e  e f f i c i enc ie s  on 5-p. p a r t i c l e s )  a r e  giwa i n  T ~ ~ b l e  4.2. 
_Ln general ,  t h e  e f f i c i enc ie s  are direc7,ly proportional t o  t h e  pressure 

drop and, f o r  a given type,  show l i t t l e  v u i a t i o n  among manuYacturers, 

The e f f i c i enc ie s  decrease w i t h  decreasing p a r t i c l e  size. For example, 
t h e  o r i f i c e -  o r  baff le- type co l l ec to r  i s  93% effieien-r, on 5-u par t ic le&,  

75% on 2-IJ. p a r t i c l e s ,  and only 4C$ on 1-p p a r t i c l e s .  The more effici-ent 

scrubbers do a much b e t t e r  job on f ines .  Elor example, a high-energy ventur i  

i.s 9s e f f i c i e n t  on 2-IJ- p a r t i c l e s .  

at removing p z t i c l e s  larger than 10 IJ-. 

A l l  wet scrubbers w e  qu i t c  e f f i c i e n t  

Or i f ice  or  Baff le  Scrubber. - A i r  flows through a s t a t iona ry  baffle 

at high. velocity-, carrying t h e  water i n  a heavy 1;urbul.en-t sheet. The 

cen.tri.fuga1 force  exerted by %he rap id  changes i n  d i r ec t ion  of flow causes 

t h e  dust p a r t i c l e s  to penetrate  the water f i l m .  The ef f ic iency  i s  93.@., 
Orifice scrubbers m e  widely used i n  the ura,niuni m i l l . i n g  industry tod.ay. 

- Wet, Impingemen5 Scrubber ( i r r i g a t e d  target, p r f o r a t e d .  pla’ce) . - 
The gas s t r e m ,  carrying both dust p a r t i c l e s  and waAer. droplets  from 
preconfitionirig sprays, i s  direc-Led tbrough perforated plates t o  impinge 
on ba f f l e  p l a t e s .  The gas velocity ac-bs to at rmize  water OM t he  perforated 

p l a t e .  Pa r t i c l e s  are col lec ted  on vaned mis-t eliminators and are W i t h d r i A Y n l  

along with t h e  so l id s  co l lec ted  i n  the  1iqui.d overflow from t h e  impingement 

p l a t e .  The e f f ic iency  i s  97.9$. 
uranium m i l l s .  

Impingement scrubbers are widely- used i n  

Venturi Scrubber. - Water i s  introdinced i x t o  the throa t  sec t ion  and 

atomized by t h e  high-velocity gas s t r e m ,  The high r e l a t i v e  ve loc i ty  

between t h e  acce lera t ing  so1j.d p a r t i c l e  and. the l i p i d  droplet rnakes for 

high eff”ciency by hp i rygaen t .  The ventur i  must be followed by tz mist 
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collec-top. 

pressure drop. 

cake dryer a t  one m i l l  and on a dry ore grinding c i r c u i t  at mother .  

Eff ic iencies  range from 99.5 t o  99. @, depending upon the 

Ventu-ci scrubbers a re  curjrently being used on t h e  yellow 

4.3.1.2 Bag FiLters,lm3 ______ -" The b w  f i l t e r  i s  qui te  e f f i c i e n t  f o r  

removhg f i n e  dusts down. t o  1 p from cool, dry a i r  streams. F3ag f i l . ters 

cannot be used on hot, moist streaxns such as the dryer off-gas. Dusty 

gas flows through a f i l t e r  made of a woven o r  fel-Led mater ia l  and deposiLs 

p a r t i c l e s  i n  the voids. A s  t h e  voids f i l l ,  a cake bui lds  on t h e  f a b r i c  

surface and the  pressure drop increases t o  a poi.:& where t h e  s0 l id . s  xust 

be removed by shaking or by a reverse j e t  of air .  Efficieiic<.es range 

from 99.'1 t o  99.%. The equipnrnt, i.s bulky. The mos-L effi.cient ty??e 

uses th-ick f e l t  bags cleaned by a r ing  of s m a l l  a?.r j e t s  which moves contin- 

u0us.l.y up and down t h e  bag, Bag f i l t e r s  are cur ren t ly  used a t  t w o  mills 

t o  t r e a t  dusty a i r  from ore handling, and a t  two ~la.ills t o  t r e a t  t h e  yellow 

cake packaging a i r  streafi. A sa.l.able yellow cake producct i s  collec-Led. 

14.. 3.1.3 HEPA F i l t e r s .  - High Efficiency Par t icu la te  Air (IDPA) 

f i l t e r s  have been used f o r  many years i n  t h e  nuclear industry 'LO effec- 

t i v e l y  wxtove radioactive p a r t i c u l a t e s  from ail- streams A inod.ul.a~ IEFA 

f i l t e r  has a cross sect ion of 2 f-t by 2 f t ,  a depkii of 1 f t ,  and a capacity 

of about 1.,000 cfm. The modules are  form& i n t o  banks t o  achieve the 

required. capacity for f i l t e r i n g  a i r .  

of woven f i b e r  glass .  By defini-Lion, a HER4 filter i s  an exqeadab1.e 

( s ing le  m e ) ,  extended-medium, d ~ y  f il'cei- having (I.> a mi.ni.mum paxt ic le  

realoval eff ic iency of no less khan 99.97% f o r  o.?--p p a r t i c l e s ;  ( 2 )  a 

res i s tance  of 1 .0  in .  IIaO when  clean, and- inp -to b t o  10 in ,  H 2 0  when i n  

servtce and operated a t  'che mt'ed a i r  flow capacity-; and (3)  a r i g i d  

casing extending the  Full depth of t h e  m e d i u m .  Hazed on experimental 

da ta  and known c h a r a c t e r i s t i c s  of f i l k e r  systems, i'c i s  assumed tl-lat the 

e f f ic iency  of t h e  system i s  99.95% (-tested wi.t'n 0.3-1~ smoke). 

The f i l t e r  medium i s  a pl-eated m a t  

)-I 

4 

Thp follorJ-ing i t m s  apply t o  t h e  design and operation of FfXF'4 

i n s t a l l a t i o n s  : 

1. A high eff ic iency f o r  'che f i l t e r s  can be ensured by constructing 

a t i g h t  i n s t a l l a t i o n  such t h a t  a l l  of the gas  t o  be t r e a t e d  



passes through t h e  f i l t e r s  with no bypass. The f i l t e r s  should 

be tes ted ,  before and a f t e r  i n s t a l l a t i o n ,  and also per iodica l ly  

while i n  service,  by a method such as t h e  dioctyl  phthalate  

smolre (mpj tes t .  
i nd ica t e  whether the  f i l t e r s  a r e  plugging o r  have been rupt?xred. 

Continuing pressure drop measurements can 

2. IBPA f i l t e r s  a r e  s t r i c t u  backup and must be preceded by high- 

e f f ic iency  dust co l lec tors .  

capaci ty  of 4 lb /uni t ,  HEPA f i l t e r s  on t h e  yellow cake off-gas 

from t h e  model mill would need t o  be replaced every 8 days u-slng 

a n  impirgement precleaner,  every 26 days -6.sith a Low-energy 

ventur i ,  or every 132 days with a high-energy ventur i  or reverse  

j e t  bag house. 

Assuming an average p a r t i c u l a t e  

3. Excessive moisture can impair t h e  e f f ic iency  of t h e  f i l t e r .  

i s  mandatory t o  remove all entrained moisture or  to lieat the 

air above t h e  dew poin t .  

It 

4. Fi re s  can ser ious ly  damage a f i l t e r  as t h e  resul t  of overhez tbg  
the f i b e r  mat or burning the  wooden frame. 

5. There i s  a deficiency of the type of operating data t h a t  can be 
extrapolated f o r  design purposes. 5 

4.3.1.4 Chwcoal Delay Tmps. - Since radon has  a relatrivepj sho r t  

h a l f - l i f e  of  3.8 d.ays, systems wli_ich delay t h e  noble gases c m  be used 

e f f ec t ive ly  t o  reduce t h e  t o t a l  a c t i v i t y  by radioact-ive dec~?.y, In t h e  

dynamic absorption process, a gaseous species i n  a. flowing c a r r i e r  gas 

stream i s  physically adsorbed on t h e  surface of B solid adsorbent. 

Although t h e  .adsorbate is not bound permanently t o  t h e  adsorbent;, j.ts 
e x i t  f r o m  the adsorption bed i s  delayed. with respect  t o  the eaxrier gas.  

'Tlius, t h e  short- l ived noble gas disappears by radioact ive decay while 

it i s  re ta ined  on t h e  chaz-ccal bed. Currently, ac t iva ted  cliarcoal i s  

used l;o remove krypton xncl xenon from the  gaseolns efT1uen-k~ of nuclear 
generating p l m t  s . 1% should also 'oe possible  t o  remove radon by 

i..) 

6-8 . 

m p m i c  absorption in a cln:_tr.coal bed. The decontami.natLon or removal 
f a c t o r  f o r  radon can be eaZculated from the equation given by A d m s  

et sl., 8 using 6,000 as the Fadsorption coeffieien-i; f o r  radon on charcoal 



a t  room temperature. 97x0 

containing 3,000,000 l b  of  charcoal should. reruve 9% of t h e  Tadon from 

a 5,000-cfm a i r  stream. 

TheoretLcally, a f ive-s tase  charcoal bed 

11 

Tile following items apply to t h e  design and operation of charcoal 

adsorption beds : 

1. A f i l t e r  i s  needed upstream of  t h e  charcoal bed ‘co prevent 

plugging of  the bed, and a iiXE4 f i l t e r  i s  needed downstream 

of t h e  bed because ‘“Rn daughi;ers (and, by inference, 

daughters) are  not quant i ta t ively retained i n  the  bed. 

daughters are  fo-med as s m a l l ,  dust pai-ticI-es. 

2 a z h  

‘The 

2 .  Relative humri.di.t;y of %he a i r  stream mas-t be <5%. 

3.  Shiel.dirg 1611 be required because of t h e  increasing radio- 

acbivi ty  leve l .  

4. Buildup of  mass and he;zt i s  nrg l ig ib le .  

5. La..rge charcoal beds a r e  a p o t e n t i a l  f i r e  hazard. 

6. There i.s a defictency of both laboratory and operating data  

t h a t  can be extrapolated f o r  design pu.rpsses. 

It i s  possible t o  reduce t h e  s i z e  of tine charcoal beds by J-owering t h e  

temperature; however, t h e  c a p i t a l  cost of a Freon SCi-.(Jb syskem t o  dry 

-the moist a i r  i.s estimated 8,s $2 mil l ion or $3 rnrillioil for 1,000 cFm, 3.1, 

Lginning with 4.3.1.5 -I Windbreaks _-.- Around Ore Uizloadi-ng ._.. Area. .- - R--- 
Case ‘c, windbreaks are  added around t h e  o%e u.nf_oading a.rea to reduce 

wind d q i n g  of t h e  ore  a,nd -the resul’itng dust problems. 

w5ndbreak.s today. The amount of 4ust and r,adon arising ii1 t h e  ore  

unloading area cannot be estimated because it i s  a ininor source compared 

wtth the t a i l i n g s  areas. Ore i s  trucked t o  t h e  tyrptcal. m i l l  as i.t is 

needed, unloaded, and f e d  t o  t h e  g r t z z l y  with rela’clively l i t t l e  dinsting. 

Or? i s  not ord inar i ly  stockpiled near the m i l l  unl.ess t h e  mi.ne i s  some 

di s t anc e awzy. 

Some m.fUs use  
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I+.  3.2 Case Studies 

A seri.es of increasingly- efficient (and expensive) treatments f o r  

removing p a r t i c u l a t e  mattes from m i l l  off-gas s t r e a s  are  presented i n  
ICa,bI.es 1.1 and 4.3-4.5. 
i n  Figs. 4.3-1+,14; t h e  equipment i s  lis-tea i n  Sect.  6.0. 
base ease ?or t h e  model mill used i n  .the incremental cos t  a.na1.ysi.s. 

Orif ice-  or baffle-type w e t  scrubbers a re  used t o  c lean the a i r  from 

%he cnxsher bui ld ing  rad ore b ins ,  and a w e t  impingment scrubber i s  

used t o  c lean t h e  off-gas from the uranium concen-trxte drying and pack- 

aging operations.  

- ?  6 -  however, other  than s t ronger  dwt,work t o  withstand t h e  increased pres- 
sure drop i n  t h e  dust-col lect ing :system, the re  a re  no basi-c changes i n  

t h e  mill design. 

:applied t o  t h e  exhaust a i r  strean from .the crusher building, o r e  bins ,  

and grinding mill. N2ien the  cha,rcoal. t:rap i s  used., it .i.s necessary -to 
reduce the  volime of air to be trea-ted by bui ld ing  t i g h t e r  sy-st,e~ns and. 

w e t t i n g  dusty ores. Airflows from ore-handling operakions were reduced 

from 22,000 cfm (indu.stry averF&e f o r  a m i l l  with ventil..atiori) LO 3,500 
crm (mi.nj-1nm i n  a m i l l  wi th  .vent i la t ion) .  

the ear l ie r .  c:;tses wo~ilcl .  red~xce the  cos t s  f o r  dust coll.ection. It is also 

necessary in Case 7 to build a hood arid duct systexi -to collect; the radon 

f r o m  t,he grinding c l rcu i ' c  w h i c h  i s  nor~nKLl.y ventila, ted by the general  

bu4lding airflow. Radon treatment was postponed. t o  .--- Case 7 becai~se the 

m o u n t  of radon ~ e k a s e d  dul-ing milling i n  the  e w l i e r  cases i s  :;ma.ll 

8compared w i t h  i;he cpsmnt,it-ies emans:i;Lng f r o m  the mine and ta. i l i .ngs p i le .  

A stack is riot used on the  nodel ura,niwa a i l l s ,  'The net effect of dis-  

pers ion through a, stack i_s to decrease individual. do:;e a t  tb:: boundtirjr 

bu t  -to f-ncrease t o t a l  popu3-ation dose. This is p a r t i c u l u l y  t rue at 

uranium mil1.s where the  population densi-by- i s  low near the m i l l  and 

i.ficreases at d.ista,nces wher..; the ~;O'#~<I.S 3;re ~ O C  

Flowsheets f o r  t h e  treatment cases a re  shown 

Case 1 i s  t h e  

More e f f i c i e n t  d u s t  co l l ec to r s  a re  used i n  Cases 2 ko 

Case 7 includes 8 charcoal. ?clay t r a p  for  radon decay 

Reductton of t h e  a i r f low in 



a t  the present time f o r  Case 1. &nissri.ons are given both i n  cur ies  of 
2.38 

t i g h t e r  restriictf.ons may be applied to parti .culates independent of t h e  

radLological impac-i. 

Tables 4.6-4.9; t he  concentrations of  airborne radionuclLdes i n  s tack 

o r  vent; a i r  streams are  shorn i n  T3ble )-1.10. 

re leases  for t h e  model m3.Il.s may be compared with the sui-vey da ta  i n  

Sec-ts. 9.3, 9.j-1, and. 9.7.2. 

U and i n  pounds of part,lcu.l_ates, s ince fu tu re  t rends indicate t h a t  

The complete l i s t  of source teims i s  s iven  i n  

!Une design and calculated 

Crusher rei-eases from mi l l s  vary wj.de3-y due t o  differences i n  t h e  

mo5.sture content of Yne ore (Ta,ble 4.4) and differences in t h e  amount 

of ven t i l a t ion  and t m e  of a i r  treatment (Survey Table 9.9).  
re leases  a t  the present t;im are  probahly only l / 5  t o  1/10 the  maximum 
reI.eases es th ia ted  f o r  the  6% moisture ore,  which produces a rel.ative.ly 

la rge  amount of  dus t ,  For example, a m i l l  processing an ore  contalinirig 

8% moisture re leases  only about 1/8 as  much o re  dust as does a m i l l  

processing a 6% moisture ore and using the same type of dust co l lec tor .  

A m i l l  processing a wet (9 t o  le) moi-sture ore  and using no dust col.- 

lector.  would release about l / 5  as much dust as  t h e  m i l l  processing the 

6% moisture ore and using an orifice-t-e col.lector. Mil ls  handl.i.ng 

wetter ores do not need as much ven t i l a t ion  t o  meet t h e  occupational 

1.imits for dust inhalat ion.  The use of lower airfl .ows, i n  t u rn ,  ~7ould 

resiilt i n  lower treatment costs  than a re  shown i n  ' i ' ab le  4.3. 
mills process such wet or?s t h a t  no ven t i l a t ion  i s  required,  and t he  

amount of  atrlxorne oj:e dust  leaving t>hc mill i s  minimal. O f  t he  s i x  

m i l l s  v i s i t e d  by the  study team i n  the  spring of 19'73, 'GWO were processing 

dusty ores,  one was processing an 8% moisture ore, and three  were proc- 

essing wet oi-es. Five of the s i x  mills were using dus-t; co l l ec to r s ,  

Future project ions of t he  environmental impact of t h e  mi l1 i :ng  indus'cry 

should be based on the  estimates f o r  wet ores i n  Table 4.4, r a the r  than 

the maximwn re leases  of Table 4.3. 

"Average1' 

So:me Wyoming 

Treatment of yellow cake &st i s  s imi la r  a-t all m t l l s ,  with t h e  ex- 

ception of one m i l . 1  which uses a highly e f f i x i e n t  verhurli scrubber (Su.rvey 

Table  9.10).  

.the r n ~ ~ x h m i  releases  (Survey Table 9 .Q)  e 

Average losses by t h e  industry are probabLv about 0.8 times 

The radium plus  thorium ?.xi t h e  
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may be high for t ke  atnine solvent extract ion proeess, 

exebaage process is not  pwi; or" t h i s  si;udy, it should be n-oted that  at 

one ion exchange mill the  

.Althu?agh %he i o n  

%%6. Rn content  of the yellow cake is o n l y  0.06% 
230 14 of the  "381J acbivity and the  Th is mly 0.86 of the 238 u act i t r i ty  e 

T h e  radium activity of the alkaline-leach yellow eaAe is assumed t o  be 
I2,13 2% of -t!zc. i i m m i u n ,  based on f~.ows?ieeLs sim.i~ar t o  t;hose in use today. 

However, the fiat,,% arc 15 years o l d .  arid ~ X Q ' Q ~ K I ~  s'tiould be rechecked, as 

improvement s have been made i n  radi.urn tmaJ.fi, i c a l  techniques since tha t  

time .I 

1+,4 Liquid and S o l i d  Effluents from the  Model Mill 
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i.n on-si te  re ten t ion  areas of varying degrees of containment. 

species may be p rec ip i t a t ed  frori l i qu ids  or the  water eva-porated f o r  

recycle t o  t h e  mill. 

erosion, or incorporated j.n asphalt  or concre-Le t o  improire t h e  long-term 

i n t e g r i t y  of -the s tored  waste, 

over t he  so l ids .  Management of l i q u i d  and. s o l i d  wastes i s  intertwined 

because t h e  l i q u i d  i s  of ten  used as a t ranspor ta t ion  vehicle  f o r  t h e  

soli-ds, while t he  slimes f r ac t ion  of the so l id s  cannot be readi.7.y sep- 

a ra ted  from t h e  l i qu id .  Many of t h e  assumptions and treatment cases 

were developed f r o m  t h e  background survey of present i n d u s t r i a l  p rac t ices  

and laboratory research i n  radwaste management (Sect.  9 . 0 ) .  

Soluble 

Sol ids  may be covered t o  prevent wind and water 

A radon d i f fus ion  b a r r i e r  may be placed 

4.4.1 Waste Management Methods 

4.4.1.1 'TaTlings Impoundment. - The main reposi-tory fo r  uranium 
m i l l  wastes cument ly  i s  an on-s i te  t a i l i n g s  impowni%mtment which r e t a ins  

a l l  so l ids  and l iqu ids  except those l o s t  by seepage or wind erosion. 

I n  the semiarid climate of the model r K I . 1  s i t e s ,  t h e  na tu ra l  evaporation 

r a t e ,  4 f t  net  annually i n  Wyoming and 7.25 f t  i n  New Mexico, i s  su f f i c i en t  

.to dispose of the  water. 

t h e  node1 sol-ven-t extra,cti.on m i l l  located. i n  Wyoming, using an evzpora-Lion 

porid with a sealed. bottom t o  minimize seepage. This includes 8 2% safe ty  

factor f o r  such contingencies as an abnormally low evzporation rate over 

several  years ,  The l i q u i d  1.evel w i l l  not be sbeady i n  a t y p i c a l  pond 

where t h e  bot-tom has a na tu ra l  slope.  For example, t h e  li.quid l e v e l  w i l l  

r i s e  rapidly during the  f i r s t  severa l  years.  Then, as the increased area 

causes increasing evaporation, t h e  l e v e l  w i l l  r i s e  more slowly. I n  the 

t y p i c a l  case where so l id s  a re  impounded l.n t he  same basin, t h e  so l id s  

cause an add.itiona1. r i s e  of  -Lhe pond l eve l .  During the  l a s t  several. years 

of t h e  20-year mri.11 l i f e ,  Lhe l i q u i d  inventory W i l l  be almost cons'iarit, 

i . e . ,  evaporation, seepaage, and l i q u i d  re ten t ion  by the so l id s  w i l l  balance 

t h e  f l o w  f r o m  t h e  m i l l .  For simplici ty ,  a wedge with a square surface 

has been chosen t o  describe the  pond and. r e su l t an t  tal.lj.ngs deposit for 

purposes of evaporation, construction, and S O U I C C ~  term. calculat ions (~ig. 

4.15).  

The maximum pond area required i s  194 acres for 
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The t a i l i n g s  r e t en t ion  area i s  s i t e d  within 3,000 f t  of' t h e  m i l l  

near the upper reaches of a gent ly  sloping na tu ra l  draincage mea, and at 

least 200 f t  from any surface stream o r  permeable formation such as 
a l l u v i a l  deposit  o r  volcanic rock. 

avoid contamination of  surface streams and drinking water supplies (Sects. 

9.5 e 3 and 9.6.4). The pond i s  formed by coristruction of a dam across t h e  

lower end of t h e  s i t e .  The geologic st,ructures gf the  subs t ra te  a re  such 

t h a t  whatever seepage occurs i s  e s s e n t i a l l y  uniform across the surface 

and does not communicate with water-bearing s t r a t a  t h a t  may L e  used i n  the  

food chain t o  man. Diversion dams and d i tches  a re  constructed t o  prevent 

surface water from enter ing t h e  pond during operation and flowing through 

t h e  waste deposit  a f t e r  s t a b i l i z a t i o n .  The dam i tself  i.s loca ted  where 

t h e  required surface a rea  f o r  evaporation and volume for. so l id s  storage 

i s  provided. 

S i t e  s e l ec t ion  i s  vsry important t o  

I n  e a r l y  cases, a s t a t e r  d3an 3r dike i s  constructed '3f nat ive  borrow 

mater ia l ,  while t h e  remainder of t h e  dam i s  b u i l t  from the  ta i l i -ngs them- 

selves .  The t a i l i n g s  axe hydraul ica l ly  c l a s s i f i e d  e i t h e r  by hydroclones 

o r  s e t t l i n g  t o  provide t h e  sand f r a c t i o n  for t he  dam. The c r i t e r i a  f o r  

the construct ion of t h e  t a i l i n g s  r e t en t ion  dm~. are given i n  an AEC l icens ing  

guideline,15 which enumerates minimum in fomat ion  requirements such as 

drawings, design, geologic data ,  and maintenance plans. C r i t e r i a  are sup- 

p l i e d  with regard t o  s i t e ,  construct ion mater ia l ,  dam s i z e  and shape, free- 

board, seepage control ,  p ro tec t ion  of surface,  construction methods, 

maintenance, and inspection. Additional information about t he  design gf 

dams for m i l l  t a i l5ngs  including computer programs f o r  s t a b i l i t y  analysis  

and phrea t ic  water l ine estimation i s  given i n  8 review paper by Kealy and 

Soderberg . 16 

1.n l a t e r  cases where seepage i s  minimized, t h e  dan i s  constructed t o  

r e t a i n  water. A c i ay  core i s  keyed t o  impervious rock s t r a t a  such as 

shale,  and the remainder of t h e  dam i s  constructed. of compactet), borrow 

material .  No t a i l i n g s  a re  used i n  t h e  dam i t s e l f ,  but t h e  scads are  

deposited along t h e  upstre:am side,  forming a beach t o  keep t h e  dam. from 

becoming water-saturated and t o  p ro tec t  it from erosion by waves on the  

pond. Core d r i l l i r g s  and surveying are  done t o  ensure & good foundation 



f o r  -the dam and low seepage through t h e  bo-ttorn of t h e  poiid. I n  some 

cases, t h e  bottom and s ides  of  t h e  poiid are l i ned  ~-i.t?h an imgervi-ous 

membrane of  5/16-in.-thick a.sphalt h i d -  on a firm nat ive soil. base t o  

minimize seepage. Aci.dj.c wastes are neu-Lralized before -they are placed 

i n  8.n asphalt-1.i.ned pond, since acid w i i 1 .  chemically damage the lin-img. 

4.4.1.2 Prec ip i ta t ion  of Soluble ___.-.-I Radioisotopes. - Uranium mi l l s  

have la rge  volumes oi” Liquid effluei-its which a re  either ac id ic  3r basic  

and cor1taS.n dissolved ra,d.i.oisotopes in additi-on t o  other chemicals 

(See-t. 9. 5.1). 
(Sect.  9.5.6 ) t o  z-ediice Lhe amount re leased t o  the  en\-imnment -i;l.i~ougl:t 

seepage and accidents.  

Radionuclides can be prec ip i ta ted  from tiie li-quid was-iec 

Lirne neut ra l iza t ion  of  acid-leach ef f luents  t o  a pH of 8 w i l l  pre- 
1.2 e i p i t a t e  9@ of the radium: 

uranium,  arsenic,  e t c .  , and a.ni.oi-ts such as sui-fate, as wel.1. as  elimi.nati.ag 

the  excess ac id i ty  (Sect.  9.5.6).  
other  radioiiu.cli.d.es, 9@ precipita-Lioii i s  assumed i n  tlie source-term 

calculat ions,  althou-gh theory ind ica tes  -illat probab7.y >9@ of the thorium 

i s  removed. 

s o l i d s )  from the  last; washing skage i n  the  CCD circu-it of the m i l l .  
-tanks i.n s e r i e s ,  w?.th a i o t a 1  residence -tirile of 2 hr, are  used. t o  ePfect 

cornpl-ete crystal.l.ization of t h e  gy-psum (Ca,S04 -2kO) product. 

imizes delayed gypsum deposit ion i n  -the pi.pel.ine t o  the  t a t l i n g s  pond, 

most of t he  heavT metal ions such as -Lhori.ixm, 

i n  tiie absence of dri.i-ec’c data, f o r  t h ?  

Slaked lLxe i s  added. t o  the t a i l - ings  s lu r ry  (1i.qui.d and 

Three 

This min- 

Equipiient for receiving, s tor ing,  aiid- s laking of ihe lime i s  riecp?sai-y t o  

provide f o r  coriti ~ U O U S  overati  on. The iheore t ica l  linic requirement i s  

34.4 tons o f  C a ( O I E ) a  per day. 

..- Cojperas. ...” Radium i s  the  o n l y  radionuclide, except ui*aiii_um, which 

dissolves  t o  any s igni f icant  ex.Lerit dur-ing a lka l ine  l e x h i n g ,  and most o f  

it p rec ip i t a t e s  with the uranium concentrate product (Sect. 9.3.3). The 

small amount o f  dissolved ~-adi.um i n  alka1i.m waste solutioi1s can be re -  

duced by treatment with copperas, FeSO**r7&0 (Sect.  9.5.6). f ‘75% removal 

effi-ciency i s  assxned f o r  a s ingle-s tage treatment. Copperas i s  mixed 

as a d i l u t e  solut ion with t h e  wasLe slur-iy i.n the  amount of 0.2 g of 

FeX34 m0 per l.i.ter of solut ion.  Mixing i s  accomplished ii.1 the  p ipe l ine  

l2 
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t o  the t a i l i n g s  pond. 

s ince  t h e  purpose o f  the treatment i s  t o  reduce the coricent-raLion of radio- 
riuclides i n  so lu t ion .  

Sol ids  separat ion i s  not made afker t he  precipihat ion,  

The copperas r e q u i r a e n t  is 0.42 ton/day. 

4-. 4.1.3 14etal Evaporators * - DistiLl3tLon r e t a ins  soluble salts i n  
the l i q u i d  e f f luent  as a concentrafxd so lu t ion  which can be further treatec? 
f d r  d.isposa1 while the condensate i s  recycled t o  the m i l l ,  
separation (decontamination) factor of more t h m  1.0,OOO between condenszk 

and con.centrated l iquor  i s  general ly  a t ta ined  f a r  nonxvolati.le c n n t m i n m t s  

treated. in 5 single-stCGe evaporator. 

the usual water supylied to a mill i n  a semiarid climate, 
ing s u l f u r i c  ac id  are neutralized with lime before evaporation. 

An ! x ~ r a l l  

The condensate ~3.11 'be purer thzn 

Waetcs conta3.a- 

Dis t i lZa t ion  is ELLSO used i n  arie adm,nced case (Case 6 c )  t o  recover 

mter  and nitric acid fox recycle t o  t h e  m i l 1  and t o  mnc:en.t;rate -t;tle 
soluble salts, I n  t h i s  case,  a single-stage evaporator i s  I I . S C ~ ~ . ,  along 

with. a r e c t f f i c s t i o n  tower, t o  prepare concentrated- n i t r i c  acill (13 h!) ~ 

The equripent, i s  c=ons.tructed of s t t i n l e s s  steel-. 

i s  corm(mly. used at nuclear power plants  and nuclear fuel reprocessing 

plpanks, but  t h e  evaporator Yeqaired i s  mu-eh l a r g e r  th .m any rlow ?nsed Fr? 

other nuclear f a c i l i t i e s  ~ 

This t-y-pe of eqiAipixlerit 

4.4.1.4 Temporary and Interim Control o f  Tail ings Gust, -. - A-u case 

s tudies  have p r o v h i o n s  f o r  l imi t ing  .the blowing of 

.t;he Intt::r.im period 3fte:c mill operations have ceased- and before the t a i l i r g s  

aye s t a b i l i z e d  and, except f o r  Case I, provide Lemporasy dust cont ro l  wh5,l-e 

t he  mill i s  operating. Temporary and inter im t a i l i n g s  dust cont ro l  has not 

been prac t iced  t a  any great extent i n  t'rre pas t ,  although EL f e w  mills have 

s m a l l ,  e-xperknentdl, vegetation plots and the  "n.e-dr R i f l e  pile w a s  sprin- 

kled and vegetat ion established a f t e r  t he  m i l l  was placed 071 a stanfiby 

bas i s  (Sect. 9.6.6). 
cont ro l  as  part of the enviromnental review i n  i ssu ing  

licenses. l7 

operating m i l l s  z s  t h e i r  l i censes  a re  renewed. x7 
ac-tive txi.ltngs area while the mill i s  operating i s  not pesenk ly  requ.ired-, 

17 provided the  t o t a l  airborne e f f luents  are  below MET2 a t  t he  s i t e  boundzwy. 

t ~ i l i x g s  d.u:;ts during 

AEC policy now requires  a plan f o r  inter im dust 

renewing m i l l  
It i s  arrt,ic:i.pated that these ri l les will. apply t::) all curren t ly  

cont ro l  of d.ust  i n  t h e  



Temporary Tail-ings ... ̂ . Dust Control2 M 3 . U  Active. -_ - A cherni-cal spray W ~ R  

selected f o r  temporary cont ro l  of  dusts on dry, exposed beaches i n  t'ne 

case s tudies ,  A chcmi-cal such as calcium magnesium lignosulfonaie i s  
applied 5.n aqueous medriim usiilg a 1igiitweig;iit trraveling sprinkler head. 

Watei- pressure prope1.s the  sprinkler so t h a t  they? -i.s no need t o  use 

vehicles o r  hea.vy equipnent gnich could mire ii? the slime areas.  

1-8 

141though 
I.  it: 7 - chemical coating -is not pemianent, it genel-ally l a s t s  a t  leas'r, a yea:?, 

wh-ich i s  sufl"5cient since t h e  coat3.ng i s  burriecl l a t e r  under t a i l i n g s  and 

must be reapplied per iodica l ly  are-way. The ta i l j -ags  s l u r r y  i s  placed i n  

the basin i n  a manner such t h a t  all t a i l i n g s  a re  e i t h e r  wet o r  are beneath 

the  temporary coa t ing .  While t h e  iriodcl m i l 1  i s  active,  a t  leas-i; iialf (and 

soinetimes essen'iia3-131 a l l )  of the t a i l i n g s  are wet, depending upon the 

process and t h e  natural. etraporat,ion r a t e  a t  the sike. 

temporary control  thus var ies  from 1.2 to 78 a c m s ,  

based m covering aU. exposed t a i l i n g s  every other  year. 

'ireatment i s  a 'i?mporary cover of mine waste o r  eazth. This i s  considerably 

cheaper (a factor  of' 1.0 l e s s )  i n  si-tuatioiis where (1) t h e  t a i l j n g s  beach i s  

consolidated sand which wL11 support earth-moving equipnent, and ( 2 )  earth- 

moving equipment can be borrowed from the  mine so thak no c a p i t a l  i-nvestment 

i s  required,  Sprinkli.ng -to control  dhis'ti i s  not p r a c t i c a l  i n  winter when 

pipes must be drained t o  prevent fmez5iig- 

The area reqi.ri?.ing 

Cost es-t-j.-ma-tes are  

An  a l te rna t ive  

Interim Tai l ings __.. U u s t  Control, M i l l .  Closed. - Af-ter t h e  m i l l  closes,  

the  pond must evaporate o r  'ne drained (water po l lu t ion  problem) and the 

ta i l in .gs  aLlowed t o  dry before t h e  pjle can be stabili-zed. This may R- 

quire a period of several  yems,  during which there  will be la rge  ayeas of 

d r y  ta.j-lings tha t  a re  free t o  move when t h e  winds blow, T h e  s l b e s  pond 

may never dry completely, since 'tihe t h i n  c rus t  which foiTfls over the  

quag~iiire re ta rds  fur'iher evaporation. Generally, the  p i l e  can be worked 

i n  one t o  th ree  years i f  the  pond i.s drarined oi" d r i e s  rapidly.  Tne i.nterj?-m 

cover i s  la id  per iodica l ly  whenever the  are& of exposed-, dry t a i l i n g s  

reaches some maximum value. W r i . t h  the m i l l  closed, persomiel. a r e  not 
readi ly  available t o  contii1u"ousl.y l a y  cover. 

interim dust coiltrol In the  case studies.  Alternatively,  mine waste or 

earth cover could be used by employing an outs ide conbractor wLth a. 

Chemical spray-'.' i s  used for 
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dragline to Lay cover near the slimes pond, 

earth cover m u l d  be disturbed to obtain sandf'ill  for t,he slimes pond., 

probably 75% of it; would not, be disturbed 5.n the f i n a l  gradiing and. s ta -  

bili .zation of  the p i l e .  

While some of the temporary 

4.4. I.. 5 Stabilization of Tailings.  - AU case s.t.udi_es provide ~ o n g -  
tern stabilization of the  tailings zgains.t wind and wc7;;l;e~" erosion a,f'ter 

-Yne m i l l  has ceased operations,  S t a b i l i z a , t i o n  of  uranium mLlE tai3.i.ngs 
i s  reqiuired by current  AEK poltcy under the l\Tat,ional EnvironmentziJ Policy 
AC.'~, {NZPA)? and b y  the states of Arizona, Colorado,  rego on, Tennessee, 
Texas, and Washingt,on, l9 E.xperi-ence i n  s t a b i l i z i n g  p i les  is discussed 
i n  the survey Sect.  ~ ) .6 ,6 .  

In ,the case studies after m i l l  opera-iiions have ceased and. the pond 

h a s  evqorat,ed or been drained, the  p i l e  5 s  graded- to pr.ov5.d-e a gradual 

:jloye and- elLxi-na;te depressions where water might eo1lcc-L ~ Side slopes 
are s t ab i l i zed  w i . t h  riprap, dikes, a.nd reduction of grades ~ Drainage 

dritches are provided around tlie p i l e  edges to prevent surface runoff 
from neighborkg land fyom reaching the  t ;ail ings.  

covered with 6 b. {or more) of earth topped. by 6 i n ,  of  ei.ther c.oars12 

rock 01' vege%%tj-onw liock was s e h c t e d  f o r  11ew Mexico, since t'ile na;i;.ural 

precipTLation (6 LO 8 inahyear)  will riot support a vegetat ion cover. 

experience i n  reclaiming bo-t2.i tkie MonLicello t;ail.ings pile and. the Exxon 

mine w a , s t e  pimp indicates that t h e  14-in. amma1 p rec ip i t a t ion  a t  the 
I Q Y X T I ~ ~ ~  site is su f f i c i en t  to mai.n.txir! vegetEi.tion w i t h o u t  i r r i gak ion .  

Some mainteiiance w i l l  probably be Yequired 'Ln perpetuity, such as r epa i r  
of s t o m  o r  animal d-miage cleanLng ouk diversion di-tches, replaeifig 

fences, oeeasional reseedip$, e t c .  Access would be restrictell by app:ro- 

pz'iaAe fences and si-gns 
floods,  w~alanckes ear.thq.uakes, or  o-ther mtural events of significa,nce 
is nt?cessa.rjr to ensure t h a t  %lie i n t e g r i t y  of t h e  cover i s  marirxtained, 

Tlne t , a l l i n g a  are then 

%lie 

Inspect ion at regular inter.va1.s and following 

4. I!.. 1.. 6 Radon Diffusi.on Barr ier .  - Radon.-222 gas w i l l .  emanate froxn 

{;he tailrings pile unless ' b o t h  the '''Kit parent, (halS-life, 1,620 years)  

and thorium grandparent (half- l i fe ,  (33,000 years ) are removed. or a radoli 
diff'usioiz barrier is placed over the  pile t o  retard -Ishe :rate of diffusion 
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and permit p a r t  of -the radon t o  decay i n  - t r ans i t  (Sect .  9.7.1.). 

Thi.ck ea r th  covers of 8 ‘io 20 ft re6uce the radon emanation by 
I_ I-..____ 

80 t o  98% (Fig$  4.1.6) and w i l l  a l so  si;abili.ze the p i l e  from ilriiiii and. sur- 

face .?rater erosion. The ea r th  covers are topped by e i t h e r  coarse rock 

(New Mexico) 01“ vegetation (Wyoming). ~n source term ca~~cu~ .a i ; i ons  t o  

determine the  amoun‘is of Kn released, it i s  assumed t h a t  t h e  ear th  

cover ha,s t h e  atte-nua-ti.on propert i?s  foy retardj.ng the re lease  of “‘Rn 

of  c3a.rse building sand con’cainling 476 moisture (.Fj.g. 4.16, Sect. 9.Y.i). 
This i s  probably r e d i s t i c  f o r  N e w  Mexico. 

222.- 

Iln Tdyoming, where the  s0il.s 

are  l i k e l y  t o  contain more moisture, the radon atLenuation fsctor may be 

higher.  

t h e  thinnel- ( 6 - i n .  OT 2 - f t )  ea r th  covers, which e l i ra ina te  t h e  re lease  of 

T h e  radon attenuation. factor is a logari t lmic function surh L’naL 

windblown dusts ,  have li i t l e  e f f ec t  011 Yne rad-on emanati.on ra’ce. 

Asphalt i s  an excel-lent rad.on d i f fus ion  ba r r i e r .  2o A 1-/4-in. - thick 

asphalt  membrane topped by a 2 - f t  esrth covw i s  equivalent to 16 f’i of 

ea r th  containing I.;$ rnoi s t w e ;  a 5/L6-in. -f;‘nick membmne i s  equivalent t o  

20 ft of ear th .  A l/!+-iii. membrane has been sat isfac- tory For l i n ing  a 
2.1. leach d.ump. 

ria1J.y reciuces i’ne radon enlanabion, 

mini.mum t h a t  can be applied. 

b i b - t y  and inci=eascd radon at tenuat ion.  

asphalt  from weathering, especi.ally froin f reezing and tliaMing. The ear th  

cove?.? i s  topped by coarse rock or vegetati.on. 

cluding a i r  sampling f o r  radon o r  radon d-aughters and occasional pa-tcining 

of cracks w i l l .  be necessary. 

Thi.s appears -to be about the min5mum thickness -that i-nate- 
18 and. also appears t o  be about the 

Thi.cker membranes provide i.ncreased dura- 

The e a r t h  cover Trotects  .the 

Pericjdtc inspection, i n -  

4.4.S.7 _____ Buria l  of Tail ings.  _I - Unlike other phases o f  the nuc1.ea.r f u e l  
cycle where s o l i d  radwastes are packaged and shipped o f f - s i t e  t o  am 

approved reposi-’Lory, the uran.5.m mibling industry i s  concerned with per- 

manent, on-si te ,  solid-waste disposal ,  In. the a,d-vanced cases, solid rad- 

waste i s  buried i n  l a n d f i l l s  under 20 f t  of earth, R u r h l  i.s a5ove t h e  

water table t o  avoid Leaching of radioisotopes by na tu ra l  wa-tiers. The 

surface i s  contoured. Lo minj.jmize wind and water erosion, and top_oed by 

veget8Lion o r  coarse rock. ‘This re-turns t h e  surface land t o  l imi ted  use 



41 

While only general  treatmen% method:; a.re used i n  thri s s t r d y ,  %he 

possib i.li.ty of returnirg wastes to the  m-ine could alsi; 'oe considered.. 

111 Wyoming, m-iLZs a re  located mar the opm-pit lrnines; t1lu-s i.t 1na.y be 

possib1.e i n  l a t e r  years to retun1 some tailing:; to ?,',le mine. 
has been mined from :;lie f i r s t  p i t ,  t h e  p i t  could be pai-t,ial.ly bacldil.led 

with mine waste  from subsequent mining o p e ~ a t i o ~ i s  until the bottom is 

w % l I  above t h e  water t,abl_e, and then sealed wi-th the a:;phaltt; rnmforme 

t o  se-ta~ct l i q u i d  seepage. 

i;lieuefor.e, are not  usually sui'Lable f'nl- 1xmia.l of uiil;rea,t,ed wa:;Les bc- 

cause of t he  leaching probl.em. 
in cement in the  underground mines. This was not included as a ca,:;e 

:;t,u-dy btxause there are insufficient data to estimate t'ne mount of 

leaching tha t  may occur or the movement of .2ie lesched radioz~uclides. 
17 s - d e ,  plac-ing wastes in undergrouz?d mines has the obvious advantage 

of not disturbing .the surface land. 

After o r e  

TJnderground mi.nes ax generally wet; and, 

Ik may be feasible -bo place wastzs fFxea 

4..4,1.8 
t n d . i ~ s - L r h 1  wastes  Ti? asphal t  has been demonstrated .in p i k t  plant studies 

arid applied -in mia l l  plants e Asphalt provides a,n iinpemious coating 
on t,he solid pax-t,icles S O  that wcti;er penetration is low;  con,se!~uentJy, 

leach r a t e s  of water-soluble salks are low. haehirrg of slightly solu'ble 

s a l t s  such a:; r a d i u m  sulfate would be exkremeiy l o w .  The asphalt coati.ng 
is also an effective ' b u r f e r  to t h e  diffusion of radgn, tl- ereb by reducing 
i t s  release t o  the  enviromierrt. A s  applied to th.e wastes from a uramiura 

m i l l ,  only the sl?mes fraction and solution wastes are iricorporatefi i n  

Fi.xa-tion i n  ~ s p h a ~ i ; .  - Incorporation of a variety of 

22 

. .... ........ . ........................................................................... 
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asphal t .  

but contains only about 15% of t h e  radioact ive materia1.s (Sect. 9.3.3). 
The assimptions used- i n  cal.culating source te-nns from mzLerials incor- 

porated i n  asphalt  o r  cement a r e  described i n  a separate report  by Godbee 

a n d  Joy. 

The sand f r ac t ion  accounts for 50 t o  7C$ of the  so l id  waste 

20 

Waste solut-i.ons and sli.me underflow from the m i l l  thickeners are 

neutralized. with slaked lime, and t h e  soU.ds a r e  dewatered i n  a thickener 

followed by a continuous f i l t e r .  

i n  a continuous wiped-film evaporator operated a t  1-6ooc t o  y i d d  a water- 

Tree product. 

f i l t e r  cake i n  ord.er t o  avoid a large evaporation load on the  evaporator. 

Agi-Lator paddles wipe the  heated walls of t h e  evaporator at 2.200 rpti and 

provide effec-Li.ve mixing an4 sa t i s f ac to ry  heat transfer. 

which can contain up to 6@ slime solri-ds, i s  f l u i d  at t he  operating 

-temperai;ure and can be pimped t o  t he  f i n a l  disposal  s i t e .  

mix pJ.ant would be located near t h e  disposal  area -to minimize t h e  leng‘ih 

of  pipel ine.  

The f i l t e r  cake i s  mixed with asphalt  

It i s  important t o  minimize the  moisture content of t h e  

The product, 

‘The asphalt  

1;. 4. l .9  Fixat ion i n  Cement. - Incorporation i n  cement i s  an establi-shed 

me’ihod of w a s t e  d isposal  at, nuclear i n s t a l l a t i o n s .  The cemented. wastes are 

-t;hen transfei-red t o  l icensed b u r i a l  grounds or gimped as  a g ~ o u t  belowground 

on-si.te i n t o  impervious s t r a t a  such as shale.  23 M i l l  t a i l i n g s  s t ab i l i zed  

w i t h  Portland cement i o  make a “weak” concrete have been used as b a c k f i l l  

i n  Canadian mines t o  support t h e  mine roof and wa7.l.s. ”-” Prior experience 

w i t h  cemen’ied. b a c k f i l l  i n  mines has been confined t o  nonradioactive ta i l i i lge 

and mostly t he  saiid fractri.on, although one n icke l  mine has successfully 

incorporated 50% minus 325 mesh slimes i n  cement and used the cmenLed 

product as b a c k f i l l  i n  mines .26 Application of  t h e  cemented backf i l l  

technique t o  uranium m i l l  t a i l i -ngs  caul-d serve the  dual  f u n c t b n s  of -mine 

supnoyt and Lailings di.sposa1. However, as noted i n  Sect. 4.4.1.7, place- 

meni; of t a i l i n g s  7.n wet m-incs i s  ilot i-ncluded i n  the  case s-Ludies. 

Fixinf; of t a i l i n g s  wastes i n  cement i s  used i n  t h e  case studies f o r  

t o t d l  so l ids  (sands and slimes) a,nd f o r  sJ.imes alone. In  both cases t h e  

wastes frorn the model acid-leach m i l l  aye neutral ized with slaked lime. 



The  waste slurry-  i.s dewatered. t o  obtain at ]-east 

:mi.xed. w i t h  PorKLand cement, The r a t i o  c7f cement t o  w a s t e  so1i.d a f fec ts  

st,rengt'n, leach r a t e  of radioact ive raaterials,  and c o s t .  PrelLmiiiary 

Iaboratory t e s t s  have sliown thz t  the  r a t i o  mu.st be ax l e a s t  1 par-t eerileni; 

:;ol.id-s before bein[< 

2 t o  20 p a r t s  ta.i.lin.gs t o  obta in  a minimun s t rength.  Reaista,nce to leach- 

lag i s  a l so  rainirnwi. 

re:;istcance at higher c o s t ,  Cement product:; made w i t h  sI.i.mes only have 

Less strength and less peminea1xLlity than {;hose made with both s,md ;and 

slimes. 

A r a t i o  of 1 / / c  y ie lds  be t t e r  s t rength and l.each 

Leaching data are not avai lable  f o r  cemented product;; made from 
30 

sltmes. However., da ta  are available r e l a t ive  t o  i h e  leaching of sr 
fl-om cement products containing Oak R i d g e  Nai,ional Labori:LtoTy lo-w-level_ 

was-te. 23 

fixahion of uranium m i l l  wastes. The leach rates for w 

in. cement have been estimated by Godbee and Joy, 

d2ta using a "Sr tracer i n  cemented uraniim t a i l i n g s  specimens. Lf 

Additional study i s  needed. t o  evaluate t h e  use of cement for 

incorp<-ra-l;ed 
20 based OIL preliminary 

f> p 

4.4.1.10 DTitrtc A c i d  M i l l  Flowsheet. - This tzeatmext differs from 
t he  other cases i n  that it  -is not  a treatment of a, m i . 1 1  eff luent ,  b-ut; i s  

a replacenent f o r  the  e n t i r e  sulTuric ac-id leach--solvea.t extra,ctiori 

process used. in t h e  m i l l  For the recovery of uranium. 

leach most of t h e  rad.ionucli.de:: from the ore -that the  bulk of t h e  

WE purpose is to 

s o l i d  residue i s  less  hazardous and., consequently, requi res  less treat,- 

menC f o r  long-term storage (Sect /. 4.4.2 " 8 ) * k concentrrhed l i q u i d  rad.i.0- 

ac t ive  waste i s  generated from the leach solut ion tha t  can be  converted. 

t o  a f o m  su i tab le  for pemanent storage. Pilot studies  of the process 

h.a-ve riot been made. 

are subject t o  more uncertainty than for the il)-ther proposals (. 
of radiutn from sulfuric acid.-leached ta i . l ings wikh acid and s a l t  so lu t ions  
ha:; been studied' but appears t o  be less  a t t r a c t i v e  than t,he d . i rec t  nj-i;ri.c 

leach of the  ore, which renoves uranium, radium, and the  o-ther r'adionucl..i.rles 

toget,hcr i n  one step. 

Con.sequently, t h e  efftciency and. cost fo r  ?;he process 

%ea,ching 

3 0 

The n i t r i c  acid flowshee-t i s  shown in Fig .  4.12. ( ;TC)LVLC~ o2-e i-:; 

leacbe(3. with 3 M ni-trtc acid at 85"~ i n  :a seri-es of agit,a,i;ed. t a r k s ,  

Countercurrent washing l i s  accomplished i n  t e n  thickeners. 
i s  done very tl?oroixgh3.y so that  the  losses of soluble radionuclides artd 

T7ne wasb-in;ir, 



n i t r a t e  with the  discarded sands and slime t a i l s  are  only O.O@ Gf 

t h a t  present i n  Lhe leach solution. 

slime t a i l i r g s  a re  deposited where they a re  unobtrirsive and covered with 

2 ft of ear th  topped. by vegetation or coarse rock. 

solut,i.on i s  concentrated by evaForation, and t h e  uranium i s  extracted 

wi..i;h t r i b u t y l  phosphate i n  a kerosene d-iluent. The vapor from t h e  e v q -  

ora tor  i s  f rac t iona ted  i n t o  water and 13 M moa, which are  recycled t o  

the wash and Leach c i r c u i t s .  Uranium i s  strj-pped from t h e  organic phase 

with water and, a f t e r  evaporation, i s  shipped. as a concentrated aqueous 

ni. trate solution. The waste r a f f i n a t e  i s  t r e a t e d  i n  a continuous calciner  

’LO convert t h e  metal nitra’ces (lax-gely calcium, iron, aluminum, and 

radioactive c1.ements) t o  oxides and t o  recover ’ciie oxides of ni-trogen f o r  

recyc1.e as n i t r i c  acid.  Calcined so l ids  a re  f ixed i n  asphal-L berose 

buri.al by the  method yrevi.ous1.y described. Most of  t h e  e q u i p e n t  i s  

cons-LrucLed of s t a i n l e s s  s t e e l  Lo handle n i t r i c  aci-d. 

The leached and washed sand and 

The uranium-bearing 

4.4.2 Case Studi-es 
---SL--lllll-- 

TreaJbment cases f o r  liquj-d. and- s o l i d  radwaste a ~ e  summarized in 

Table 1.1. Case 1 represents current waste managemen-t me’ch0d.s aild provides 

the  base f o r  t h e  incremental cos-L a,nalysis. Case 2 pl-aczs prjmaay em- 

phasis on reduci-ng win.dblown par.ti.@ulate:s from t h e  ac t ive  -LaLEngs area 

and i n c r e a s h g  the probabili.Ly t h a t  the permanent t a i l h i g s  cover wi.1.1 

remain intac-L. Case 2 treatment methods are used current ly  on a I.imited 

bas is .  ‘I”iie middle cases emphasize reduction of radon emanation fyom the  

s0l-S.d waste 2nd reduction of the  release of soluble radionuclides by 

seepage from t h e  pond. The advanced cases emphasize ’LIE 1ongAem integ- 

r i t y  of t h e  was‘ies. Case 7 demonstrates t h a t  it i s  possible t o  reduce 

t h e  radon emanation t o  very low levels. 

cases are  shown i n  Figs. 4.3-4.1);; Lhe eqi.ii.pment require-rents are  I.ist;ed 

i n  seck. 6.0. 

Flowsheets f o r  t h e  LreatmenL 

Vhtle t h e  mill i s  act ive,  -the major conccrns am winriblokbm pa.riic- 

ula tes  and seepa.ge. Xken t h e  m i l l  c loses ,  l i p i d s  are no Il.onge:c p u q e d  

t o  -ihe pond am1 seepage ends. As the  pond dr ies  ou t ,  ’che movenEiIt o f  

windblown sands and radon emanation increase unless t h e  Latilings are  



s-tabilized. and covered with a radon d.iffusI.on baniler ~ A f t e r  t,be n61.1 

i s  abandoned, tine 3-~ng-te-rm i n t e g r i t y  of  the  solid waste hec.orriers a 

problem. The treatment cases were designed. t o  s1lev-iati.i both the  short-  

-term e f f e c t s  of t he  operating rn.2.U and t h e  long-.i;em effecf-t. I 1 0  of %he solid 

t a i l i n g s  piles, The methods for b:im&Ling t,he tailings while the i n i l l  i s  

operating and a f t e r  the in i l .1  i s  closed a r e  presented f m  each case study 

in. the following sect ions I 

1+.4nF! .1  Model Tai l ings impowidment Basin, Cases 1-4 and Case 7 .  - 
Cases 1-4 and Case 7 1ia.e i n  comnon a wedge-shaped tail.in6;s i.mpott.ndment 

for aJ1 types of m i l l s  w i t h  a square surface formed by c o n s t r w t i n g  a, 

d m  across ,a na tu ra l  basin near the -upper end of a, drainage area (Sect. 

4.4.1.1 and Fig,  4.15). 
surface water. 

t o  t h i s  imyow-bent basin. During the earljr life of the  mill, the slul-ry 
is spigoted 53. t h e  upper face of t he  dam, Th5.s deposits the sand fraction 

close t o  the  dam while the slimes and litprLd f l o w  "upstream" away fro111 -the 

drm, T'riis separat ion i s  e s s e n t i a l  -Lo the s tnJ~ i l l i t y  of . the dam. The final 
s t a b i l i z a t i o n  of t he  t8 i I ings  i s  f a c i l i t a t e d  by p l a c i ~ g  sorric sand i n  the 
slimes pond i n  the upper part of tEie basin during the l a t e r  years of i n i l l  

operation. Liquid disposal i s  'by iia2tural evaporation and varying degree:; 

of' seepage. The maximum height of the d m  i s  a rb i t r a , r i l y .  s e t  a% 100 ft, 

including 5 ft freeboard,  

is maintained along the d . m  to protect  it from wave ac t ion  and, avoid. dm 

i.nst;abi.li-ty due t o  l iquefac t ion .  

of' t a i l i n g s  and -there w i l l  also be  exposed tail ir igs on the face o f  the 

dam. Su'bject t o  the above r e s t r i c t i o n s ,  the impurndments  were designed 

t o  keep the maximum a.rea of t a i l ings  w e t ,  s ince ibis m.injmizes the inqmct 
to the exiviyonment, and t o  provide adequate pond area fo r  evaporal;ion, 
including a contingency for abnormal weather condLtion3 ~ Liquids and 

solids w e  impounded togebher; i, e., there is no sepxrate evsiporation pond., 

The specific parametem of the  tailings impouxl&mnC '0ctsin.s are gtven in 

Table 4.13. These depend upon the mill process, the net; average ;irmual 
evaporation r a t e ,  and the seepage loss. 

Divers-ion dams and ditches m i n i n i z e  i.nflow of 
All l i q u i d  and s o l i d  prccess .was-tes are pu:ipcd. 1;ogether 

A ininimum beach o f  2 BCRB of ifry t a i l i r i s  sa.1~3- 

In Cases I and 2, the d.m i s  c:c:mstrucked 



A t  Lhe nodel m i l l s  o-ther thar? the Wyoming acid Ikach--solvent ex'ci-ac- 

tioii .mi.ll, a wedge-shaped impoundment basin with a dam heigh-t of 97 t o  

100 ft (including j ft freeboard) and surface area of 116 t o  2-21 acres 

contains all.  t h e  tai-l ings and provi-des suYficient area f o r  t h e  evaporati.on 

pond, including a 2C$ contingency f o r  abnormal. weather. 

life of the m i l l ,  a l l  so l ids  a re  wet. 4s t a i l i n g s  accumulate, there i s  

insuf f ic ien t  water t o  cover a11 t h e  t a i l i n g s  and an exposed, d. ry  t a i l i n g s  

beach* forrns which i-ncreases i n  area as a nearly l i n e a r  function of time 

u n t i l  t h e  mill i s  shut down. The d r y  beach appears a f t e r  5 yearps of  

operation a t  t h e  New Mexico alkaline-leach InKLl, and somewhat Later a t  

the  other m i l l s .  Near t h e  end of the  20-year l i f e  of these model m i l l s ,  

t h e  dry beach var ies  i n  s ize  from 2 'to 66 acres,  plus an addi t ional  10  

t o  I 2  acres i n  t h e  face of the dam i n  Cases 1 and 2. This dry beach i s  

subject t o  wind erosion and rcpresenks a source of air'uorne radioactive 

solids. T h e  r a t e  of emana-tion of  radon also increases as a i r  replaces 

water in the  voids between t h e  so l ids .  After m i l l  operations cease, the 

pond evaporates, leavi-ng 116 t o  121. acres of tailings on the top  surface, 
plus an addritional I 2  acres on the . face  of the dam i n  Cases 1 and 2, t o  

be s t a b i l i z e d  and covered. 

During the ear ly  

The Wyoming acid. leach-- solvent ex-braction mi1J.  has a large volume 

of l i q u i d  e f f luent  (1.5 tons per Lon of ore  vs 1.05 f o r  the  alkal ine 

leach)  and only 14.0 f t  net average amma1 evapora-Lion r a t e  (vs 7.25 i n  

New Mexico). 

m i l l  must h a m  a much l a r g e r  eva-poratioii area than the  ot;her m i 3 . l ~  - 17)-C 
t o  1-93 acres, allowing 2C$ conthgency  f o r  abnoi-mal weather, vs 3.20 acres 

(Tah7.e h-.13). 'Therefore, i t  has a lower, 1-onges darn t o  pi-ovide the  

necessary area. While t h e  Wyoming solvent extract ion i n i l l  2 s  active, 

essen-LiaUy a l l  t a i l i n g s  are underwater, except f o r  t h e  t a i l i n g s  used. t o  

bui ld  .the dam i n  Cases I and 2.  

blown par t icu la tes  f r o m  t h e  ac t ive  t a i l i n g s  area a re  qui te  l o w  and l i t t l e  

temporary treatment i s  needed. However, a€i;er m i l l .  operatTons cease and 

the  pond evaporates, the  t a i l i n g s  a r e  distributed over 3, larger area so 

*Wet beach is equivalen't t o  ia i - l ings covered by a pond i n  estirmatiilg the 

This has a number of effec-Ls. The Wyonliiig solvent extraction 

Thus, t h e  source t e r n s  f o r  radon and wind- 

.__l_.. - - ~ ~ -  

sou.rce t e r n s  and envirorunen-La.1. impact. 



Source term calculat ions rznd the  estima,%ed costs  of tempo_rary and. 

i n t e r i m  cover on exposed beaches zre based on the average size of t h e  

evaporation pond. (open water a.nd wet tailing:; ), d.ry beach, and f i n a l  

t a i l i n g s  d.eposit. 

f.inal s’cabil-ization incZude L‘he X$ coiztlrigency in the  size of t h e  pond 
for abnormal weather. 

l i f e  r3f the m i l l . ,  -the a d d i t i o m l  land may be eontcminai.ed. wi th  liquid 

wast,e so that  .treai;rrent is rcqinired; iiowcver, -the wnount, of tatilings de- 

p,os-iS,ed during high water is assumed -to b e  srnaJ-1, 
sc!raped i n t o  the main ta . - i l i tzgs  deposit, 

‘The d.es.i.gn rjf t h e  impmmitmri-ti bas in  ad. the cost of’ 

It is assw-ed. tlla’ti, at tines dwint?; the  20-year 

These t a i l i n g s  a.re 

.......,.... I. . - .~.  . . . . . . . . . . . . .......,.......... , . . . . . , . . . . . . . . 
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New Mexico a lka l ine  m i l l  (Table 4.13). 
t o  the  dry beach \&?.le the  mill_ i s  operating. 

No tempwary treatment i s  appli-ed 

During t h e  interi_rtl period ll_l_ a f t e r  xi11 operatj.ons have ceased arnd while 

the  pond i s  evaporating, a chemical spray (o r ,  alteernatively, 6 in .  of 

earLh cover) i s  applied t o  the exposed beach in Wyoming, 

acres was se lec ted  as a reasonabl.e maximum f o r  t a i l i n g s  subject t o  wind 

erosion. When t h e  area of dry beach reaches 25 acres,  t h e  inter-ka t r e a t -  

ment is applied. 

m i l l ,  and s i x  a t  the acid-leach m i l l .  

i n  New Mexico, where the  average wind of ‘7 mph resuspends l e s s  t a i l i n g s  

d u s t  than does t h e  10-mph average wind i n  Kyoming. 

‘Twenty-five 

Four applications a r e  required a t  t h e  al.kaline-lea@h 

No inter im treatment i s  applied 

A s  soon as possible (1. t o  3 years)  a f t e r  m i l l  operati-ons have ceased, 

t h e  pile i s  grad-ed -to provide a gradual slope with no low places where 

water might c o l l e c t .  Side sl.opes a re  stabi.l.ized with r iprap,  riikes, and 

reduction of grades. 

t o  prevent surface runoff from neighboring l a n d  from reaching t h e  p i l e .  

The p i l e  i s  then covered wi.th 6 i n .  of ear th  topped by 6 i n .  of crushed. 

rock. Vegetation could be used. i n  place of -Yne rock cover i n  areas, such 

as Wyoming, where s u f f i c i e n t  r a i n f a l l  occurs This type of  s t a b i l i z a t i o n  

eliminates wind erosion of t a i l i n g s  as a sou~ce of  airborne p a r t i c u l a t e s  

and t h e  migration of sanrl dunes. It a lso  elimi.nates pol lut ion of surface 

water by n a t u r a l  runoff from -tile p i l e ,  bu-t bas virtua1.l.y no e f f e c t  on 

the radon emanation. Access t o  the  area i s  r e s t r i c t e d  by fenciizg and. 

signs Regular inspection and. occasiona.1- maintenance are required i n  

perpe-tuity t o  ensure the i n t e g r i t y  of t h e  cover’. 

Drainage di tches  are provided around. Lhe p i l e  edges 

4.4.2.3 Case 2 (Limi-bed. Current TJse). -.. . . - Liquid and. so l id  wastks a re  

pumped as a s l u r r y  t o  the sane impoundment area desci-:i.bed i.n Case 1 

(Sects.  h.4.2.1. and 4 ” 4 . 2 . 2 ) .  While the  m i l l  i s  act ive,  a l l  t a i l i n g s  

a re  e i t h e r  kept w e t ,  a r e  control-led by the chemical spray, or zl. ternatively,  

arc  covered temporarily with 6 i n .  of mine waste t o  preven’c 7dnd resus- 

pejisi-on of ta.-i.l.ings dust carrying radioac~tive material.s. The costs  shown 

a r e  Yor the  chemical spray-. The azea t o  be covered i s  a function of  

process, s i t z ,  and. a,ge of the  m1.7.1. During t h e  early I.ife of the mill, 



most, t a i l i n g s  are underwater and l i t t l e  treatment i s  necessary. 

end of t h e  2O-yexr l i f e  of the model mill, the  Leach plus  the  &am f ace  vary 

i n  s i z e  from 12 t o  78 acres (Table 4.13 ) .  T h e  cover is regarded as 

Near the 

s, m p o r L q .  

Aft,es m i l l  operations r-case, periodic  treatment Of t he  t a i l i n g s  i s  

Tequtred t o  minimize wind suspension of' t a i l i n g s  diist as the surface dries. 

Ten acres has been se lec ted  'zs t h e  maximum area of dry, exposed t s i l i n g s  

that is permitted at; any site. TWhcn the 1O-acre mw-fmm i s  reached, t he  

chemical spray or ,  a l t e rna t ive ly ,  a 6-in. cover of mine waste o r  e a r t h  

i s  applied t o  the dry area. Since m i l l  personnel arc: not readily mail-  

able after the  m i l l  has closed, it does not seem reasonable t o  raake more 

f'requcrit tipplications of the  cover. 

About 2 years after mill operstions have ceased, the  t a i l i n g s  p i l e  

i.s stabilized i n  a m , m n e r  similar t o  that describe& i n  Case Ts except; 

trhat the f i n a l  cover -i.s :? Ft of' e a r t h  topped by 6 in, of  crushed YOC'X 

rather thm the 6 in .  of ear th  used. in Case 1. 

a,bil?.ty t ha t  the pe-rnlarierii; tail.i.ng:; COVEY .~lr;_11 remain h t s c i ; .  There i.s 

l e s s  p robab i l i t y  of surface water er!%lT~i.g the covei: o r  of vegeta;t,ion or 

mimals penetrat ing tlzrough t h e  cover'. A sm:.tll reduction i n  the  rz te  of 

radon ema.na"Lon. i s  a3.sts achieved.. 

T h i s  increases the  prob- 



the increase i n  the s ize  of the evaporation pond d i s t r i b u t e s  t a i l i n g s  

over a la rger  area of land than i n  Cases 1 and 2 (1.60 vs lib7 acres, 

Table 1-c. 1.3) . 
In Case 3, exposed besches are  coated temporarily w L - t h  a chemical. 

spray t o  control  bJ-owirig dust .  Whtle t h e  m i l l  i s  act ive,  a1-1- t a i l i n g s  

are  ei.ther coated or kept w e t .  During t h e  intei--i.m period a f t e r  t h e  

m i l l .  c loses,  a maximum of 10 acres of  e q o s e d  t a i l i n g s  i s  p e m i t t e d  

between applications of t h e  coaiing or cover. Final ly ,  'die pi.le i s  graded 

and covered with 8 ft of e a r t h  topped 'QY 6 i n .  of crushed rock. This 

s t a b i l i z e s  t h e  p i l e  against  wind and. surface wa- t c r  erosion as i n  Cases 1 

and 2, el iminates most penetrat ion of  t h e  t a i l i n g s  by vegetation and 

animals, sad- lowers t h e  radon emanation r a t e  by a f a c t o r  of 5.  
inspection and occasional main-tenance a re  des<-rable. 

Regular 

4.4.2.5 ~ I _ _  Case It (Fu'cure). - General specif icat ions of the t a i l i n g s  

reten-Llion area axe g i v m  i n  Sect. ){-.4.2.1. A watertight,  c l a y  core dam 

i s  constructed; i n  ad.dition, the re ten t ion  area i s  lined. wibh a 5/16-in.- 

t h i c k  asphalt  membrane t o  s e a l  the bottom and. s ides .  No  t a i l i n g s  are  

used t o  r a i s e  t h e  dam. Since the  pond i s  sealed, tiie geology i s  l e s s  

c r i t i c a l  than i n  Case 3. However, a f i r r n  found.a,tion inust be provided 

f o r  the  f-inirg and dam, Acidic e f f luents  are t reated by ne1,rttralization 

t o  p r e c i p i t a t e  90% of the rad.ioac-Live mater ia ls .  

t r e a t e d  w'ith copperas t o  remove 75% of t h e  so1ubl.e and suspended radio- 

act ive mater ia ls .  The combina-Lion of chemical. trea-tment and use of a 

sealed pond r e s u l t s  i n  a seepage l o s s  of 0.1% of "ne water and contaiiled. 

radionuclides. Most water i s  l o s t  by n a t u r a l  evaporation, The precip- 

i t a t i o n  of soluble radium from the pond water and tiie decreased- area of 

exposed beach cause a decrease 5.n radon emanation from t h e  act ive t a i l i n g s  

area.  The asphalt  l i n i n g  aLso improves t h e  long-term i n t e g r i t y  of the 

waste toward leaching which would occur i f  the water t a b l e  should change. 

Beaches are coated temporarily with a chemical spray t o  cont ro l  blowing 

dust.  While t h e  m i l l  i s  acti.ve, a1.l t a i l i n g s  are  e i t h e r  coated. o r  kept 

wet. During the tnterim period a f t e r  t h e  mi7.1. closes,  a maximum of 1 0  

acres of exposed t a i l t n g s  i s  pe-mitted between appljcations of  the coating 

o r  cover, After  a 2-year drying period., the  tai.l.ings p i l e  i s  graded and 

Alkaljme was-Le i s  



stabi l_ized by one of .t;iie followtng proeedxres. The alternative Cases 

4c and hb aye designed t o  i l l u s t r x t e  di.ff“erent, geol.ogj-c considera,t ions 

and- tc prodwe the sane k p a c t  (close) t o  the  enviromeni;, buk have 
d i f f e r e n t  inone-tary costs.  Flowsheets sho-mi in Figs.  k.6 a n d  4.7. 

1x1 case 4n, if the  t a i l i n g s  are w e l l  above %lie m;;ter t ab le ,  {;he 

p i l e  i s  covered. with 20 f-t; of earth topped by vegetati.on o r  mek a f t e r  
the  mill closes. Twenty f e e t  ~ n f  e u t h .  a radon attentuatrlon fac tor  

of 0.022. Thus, the surface land might be returlled t o  productive use, 
such as for g r a ~ b ~ g  beef c3ttl.e” 

:;he t a i l ings  31 coiistructing r e s i d e n t i a l  buildii igs 011 the surface are 

recorded on the deed. Inspection mig’lrt; s t i l l  be xiecessary i ’o l l~~wix~g  

major natural events ;  5.11 general, however, the  w a s t e  i s  @seed away TPGID 

man’s casual  reach and w i l l  require mi.nimal a t t en t ion .  

stud-ies, a l l  t he  solids are t ransferred.  f , ~  the laridfT11. All;ernaCively, 

the ta i l ings c-ould also be placed -in a spent- open-pit, mine if t h e  pj.t i:; 

first  bacltt‘illed with mine waste so t h a t  the tailings aye well above 

t h e  water t ab le .  

Restrictions T e l i 3 t F y J e  t o  diggirg into 

In  t h e  case 

Case 4% provides an a l t e rna t ive  method f o r  aciiievtng a rad.on atten- 

uat ion factor o f  0.022. 

t a i l i n g s ,  thus sealing t h e m  inside a tar box. 

covered. w i L h  2 ft of earbh topped by 6 i n .  of coarse rock t o  pro tec t  the 

asphalt from weathering, 

is near the surface o r  E e w t h  f o r  cover i s  scarce.  Access t o  the  area 

must be r e s t r i c t e d  because t he  asphalt and. earth covers &re ao’c designed 

to be load-bearing. 

maintain t h e  i n t e g r i t y  of  t h e  membra3le. 

A 5/16-in. asphal t  membrrwie i s  laid over the 

The asphalt i s  .then 

‘lliis method would be used i f  tine water t a b l e  

Inspection and. patching of cracks are recpired to 

4.4.2.6 Case 5 (Advanred). - All so l ids  (slimes, sand-s, and prceip- 
itatees) Prom the liquid treatment a-re mixed with Portland cenient to form 
a low-strength cemented product (1 part  rement t C 3  20 parts t a i l i n g s )  

and pmped as a s l u r r y  t o  a l a u l d f i l l  f o r  disposal above the  waier ~ n b l e ,  

T%le l a n d f i l l  i s  lined with asphalt t o  minimize seep:age of the excess l i q u i d  

that drains  from the  s l u r r y  before the cmented product hardens. 

e l iminates  the movement of windblown dusts ,  reduces the radon mafiation 

‘Z’his 



ra te ,  and lowers t b e  long-tern!. leach r a t e .  The cemented. so l ids  are 

covered with 20 f-t o f  ear-kh topped by a 6--in. l ayer  of rock. The 5 / 1 6 - i ~ .  
asphalt  membrane covered w t t h  2 f t  of ear th  and topped wLth rock described 

i n  Case 4b could a l so  be used as a f i n a l  cover, The radon source terms 

and costs  a r e  calculated or1 the  bas i s  t h a t  t h e  cover would- not be placed 

u n t i l  the m i l l  has closed., i f  convenient, t he  cover could be placed while 

mil l ing proceeds, which would lower t h e  radon source Lexms f o r  Llie ac-Live 

t a i l i n g s  area t o  some exten"i. i n  the advanced cases, there  i s  no inLerLx 

period a f t e r  -Lhe m i l l  cl_oses while t h e  t a i l i n g s  (3.r~. The f i n a l  cover can 

be l a i d  a t  once. 

Liquids a rc  t r e a t e d  chemically e i t h e r  by iieutra..l.ization (ac id ic  

e f f l u e n t s )  or w5th copperas (al.kali..ne e f f l u e n t s )  a.nd then pumped t o  a pond 

l i n e d  with 5/16-in. asphalt  for natura7- evaporatlon as i n  Case 4. 
so l ids  a re  not s tored 5.n -the basin,  a lower dain i s  required than f o r  Cases 

- 1 t o  4 ('Table 4.13).  
cement, bu t  t h e  bulk of the l.iqiuid radwaste i s  separated by washing arid 

t rea ted .  A l l  so l ids  from -the chani-cal treatment and the residue frorii 

evaporation in t h e  asphalt-l ined pond. are incorporated. i n  cement -6th Yhe 

s o l i d  waste. Flowsheets are  shown i n  Figs. 4.8 and ib.9. 

Srince 

Some l i q u i d  will be incorporated w i t h  the so l ids  i n  

4.1-t.2.7 Cases 6a and 6b (Ad-vancerl.). _- The sand f r a c t i o n  ri.s washed 

t o  remove mother l iquor  and. e a s i l y  1-eached radionuclides, and i s  subse- 

quently placed i n  a l.andf?i.ll. 

neut ra l iza t ion  of  was-ke so lu t ions ,  which -Logetlier contain most of 'ihe 

radionuclides, are  f ixed  by addition of  Either 1- pa.rt Port land cement t o  

20 p a r t s  of slimes (6a) or  asphalt (6b), aiid then placed in a lanClfil.1 

above the  wa-Lei- tab le .  A s  mi-lling proceeds, both the  fixed. waste and 

the sands aye covered with 20 ft of d i r t  topped by coarse ~"ock .  The 

amounts of radioactive materials released i n  airborne pa-rt,icul.ates from 

the  exposed sands a:nd  he amount of radon. released. from t h e  incorporated 

products are unacceptably high for an advailced case, i f  the wastes remain 

imcovered while the  m i l l  i s  opera'ilng, Fixation in asphal-t improves the 

resis tance of the waste t o  lesching and decreases the  r a t e  of re lease of 

radon. However, t h e  mount  of radon released i s  higher than i n  Case 5, 
where both t h e  sand and slimes a re  inco-qorated i n  cement. 

The slimes f r a c t i o n  and prec ip i ta tes  from 

Case 6a i s  
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presented a s  an a l t e r n a t i v e  which requires less cement tlrlm Case 5. 

Acidic, l i qwid  wastes are f i r s t  neut ra l ized  md then etrapora.ted. i.n 8, 

metal evaporator. Tine condensate i.s recycled t o  t h e  m i l l .  ABalirie 

e f f l u e n t s  are evaporated directly. 

m’zterial  i s  discharged .to the environment. 

S a d s  are washed. f r e e  OS mother l i q u m r  before they are discharged. 

Slimes and evaporator residues are incorporated in cement or a:plialt ’ue- 

fare Yne cement or- asphalt product is placed in Lkie LandYXLL, 

iLre show1 in Figs. 4.10 and b.11. 

No l i q u i d  s-kream bear’i-ng radioactive 

There i s  no evaporation pond.. 

3’2.owshee%s 

4.4.2*8 Case 6c (Advanced). - This ciise r i f fe rs  from a . l l  previous 
eases in t ha , t  a nitrfic acid leach i s  substi--Luted for t he  conventional. 

sulfuric acid leach. 

assumed t o  contain. I$ of the  r3.dionucLid.w o r i g i n a l l y  present i n  the  ore, 

o r  about f i v e  times tha t  of native soil i n  the uran.iuq m.Pxi.ng regions. 
ComequenttLj, the disposa l  o f  these solidis ca,n be compared. to t ’ n a t t  of 

mine wastes or overburden. It i s  deposited so that i s  i s  u;nobt;ru.sive, 

and the  surface j .s stabil.ized by 2 f-1; of eLmth topped by .vegetation QP 

coarse rock, 

about :2& of t’ne raciioactive materials preserlt in tine ~ L L U  was-te II 
con.centra,tic is incorporaked i n  asphslJt and hu.r.iecl under. 20 fT: of earti1 

(siailar t o  cssc &). 

The leached m d  washed. sand. and- sl . ime tailings are 

The conclen.trated residue Yrcim the I~jach l-iquor contains 
~~n i . s  

T h e  l i q u i d  waste:;  are evapo~ated. and. t h e  pure overhead vapors frac- 

t iona ted  in to  water axld I.? fd EN03, t~liici? are reeyeled t o  .Lhe m i l l .  The 

evaporator? concentrates, containing 99: of the radionuclides other than 

-the yellow cake product, are fixed in asphalt. O-re sands and s l h e s  are 

-mshed as f r ee  of rriother l i quor  as -possible before being clisc’na.rged. The  

slimes f r s c t i o n  c a r r i e s  a small. <momt o f  so.lub1e rad.ionuelides (0,02$ of 
the mot,her l i q u o r )  after the  ten washing stages t h a t  are provided in tlie 

model plant.  
in asytial-t, a s m a l l  :mount of seepage OCCUY’S in case 6c, 
used t o  -transport solids i s  recycled .to t h e  m i l l ,  there is no p m d  ‘in 

Case 6c .  The flowsheet; i s  shown in Fig. 4,1:?, 

TUnlike Cases; 6a and 613, where the slimes are Incorpora,ted 

Xi.ncrte 31-1 water 



Ninety-nine $ recovery has no-i; been demonstrated f o r  t h e  nitric 

For example, Seeley recovered only 95.5% of  Lhe acid leach process. 

i-ad-iurn i n  th ree  leaches of ore  ground to -35 mesh. 

did recover '37.8% of -the rad5.u.m i n  -Lhrec leaches of the f i n e r ,  -150 mesh 

slime 'zailings. 
with f i n e r  gi-inding and mor2 leaching stages. 

recovery, Case 6c i s  unattracii.ve from a cost-benefit  analysis  (Sect. 

8.0).  

Iiowever, Seeley 30 

Case 6c assume?, t h a t  9% recovery froin ore  .is possible 

Even with t h i s  optizlist ic 

4.4.2.9 _._.._I. Case 7 (Advanced). I-..1 .- The pixrpose of Case 7 i s  'GO demonstra'ce 

tha-L it i s  possible t o  decrease the  radon emanation f r o m  a stabil..ized p i .k  

t o  a low l eve l .  

the  final cover. 

6 i n .  of coarse rock is used. This reduces the  radoi? erna,naLion by a 

Yactoy of 1000. 

i n  Cases 5 and 6. 

Solids and 3.iqui.ds a re  managed. as i n  Case 4, except Tor 

A I-in. asphali; membra.ne topped wli th  2 f-t of d i r t  and. 

The 1-in. asphalt  meriibrane could be appl.iecj. equally wel l  

The flowsheeLs are  shown i.n F i g s .  4.1-3 and Ik. l i4 .  

4.4.3 C a l c d a t i o n  of ~ource ...._II.._- 'Ternis 

The tailings a.rea where t h e  l i q u i d  and so l i r l  effluen-ts from the  i n i l l  

are impounded. represents a source of gase0u.s; liqii.i-d, and s o l i d  radio- 

ac t ive  ma-Lerials. Airborne source temis for radon and r~aind'~Tl.o~n par-Li- 

culates  wliile the mill i s  operatLng axe swrrrnarized i.n Tables 11.. 6,-)4.9. 
The re leases  of ai-rborne radioisotopes a f t e r  -the r n i - l l  has beeil closed a re  

su.marized_ i n  'Tab12 Ih. 14 f o r  (1) the inter im period trhile the poizd evap- 

orates, and ( 2 )  -the, long t e r m  a f t e r  the f i n a l  s tab i l iza t ion .  Losses of 
radioisotopes by seepage froin the - h i l i n g s  basti? ax-e estimated in Table 

4.15. 
properly s i t ed  for zero re lease  o f  l iquid.  e f f luents  t o  surface s'i;reams, 
snd t h a t  wind erosion i s  t h e  only  mechanism f o r  rmving so l ids  o f f - s i t e ,  

i . e . ,  renmval. of t a i l i n g s  does not OCCUT by humans, animals, or accidental  

occurreiices such as f l a s h  floods, avalanches, or ot'ner acts of naLui-e. 

The long-tenn storage condi.tions are sei-ected such t h a t  Lhe t a i 1 j x g s  are 

expected t o  remab dry. 

i f  t ine solid . ta i l ings should accid.entiaUy be immersed in 

I n  all- case studies,  i t  i s  assumed tha t  the 'LaLLings area i s  

'The potential. release of mdioisotopes by leachi.ng, 
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es-t,imnted i n  'L'able 4.16, 
ci' the stored w a s k .  

Tkis is an indicatLon of the long-tern- i n t e g r i t y  

'The effectiveness of" the  liquid a.nd solid waste treaLmen-t; rrethods in 
redwing the release of radioactive mater ia ls  frQn t h e  ta i l ings  disposal 

area .is assessed separately for the release of' ai.r'o5rlle par t icu la tes ,  rzd.on 

gas, seepage, and lea,ching. Estimates of the t-reatmment co:;t,s and radio- 

logical.. doses at 0.7 m i l e  are  a1.m included. Tor some or" these releases. 
ConsFderations of the costs and. doses fo:e the  t o t a l  mode2 p2:m-t~ in -the 

case stuEes m e  preserzted- in S e c t s  a 6.0 and '7.0; the cost-benefit  

an.xlyses RTF? d?:.swssed- in Sect ,  8. 0, 



resuspended by the average 7- o r  10-mph wind 'ol.,nwing 365 days a year 

(1) near the end of the 20-year l i f e  of  t h e  model mi l l s ,  and- ( 2 )  during 

t h e  inierirn period a f t e r  t h e  m i l l - s  have beei1 el-osed and wh3.l.e the  pond 

i s  dry7.n.g are  presented i n  Tables 4.6-li. 9, 4.14, a,n.d 1;. 1'7. Some segregation 

of t h e  sand from Yne slimes occurs when t h e  ta,i.l-ings a re  spigoted fmm the  

dam. Eowever, s u f f i c i e n t  sljmes (small particles ) rernain i n  the sandy 

beach. 'LO val ida te  the  wind suspensi-on model, since only a small amount, of 

slimes is required.. I'i i s  assumed t ha t  most of the -'l'h i n  tile t a i l i n g s  

dust has decayed so 'i'nat the  234Th act ivi ty-  i s  the  same as the  238U 

activity-.  Source -terms calculated f m i n  t h e  t h e o r e t i c a l  resinspension model. 

are  i n  agreement with the l imi ted  da ta  avatl.ab1.e from envi.ronmrutal man- 

i-t,ori.ng ( sec ts .  9.6.3 and 7.2). 

2 3 h .  

Dust Case l, Ac-Li-rie Tail ings Area. - Source terns f o r  the ac t ive  

t a i l i n g s  areas i n  this case represent the max?.mim ii-irpact from operating 

mil.l.s (Table 4.1.7), sincc. they a re  based on t h e  maxknim dry beach area 

near the  end of the 20-year life of the model mi..U. The avesage over Vile 

20-year l i f e  of  the  m i l l  w i l l  be signif icau. t ly  1.owe-r. I n  311. case studies, 

the  movement of airborne dus-Ls -is minrimized by keeping as many t a i l i n g s  

as possri-bl-e covered. by the pond. Consequertly, separate ev-ai?orakion ponds 

a re  not used i n  t h i s  sLudy. 

Dust .__. Case 12.-..Inactive Tailings Area, - and .- ..-. Cases 2-;7,...A&ive and 

Inactiv-e TRilings A r e a -  - I n  t h e s e  cases, exposed t a i l i n g s  a,re covered 

w i t h  ea r th  or otherwise t r e a t e d  i n  a temporai:y o r  permanent manner so 

-that most of t h e  time there w i l l  be no wind resuspension of t a i l i w s .  

Only Cases 1 and 2 a r e  shown i n  T a h l e  h.Y/, since thi.s minimum treatment 

i s  s u f f i c i e n t  'io elfrftinate t h e  prrohlem. 

use of' a chemical spray or ,  alternatLvely, a teiriporary 6-in. cover of 
ear th  on the  beaches during operation of the rn.j.J.1 (not used. 3.n Case 1). 

I n  Case 5, t h e  cemented fixed wastes are not subject t o  wind erosion; 

Cases 2-4 and Case '7 include the  

i n  Case 6, the permancrit cover i s  applied as mlll ing proceeds. 

s t a b i l i z a t i o n  methods a re  used i n  a l l  cases a r t c r  the  m i l l -  becomes inact ive.  

Permment 

Dust Cases 1-4 and 7,-In-terjm P e r i o d  Between M i l l  Shu'idom and 

Stab i l iza t ion  of Tail ings.  - In these cases, an inter im perl.od occurs 

between the  time the  i n i l l  i s  shut clown and -the t t m e  t h a t  t h e  tailings 



p i l e  can be stabilized. D u r i r g  t h i s  period of l to 3 years, the pmd 
evaporates -2nd the tailings dry t o  the point  that  heavy equip~nent c a x  

work on the surface -Lo apply the pe-mmnent cover, 
~yomicg site xrd i n  Cases 2-4 2nd case 7 at a , ~  sites, a cImxIica1 spray 

or, all;ernativelx, a cover of mine w a s t e  or ear th .ips 8,pplied periodicEL1J 
as the t a i l i n g s  drya 
dinring the interim period is 25 acre:; in Case 1 a3 tile W J T O ~ ~  site and 

10 s c . ~ e s  i n  ~a::es 2-4 an12 case '7 at a l l  si-tes, NO iliterim treatmen't; is 
used Z n  Case 1 at the New Mexico s i t e  because the: mount of tn-il irgi;  

resuspend.ed- a t  the New Mexico s i t e  withoixt i n t e r im  treat,men-t; i s  lower 
than at the Wyoming s i t e  with i n t c r h  .t;reatrnent. Thi.:-: i s  the result of 
t h e  l m e r  average w.irid speed at t h e  Mew Mexico si.te. Siirce particulate 

resuspension is a func t ion  of the cube c j f  -the wind speed, the s n ~ l 1  dif- 

ference in average wind. speed between the lTew Iyle.xico s i t e  and the Wyom:im 
.sLte has a l a r g e  effect on t h e  source terms. 
,t;e-m and dose i n  Case 1 for  t h e  untreated New Mexico -t;silings piles , w e  

lower khan foy the  t r e a t e d  Wyming pi les  (Table j+.Yj'). 

in ter im period. f o r  Cases 5 and 6 since the f ina l  s t a b i l i z a t i o n  m d  cover 

may be zpplied a6 soon as the m i l l  c loses .  

I:n Case 1 at the 

'The ~naxjn?ur?ll area of' untreated- tlry %ziliryp permitted 

Thus, the  inter-im sowce 

'There is no 

k-.h-.3.:?. Radon Emamtfon. - Gaseous radon from the decay of '"Ha 

eiimriates from both the s o l i d  tailings and the pond. F?cirriary emphasis i n  
the treatment cases i s  t o  reduce t'ne long-term release of radon from the 

t a i l i n g s  a f t e r  the r n i l l  has been closed beeause (1) the long-term radon 

re lease r a t e  is 2 to 20 times higher than the re lease  rate from an active 

t a , i J l i ngs  aye5 associated with an operating m i l l ,  and (2) the population 

ciensj-ty around currently operating mills is low so thxt tine t o t a l  popula- 

tion dose from the operating; nil1 i s  low ( S e c t .  7.4j, whereas long-term 
tcha1 popu.lstion dose estfmittes are subject t o  more uncertainty because 

it, i s  d i f f i cu l t ,  to predict  fu tu re  population pa t te rns  

Radon Cases 1-5 and 7, Inactive Tailings ,4rea. - The long-term radon 

source terms for the tailings pile a f t e r  the m i 1 1  has been closed and the  

E i n a  co~rer placed over the t a i l i n g s  are shown i n  Table  4.18. Rstdon con- 
centrat ions i n  the air as a function of distance f r o m  the s t a b i l i z e d  

t a i l i n g s  a re  given i n  Table 4.19 for Cases 1-4 a t  the New Mexico si te .  



I n  Case - 1: the shallow 6-is. cover, which i s  applied. t o  elinfinate t h e  

movement of wi:nd.bl.orm pa,rticulates 

I n  Case 2,  the 2-73 cover of ear th  also has l i t t l e  effect. 
an 8-ft ea.rth cover 1.owers the radon mailation r a t e  by a f a c t o r  of l t .  
I n  Case li-, a 20-f'c ear th  cover, o r  a 5/16-in. asphalt  membrane topped 

by 2 ft of eayth, reduces the radon emanation rate by about a factor of 

1.1.0. Ln Case 5, incoriporation of all.. so l tds  i n  cement followed by b u r i a l  

imderc 20 f t  of earth, decreases L'ne r a d m  erflana-tion r a t e  by a factor of 

a'uoilt 1000. I n  Case ' 7 ,  a 1- in .  a,sphaIt membrane -bopped by 2 ft of e s r t h  

lowers the ra.d.on enanation rate by a factor of 50,000. 

term calculat ions,  i- t ;  i s  asswnecrl 1;Iiat t h s  ear th  cover has t h e  radon 

a t ten tua t ion  propert ies  of coarse building sand containing 4% rn.oi.stuFe 

(Fig. J-L. 16, Sect. 9.7.1). 'This i s  probably r ea , l i s t i c  for New Mexico, 

Inu-t the radon aLtenuation may be sornewhat moi-e e f fec t ive  than t h i s  i n  

Wyoming wheue the soils may contain more moisture, 

culations are given i n  reT. 20 a,nd Sect. 9.'1.1. 

has H t t l e  effect on radon emanation. 

In --_-) Case 3 

- 

In the source 

Details o f  the ca l -  

Radon Case 6, Inact ive .... Tai.lirtgs Area. . . -- .- I n  Cases 6a, 6b, and 6c, 
t he  majoi- objective i s  t o  reduce the I-ong-tern beach rate of t h e  t r e a t e d  

ta i l i -ngs .  From the standp0i.n.t o f  reducing rad-on releases ,  Case 6 o f f e r s  

no advantage over' Cases 5 and 7, i . e . ,  -the reductli.on i.n the  ra.d.on 

emma-tion rate i s  about 300 i n  Cases 6a and 6b vs about; 1000 and 50,000 

f o r  Cases 5 and. 7. I n  Cases 6a and 6b, Lhe slimes f rac t ion ,  which con- 
t a i n s  85% of the radioactive materia,ls, i.s incorporated i n  cement (63.) 
o r  asph.alt (6b).  
about 6, a.nd the untreated sands then become t h e  major source of  radon 

release.  Thus, t h e  20-ft ear th  cover over t h e  sands i s  t h e  primai-y t r e a t -  

merit for radon i.n Cases 6a and 6b. 
fv.rther reduced by an addi.tional fae-Lor of 10 i n  Case 6a, o r  by 1000 i n  
Case 6b, i f  the sands are covered w i t h  a layer of cement ( 6 a )  or asphalt  

(6b) containing the incorporated slimes. 'This ireatmeat is not included 

in t h e  case s'iudy, the estimated source te-m, or the cost  estimate f o r  

Cases 6a or 6b9 
any event i.n Cases 6a or 6b, it i s  posstble t h a t  appl.i.cation of t h e  

membrane might be accomplished withjn the  cos ts  l i s t e d  or f o r  a nomind. 

This lowers t h e  radon rmanation r a t e  by a f a c t o r  of 

The radon emanation r a t e  c0ul.d be 

S i n c e  cementing o r  as-phalting equipment is reyui-red i.n 
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increase in cost .  

9% of t h e  radioisotopes a re  removed from the  o m  by a nitr7-c acid 1kach. 

The urmiium is the11 recovered a n d  -the l iquirl  waste containing the buUr. 

of the radioisotopes i s  concentrated j.n an evap!,rxtor The evaprxztor 
concentrate i s  incorporated i n  asphslt and burTed. under 2G ft of earth. 

The removal of 996 of Lhe radioact ive rnaterials f r o a  t h ~ .  t a i l i n g s  i n  
t h e  n i t r i c  acpd leach reduces th.e radon emanation rp-te from the leached. 

t a i l i n g s  by a f a c t o r  of 160, Thus, deep b u r i a l  of  the  leached LaiPings 

111 Case 6c, a d i f f e r e n t  m i l l  proee:;:; i s  used -whereri.n 

becomes less  inportant.  However, i.n Case oc, / the  leached tailings are 

covered under 2 ft of earth. 

an addi t iona l  f a c t o r  of 1 . 5  and resul-l-ts i n  an o v e r a l l  reducti.on i n  ~ a & m  

emanation ra te  fo r  Case 6c of about 150, compared w i t h .  base 'untreated 

t x i l ings  . 

'This r e d w s s  the racior? emana-Lion r a t e  by 

Racion Cases 1-4 and 7, Inberim period Between M ~ U  ~ l o s u . r e  axid 

F i n a l  S t a b i l i z a t i o n  of Tailings. - I n  Cases 1-4, and Case ' 7 ,  an in te r im 
period occurs between the  time the m i l l  i s  s h u t  (3.own and the: -tLrne t'bt 
t h e  t a i l i n g s  p i l e  ( 3 3 ~ 3 .  be s tab i l ized .  During t h i s  period of 3. t o  3 
years,  t h e  pond evaporates arid the t a i l i n g s  dry t o  the point that heavy 

equipment can work on t)he surface t o  apply the pemmanent cover. 

highest, ra,don Telease r a t e  ~ccurs d.uring this perlod. (Table  I+. 14). 
Radon releases are  cizlculated f o r  t h e  chemical spray trea,lment, which 

l Y  
has no radon attenuat,ion propert ies  

if t h e  &in. ear th  cover i s  used t o  control blowing dust ,  

period occurs in Cases 5 and 6, since the b u r i a l  of t h e  fixed wastes can 

be completed immediately a f t e r  t h e  m i l l  La closed. 

The 

Radon re leases  are slightly lower 

No ?.n%erim 

- Radon from Cemented Tailings in Underground. M i n e .  -- 'The radon f l u  

Tram cemented t a i l i n g s  appears to 'be  somewhat lower i;hm t h e  natura.1. f lux 
i n  United S t a t e s  mines. The calculated flux on the  sinsface of the  

cemented product (sands and slimes) i s  2.0 x 3.0-1E Ci cm-" sec- l"  

f lux measured in underground xities varies from 5 x lo--" to 5 x 3.d" 
-1 .p C : i  cmm2 see . The  low value i s  from t h e  E l l i o t t  Jhke region. of' 

Canads, where .the rock poros i ty  i s  probably l e s s  t,han l$,, 3' 

r a t e  of radon emanation from Grand. 2-unction, Colorado, taiIi.mgs sand is 

about, 2C$ o f  the  rate of radon fomatAon,33 t h e  f l u  i n  a Colorado mine 

The 

Since the 



i s  probably about 20 times higher or 1 x 16'" C i  enso2 sec-'. 

United Stxtes ,  -the use of t a i l i n g s  as cemented b a c k f i l l  i n  an underground 

mine would probably no-t increase t h e  radon l e v e l s  i n  the  m i n e ,  and may 

possibly reduce t h e  radon l e v e l s  somewhat by sea..I."*ng old workings e 

Cemented. backfill was not included as a case study because of the  un- 

c e r t a i n t y  concerning t h e  possibi l i - ty  tha t  water might contact the cmented 

t a i l i n g s ,  

I n  the 

Radon Cases 1.-7, Active 'Tailings Area. - Source terms a r e  shown i n  -.. 
'Table 4.20 f o r  radon emanxtion from t h e  ac t ive  tailings a r e a  near t h e  

end o f  the 20-gear l i f e  of the  m i l l  when t h e  t a i l i n g s  cover t h e  maximum 

area a.nd na-tural evaporation has concentrated t h e  radium s a l t s  dissolved 

i n  the  pond. Both a pond a.ncl a dry beach a;rea are present a t  t h a t  time. 

These source -terms represent t h e  max-.i.mum r e l ease  of radon from the  opei-attng 

m i l l .  The average over the l i f e  of the  mills i s  lower f o r  a l l  cases ex- 

cept t h e  acid leach.--solvent extract ion mill i n  Wyoming. 

a r e  the major sources o f  radon. The areas of  the  beaches increase over 

t h e  20-year ltfe of t h e  m i l l .  i n  every i.ns'i,ance except t h e  solven-t extrac- 

tion m i l l .  i n  Wyoming, where the area of dry ta i l i -ngs remains constant i n  

Cases 3, 4, and 7 (Sect. 4.4.2.1). No treatments we%e evaluated which 

a r e  s p e c i f i c a l l y  designed t o  reduce t h e  radon emanation fl.01~ ac-tive t a i l i n g s  

a.reas; therefore,  no cost  estimates a r e  given i n  Table 4.20. In Cases 5, 
6a, and 6b, fixa-tion i n  cement or asphait  lowers Lhe radon man3tion from 

a New Mexico axid leach--solvent ex-braction m i l l  by a factor of about 15, 
as com-payed with Case 1, and from a New Mexico alkaline-leach m i l l  by 

factors of 20 and 50, respectively,  3 s  compared wi-t'n Case 1, but has l e s s  

e f f c c t  ab Wyoming mi1l.s where the  radon emanation i s  alyeady low,> I n  

Case 6c, the  n i t r i c  acid leach flowsheet, most of t h e  radium i.s fi.xed i n  

asphalt as mil l ing pmceeds so t h a t  very l i t t l e  radon i s  released from 

t a i l i n g s .  I n  Cases 2 ,  3, 4, and 7 t h e  chemical- spray treatment t o  con- 

trol wi-ndblown dust, has no radon attenuation proper-ties. " There i s  no 

p r a c t i c a l  way t o  place t h e  f h a l  radon diffusion bam5e-r over t h e  bezch 

as mill.ing proceeds because the gradi.ng necessary t o  eliminate low 

places can be done only after t h e  mill has been closed.. I n  Case 6, where 

there  i s  no pond, the f h a l  20-f-L earth cover i s  ].aid BS mill.ing procezcl.s 

?"ne &y beaches 



so t9at no more than l@ of the t o t a l  so l id  waste i s  erqmsed. 

estimates for Case 5, where all solld wastes arc  inco-Torated i n  cement, 
are based on the  cement slurry being pumped t o  one a,spha,ll-lined p i b  m d  

the 30-ft ea r th   cove^ being placed a f t e r  the mill has been closed, 

nat ively,  laying the cover as mil l ing  proceeds would f a d h e r  reduce the  

radon emanation rate f r o m  the  ac t ive  mill by an addi t ional  f a c t o r  of 145, 

at some increase in cost f o r  forms t o  subdivide the  asphalt-lined tsili.Kqs 

basin.  

The m s t  

Alter-  

Retails concerning the source tern calclhlations for the dry beach 

and fixed solids are given i.n ref, 20, 

slightly high because t h e  calculati-ons .i_gnore cap'illary action and 

assume. t h a t  all the beach sand is dry to 8 depth nf' 5 or" 10 ft. 
pond model i s  used which assumes tha;f; all radon diffusing to the 1-iquj-d- 

solid i n t e r f a c e  f r o m  the  ta i l i rgs  under the pond arid all. rail.ox-1 from the  

decay of  r8dj-m dissolved in the pond. water are  1-el-eased to the atmosphere. 
Wet beach i s  an equivalent source to tailings c o v e ~ e d  by a stirred pond. 

A quiet-pond model, where some of the radon decays as it diffuses 'through 

t h e  poiid, would y ie ld  somewhat lower radon rel.easrs. Since the  4ry beach 

i s  usurt l ly Lhe major source, the assumptions used for the  p n d  knave l i t t l e  
e f f e c t  on the  t o t a l  radon release from the tail-ing:; a r m ,  

emanation from the t a i l i n g s  imder t h e  pond was cszlcul.ater3. iising Eq. 

from Sect.  9.7.1. 

Values for  the beach may be 

A s t i r r e d -  

%lit? radon 

(2) 

. . ............. .......................... ,,.,...,.. . . . . . . . . . . 
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tinan generic.  However, such comparj-sons may s t i l l  be useful i n  placing 

t h e  radon source terms i n  perspective.  

The J-imjted.  data  avai lable  ind ica te  that  t h e  backgrouad radon 

enanation rate from nati.ve soils i s  about 1/500 t h a t  f r o m  ore t a i l i n g s .  

The railo-n f1ux34 from Yucca F l a t s  soil i s  1.6 x 1.0-16 ci em-2 sec-1 

(2.04. x 16' Ci ac~e-~. year-') o r  ahout 1/400 t h e  emanation from bare 

ore taLlings i n  th5.s study. Preoperational monitoring by the  Exxon 

Comyany indi-cated a concentra-Lion of  3 t o  '7 ppm of U300 i-n -the soils 

around t h e i r  IIigh3-and m i l l  site. 35 
content o f  t h e  ore  and, assumkg seculax equilibrium, would have roughly 

tiie same na tu ra l  radon emanation as tiie Yucca F l a t s  soil. 'Table 4.22 

comyares t h e  surface flux over a s t a b i l i z e d  - ta i l ings  pile wi.th these 

natural. s o i l  fluxes. 

higher than the  nakive soil flux, and only i n  Case '-( can the  taLlings 

f - u x  be considered negl igible .  

This i s  1/700 t o  1/300 tbe &.OB 

Tn Cases 1 t o  3, t h e  f lux  j.s 300 t o  1.~50 times 

I n  un i t s  of radon concentration i n  a i r  rather thaii fJ.ux, t he  average 

of  the natura.1 background radon concentrations measured by the Publ.ic 

Health Service36 near Salt Lake City, Utah; Montic::ll,o, U-tah; arid Durango, 

Colorado, i s  0.41 pCi / l t t e r .  The probable natural radon concentration 

for -Lhe Grand Junc-trion, Colorado, area  i s  0.79 pCi / l i t e r .  3' I n  Case 1 

at t h e  New Mexico s i t e ,  Yle  ~??ml.muii? radon concentration ai; 0. j mile from 

t h e  stabilized model t a i l i n g s  deposit i s  5 t3.ines the average backgrourid 

of 9.41 pCi/li-Ler measured i n  th ree  of  the f o u ~  mi.lliiig c i t i e s  by the 

h b l i c  Health Service; at 1 mile i t  i s  I..? times background; and a t  5 
miles it i s  only 0.15 times background, Thus, in Case I-, at 5 miles -the 

s t ab i l i zed  t a i l i n g s  have a very low impact on these pa r t i cu la r  commnities. 

lr..4.3.3 Sezge. _... - Est2rmates of the m o v x ~ t  of seepage froin the 
t a i l i n g s  basin Tdhile t h e  mj.l.1 i s  ac t ive  a re  given i n  'Table 4.1;. 
mtgration of this seepage through the ground i s  discussed. 5.n Sect .  7.6, 
Unlike t he  airborne releases wh-ich a re  dis-trributed off-s ibe,  seepage does 

not migrate beyond the  p lan t  boundary at  0.5 mile according -to the model 

descl-Yoed iii Seci;. 7.6, and should be regarded as the  maximim p o t e n t i a l  

re lease  r a the r  than the  actual. release trom t h e  m X L  site. J.ong-tem 

seeyage does 110.t occur in an a r i d  environmeilt, s ince the  proliuction of 

'The 
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l i q u i d  waste ends when the mill i s  closed and t'ne pond dries out. 

cipitst 'Lon does not cause addi t iona l  seepage, since the evaporation rake 

exceeds the  r a t e  03 prec ip i t a t ion .  I n  Cases 1 and 2, seepa,ge losses are 

e s t i m a t e d  at In Case 3, a watertig1i-b c lay  core dam i s  constructed 

and the t a i l i n g s  basin i s  s i t e d  i n  a suitable Location such f;liat seepage 

i s  reduced by a f a c t o r  of 5. Tn Cases 4, 5, and 7, seepage is reduced 

by a f a c t o r  of 100 by 3.i.ning the  basin with asphalt  and p rec lp i t a t ing  

s o l i ~ b l e  radioisotopes w i t t i  lime or copperas, 1x1 Case 4, where so l ids  

and l i qu ids  a r e  impounded together,  a l a rge r  and more expensive dam i s  

required t'n.an i n  Case 5 Tdhere the soLids are incorporated i n  cement and 

buried i n  a landfil.I-. 

1Lqui.d wasti:? i s  a , r t i f i c a l l y  evaporated and recycled to the  m i l l .  

m m t  of the l i q u i d  i s  evaporatzd and recycled i n  Case 6c ( the  n i t r i c  acid 

Xi11 floWSlleeL ), :2 small :a.moU.nt of l i q u i d  containi.ng soluble rad3oisotopes 

fol.lo-ws the  slimes fraction t o  tai.liags, even after washing w i t h  l G  s.tages 

o.f CCD. 

sands a rc  separated a,nd the  slhnes are Yixed in asphs1.t o r  concrete, The 

sand f r a c t i o n  c m  be washed virtuall-y free of  motiher l iquor  (. 

evaporzbion with coniykte recycle of a l l  liqutiiI, as used i n  ~ase:; Sa and $b, 

i.; both the most efi?eec'cive and- the  most expensive l.ig,uid ~ r s s t e  treatment 

m.ethod* 

.&e- 

In cases  %a and 61:)~ no seepage occurs because a l l  

While 

This i s  not a problem Fn Cases 6a and 6b, where the  slimes and 

A-rtifical 

- c  



l e a s t  a fac tor  of 100. 

cement, a re  based on scouting t e s t s  using a soluble S r  s a l t  i n  a cemented 

specimen made w i t h  t a i l i n g s  and cured f o r  1 month. *' 
f o r  a s l i g h t l y  soluble radioisotope, such as thorium, fixed. in cement 

with a longer cure time are l i k e l y  t o  be much lower than t h e  values in 

'Table 1.~1.6. 

Howevei.., there  w i l l  probably be i n t e r e s t  i n  using it, as cemented backfil l .  

i n  the mines. Experimental d.ata on the actual- leach r a t e  and a de ta i led  

knowleQe of the geology of t,he p a r t i c u l a r  mine are  needed t o  evaluate 

the  f e a s i b i l i i y  of Usiilg the cemented- wastes as b a c k f i l l ,  Ti1 Cases 6a 

and 6b, f i x a t i o n  of acid-leached slimes i n  asphalt  o r  cement reduces t h e  

leach r a t e  by a fac tor  of about 6. 
of leachable radioisotopes. il'he use of the n i t r i c  acid- leach i n  Case 6c 

lowers t h e  leach ra te  of t h e  bare t a i l i n g s  by a f a c t o r  of aboint 2000. 

Completely encasing t h e  s o l i d  wastes in an asphalt  box, Case l+b, i s  the  

most e f fec t ive  method f o r  control.1ing leaching and i.s a l so  the  l e a s t  

expensive way t o  lower t h e  leach r a t e .  Fixation of -the s l t m s  alone i n  

Cases 6a arid 6s does not solve t h e  7-eaching problem completely, s ince the 

bare sands s t i l l  present a. p o t e n t i a l  leaching problem. 

-2 61, the  sands can be encased i n  a box of asphalt  o r  cement a t  addi t ional  
c a s t .  However, such an al-ternative is not included i n  t h e  p'esent; study. 

If t h i s  i s  done, then Cases 6a and 6b, w h e ~  the  sl211es have been fixed, 

provide a margin of sa fe ty  a t  considerable increase i n  cost  over Case !tb. 

Detai ls  of t h e  calculat ions are  d.iscussed i n  r e f .  20. 

The leach ra'ies f o r  mater ia ls  incorporated i n  
9 0  

Ac-tual leach r a t e s  

Case 5 speciffes  t h a t  t h e  cement-fixed waste i s  s tored dry. 

... l_lm____ 

The bare sands a re  the primary source 

I n  Cases 6a and 

1. * 

2. 

3. 

4. 

4.5 Refer-ences 

C .  J. Sta.irrnand, "Removal of Thst from G a s e s , "  ~ p .  364-402 i n  

Processes f o r  Ari.r Pol lut ion Control, G. Nonhebel, Ed., The Chemical 

Rubber Co., Cleveland, Ohio, 1-97?" 

C .  J. Staimand, The Chernical Engineer 194, CE 310-26 (December 1.965). 

G. D. Saxgent, Chm. Eng. _" 76(?), 130-50 ( J a n .  ?7, 1969). 

C. A. Rurchsted arid A. R. Ful le r ,  Design, Constru@tion,-nd- Testing 

of FLigh-Efficiency A i r -  Fi l . t ra t ion System Cor Nuclear Application, 

oRNT,-NSTc -65 ( January 1970), p . 3.1. 
I 



65 

-Proceedings OS the T w e l f t h  AEC Air Cl.eaniw Conference Held i.n O a k  

Ridge, Tenne:;see, A~lgust 28-31, 3.9'72, 14, W. First, Ed., COI@-7;20823, 

Vol. 2 (JmX3z.y- 19'73). 

6, Ikoceedia:;s of the Twelfth AEC A i r  C l e a n i n g  Conference Held i n  Oak 
Ridge, Tennessee, Augwt ,  28-31, 1972, M. FJ. F i r s t ,  Ed,, COPD-7?0823, 
101. 1, pp. 23-25 (January 1.973). 

- 

X. E. Rdms, W. E, Browning, Jr. and R. D. Aekley, Ind. Eng. Chem. 

51, 1467-'70 (1959) - 

R. PI. Wilde (Fuel ~ f l d  Materials Standards Branch, Directorate of 

R e g u a t o r y  Stand.ards, U, S (I Atomic Energy  omm mission), personal 
coamunication to M. B. Sears, Feb. 14, 1.974. 



46 

18. 

19 

20. 

21. 

22. 

2.3. 

24. 

25. 

26. 

27. 

C .  D. Kealy and R. L. Sod.erberg, - Design of Dams  f o r  Mill Tailings,  

Burem of Mines Report 8410 (1969). 

D. Harmon (Fuel and Mater5.als Standards Branch, Directorate of 
Regulatory Standards, U. S .  Atomic Energy Commission), personal 

communication t o  R. E. Blanco, Dec. 10, 1973. 

R. Havens and K. C .  Dean, Chemical. S tab i l iza t ion  of the IJran5-m 

Tailings a t  Tuba City, Ari .z . ,  Bureau of Mines Reporb 7288 (August 

1969 1 
L. M. Muntzing (Director of  Regulation, U. S. ALornic Energy 

Cornmission), l e t t e r  t o  C .  L. Elkins (Acting Assistant Director 

f o r  Hazardous Materials Control, Envirormental Protection Agency), 

Nov. 14, 19'13. 

IT. W. Codbee and D. S. J-oy, Assessment of the  Zoss of Radioactive .- 

Isotopes from Radioactive Waste Solids i n  the Environment, Par t  I: 

Background and Theory, ONVL-TM-4333 (February 19'74) ; Part 11: 

@lication and Projections, ORNL-TM-4333 ( i n  preparation).  

G. W.  Parker, "Leach Dump Operations i n  Butte, Montana," paper 

presented a t  the Pacifi.c Northwe,st Minerals and Metals Region 

Conference (sponsored by North Pacif ic  Section AIME),  A - p r L l  1.966. 

R. E .  Blanco, H. W. Godbee, and E, J-. Frederick, Chem. Eng. Frogr. 

- 66, 51-56 (1970). 

W .  de Laguna, T.  T%mu.ra, H. 0. Weeren, E. G. StYuxness, W. c .  
McClain, and R.  C .  Sexton, Engineeri.ng Development of I-Iydraulic -.- 

Fracturtng as a Method f o r  Permanent Disposal of  Ha.dioact.i.ye Wastes, 

OWL- 11.259 (augllst 1968 ) . 
D. 3'. Coates and J. R.  Emery, Can. MKning Met. Bull .  - 63, 987 (19'70). 

W. S.  Weaver and R. Luka, Can, Mining Met. Bul l .  - 63, 988-100.1 (lgr(0). 

G. H. Espley, I€. F. Beat t ie ,  and A. R. Pasieka, Can.. Mining Met. 

Bul l .  I_ 63, 1002-10 (1970). 

P. C .  McLeod and A .  Schwartz, Can. Mining Me-b. Bull. _I_ 63, 1.011-1.8 
(1970). 



28. 

29. 

30. 

31 a 

32. 

33 * 

34. 

35 I 

W. P. Clement and R. Sokoloski., Can. fining Met. Bul.1. 63 -' 
1019-27 (1970). 

J. G. Moore (O& Ridge National Laboratory),  3'hc Teachiag of 

Strontium f r o m  Cement - Uranium Ore Specimens w3th Tap Water, 

unpublished memormlurrl (We. 17, 2973). 

M. T .  M i l l s ,  K. C .  Dahlraan, and J .  S .  Olson ( O a k  Ridge Nztional 

L;zboratory), Ground Level. A - i r  Conccntrations of T1ll:;t Pu t ic le : ;  

Cownwind f rom a Tailings Area During :t Typical Windstorm, 1Ar1- 

p ibl ished memorandum (July 5, 1973). 

A. Goodwin, "Iiewiew of rEoblems and Techniques for ilemov-a,l, of 

Radon and Radon Daughter Products from Mjne Atmospheres, If p. 379 
in Frocecdings of t h e  Twelf t in  AEC Air Cleanln,r: C>cnSerence Held 

i n  O a k  Ridge, T e r n . ,  August, 28-31, 1972, M. W. F i r s t ,  E d , ,  

CONE'-'7;20823, Vol. 1 (Jmuary 1973). 

M. V. J. Culot,  H. G. O l s ~ n ,  m-d K, J. Schiagcr, Radon Prixqeny 

Control i n  Rutldings, Final. Report, on EPA Grant, R O l  ECOOl53 

ar*d AEC Contract AT(11-)-%2'73, Colomdo S ta t e  Ur!i.ve:rsi-ty, Fort 

Col l ins ,  Colorado (May 1973), pp. 51-54, 

3. W. Kraner, G .  L. Sehroeder, and R. D. Evans, "Measurenents of 

the Effects of Atmospheric Variables on Radon-222 Flux and S o i l -  

Gas Concentrations, " i n  The NEttural Radiation Environment, 

J. A. S .  A d a m  acd W. M. Lowder, Eds., published for. Rice 

University by Lniv, of Chic,ago Press, Chicago (1964), p. 310. 

Humble Oil PZ Refining Company Minerals Department (now the  Exxorl 

C o m p n y  ) , Applicant ' s Environmental Report, Highlaud Uraniwn M i l l ,  

Converse County, Wyoming, DOCKET 40-8102, Exhibit F (July 1971). 



68 

36- S. D. Shearer, Jr., and C .  W. S i l l ,  Health Pnys. ..- s7, 71-88 (1969); 
Evaluation of &don-222 I Near Uranium ‘Tailings .Tiles, DER 69-1, 
Public HeaLth Serv-ce ,  Bureau of Radiological Health, Rock.-cille, 

Maryland (Mmeh 1969). 



5,O MISCELIANEOUS WASTES 

n lhe  operation of a uranium mill w i l l  generste miscellaneous wastes 

in addition to the radioactive wastes 

waste, packaging materials from supplies,  ,.!ombustion products fmni thc 

power plant, gils and greases from equipent majntenmce, and chemicals 

in the main process waste strepans. 'The san i t a ry  wacites are disposed Q.? 

i i i  a septic tcmk and arttin f i e l d  f a c i l i t y .  Nonr:tdi.oaet,ive sol id  wastes 

arid  oil.^ are placed i n  a l a n d f i l l .  

contain SO, are dispersed through s stack.. 

'These wastes include sanitary 

%he combustion products that  may 

The chemical conipsi t ion of liquid wastes frgm the m i l l  is shown 
in Tabl-e 4.11. 
since t hey  are sent -to the t a i l i n g s  pond along with the  r:uliosct:i.ve 
const i tuents  I n  the f i r s t  several. case st?zdies, where v e r t i c a l  seepage 

of l i q u i d  from the pond- occurs, the chemicals will c a m e  a corresponding 
contmin.a,tion of the soil surrouni3.fng the  pond. Several toxic chemiczl;; 

such as arsenlc m d  fl_uorid.e, are present at ver;y low concentrations :md 

p r o b d ~ l y  would be adsorbed in .the s o i l  either by ion exchange or by 

chemicd reaction to p r e x o t  extensive penetration. 

only in Case 6c for t l i u  acid leach--solvent ex t rac t ion  mill, and the 
n i t za t e  concentration in tile m i l l  taiLings e f f luent  i s  less  i ; ~ ~ r n  4.0 ppm, 
'The concentrcutioas of rel.ativcly rxmt;oxic but u.ndesira,ble ~a3 . t ; :~  such 
as iron, a,luminwa, arid. sulfate ,  '3.28 sigraif ' icantl~i redinced by neutralization 

Tn the more Fdvanced S,rea-t-Lnent cases ,  

Chenical wastes an-e not discharged to a, surface ::t~e.m, 

Bi.t:ra'ie is pre:;en,i; 



Costs a re  presented f o r  t h e  radwaste treatmeni; cases f o r  t h e  2,000- 

tonzof-ore-per-day model. aci.d leach- -solvent ext rac t ion  and alkal ine-  

leach uraniiarn m i l l s  r,t t w o  geograpl1i.c sj.tes, New Mexico a n d  bJyoming . 
The capital .  costs, a,nnual fi.xed charges, annual- opera-tin.g cos ts ,  toLa,l 

annu.a..l- cos t s ,  t he  contr ibut ion t o  cost, of  urani-m yellow cake, and the 

contr ibut ion 'io cos'c of e lec- t r ica l  power a re  suimmrized i h  'Lab3.es 6 . 1  
a n d  6 .2  for the ac id- leach  m i l l  and t h e  KLkalinz-leach i n i l l ,  rmpect ive ly .  

These cos t s  axe the t o t a l  cos.ts for each case s - t u d y  ai1.d. include t h e  

cos ts  f o r  krea-bent  of  gaseous and l iqu id  rsdwastes a.:nd. f o r  s - tab i l iza t ion  

o r  f i x a t i o n  of t a i l i n g s  wastes. 

gaseous, and t a i l i n g s  wastes a re  given i n  Sec t .  h.0 as itemized below. 

The capital .  cos t s  inc1ud.e all d i r e c t  and ind- i rec t  cosis. Annual f ixed  

charges a re  estimated at  2j-174 ol" t h e  total c a p i t a l  investment, t-ypical of 

investor-owned, reprocessing plant c o s l  es-Lirnates. aperat ing costs are 

based on estimates o f  labor ,  suppl.ies, and maintenance cos ts .  'The cost 

per pound of UaO, prodnct i s  ca lcu la ted  d i r e c t l y  f r m m  the a-nnual production 

and t o t a l  annual costs. The c0s.L contr ibut ion to e l e c t r i c a l  power genzra- 

tjon i s  derived from t h e  amount of UsO, required for power reacto-rs. A 

model uranium m i l l  process?-ng 2,000 tons  of ore  per day and producing 

1,329 tons of Us08 annually can supply apyroximately eight I., 000-MW( e )  

IJdR's (based- on a requi.rement1'2 of 5,000 tons of  &OR over- a 3O-year life 

a t  a burnup of 33,000 biWd/met.ric t o n  of znj-iched. uranium, 8% load. factor, 

32.5% -thermal e f f  i.cieizcy) . 
and do not include any allotrmce f o r  i n f l a t ion .  The cost estriiilatec were 

mad? by A. H. Boss 8c Associates,  consultants i i i  t h e  frield of deslgn of 

met all i irgie al proces s e s , 

The i.ndividuaI cos ts  f o r  t r e a t i n g  l i qu id ,  

Costs a r e  estimated i n  terns  o f  1973 dol-lars 

1.) 

Capital. and. t o t a l  annual. costs incurred i n  treaixient of l i q u i d  waste 

and the  corresponding source terms are  shown i n  Table 4.15. 
i-terns apply t o  the  treatment of both l i q u i d  ard sol.id wastes, Pi1 these 

cases, i'ne cos t s  have been propos?tionecl betweeii t h e  l i q u i d  and s0U.d 

Some cost  

+Short ton,  2,000 lb/-ton 



The cqi t ,a l .  cast of rndwaste treatmerrt i.s the sun of th.e direct, 

costs of equipment, inc1ud:irg i.ns-t;sl.lat;ion., pip:i.ng, 5.ns-Lrixnmts, and 

ixtiility fscilities and the indirec-t; c o s i x  fo r  design, engineering, 

cor is t ruct ion e:4penses 3.rj.d contractor s fee. 

only  to tlie erection of the  indicated process facil . i . t ies,  It is assumed 

that the various cases represent am incremental add.it,i-on to a pl.mned. 

f a , c i l i t y ,  and no aXLow:mce i s  incI.uded for off-ices, :shops, smrc-3hcjiises, 

change houses, etc. ,  or for bringing u. l i l . i t ies  and services, such as 
power, wstei- ,  axid roads, to the bolzntlaries of tlie -pl.arit; s i t e .  Rn interest 

charge of 2@ of estimated capi ta l  cos:; is added to cover t h e  construction 

period, 
major items o f  cap i t a l  cos t  f o r  liquid and solid radwaste treatment, are 

sho~m i.n Tables 6, .3 axd 6.4 for  the  aCid-I.ei?xh ixil l  ,=id the alkaline- 

le ar, h m i l l ,  re speck ive ly . 

'The cost d a t a  are applicabl_e 

L4n allowance of :?CY$ of capital cost is for contingency. T h e  

E .  2 ~.nfiual Fixed Charges and Operating Costs 

The t o t a l  annual cos t  is -Yne sum o f  fixed charges $rid operating c o s t s .  

The fixed charges consist of an annual fixed rate  of 2k$ of t'be irivested 

capital. p lus  an annual. charge t o  accmulzte cap t t a l  to stabilize the solid. 

~&J.ings a f te r  the m i l l  has been shut down. L ". . The cha.rge ra te  corresponds 
3 to that reported ir?_ the  Fuel Recycle Task Force, 

except f o r  increased p3.ajfi-t li.fe (20 v s  15 years) and bond k t e r e s t  ( 8  vs 

us ing  the sme sssmptions 



3%) .  The changes are o f f s e t t i i q  and do n0.t change t h e  a,iinuaAh charge r a t e  

of 24% of invested capi ta l .  

'l'ask Force are: 

'The basic  assimptions of t h e  Fu.el Recycle 

Pj..ant l i fe t ime,  years 

C api t a l  inves tmani i n  bonds, $J 

Capital  investment i n  equity, % 
I n t e r e s t  r a t e  on bonds, % 
Kate of return on equity ( a f t e r  t a x e s ) ,  % 
r e d c ~ z l  income t a x  ra te ,  % 
S t a t e  income tax r a t e ,  % 
Local p o p e r t y  tax r a t e ,  $ 
A n n u a l  c o s t  of replacments,  $ 
Annual property insurance rate, % 

15 

30 
70 
5 
16 
50 
3 
3.2 
0.35 
0.25 

The fixed. charges t o  accumula.te c a p i t a l  ta pay f o r  s t a b i l i z i n g  the  solid 

t a i l i n g s  are  computed 3s t h e  annual amoun'L rimvested a t  5% compound interes'c 

during the m i l l .  l i f e  (20 years)  t o  yie1.d -tile yequired c a p i t a l .  Also, 

where maintenance i n  perpetu<.ty was prov-ided, t h e  cost  i s  computed as 

t h e  annual charge requi-red t o  accumulate suf f ic ien t  pr inc ipa l  during miII. 

li.fe so tha t  the  remlLiL7.g income from i n t e r e s t  (5%) would. cover the cos'i 

o f  perpetual. care. 

The annual operakiilg cost w a s  computed by estimating labor, suppl.iest 

and maintenance requirwnents of the  waste treatment processes, based on 

the  cost esttmator ' s experience i n  Lhe uranium mil.l.ing industry. The 

estimates yepresent t i le d i r e c t  cost of  operating the  f a c i l i t i . e s  i.ncliidzd 

i n  .the capital cost estimates. 'The l abor  cost includ-es an a.llowance f o r  

'ourden and f r inge  beaef i t s .  

iii Table 6.5.  The costs  do not include any allowance for senera]. seTvices 

and administration such as accounting, warehousing, management, head o f f i c e  

expenses, eic, The case s tudies  represenb incremental a.dd.itions t o  a a  

exri-s'cing operation and, Liierefore, do not result i.n any increase i.n the 

ind i rec t  opeyating costs. The opercaL-i.mg costs  inel-ud.e xn al.lowance of 

IS$ f o r  contineency. 

Unit costs  of l a b o r  and materials  a re  l i s t e d  

Case 6c differs  from thz other  cases. I n  Case 6 c ,  the  t o t a l  plant  

processing flowsheet i s  revised t o  achieve an improvement i n  radwaste 
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The radiological  impact of the model uranium m i l l  i s  assessed by 

calculat ing radi.ation doses t o  individuals and populations Tor each si-Le 

and rarlwaste treatment case. Poteni;ial pathways f o r  radiat ion exyosure 

to  man from radionucl-ides or iginat ing i n  a iiuclear f a c i l i t y  a re  presented 

schema-tically i n  Fig% '(.le Those shown i n  t h e  f igure  a r e  not exhaustive, 

but they i l l u s t r a t e  the pr inc ipa l  pakhways of exposure based. on experience. 

Estimates of the  dose per yeax of m i l l -  operation t o  both individuals 

and .to the population within 55 m-j-les, which may resul-t Yrom t h e  eJupccted 

ra,dioninclide di.s charges during nsmial operat ion, a r e  discussed below. 

Annual rad ia t ion  dose cormitrnent s to individuals ( i n  milLi.rerns ) and -to t h e  

population ( i n  man-rems) a . x  estimated from t h e  re lease of airborne rad.ri.o- 

act; ive ef fluen'w . The a-tmospheric 'cranspor-t of radi.oactive mater ia ls  re- 

leased from the  mi-l.1. during normal operations i n  its Lwentieth year ( i .  e . ,  

the  source terms, Sect.  )-!-.O) i s  ca.lcu.lated. 'The resu l t lng  concentrations 

of radj-onuclides i n  the  a i r  and on the s o i l  suyface a t  various distances 

a n d  direct ions from t h e  model m i l l  a re  then used t o  estima-Le the dose an 

indj-vidual might receive from th i s  1-year exposure of i-adi-oactive mater ia ls  

Radioactive mater.i.aJ-s taken i n t o  the body by inhalat ion o r  ingest ion 

( i n t e r n a l  exposure) contiiluously i r r a d i a t e  t h e  body u n t i l  removed by 

processes of metabolism and radioact ive dec3.y. 

year of rad.i.onucl.ide intake (internal-exposure pathways ) i s  an estirnakc of 

the Lotal d-ose an individual. w i l . 1  receive integrated o v e ~  t h e  next 50 

yeass of his life as a r e s u l t  of tha t  I year of exposure ( i . e . ,  dose 

commi'cmen'i). 

resent  50-year dose commitments. For those mater ia ls  which eit'ner have 

shori; radioactive halP-lives o r  those which are el iminated rayidly from 

t h e  body, essential-ly a l l  of  the dose i s  Yeceived i n  t h e  same year khat 

the materials enter  t h e  body, % . e . ,  t h e  annual dose Y a t e  i s  about the  same 

as the  dose commitnlen'c. For example, most o f  the  dose commitment for  

radon exposure (which includes t h e  radon daughters) i s  i-ecei.ved the  first. 

year. However, R a  and 230Th aye eliminated from t h e  body very slowly 
and have Long half '-lives so t h a t  the  indi.vidual w i l l  conbinue t o  receive 

A dose calculated f o r  1. 

All of -the i n t e r n a l  doses es'cimated i n  t h i s  report  rep- 

226 



a dose from t he  inges'ced mater ia l  f o r  many years after Lhe exposure. 

TJnder these  conditions, t h e  =ppoxkrnate d,Qse received i n  Lhe year -that, 
t he  mater ia ls  en ter  t h e  body i s  obkained by dividing %he dose comrnitvnent 

by 50; i . e . ,  approximately equal doses are received !mer a SO-ycar period. 

Thus, t h e  average annual dose r a t e  i s  only. 1/50 {;he d.ose c.mmitmer?_i,. 
an individual  i s  exposed to mill ef f luents  for. t h e  2G-year operzting 

l i f e  of t h e  plant ,  hLs annual dose r a t e  during the twentiei;h year i s  about; 

20 times the annual drJse r a t e  f o r  one year of exposure (i.e., +2/5 the 

dose commitment f o r  1 year of exposure) and his t o t a l  dose commitment i s  
the summation of  the 50-yea dose conmitaments for each of %he 20 years 

t h a t  apply i n  the 20th year. These generzAized dose estima-kes a re  approx- 

imately correct for the conditions 1-i-ked. However, a d e t a i l e d  ca lcu la t ion  

jnust be made t o  determine 8 moi'e precise  value f o r  the  a c t u a l  d.ose received 
I n  a given year (OIWL-4.992 j .  

If 

Tlie rad ia t ion  doses t o  t h e  t o t a l  body aad i n t e r n a l  organs frorn ex- 

posure t o  penetrating rad ia t ion  from external  s o u x e s  u e  approximately 

equal. However, th-ey rriay vary considerably f o r  in te rna l  eTqosurs from 

ingested o r  inhaled mater ia ls  because some ra6ionuelides c-oncentrzix i n  

cer-tairi organs of t h e  boQ.  For t h i s  reason, estimates of radiation dose 

t;o the t o t a l  body and major organs %?-e eonsidered f o r  a l l  pathways oP 

i n t e r n a l  ewosure based ori parmeters applicable tu an average adult" 

Rad-iaLFon doses t o  the i n t e r n a l  orgam o f  children i n  the pcpulaiiorl 

vary from those of an avemge adul t  because of differences i n  metabolism, 

organ size, and d i e t .  

and those of ai average adu.7-t by more than  a factor of 3 would. he unusual 

f o r  a l l  pathways of i n t e r n a l  exposure except t h e  ~tmosphere-pasture-cow- 

m i l k  pathway. 

Differences bckween the organ doses of n c h i l d  

The population dose estimates are the  sums of t h e  k o t a l  boay doses 

t o  indtviduals within 55 miles of the p lan t .  

e.xposures approxir~ate .those t o  gonads; therefore,  these values were used 

i n  t h e  man-rem est;iniates because gonads have the most restrictive dose 

l i m i t s  . 
pendent of age, 

c:~lculated f o ~ '  adul t s  . 

Tota l  body doses from gpma 

1,2 Since rad ia t ion  doses t o  -the t o t a l  borfif a r e  r e l a t i v e l y  inde- 
3 t h e  marl-rem estimates w e  based on t o t a l  b o d y  d m e s  



No dose calculat ions a re  presented. f o r  I t q u i d  releases .  T'ne model 

mills have no l i q u i d  releases  t o  surface streams. The p o t e n t i a l  for 

underground migration of radioactive mater ia ls  i s  recognized, and t r e a t -  

ments a r e  prop~serl i n  Sect. 4.4.. 
detec t  ab Le iiori zont al uiiderground nlovernent of :radioactive mabe r i a l s  beyond 

t h e  m i l 1  boundary- has occurred from properly si-Led tail . ings ponds (Sect. 

4 . j . 2 ) ,  and- a samyle calculat ion (Sect. '7.6) indjcates  that none i s  

The avai lable  data  in.dica'Le t h a t  %LO 

e q l e c t  ed. 

7 .1  Meteorology 

The release of airborne e f f luents  t o  bile atmosphere i s  one mode of 

environmental conbarninstion from uranium -mil l ing a Atmospheric ti-ansport 

of raclj.c?ac-tive mater ia ls  re leased Prom t h e  r n i l . 1 ~  t o  t h e  t e r r e s t r i a l  

environment i s  ca.1.culated according t o  t h e  Gaussian ~ ~ L L K I E  model. A 

coniputer code5 has been modified- t o  calcul.a;te the approximate annual 

average concentrations i n  a i r  for short-  and long-lived nuclides i n  the 

af;mospbere a t  various distances and d i rec t ions  from t h e  source For 

p a r t i c u l a t e  re leases ,  t h e  meteorologic X/Q' values are used i n  conjunction 

wj , th  deposit ion ve loc i t ies  t o  estirnate a i r  concentrati.ons and steady-state 

ground concentrations. Concentratkms i n  a i r  f o r  each sector  a,re used. 

t o  calculate  dose v i a  inhalat ion and submersi-on i n  a i r .  Ground surrface 

concentx-ations a re  used for external  rad ia t ion  exposure I 'The ground 

deposits a r e  anso assimilated i n t o  food wh.i.ch, wlien ingested, r e s u l t  i n  

a.d.ditional dose via t h e  food ciiain p;.,tflway. 

The meteorologic d a t a  reqiii-red f o r  the calcub.t ions a re  jo in t  frequency 

d is t r .bu t ions  of veloci ty  and. direct ion,  and these data  a r e  swmarieed by 

s t a b i l i t y  c lass .  Meteorologic daka from representat ive New Mexico and 

Wyom?-n,g regions are used t,o calcul.a-te average values of X/Q' (sec.m ), 
? . e . ,  factors t h a t  are used t o  ca lcu la te  the concentration of rad.ioa@i;ive 

substances a b  a reference point per un i t  o-i" source strength.  

values are  calculated for sectors  i n  t h e  I.6 principal- compass d i rec t ions  

bounded by r a d i a l .  distances of  0.5, 1.0,  2.0, 3.0, h.0, 5.0, 10.0, 15.0, 

25.0, 35.0,  45.0, and. 55.0 miles from t h e  point of  release. 'The X/Q' 

values are based. on a ground l e v e l  re lease ,  Maximu-ii and minimuiiz annual. 

6 -3 

'The X/Q' 



X/Q' values in sectors a t  successive cljsta-nces from I A ~  r e l ease  point 

a r e  given in Figs. 7.2 and '7.3 Tor the New Mexico an3 FTyorning s i t e s ,  

respcctively, Direction i s  not specif ied i n  t h e  rnaximum-minimu.ui va,l1.~es 

at, a given dis tance (Figs. 'j'+2 and. 7-31, but a , l l  val.u.es, irrespec-Live 

of d.i.reetion, range between the maximnun-minirtlwn .vail.ues For equi.va,len-t 

source st rengths  at a given distance,  t h e  average aniiual ai.r ccxxentrations 

a r e  lower i n  Wyoming than in Mew Mexico. 

s i t e  i s  57% of the rnaiaw i n  N e w  Mexico, while the min-imum X/&' i n  
Wyoming i s  22% of the New Mexico m i n k w m .  
m i n i m u m  values a r e  attained. are different, at the  two s i t e s .  For a ground- 

level release, the  m a b u n  concentration of ra,dioactive su.bsta?ic::es in a i r  

occurs a t  the point of release. A i r  concentrations d.ecrease accord-iw t o  

n power function of dis tance from the  source, 

i s  not specified f o r  urmimn mills, t h e  X / Q '  values, which re-r^lect var iable  

sir eoncentrxtions art; 0.5 mile, f o r  exrmple, range from ze:3 t o  8.7 x 1.0~~ 
sec*m fo r  the New Mexico s i t e ,  Va2:u.e~ f o r  t h e  same distance range F'rora 

5.1 x lo-? to 5.0 x IdG seeem-" foy the Wyoming sl-t;e. 
by approximately three orders of rnagni.tu.de at a d- ls 'mxe of 57 mile:; from 

the source. 

The rnaxini~m X/&' a,t the W j o m i r g  

Directions a t  Trhich :maxhw.n- 

A41thoi-~li a si.te boundary 

-3 

The values decrease 

. I  
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from washout wou7.d likewise be nominal, especial.1.y i n  a r i d  climates 

where rainfal.1 averages 6 t o  12  i n .  per year, Thus, f o r  model uranj..im 

mil l ing s i t e s  

t o  the ground surface i s  included i n  t h e  dyy d e p o s t i o n  rat2 term. 
t o t a l  .bransf e r  of  ra,d.ri.oacii.ve mater ia ls  from the  atmosphere 

ri.2 Suspension of Taili-rgs Par t ic les  and 'Transport of Dust 

Suspension of par.-ticles from t a i l i n g s  pi.les and. entrainment i n  t h e  

atmosphere constitiiLes an ixnpor-tamt mode of  .transport and pathway of 

exyosure i n  a r i d  environments. 

turbulence act ing on dry surfzces suspend dus-L p a r t i c l e s ,  and t h e  entrained 

aerosols axe t ransported t o  siLes of himan occiqnncy. Although windblown 

dust i s  a common phenomenon 3.n a r i d  e:m-ironments, the  mechanisms of sus- 

pension and t ransport  have not been invest igated i n  p e a t  detail.. A model 

based. on physical pr inciples  and l imi ted  f i e l d  da'ca was developed f o r  t h i s  

survey. Using t h i s  model, the  dispersion of dust, from an ideal ized 

uranlum m t l l  -tai.l-ings pi.le i s  calcul-ated from s a l t a t i o n  a.nd p a r t i c l e  

susprnsi.on data  cou.pl.ed with atmospheric t ransport  using the G a u s s i x n  

@me model. A i r  concentrations of radiioac-Live substances a r e  calcul.a.i?.d 
1.0 f o r  Tzspective d . i s  Lances fol.l.o~Lrtg suspension from a surf ace soix-ce. 

Part:i.cl-e suspension i.s focused on t h e  <80-p s i z e  class (i.e., t h c  -200 

mesh slime f r a c t b n )  because su-rfacr: creep i s  the  major t ransport  mech- 

anism for largei- p a r t i c l e s ,  while -those parti.cl.es t h a t  a re  ~ 8 0  1.1 in 

diameter aye ejec-Led i n t o  t h e  turbulent  ai.r s - t r em and are  then dispersed 

beyond the m i l l .  boundary. 

Pers is tent  wind and loca l ized  convectional 

1. Suspension o f  dusk i.s r e l a t e d  t o  processes of s a l t a t i o n  3s 

d.escri'ned. by Bagnold. 1' 

from horizontal  surfaces by wind.  forces  alone, since the drag 

forces  on such s m a l l  p a r t i c l e s  are spread over a !!a,rge am3 

ra ther  than an individual  p a r t i c l e .  Howevei, l axger  sand-sized 

p a r t i c l e s  a re  readi ly  siispcnded by aerod.ynami.c forces  Conse- 

quently, the s a l t a t i o n  mechanism, whereby large a.ii-borne parI;icl.es 

(>50 p )  tmpact on small.eT pa.r t ic les  (<50 p) and cause t h e i r  sus- 

pension from t h e  -tail.ings su.rfzce, i.s considered t h e  pr inc ipa l  

method f o r  inducing ai-rborue movement of  the f i n e  p a r t i c l e s .  

Sil t-sized. p a r t i c l e s  are  riot suspended 



T h e  v e r t i c d  f l i ~ x  suspension factor  (k)  for the smaller 

p,&,icler; is based on agricultural studies  of soil erosion by 
wind. V e r t i c a l  flux cons t i t u t e s  the source st rength from a 

level, ground, surface area.  

12 

2 .  Given t h e  sauce skrength, a-Lmospheric tra,nspol:t i s  ea.1.culated 
4 

using the Gaussian plume model. 

The purtic1.e size dist r ibu-t ion of u.r.rn5u.m ore ta-ilings is determined 

f r o m  samples provided. by mill operators  (Tah1.e 9.'7). 
t a i l i n g s  i n  size classes (<:&I p) thaL is used. as parent; materi.al i n  'che 

calci-xbation of source strength i s  given i n  'Tab1-z 7.1. Ore processed in 

t h e  alkaline ci-rcu.i,t Ts ground- tu a. f iner  s i z e  than m i d  leach. tailings. 

Approximately 3U$ of t h e  al-kaline Leach partic:Les and l@ of acid leach 

- pa.?rticler; are .',IO IJ- in d.iame-ter,  the upper I . b i t  of respirable par t ic les .  

The  f r a c t i o n  of 
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R horiz:o-r?.ta.l wind s t r e a m  per u n i t  of time ( g / s e c ) .  

t a i l i n g s  beach i s  computed for a square meter of  dry t a i l i n g s  surface, 

and the  resul-Ls a re  expressed as the source s t rength f o r  a standard 

100-acre area. i n  pract ice ,  t he  s o i i r ~ e  st rength i s  then adjusted for 

the  ac tua l  acreages of dry t a i l i n g s  (Tables 4.13 and 4.17)  and the  

radionuclid-e concentration i n  the  slime f rax t ion  of  the tsil.rings: ('Table 

4.12) whlich are  applicable in each ca.se study. The adjusted suspension 

flux constritiites t h e  source-strength input t o  t h e  Gaussian t ransport  

model. 

10-mph wind than f o r  a 'I-mph wind and a,boi.rt 300 .times higher f o r  a 30-mph 

wind tlzai1 f o r  a, 10-mph wind- because suspension i s  approximately dependent 

on the  cube of the  wind veloci ty .  

The flux from a 
1.0 

The suspension r a t e  (source s t rength)  i s  13 L imes  higher f o r  a, 

Winds blow at variable  velocit3.es; however, f o r  t h e  purpose of t h i s  

assessment, Yne a n n u a l  average a i r  concentration of radioact-ive substances 

from tailings i s  based on t h e  suspension caused by constant 7- or IO-rqh  

winds, i. e . ,  the  annual. average veloci-Lies f o r  Al.buqueque, New Mexico, 

o r  Casper, ThTyoming, respectively.  0:nce suspended, the  p a r t i c l e s  are 

dispersed i n t o  the 16 sectors  based. on actual- wind frequency-velocity 

d is t r ibu t ions  obtained. fo-r tlie respectlive s i t e s .  

cula-Ling atmospheric t ransport ,  the  t a i l i n g s  area i s  considered. t o  be a 

point source with a l l  t h e  resuspended t a i l i n g s  dust being released from 

the  center of the  p i l e .  Dispersion c a l c d a t i o n s  modeled on aa area source 

r a t h e r  than a point source w o i ~ l d  g7.v-e s l i g h t l y  higher a i r  md. ground 

concentrations near tile p i l e .  

ings source, the  b i a s  5,s l e s s  '~ha.11 1%. 

source dispersion model i s  considered v31.i.d f o r  th3.s study, YOY an 

annual, avera.ge, wind velocj-ty of 10 niph, the concentration of radioactive 

du.st does not exceed 18 pg/m3 a t  100 m from tlie ta i - l ings p i l e ,  and. the 

concentrati-ons decrease by orders of magnitude with increasing d.istance 

from t h e  R O U T C ~ .  Dust from a 100-acre t a i l i n g s  source contrib.utes less 

than 2 \ig/m3 t o  t h e  ai.r concen-L2a'cioii a t  distances gl-eaker than 1000 m 

from -Yne source. By comparison, t h e  ambient airborne dust concentration 

i.n maay citi.es'' consis tent ly  exceeds 50 pg/m3.. 

i.n c i t y  a i r  a re  <l p i n  diameter, 

For purposes of cal-  

fit 1.000 m (0.6 m i l e )  from a IOo-acre tail.- 

Therefore, t h e  simpler point 

Most of the dust p a r t i c l e s  

Wi.nd gusts and dust devi l s  of seconds 



Systara'c.ic studies of suspension and dispel-sion of particles frora 

t , a i l . i ngs  piles have not been made; consequently, -theye is no basis for 
verifyirzg the  sir concentrations Which a,re c9,lculated lasi-w the saLtnt.ion- 

sinspe as i- on -dl spes 8 ion r o  del. H!lwever, 1; he calculated. eonc ent rat i ons are 
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The agreement between t h e  ca.lculated valu.es and t h e  observed values 

i s  sur-prisingly good considering the  uncertaint ies  invol-ved, i- e. ,  t h e  

unknown differences i n  meteorology, s i t e  I.ocakion, and t a i l i n g s  charac- 

t e r i s t i c s .  The calculated values for dust suspension a t  t h e  model s i t e s ,  

based. on average wind velocjhies of 7 mph a t  t h e  New Mexico s i t e  and 10 

mpli at the Wyoming s i t e ,  may be low, since hi.gh-veloci%y wind events of 

short  duration axe not considered., Wind storms and dust devils can suspend 

la rge  amounts of dust from tai . l ings p i l e s ,  since the mount of suspension 

increases with t h e  cube of t h e  wind veloci ty .  However, iiieteoro1ogica.l 

da ta  do not e x i s t  which could be used t o  model t h i s  tyye of occurrence. 

The estimated annual t o t a l  body dose does no-t increase g r e a t l y  as t h e  

r e s u l t  of a. s ingle  30-mph windstomi (Sect. 7.4.2). 

7.3 Population 

A population d i s t r i b u t i o n  w a s  derived whi-ch i s  representative of 

westerrn regions where uranium mill ing faci l - ibies  are  1.ocated. Distr ibut ions 

f o r  fi.ve ac tua l  s i t e s  of uranium mi l l s  (Table 7.5) were smnarized from 

1970 Census Bu:eeau 'cape records t o  obtain representat ive data.  

population d i s t r i b u t i o n  (Table 7.6) w a s  compiled frorn these data  se-ts. 

The computer code PANS" provides sector  surmmries f o r  annuli bounded by 

distances of  0.5, 1 .0 ,  2.0, 3.0, 4.0, 5.0, 10, 15, 25, 35, 45, and 55 
miles. The sector  smmaries correspond t o  the  saxe sectors  j.n the  16 
compass direct ions f o r  which X/Q' va.lues a re  calculated.  

code summaries of population da ta  from census -tapes are accurate beyond 

a 5-rKLe radius.  Within 5 miles, where sectors  represent rela-Lively s m a l l  

areas, d i s t r ibu t ions  a re  somewhat disconnected because census enumer8,tion 

d i s t r i - c t s  encompass several  sectors  while t h e  population records are 

repor-Led. i n  only a s ingle  sector .  

smooths t h e  major d i scont inui t ies .  

An aver.age 

The computer 

Averaging &;La from f i v e  locat ions 

Population d is t r ibu t ions  i n  r u r a l  areas of  western United S ta tes  vary. 

Average da. ta  f o r  fi.ve s i t e s  (Table 7 . 6 )  show population i n  o n l ~  6 of 16 
sectors  t o  a dis tance of  10  miles. No i.ndividuals are  reported a t  distances 

of l e s s  than 1 mile. With such an i r r e g u l a r  population d is t r ibu t ion ,  

standard deviations of mean popillation esbimates a re  s i x  t o  nine times the 



mean value a t  distances greater than LO miles and are th-ree t o  four 1;imes 

t'ne aean from LO t o  55 miles f r o m  the model. s i t e .  The populat:i.ozi density 

around m i l - l .  sites i s  low. MSxxixum estimated. density i.s 10 indi-d-dusls 

per square mi.lcz! in t h e  5- t o  10-mile annulus. Froin. 1 t o  5 m'iles, the 

density i s  4 individuals per squ-are mile, and- o n ~ y  3 indivicluals per 
square mile res ide  i.n the SO- t o  35-mile a.rlriu.l-us from +,be s i t e ,  

severa l  small cities aye iizcluded i n  the  35- t o  55-mil.e zone, the txveraged 

population dens.j-t;y is only '7 individuals per square mile. 

populat,ion in t'ne area encorripassed by the ?$-mile radius i s  est.jrimzited to 

i ~ e  53,000 people. 

AJ.thrzugh 

Curnulativ!:. 

7.4 Rad.ist ion Eo se from Airborne Eff luents  f roin Nodel 
TJranLum Mills and Tai l ings  Piles Dui-i.ng 0:perui;ion 

Ccinceritrations of radionuclides i n  the a i r  and. on the soil surface 

are used t o  estimate the  r a d k k i o n  dose to ind-ividuals at various di:;ta,nces 

and d i rec t ions  from the model m i l l .  

i n  the sLrborne eff luent ,  exposure t o  contaminated groiand surface, and- 

intake of radionuclides through inha la t ion  and fnges'cion are calculated 

with computer ccdesl' which use dosimetric c r i t e r i a  of Z;he In-ternations1 

Commi.ssion on Radiological Roi;eet,ion and other recognized. ,authorities. 

Estimates of in-bake of radionuclid.es by Inan through terre: ; t r ia l  food 

chains are made w i t h  a model an4 a computer codPC- 

of a l l  radionuclides t u  man via  ingest ion of crop plants ,  beef, auid m i l k ,  

A reference handbook on. the methods used i.n estimating rad ia t ion  b s e s  

i s  being prepayed as Appendix 2. 

The doses resu l t ing  fron submersion 

30 
which consider t ransfer  

Maqy of  t h e  basic  environmental pammeters used i n  t h i s  model a re  

eonscmative, i.e,, values are elmsen t o  rnw-irnize intake by man. Mnriy 

factors which would reduce the radiation dose, such 9s shielding provided 

by dwellings and time spent away from the reference locat isn,  a re  not 

considered. It i s  assumed khat an individual  lives outdoom i n  t h e  ref-  

erence loca t ion  10% oI" the tirnc. Doses are calculated for t h e  f i n a l  

period, i . e . ,  the twent ie th  year of m i l l  operation when re leases  from 

the t a i l i n g s  area are  rnax5mu.m and there i s  a 20-year accumulation of 

deposited radioact ive mater ia ls  on the ground surface out,si.de the m i l l  



propel-ty. 

i. e , ,  the  case %here none of -the food. i s  produced locaUy  acd the case 
where 10% of t h e  food i s  produced a t  t h ?  reference locat ion.  

around a t y p i c a l  westrl’n uranium m i l l  is used for beet o r  sheep ranching; 

however, because of  the a r i d  eilviroiuneut, 1.Lttl.e if any vegetable crops, 

milk, pork, o r  chicken are  produced 1ocall.y. 

a urantw:m m i l l  could obta in  a l l  his ineat intake from c a t t l e  g r o m  locally, 

bu-i; woii3.d. have t o  import most of hi.s other food, Most of the  dose, o’cher 

t h m  to “Lie lung, is caused by the ingestion of  radioactive materials. If‘ 

vegetables and ml . lk  are not produced and consumed. around the m i l l .  s i t e ,  

t h e  rna.xirmxm doses ac tua l ly  experienced Yo:r the h t a l  body and organs 

excluding lungs are only about 
If only half the meat intake a,nd none of the o ther  food i s  produced 

I.oca.lly, the max5mum doses other  tk i l  3x1 lung a re  only about ?& of t h e  

val-ues shorn f o r  i.nges-tion. Thr: luns  dose i s  based. on inhala-t’cbri 

o f  radtoactiv-e matertais and i s  affected less by the pat te rn  of food 

intake.  

Doses are  calccilated. for two extreme ingest ion pat terns ,  

‘The area 

An individual  E v i n g  near 

of Yfic values shown f o r  1.0% inges’iton. 

7.4.7. Radiation Dose fi-om Airborne _-_____ FCfluen’Ls ~. from -_L_.... Ura,nimi Mill Processes .... . - ~  ___I...- 

The radiat ion doses from t h e  ef f luents  from t h e  opei.3;tintl; mills are  

calcul-atPd for the mill alone, i. e . ,  exclusive of  tile i a i l j  ngs pLLe, 

using the  source terms given i n  Tables j J . 3  and h.5 f o r  a m i l l  processinq 

a. dusty, 6% moisture ore.  

Dose ’LO To-Lal- Body and OY” 8x1s f o r  1ndi.vidinals. - The ma,crinium annual -..& _Ix-.- ~ . . _ _ _ I _  

total body dose and the d-ose t o  organs OS individuaLs from airborne 

e f f luents  ai 0. 5 mile from ,apera-Ling m j l l s  aye shown i n  Tables ‘7.7 and 

7.’7c f o r  s i ~ t e s  i.11 New Mexico and Wyoming, respectively,  assuming that 

lo& o f  Lhe food consumed i s  produced. loca l ly .  Contributions o f  each 

m i l l  process (ore or yel low c,*.e handling) t o  the  maxihum dose t o  in- 
di-viduals are shown i n  Tables 7.7a and. 7.7b f o r  the  Ne?$ Mexico s i t e  and 

i.n Tables 7.7d and. ‘ i .7e f o r  t h e  Wyoming site. ‘These dose es-iima’ces are  

for ‘ihe mill processes only and d.o not include t h e  contribution from 
t a i l i n g s  (Sect. ‘T.h.2) .  I n  Tables ‘7 .8- ’~ .8~; . ,  comparable dose data are 

presented based on Lhe assumption t h a t  none (@)  of t h e  food coiisuied i s  
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produced LoeaXly. 
-when the rood produckion &11d consumption pattern is Zmo7m. 
dose t c : ,  the individual at 0.5  mile i.s 47% of the maximm dose, and the 

m u i m t u n  d.ose to the individual. at 1.C: m-ile is l@ of that  given for  

0.5 m i l - 7 .  

Appropriate dose reduction factors*- c m  be applied 

The awxw.ge 

+The dose due t o  ingest ion may be obtained by su.bt,racting the dose at 

This ingest ion dose could 
CYj ingest ion in -the tables (which would be the dose from a l l  o-bher 
sources) from the dose ?it SOU$ ingestion. 
tkieii be reduced b y  the approprj.at.te factoz. accordkg t o  percent food 
pmfuced in the area and. added back t o  the dose fmr r i  otlier sr~uri:e:; 
(Of j  icgestion) -Lo ob ta in  -Lbe -toi;al dose. 



maxj-murn doses a-t the  Wyo-ming site are  a,bout 82% of those at Gie New 

Mexico s t t e  (Tables '7.7-'(.8e). 

L--. Pooulation Dose from M i l l  Eff luents .  .. . .- - The a.nnual tota3. body dose 

cornmi-tment to the  cwnulative population as a function of ihe distance 

from the  model rni.11 i s  presen-Led. i n  T a h l e  7.11 foi- t h e  Case 1 study. 

'The annual dose t o  the  total popul.ation l i v i n g  within 55 miles of 'LIE 

model mill i s  presented i n  ' i ' a l~ l ec  7.7-7.3e for a.1.l of tile cases studied. 

in all cases, the  dose t o  t h e  popul.ai;ion i s  less than I. rnan-rern. The 

t o t a l  dose t o  t h e  population i s  expected t o  be low 3t m o s t  ixaniim 

ore  m i l l s  because -the mil.ls are located i n  areas of' r e l a t i v e l y  I.ow pop- 

u l a t i o n  densi-ty. 

7.4.2 Kadi.ation Dose _.___... from AisborPne Effluenks . f ~ . . I ? a i l i l l . g s  P i l e s  

a 2 2  liladiatioii exposures from t a i l i n g s  i ~ s u l t  from Li7.halation of 

g a s ,  which i s  continuously relea,sed from these wastes and from windblown 
(resuspendkd) tailings p a r t i c l e s  which are  carried. o f f - s i t e ,  

the t a i l i n g s  represent a source of  radiat ion exposure from 

a m i l l  i.s closed-. Dose due t o  resu.spension of t a i l i n g s  p a r t i c l e s  can be 

e s s e n t i a l l y  e l b i n a k e d .  by coating the  exposed t a i l i n g s  beaches w - i t , h  a 

chemical spray or eoveri-ng with ear th  (Sect. 4 .4) .  Dose &ue t o  radon 

release can be reduced a f t e r  the m i l 1  closes by applying a radon diffusion 

baxrier ,  bu-t i.t i s  d i f f icu l i ;  t o  con'iml while the  m i l l  i s  operating 

(Sect. 4.11.). The radiatioii  doses from the ail-borne rad-ioactive 1naterial.s 

from the  tail- ings pi-les a t  t h e  m d e l  m i l l s  are calculated based on t h e  

sowee terms given i n  Tables 4.6 -i;'nrough 4.9, 4.14, 4.17, 4.1-8, and 

4.20. 

a r e  presented i n  Table 1.1.13. 

Xi? 

Moreover, 

Bn af'ter 2 2 2 -  

The areas of .l;'ne pond and beach at  t h e  end of 20 years of operation 

2 2 2  _. R a d i a t i o n  I)ose.+o Lungs frozn Rn. - D u r i n g  operation and. a f t e r  
"2ZSn closure of the m i l l ,  t ine rnaxirmm annual. dose 'io t h e  lungs from 

emana-Ling from the model t a i l j n g s  p i l e s  a t  the  New Mexico and \yomj.ng 

s i t e s  i s  presented i n  Table 7.12. The treatriients of the tarilirigs piles 

and assumptions for radiological  source terns  are dzscribed. Ln Sect. 4.4. 
For calculatlion of maximum dose Lo lungs f r o m  Rn, it i s  asswned that 

t h e  "'Rn gas released. from t a i l i n g s  piles takes 3 min t o  reach the s i t e  

a22  





l l l _ _ _ _ . ~ . . _ . . .  Radiation Dose from ...___ Resuspended -. Airborne .._..__ ~ - _ _  Tatl ings ___.. During_Opc?i-a'i?.on.rJ 

o$ t he  bfi1.1.. .- .- The m a x i m x n  doses to individuals and organs of i-ndivi.dua1.s 

at 0.5 mile Tram model t a i l i i x s  2rea.s are estimated for both s i t e s  and 

both processes Poi- cases where a l l  food i s  g r o m  local-1y (Table '7.1.3) 
and f o r  cases where no food i s  grown locally (Table '7.1.3a). 

1-0 11 or l..ess 5.11 dimck 

silice larger parti-clzs are  not consid-ered t o  be i n  t h e  respirable  range. 

All particle sizes axe considered i n  making estimates of  doses Z'rorn sub- 
mer,yion i n  ai.r: c o n t ~ ~ . i - l ~ a ' ~ e d  grollnd, and food ingenti,sn. In Case I., the 

annual ma,xim~im. -iot21. body doses from the ac t ive  t a i l i n g s  area vawy from 

about 16 t o  82 rnil l irens a t  0.5 mile when it i s  assumed that  lo& 07 the  

food i s  g:ro>jn and consumed. locally (Table  '(.13), 
estim?,tiing the dose from the p a r t i c u l a t e  e f f luents  of the operating m i l l  

(Sec t .  7.4.1- and Tab1.e '[.9), -tile d.ose Lo t he  bone i s  ten times higher 

than t o  the other  mgans. The esLimatzd annual bone doses range from 

168 t o  841 millirems at 3. j mile i.u Case 1. A wide va.riat5.m i n  the  dose 

from resuspended t a i l i n g s  occu.irs for born the ac t ive  t a i l i n g s  a r e a  

( T s h l e  7.13) and f o r  the interim period following m i l l  shutdown before 

t h e  f i n a l  cover i s  laid (Table 4.17). This i s  the resu1.t of  t h e  cl1a:racter 

of the sou.'L"ce terms, whi.ch are a complex function of  the  cube of the wind- 

speed, t h e  area of  exposed tailings (process and climate var iab le) ,  aid 

the radionuclide concentration i.n the  slime f r a c t i o n  of the  t a i l i n g s  

(process var iab le) .  'I'liese effects are  discussed under source t e r m ,  

Sect .  14.4.2 and 1-l.4.3.l-L. I n  Ca.ses 2 t o  6, the tai-l ings beach i s  covered. 

o r  atherwise treatea t o  el.fminate t a i l i n g s  resuspensi-on while t'ne mi.17. i s  

operaiing. I n  a l l  cases afterr the m i l l  el-oses, the t a i l i n g s  ai-e covered 

with eal'th to prevent wTnd transport of tailings rlust, although radon 

gas wj-I.1 s t i n  emanate firom the pile, 

am i-nterim period o f  1 t o  3 years following mill. shutdown before the 

final cover @an be applied. 
year and- bone doses ol" 273 t o  933 millirems per year are estimated f o r  

Case 1 durins the br ie f  (I -to 3 years)  inter im period following m i l l  
shu-tdown before the f i n a l  cover is appl.ied (Table ];.TI). 
4 and '7 t o t a l  bo*- doses of 2 t o  37 millirems a n d  bone doses of 21 t o  

3'73 rnK!lirems are esthmted f o r  t h e  j-nterim period, 

Only parrti.cles 

are consj-d-ered i n  estimating inhalat ion doses, 

l i s  i n  the c%se of 

~n Cases L -to 4 and- 7, there  i-s 

Total b o w  doses of 26 t o  32 millirems per 

I n  Cases 2 t o  





7.4.3 Tota l  Radia-Lion Dose from t h e  Combtned Operatin& Model M i . 1 l . s  and 
Tail.ings P i les  

Maxhum radiai;S.on dose t o  individimls and organs of indi.vid.ual.s from 

_-_.__ 

all. operating i-ni.3.1 SOUTC~S are  suxntnarized f o r  Case 1 i n  Tables '7.15 and 

7.16 f o r  t h e  New Mexico and Wyoming s i t e s ,  respectively.  

t o  t h e  lungs during opera-Lion of the m i l l .  and t a i l i n g s  areas i s  presented 

i n  'Table 7.1'7 f o r  a l l  cases.  These doses a re  t h e  SUM of Lhe doses pre- 

se-ked. i n  Tables 7.7 o r  '-7.'Ic, 7.12, and. 7.1-3 o r  7.13a and- represent t h e  

t o t a l  doses received during t h e  29th year of operation when Lhe . ta i l ings 

area has reached t'ne i-naximwn s ize .  Iil Cases 2 t o  '7, no resuspension of 

t a i l i n g s  occurs; consequerhly, t he  t o t a l  dose i n  these cases i s  t h e  sim 

of the doses from the  airborne m i l l  e f f luen t s  (Table ' 7 J  o r  7.7~) and. t he  

rad-on from the  t a i l i n g s  area (Table 7.1.2). 

radon t o  t h e  t o t a l  body dose and doses to organs other  -than. t h e  lii.ng is 

negl igible .  'i'hus, the doses lis-Led. i n  Tables 7 . 7  and 7.7~ f o r  t h e  m i l l  

e f f luents  f o r  t o t a l  body and organs (o ther  than t h e  lung) ar? also t h e  

to-tal maximum doses f o r  the  complete. m i l l  i n s t a l l a t i o n  i n  Case:: 2 t o  7. 
The popu.l.a,tion d.oses f o r  Lotal body and. organs exposed t o  both m i l l  

and. t a t l i n g s  airborne effI.uents a t  t h e  Case 1. model mil l s  are presented 

I n  Table '7.18. 

The t o t a l  d-ose 

The contr ibut ion of 

7. h-.4 Radiaiion Dose t o  Biota Other than Man 
~ ....._. .____ 

The es-timated maximum doses t o  mam ( t o t a l  body) i n  Case 1 range 

from 3'7 t o  102 mj.llirems/yrar f o r  individuals located 0.5 mri.le from the 

faci l i -by.  The rad ia t ion  dose:: t o  t e r r e s t r i a l  animals l.iving around the  

s i t e  would be s imilar .  S m a l l  rna~md~s, such as rodents and rabbi t s ,  and 

l a rge r  a,nimal.s, such as deer, a l so  would be s u b j e c t e d t o  exposures v i a  

immersion i n  a i r ,  contaminaLed groimd, and. inhalat ion.  These animals 

wou1.d receive addi t ions1 exposure v i a  t 'ne t r  pa r t i cu la r  food chains. 

Al~tliough the  node1 m i l l s  do not have a l i q u i d  rad.ioacti.ve release,  

it would be possible f o r  aquatic organisms t o  receive s m a l l  doses of 

rad ia t ion  fro-cn prcocess dusts o r  t a i l i n g s  t h a t  might be  deposited from 

t h e  atmosphere i n t o  t h e i r  habfitats. These deposits,  depending on the 

surface area of  a par t i cu la r  aquatic habf ta t ,  would be s m a l l  and subse- 

qu.ent d i lu t ion  i n  t'ne volume of receiving water would reduce concentrations 



avai lab le  -to aquatic b io ta .  Z)oses t o  atquatic org:mism:; f r o m  atmospheric 

deposi ts  would be only severa l  percent of t h e  doses e s t h a t e d  for. 

t e r r e s t r i a l  organisms. 

' 7 . 5  Radiation Phse from Long-Lived Ra.dionuc:Lides 
Aftel. t he  M i l l  I s  Closed 

I n  -this sect ion,  e s t b i a t e s  a re  presented of future p o t e n t i a l  rad ia t ion  

doses t o  individuals  and- populations exposed t o  the  long-lived- rmdio- 

nuclides t h a t  are deposited on the  1xnd surfaces  as a result of m i l l  

operation. These estbisi-Les involve maiy complex coiis5derations. A - U  of 

t he  in fomat ion  necessary t o  make zccurate predictions is not awailable, 

Tn t h e  absence of complete infomat ion ,  estimates sre made using the  best  

current  knowledge. Conservative assumptions a re  used i.n s e a s  where 

def ic ienc ies  of  knowledge ex is t .  These assumptions make it Lik.ely t h a t  

t h e  estimates of hea l th  consequence a r e  wel l  above t h e  probable e f f ec t s  ~ 

R more-detailed assessment of the r ad ia t ion  exposure to fu tu re  generations 

from long-lived elements has been included in a recent; rxwi-ronmental 
2 1  analysis  of the  WFBR program. 

7.5.1 Source Term 

T h e  model m i l l  (Case 1) re leases  radon gas,  dus-l;~ f r o m  the m i I . l ,  
and airborne t a i l i n g s  during each year of  operation. Dwing this time, 

individuals  and populations a re  exposed t o  a radi.oact:ive cloud froni 

-wkich they receive rad ia t ion  doses d u e  t o  krmeysion in the c l o u d  a id  

from inhalat ion.  Radionuclides are d-eposited on t h e  ground from tlre 

c1ou.d and accumulate i n  the environment around -the f s c i l t t y ,  causing 

ex te rna l  rad ia t ion  exposure from eontami.nated ground and t h e  ingest ion 

of con1;aminated food. The radionuclides with long ha l f - l ives  continue 

-to expose the  popul-ation long after t h e  p lan t  has ceased operations.  

The t o t a l  quant i t ies  of radionuclides re leased in Case 1. from t h e  model 

a.lka,line leach mill . ,  sited i n  .Wyoming a1-e l i s t e d  i n  Table 7.19, This i s  

the worst case (i. e a , t he  highest  r e l ease )  stud-ied. The longest-j:iveci 

radionuclides: (234 U, 23a U, Ea, and '""Th) w i l l  remain i n  the  environ- 

ment f o r  generations.  



The d i s t r i b u t i o n  of these rad-ionuclides around t h e  m i l l  must be 

e s t h a t e d  ir* order t o  define the rarjiation dose t o  the population. For 

t h i s  assessment, it i -s e s t b m t e d  t h a t  essenti.al.ly a l l  of t h e  yadioact?ve 

materia1.s a re  depsi’ ied within a 50-mri7.e Y-adius of the  mill. T n l s  follows 

from consideration of the metcwrology at  ’ihe model plants and from the 

use of a settling r a t e  for p a r t i c l e s  of 1- cm.sec-’ Prom a soi~rce which i s  

re leased a t  ground leve l .  The same assump-tioris are used in esti-ia’iing 

t h e  dose t o  -the population f m m  releases  f r o m  t h e  operatt.n?; m i l l  and. 

-the t a i - l ings  area,  Other estimates o f  t h e  deposi’ij.oia of these mater ia ls  

i.nd.ica’ce that as much as 7% of “ne materials  a r e  deposited within 50 
2? rni-les, even though Lhe release point i.s the  Lop of  a 100-m-high stack. 

‘The average exposure t o  indtvi.6uals and the  popula-tion i s  estimated 

using t h e  assuniption tha-t -the radionuclides d.eposited diiring -the opera- 

t i o n a l  l i fe t ime of the model. mill are uni-fo-mily d i s t r t b u t e d  trithi.-rr the  

50-mile radius are. (2-03 x 10” m2). 

an underes-timatl’.on of the  dose t o  indiv-idiial-s l i v i n g  nea:~ t h e  f a c i l t t y  

or ?.n areas of t h e  prevai..l.i.ng wind d i rec t ion  and an meres-iiniation~ of t he  

dose t o  i-ndividuals living i n  ~AF: outer  aanuliis of the 50-mile radius of 

t h e  m i l l .  

The use of  ’ihis assumption causes 

I n  calculat ing the dose from 2aaR:~?  gas, i t  i s  assumed t h a t  the 128- 
acre t a i l i n g s  pi1.e w i t h  a 6-in. ear th  cover would release 8.4 x 10” Cri. 

of 222Hn each year a f t e r  t h e  m i l l  is cl.osec?. The average X/Q’ val.ue for 

a distance of 25 miles from the  m i l l  ( 5 .5  x IO-“’ s e c - i i ~ - ~ )  i s  used -Lo 

ca,l.cinl-ate -the concentration of 22”Rn a-t t h a t  dtstance.  

centrat ion i s  used, i n  turil, t o  esti.mate t h e  annirs7. dose Lo ihe 1.iings 

of  Lhe average indivi-dual w - i t i l i i l  the 5O-mile rad.ius of Lhe mi-7.1 ... Ti; is 
f u r t h e r  assumed tliai; t h e  Rn i s  i i i  secular equilj..br:i.um with i - is  d a q h t e r  

products . 

222.  This Kn con- 

2 2 2  

7.5.2 Pathways of  EFOSure 

- ResuspPr~d?d Air Aciivity.  - flf i e r  airborne parti<iilates are  rzmoved 

from the atmosphere m r l  reach the ground by deposi-tion and washout; they 

may az2i.n enter  t h c  ailnosdierc by rpsuspensian procrL,:;es. Ti they do, 
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they may be idxiled, There is presently no genera,l rrlod.el whLc1~ rimy be 

used t o  predict  the levels of resuspended a5.r act twity w i t j n  due rega.rd 

t o  t h e  geometrical conftguration of the land surface, the cha rac t e r i s t i c s  

OS the deposited radioactive particulates .? mid the pasmiekrs  of Imst  
soil, the vegetat Lon cove?, and the rrzeteorologicsl cunditfions ~ The:;e 

highly vxriable factors and others  re la ted to land use, such as t ’ r~  
distur’o:mee ~ i ’  soil surfaces b y  hman act ivi ty ,  m u s t  lie considered i n  
preparing a p r e c h e  e s t  Lmate of’ resuspended radioactivity.  



_I Ingestion. - The i-ad.ionuclides t h a t  a re  not inhaled by man remain 

i n  t h e  environment f o r  times proport ional  t o  tk1ei.r rad.ioloii;i.cal half ." 

l i ves .  

contminated by d i r e c t  deposit ion of airborne p a r t i c l e s  onto Pol ia r  

parts and by roo-i; uptake of  isotopes leached frorn, o r  exchanged s~.th, 

particl.es deposited i n  s o i l .  Plan-t uptake s tudies  show t h a t  uranium, 

radium, and thorium are  strongly excluded fi-ora p l a a t  uptake and poorly 

t ranslocated by pla.nt systems. The general  f indings from experbieiilx 

ind ica te  . h a t  t he  eonczntrati.on fac-tors (ppm dr i ed  plant  ma.terial/-p.pm 

dr ied  s o i l )  are  about ld3 t o  lo-". 

conditions,  

the list i s  not a l l - inc lus ive .  bng--term changes i n  plani; uptake are  

unknown. Several competing processes can i-nfluence the  changes, i n -  

l)ur.ing this time Yney may be ingested by man. Planis  may be 

Lower f ac to r s  may occur under f i e l d  

Although various plant  and soil types 'nave been -tesJGed, 

cluding downwzd movement of radioact ive materia,ls i-n s o i l ,  which czn 

reduce t h e i r  a v a i l a b i l i t y  t o  higher plants,  and react ions xLth soil 

0rk:an-i r rnatter aiid microbial- transformations, which may .i nci.ease t h e i r  

a v a i l a b i l i t y  . 
The f r a c t i o n  o f  these radionuclides that  en ters  man during t h e i r  

long existerxx i n  the envtromrtent w i l l  depend r~n t h e i r  distri-bution, 

t h e i r  chemical. and physica.1. behavior i n  the environment for 'Lhousand.s 

of years, and climatological- cond-itions and land 1: se pat'iesns spec i f ic  

t o  tile a.rFia. 

the many fac to r s  i.nfluencing -the movement of these  el.emenis through 

t h e  environment over t h e  periods of  himdreds t o  tens  of thousands of 

years, during which they niay enter  man through the  ingest ion pathway, 

i.s no-k available: to permit a precise @s-t;.i?ilate of the dose t o  man. it 

Suf r i c i en t ly  de ta i led  and accurate knowledge regarding 

i s  appropriate,  therefore ,  t o  use conservative paraxncters and assuriiptions 

to estimate the  amounts -'chat may be ingested by the population. It i s  
assumed timt plant mater ia l  acctimubai;es a concentration, Cf, of radio- 

nuclides i n  the  soil f.il r.hi.ch the plants .grow, t h a t  theye i s  no dotvndard 

movement of t he  radionuclides i n  the  soil. beyond the  TOOL zone (15 em), 
and. t h a t  radionuclides a re  no'c l o s t  by drainage of water. 

densi ty  of I, 5 g 
con'iailled in 2.25 x lo5 g of s o i l .  

Wi.th a soj.3. 
t h e  radionuclides deposited oa a sqiiare meter a r e  

'The f o l l o ~ % q g  expression i s  used 
t o  estimate, the i.n'c.de v i a  ingestion of p lan ts :  
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ci mn-" x I: x 9.U x 10" g plant ingested yr-" f Ci yr"' ingested = 
2.25 x lo3 g cm-2 

where Cf value; am.: 

b.0 x LO-3 for tliorii-m. 

contaminated via resuspended radionuclides i s  calculated usij713 the 

'TEIIMOD code. 

2.5 x IG-" for i x t m i u m ,  3.9 x LO-* i'or radium, and 

Additional in take  from the ingestion of plants 

20 

Contami.nated Growid. - E,uposu.re v i a  c-on.Laminatec3. ~ ; T ( ' J u I ~ ~  i.s also 

estimated. 

frcm the soil surface exccpt through radioactive decay. 
It is assumed t;h.a;t, L'riere i s  no 10:;s of deposited radionuclides 

7,T.  3 .Dose Estimates 



exposure t o  coiitarni.natcd ground and 148% from ihe ingest ion of radio.- 

ac t ive  rnaterisls. For-ty-nine perce-d .~f t h e  t o t a l  body r b s e  i s  from 

"'Ra, and 45% i s  fioci U and 234U.  

div:id.ual w i l l  vary as a fu i?c t - i~n  of d.isL:jn,ce i"rojii tile i i l i l l .  

diiring operation, t h e  t o t a l  body dose io an iiidivi(3ua.7. ?mz "!"Ha at 

a dis tance of 1 n i l e  is aboilt 1.1.00 -iiines higher than L h ?  dose iu a n  

individual  a? 50 mi.l-cs. The average doses per year of' exposure to t he  

organs resulting froin t he  various radL>nuclri des and fo~i" t h e  major i n t e x a l  

pat'riwzys are  shown i n  Table '7.21. 

dose (0.316 m i l l ~ i r e m )  which i s  about 50 times the  dose to i h e  bone 

(6 .7  x lo-" m i l l r i . r e m )  (Tabie 7,21). 

2 3 3  The ac tua l  dose t o  any 3ne ill- 

k'o?- F ~ X ~ T I ~ ~ Z ,  

'The l u n g  receives the highes'u organ 

Pogulatioii Doses. -..- ?he annual p o p l a t i . o n  t o t a l  body dose i s  7 .4  x _.- ____I__ ........ ~ 

10."" man-rem per 53,000 peysons a f t e r  ilie m i l l .  closes and. uni i l .  t,hern i s  

significa.nt  decay of  the  long-l.jvec? raclinnucl ides  (Table '-/-22). 

annual. dose t o  the p,opu.batio:n (-Lots,': body and o r g m s )  i s  ,?.gain pi*ims.rj~ly 

due to 22"Ra, 23*U, a.nd. U, with 2 2 6 R a  contributi,ng !I@: and the l . l ~ ~ ~ . l l i l J . ~  

isotopes of  -tile to t a . l_ .  The lung receives t h e  highes-i organ dose, 

1-23 m a n - r e m s  per  year p e ~  53,000 pe-sons. 

'The 

2 3 1  





t h e  medium below the pond (3 . .  e , ,  water-saturated s o i l )  were used i n  

the  solut ion of the t ransport  equation (Fig. 7.1!-, bo'c'coai) .-E 

above assumptions maximize -the t ransport  of radioactive mateyials _. Radium 

has a d i s t r i b u t i o n  coef f ic ien t ,  kd, of 100, while "'U, 23"U, 230Th, and. 'loPb 

'nave d i s t r i b u t i o n  coeff ic ients  grea te r  than 1000. 

i s  defined as t h e  equilibrium concentration of a radionuclide adsorbed on 

the  sand divided by the  concentration i n  -the water, i . e . ,  Ci 226Ba/g 

of sand divided by -the C i  22"Ra/KL of water. 

A l l  the  
25 

The d i s t r i b u t i o n  coeff ic ient  

The solut ion of the  t ransport  equation f o r  the movement of '"Ra 

of 100 i s  shown i n  from the pond- i n  5- and. 20-year periods u s h g  a k 

Fig. 7.5. The two concentration contours represent t h e  posi t ions where 

t h e  concentration of 226Ra i n  the  water i s  10 and 5% of  t h a t  i n  the 

seepage poild. 

of the  pond a f t e r  20 years.  

amount of ""Ra reaches t h e  stream i n  t h e  20-year l i fe t ime of t h e  plant .  

Figure '7.6 shows the mov2ment of radionucl.i.d.es f r o m  the seepage pond 

'ioward. the stream when the  k i s  1000. 

1000 i s  only about 2 m (6 f t )  below t h e  bottom of the pond. 

radionuclides, such as 230Th, U, U, U, and 210fi, which have 

d i s t r i b u t i o n  coef f ic ien ts  grea-ter than 1000,do not reach t h e  stream i n  

detectable  concentrations duri-ng the  20-year J-ifetime of  -Eie plant .  

a 

The IC$ contour i s  only about 3 m (10 f t )  below t h e  boktoin 

These r e s u l t s  indicate  thai; no d-etectable 

The l& contour f o r  a kd of d 
'Thus, 

234 2 3 6  2 3 8  

After  'die mj-1.1. has been closed, no water o'iher than precipita-t ion 

enters  the pond.. I n  t h e  a r i d  regions, where most m i l l s  are  located,  

t h e  evaporation r a t e  exceeds t h e  r a t e  o f  prec ip i ta t ion ,  The t a i l i n g s  

pond evaporates, and. there i s  very l i t t l e  ne t  flow o f  water. 

movement of t h e  radionuclides, which a r e  adsorbed on the sands under 

the seepage pond, becomes extremely slow 2.n t h e  absence of a flow of 

water. Thus, i-t, i s  assumed t h a t  t h e  addi t ional  movement of radioactive 

ma-terials a f t e r  m i l l .  shutdown i s  near ly  zero i n  t he  absence of cl imat ic  

changes t h a t  might raise t h e  wa-ter tab le .  

Additio-na.1 

*Calrul_ated penetration of seepage l iquid into dry soil of 3% porosity 
i s  about 28 f t  i n  20 years, assuming no groimnd w a t w  present o r  
c a p i l l a r y  action. 



The so lu t ion  of -these problems was obtained by nv.rnerica,l solution 

of t h e  governing p , u t i a l  d i f f e r e n t i a l  ecpations f o r  a spec i f i c  s e t  of 

'ooundarg conditions and coe f f i c i en t s .  Because o f  t h e  complexity of 

groundwater problems, t h e  r e su l t s  obtained ap-pky only t o  t h e  >mblerns 

presented. Thus She ra te  o€ Inwemen% of radioactive mzter ia l s  estirrlated 

for these spec i f i c  conditions may not be zpplied in other problems. 

1. 

2.  

3. 

4. 

5. 

6. 

7. 

8. 

7. '7 Iieferences 

1ntern:ztional Commission on Radiological Wotect-ion, Reeormnendaiion 

of LIE InLernati9nal Commission on Radiological. Protect ion I C R F  

PUbliczi,Tion 9, Perganon Press, London, 1966. 
---.-.-' 

Nstional  Cowlei 1 on Radiation Pro tec t ion  and Mcasurcmeirts, Basic 

Radiation ProJect ion Cr i t e r i a ,  IWRP Report Nod 39, NCIIP E?n'ulications, 

Washington, D. C. (1971). 

Federal  Radiation Covmcii, E s % h a t r s  and Evdua t ion  of Fall.out in 

t h e  United States f r o m  Nwle<w Weapons 'Testing Conduc-ted t4irou.gh 

1962, Report NO. 4 ( ~ a y  1963)$ 

14. Reeves, P. Fowler, and. K. Cowser, A Computer Code f o r  Analyzing 
Routine Atmospheric Releases of Short-Lived Ra&ioac.tive lTv.clides, 

~ o I Q I L - ~ T N - ~ ~ ~ ~  (19'72 ) . 
U. S, Dept , of Conmerce, XOAA, SeasonaLl a,nd Annual Wind Distr ibut ion 

by Pasqu.ill Stability Classes (6) STAzi Tabulation, AZbuq.u.erque, 

New Mexico, and Casper, Wy-oming. 
-I 

E'. A. Gifford, Jr,, and. D, FI. Pack, "Surfsce Deposition of Airborne 

Material.., " Nuel-. Safety - 4( 4), 76-81 (1962). 

IC. E. Cowser et al. "Evaluation of t h e  Potential.. &xtiologica,l Impact 

of Gaseous Efflu.ents 011 bc<d. .  Environments, " Proe . Int . .Sp-p. 

Radioecology Applied t o  the Protection of Man and. H i s  Environment,, 

E.rrn-Moo (lg:'), p-p. 923-38. 



9. 

19. 

11.. 

17. 

13. 

I)!. 

1.5. 

17. 

18. 

1-9. 

-__- .................. 

P. ii. Colzmaii aiid A. A. Hi-oaks, Pii ........................................... to '1aUy Popillat 
by Annuli  and. Sectors. . ORNL-TM- ................................. 1 

.............. ... ..... ...... ..... ...... .. Codes ..-.- foi- Estimating Ra.di a i - ion Doses .. to ...... Po-mXj.ations ..... fi-firil i 

of a Sea--Level Canal -__ w!.th Nu.clesr hxplosive?T ............ K-. Y ( > j  (SepL. 16, 1.968). 
__... ... .-__-. IC.. -. 





1-02 

The relat ionships  betFrcei1 t h e  inpact oi" radioac%ive releases  (d-ose 

commttment) presented i i l  Section 7 and t h e  annu.al. costs  of? the  radYas:;e 

treatment systems descyibed i n  See-Lions I: and 6 are  d-iscusserl in t h i s  

section. 'The accuracy oP t h e  cost  estimates i s  a3oui f3@. Uraniim mills 

are  J..ocated i n  ari.d. regions where a g r i c u l t u r a l  use of i,he su.r:L*ounding land 

i s  l imited.  Therefore, dose commitments to the  indivfdual a re  pyesented 

f o r  -ihe two extremes of food consumption, i.e., where none ( @ )  or a1.l 

of the food that i s  consumed by an individual  i s  ,q;rown a t  i'ne 

reference locat ion where the individual I.ives e The a c t u a l  doses for a 

speci.fic m i l l  location, where the  food consumption p a t t e r n  i s  k.novni, can 

be estimated from these values by applyiilg appropi-?_ate fac'iors, Lbses, 

other than 'io t h e  lung, are apgroximately a fac tor  of 10 I.ower than the  

ma,ximum doses if '  none of t h e  food consumed i s  produced a t  the reference 

location, or aFproxj.mate!,y a f a c t o r  of 5 lower i f  half rjf the meat but 

none of the  other  food i s  produced. l o c a l l y .  

systems are  i n  an ear ly  &age of development; and t h e i r  technical  f e a s i b i l i t y  

has ilot been v e r i f i e d  i n  a plan-'i i.ns'callati.on. Mod.els for t h e  movement and. 

concentration of radionuclides i n  the  environment a re  receiving addi t ional  

study t o  increase theil- accuracy. I n t e r n a l  mll.1- flowsheets a.se based on 
actual. operating experience of mi l l s  'r;oday. The ore composi.tion selected 

i s  t h e  average pl-ocessed by the industry over the past  f i v e  years.  The 

m i l l  processes a dry, 6% moristure ore which yields a r e l a t i v e l y  la rge  amount 

of dust and a relative1.y high dose t o  t h e  surrounding population. FacLors 

are  provided i n  Table 4.4 which can be used Lo estimate the dose when ores 

with a higher inoisture content a re  used (wetter o-ms yoduce  l e s s  dus t ) .  

I n  t h e  base case, es-timates of -bhe re lease  of radioacti.ve wastes ( t h e  

source terms) are  rea l - i s t ic  foy airborne releases  from tlie -ta-i.lings area, 

and conservative (i.e., maximum) f o r  airborne rel . .exes from -Lhe m i l l ,  

seepage losses ,  and leach ra'ies, In a l l  cases, conservative assumptions 

(i. e. , -those tha'i maximize dose 01" cost,) are  nade i.n sei-ec-ti-ng Lreatmnt 

effici-ency ra t ings  f o r  equipment, i n  esLlirnatirig costs ,  i n  defini-ng the 

movement of radionuclides i n  t h e  environment, and i n  s e l e c t h g  food and 

Some of the advanced treatment 

l i q u l d  conswiption pat%, or11s. 
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- for Case 3.. t o  nearly $10,000,000 f o r  Case 6. 1.n aildition t o  the  lung 

dose from the  radon, which i s  continuously released. from t h e  t a i l i n g s  

a f t e r  the m i l l  closes,  thei-e i s  a l s o  a 1-ong-term dose Yrom t he  long- 

l i v e d  i-acli.oa.ctive mater ia ls  vhich were d i spe r sa l  while t h e  m i l l  was 

operati-ng. The long-term total body dose t o  an average individual  

l i v ing  within 50 miles  i s  1.4 x KI-" mrrem/yr and -the bone dose i s  

rnrem/yr a t  t he  model m i l l  'iha~t re leased the  grea tes t  amount 3 7 . G  lo-" 

of radioac-Live m,3teri.al-s (Scc'i;. '7.5). S i n c e  these doses are smal.1. 

compared til the backgroimd dose, no cos-L corre la t ions  a m  m d e  -for t he  

l.ong-term period I"or -the dose recei-ved f m m  the  ?a r t i cu la t e s  dispersed 

by -the operating mil-1- and the  ac t ive  t a i l i n g s  area. 

I n  SecLions 8.7 t,o 8.7,  t he  t o t a l  cos ts  are separated t n t o  c o s t s  

f o r  rediicti.on i i i  re lease  of airborne radioact ive rnateri.al.s, and cos ts  

f o r  treatment of l i qu id  wastes l;o u-ed.uce the  amount of radioact ive 

mater ia ls  relessed i n  seepage o r  po ten t i a l ly  i n  l e w h  waters and these 

costs are compared wiLh -tile maximum close t o  t h e  5.ndi.vidual o r  Lhe amounts 

of mater ia ls  re leased j-n. seepage 'nr e r .  h3il.e the m i l l  i s  opera-tine, 

ilie - t o t a l  whole body dose t o  the populakion ou'c -'io a distaiice of 57 miles 

Is 1 t o  3 man-rem i n  Case 1 arid l e s s  than 0.2 man.-rem i n  Cases 2 t o  

(TabIl.es 8.1 and 8 . 2 ) .  

s'cabiltzed, the total. annual wlmle body dose t o   he popul.at5.on out t o  

50 m i l e s  i s  l e s s  'illan 0.01 man-rem i n  Case I, Therefore, no cos t  cor- 

r e l a t ions  a re  made w i h h  the  populatton dose. 

After t h e  mi.l.1. j.s el-osed a n d  t a i l i n g s  haxvc been 

8,? Airbqrne Eff luents  from 'die Operatins Mill. 
Excluding the  Tailings Area 

The rad io logica l  doses and annual cos ts  for t h e  treatment of ai.7- 

borne e f f luents  from t h e  m i l l  process bu.i-I.dings (exclud-ing the  ta i l - ings 

a rea)  are  presented i n  Tables 1:.3 and. h . 5  and. Fig. 8.5. The radioact ive 

materi.al.s i n  t h i s  e f f luent  consis t  of rad.on, ore d.ixts, and uranium 

concentrate (yellow cake) dusts .  

treatment gf -the m i l l  effliien.t,  cxclusi-ve of the t a t l i n g s  area,  and are  

-the same for both types of  -rni.Ll_ a t  both s i t e s .  The waste Lrentme:rrt 

case s tudies  i lJ-ustra-le an increa,si.ng efficiency f o r  dust  1-emoval. for 

The annual costs  a re  those f o r  the 



'The maximimi annual whole body dose (lG@ food ingest ion)  a t  0,5 

m i l e  distance from the mill tltxreases exponently wi.th in-creased. t r e a t -  

merit; cost, frcm almut, 20 mrem in Case I at an amiual cost of $ ~ : ~ , o o o  t o  

0.3 mrem i n  Ca:je 6 where tile armual COS'L i s  $Z%?,OOO (Ti?"bZes 4.3 ,and 
it- 5 and FTg, 8.5). 
of about $ll,000/mrem reduction in total .  body dose 

of total -  body dose -is obtained by 'die la rge  increase i n  cos t  t>o $I.., 1+32,OOO 

in Case 7 'where the  re lz t ively eqens ive  cliarcoa,l bed. is !xed to decrease 

the release of radon. Radon coritributes only a minor fr.ru::-tioii Lo the 

% o t a l  body dose, and hence -the ranova.1 of radon i n  Case 7 has :z n.eglig?lble 

e f f ec t  on the tmtal. b ~ d y  d o s e .  

d.ose (100$, food. ingest ion)  i s  con%ributed by '''Ra ( T a b l e  7.9) which i s  

coa.tained. i n  the ore  dust. 'Yhus, the. dr?crea,se in . tots1 '0od.y dose i s  
prha,ril.y a func-Lion of t h e  efficiency of' t h e  removal. of' the  ore dusts 
from mill ef f luents .  If no food i.s podueed  loca l ly ,  the t o t : i 1  bo&y dost? 

decreases from about 2 men in Case 1 to 3 x 16' mrem in Case 6 ('Tables 

7.a and 7 . 8 c ) ,  and the iricxwxenLa,l cost;-benefit ratio is ab0u.t $3.K),OOO/nren1 

reduct ion.  

'This eor:responds to a n  incremeiital  cost-benefit  r a t i o  

Nc fur.ther reduc-Lion 

The major f r a c t i o n  (85%) of" t o t a l  'body 

Th-e bone dose charges w i t h  treatmen-l; cost  i n  i;he s m e  manner a s  the  

t o t a l  body dose (Tables 4.3 and 4.5, F i g ,  8 .5)  because it i s  a lso ma,linly 

4-epeadent on the  mount of '"Ra in the efflueni; (Table 7.10). 

rriax3mm amiual bone dose (lo% food. ingesi;ion) at, 0.5 i i l . e  distance from 

%be mill deereases from rougMy 200 mm for Case I t;o x IO-" man for 

Case 6 as t h e  annual cost  increases from $43,000 to $265,000. If no food 

i s  produced locally, t h e  bone dose decreases from about 40 men1 i n  C w e  1 

to less than 0,001 m r a  i n  Case 6 ( T a b l e s  7.8 arid 7.8~). 

The 







1.1.0 

8. )-I Airborne Wfluent  f m m  t h e  'Tai.l..i.ngs Area 
During tiie Ilnteriiii Di-ying Period 

After -the m i l l  i s  closed., a 2- t o  3-year inter im pcriod ensues 

whereiii t h e  t a i l i n g s  dry out s u f f i c i e n t l y  t o  permit the  use of enrth- 

moving equiFment for applicati-on of tiie f i n a l  stabiI . i~zation cover An 

inter im -period does n o t  occur in Cases 5 and 6 because 'che tai.1.ing.s a re  

incorporated. i n  e i t h e r  cement o r  asphalt  diiri'.ng operation of the mi1 . l .  

I n  ihe other cases (I, 2, 3, 4-, and '7), survei l lance i s  maintained. and 

tine chemical spray or a cover of ear th  o r  i11j-n.e waste i s  appl-ied i n  in.cre- 

ments as the  tail imgs dry out ,  so t h a t  in Case 1 the  area susceptible to 

partfc3.e resuspension by the  wind does ilot exceed 25 acres at t h e  Tdyo~nirg 

si.te and i n  Cases 2, 3, I-+, and 7 it does not exceed. 10  acres a t  e i t h e r  

site. Interim t redment  i s  not aqpl-ied a t  t he  New Mexj-co s i t e  i n  Case 1 

beeail-se the doses produced by the unco'vered, dry- t a i l i n g s  p i l e s  a t  the 

mills i n  Mew Mexico (1-28 z s r e s ) ,  which aye subjec-i; t o  wind erosion, arc  

lower than for the  t a i l i n g s  p i l e s  i n  Wyoming (25  acres uncove-ed) which 

ive in-terim trea-tmeiit. This i.s the  r e s u l t  of  the higher wtnd veloci-ty 

i n  Wy-ami-ng. 

mile from 'che interim -'irea%ed - ta i l ings  area at the  acid leach--solvent 
ex t rac t ion  m i l l  i n  Wyoming are 92 =ern Tor t o t a l  body and 933 mrm f o r  

bone coripa.red t o  44 mTem f o r  total .  body and h48 f o r  bone from the imt,reated 

t a i l i n g s  area i n  New Mexico (Table 4.1'7). 
New Mexico i n  Cases 2,  3, 11, and '7. Doses a re  approxirna-tely a fac-tor of 

1.0 lower i f  no food i.s produced loca.l.l&v. 

For example, the m.a.xi-rnum doses (IO@ food ingest ion)  a t  0. 5 

Interim treatment i s  applied i n  

Lnterii-ri treatment i s  especi-ally beriefi-cia1 f o r  the  I.arge .Laili.ngs 

area (1y7( acres ) present a t  the 3cj.d. leacb--sol.vei?t extract ion m i l l  a t  

Wyoming. The rnaxiiirl1i.m-1 annual individual t o t a l  body dose (1.00$ food in-- 

grst i .on)  at 0.5 mi.1.e c:CJwmJind would be 580 mrem, i f  the e n t i r e  area were 

all.owed -to d-ry  and become a source of dust a.nt3. radon. T'ne annual cost  

of the ch&nical spr8.y for interiiil treatinen% amortized over the 20-year 

lire of the m i l l .  i s  $;io00 in Case 1, when the equipment i s  u s e d  only   or 
inter im treatment, and. $1000 i n  cases 2, 3, 4, and 7 w~ierr? the equipnent 

i s  a lso used t o  coat t h e  beaches while -the m i l l  i s  opei-ating. 



8.5 Airbovne Effluent from the Tai l ings Area 
After F ina l  Stahil5.zation 

T'be ta,ili:ngs pile which remains a;flS,er the  m i l l  i s  closed contxins a, 

l a rge  mount of hazardous radioact ive m a t e r i d s  a The release of these 

mater ia l s  i s  reduced by siting t h e  tai.li.nys area above t h e  wa,ter t ab l e ,  

by providing pro tec t ion  from surface waters, and by covering the tailings 

with eart'n and rock and i n  some cases %y incorporating the ta i l ing: ;  in 

cement, or asph.alt. Since the  t a i l i n g s  aye covered ( s t a ~ ~ i ~ z e d )  imi a , l l  

c~ t se s ,  resuspension of t a i l i n g s  dust  does not occur. Consecp.ent,ly-,, ofiy 

one radioact ive mnhcrial, radon gas ("""En), i s  released as an airborne 

e f f luent .  

1-,620 years and, thus,  """Fa wi.lLL b e  re leased  f o r  thousands o-f years.  

T'ne mount  of ~sctdon released is deereased by placing a, di f fus ion  b a r r i e r  

over t h e  ta i l . ings .  

T'ne "'Rn L S  t h e  daughter of '"Ra. which has a half-life of 



i n  areas o r  t h e  countyy no'i involved i n  uranium mining (Sect.  4.4.3.2, 
Table !-t.22). 

of the  unstabi l ized t a i l i n g s  p i l e  w i t h  t he  very l imi ted  da ta  avai lable  

on nat ive s o i l s  indicates  t h a t  t he  re lease  from t h e  ta.i.l.ings p i l e  must 
be reduced 500-f9l.d t o  be comparable t o  natj-ve s o i l .  This reduction 

corresponds t o  a lung dose of about I rnrem and o c c i x s  between Cases li. 

and '7 i n  Figs,  8.6 and. 8.7. 
p i l e s  a re  higher f o r  the  ac id  leach--solvent ex t rac t ion  m i l l  i n  Wyoming 

because of the  l a rge r  t a i l i n g s  area, i+e., 174 acres i n  Wyoming vs 1.1-6 
acms i.n New Mexico (p lus  the t a i l i n g s  i n  the face of the  dam in Cases 

1 and 2 ) .  The lung doses for Case 5 ,  i n  whi.ch a l l  of  t h e  t a i l i n g s  a r e  

incorporated i n  cement and then covered. with 20 f t  of ear th ,  a re  about 

1/30 of  t h e  dose for Case )+a i n  which uxtreated t a i l i n g s  are  covered with 

20 ft of ear th .  This decrease i.n 1u.n.g dose by a fac tor  of 30 5 s  achieved 

a t  an increase i n  annual cost by a f ac to r  of 60, i. e. ,  t h e  annual cost  i s  

about $l . ,7OO,OOO i n  Case 5 compared. with $2'7,000 f o r  Case 4a a t  'ihe N e w  

Mexico s i - k .  Incorporation of Yne s l . i m s s  i n  e i t h e r  cmeelit (Case 6a) or 
asp1xal.t (Case 6b) i s  less ef fec t ive  than incorporation of a l l  of t h e  

ta i - l ings i n  ce-ment (C%se 5 )  f o r  reducing the  l.img dose and the anniual. cost  

of incorporation 3.n asphalt (Case 6b) i s  higher, i.e., $6,300,000. The 

major f r ac t ion  of t he  cost  f o r  incorporation of the  tai.I.i.ngs i n  cement o r  

aspha1.t should not be assessed Lo the redilrct<..on i.n radon emission and 

lun.g dose, since Yne pr inc ipa l  ob j ecti-vi: i n  incorporating t a i l i n g s  i n  

cement o r  asphalt  i s  t o  j inmbtlize ihe t a i l i n g s  and. t o  reduce -the leach 

r a t e  of radioa ve  materials  f ron  the  tai.l.ings i n  case la rge  xnounts of 

water. shou.ld. une-xpectedly conkact the  t a i l i n g s  (Sect" 8.7) .  

Compa.rison of t he  r a t e  of re lease  of radon a t  the  surface 

The doses and cos ts  of cover f o r  t a i l i n g s  

8.6 Re1 ease of  S o l u b l e  Kidioactive MaLeri3l.s 
i n  Seepage Water 

Liquid wastes from t h e  model mi l l s  a re  evaporaked i n  ponds of suf- 

f i c i e n t  arca f o r  nati iral  zvqora t ion ,  o r  as i n  Case G, i.n metal. evaporators. 

The  resi-d.w fron evagorati.on remains w i t h  t h e  sol5.d t a i l i n g s  from t h e  m i l l .  

During operation of the m i l l  and until. t,'ne t a i l i n g s  p i l e  becomes dry, 

seep3,ge of  l i ' u i d  containing rsdloact ive mater ia l  from t h e  pond t o  the 

s o i l  unde;? the t a i l i n g s  p i l e  occurs. The loss of  solubl-e mater ia l  i s  
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annual cost  of $2,600,000. 

alka1in.e leach mill waste l iqu ids  a r e  obtained a t  s l i g h t l y  lover annual. 

costs .  

S i m i l a r  t rends i n  reduction of losses from 

Although the  benefi ts  from t h e  more expensive treatmenbs a,ppear 

s m a l l  f o r  the  semiarid s i t e s  of the  mod.el mi.I.l.s, t h e  need and benef i t s  

would be much grea te r  at s i t e s  where some of the  environmental characterf.s.bics 

a re  d i f fe ren t ,  such as r a i n f a l l  i s  high, s o i l  has poor ion exchange prop- 

e r t i e s ,  t h e  water t a b l e  i s  near the  surface,  o r  t h e  ear th  under the  t a i l i n g s  

p i l e  contains geologic fau-lts o r  f i s s u r e s .  i n  prac t ice ,  however, these 

environmental f a c t o r s  woi~ld be evaluated. i n  s i t e  se lec t ion  so that  p o t e n t t a l  

hazards w i l l  be minimized- e 

8.7 Leach Hate of Radioactive Materials from Tailings 

Although the  t a i l i n g s  from t h e  model. rni7.l-s are carefu l ly  placed above 

t h e  ground water t a b l e  and. protected from surface streams, leachabi l i ty  

of radionuclides, p a r t i c u l a r l y  R a ,  i s  important i f  the  t a i l i n g s  a re  t o  

be used as b a c k f i l l  i n  mines (most mines a re  wet) or i f  the  t a t l i n g s  d i s -  

posal  s i t e  i s  near t h e  water -table. I n  additinn, t h e  meteorol.ogic conditions 

may change over a long period of time such t h a t  wa-Ler might contact the 

t a i l i n g s .  Doses t o  the  population cannot be cal-culated as a r e s u l t  of 

leaching and, consequenJKLy, t h e  poten-kial- leach ra'ce of '"Ra i s  correl.ated 

with the Lrestmeiit costs  f o r  reducing t h e  leach r a t e .  The annum1 costs  f o r  

reducing the leach r a t e  of ""Ra f r o m  t a i l i n g s  a re  presented i n  Table 4.16 
and F Q s .  8.10 and. 8.11. 
of the t a i l i n g s  i n  asphalt  o r  cement in Cases 5 and. 6 and f o r  providing 

aspha.1.t mpmbranes i n  Cases 4, 5, and 7. 

226  

These costs  inc1ud.e the  costs  f o r  incorporation 

The Po-tential, annual leach r a t e  of 2 2 6 R a  from 'che t a i l i n g s  from t h e  

acid leach--solvent extract ion m i l l  i s  red-uced from 2 - 6  x 10" Ci i n  

Cases l, 2,  and 3, where t h e  taril-ings a re  not treaked t o  reduce the  leach 

r a t e ,  t o  3 .1  x 

i n  a 5/16-in.-thick asphalt  membrane. 

meiiibrane i s  $2'54,000 i n  New Mexri.co. 

in Case '5 reduces t h e  annual leach r a t e  t o  2 , l  C i  f o r  an annual cos t  of 

C i  i n  Case 1:b where the  t a i l i n g s  are  completely encased 

The aiuiiial cos t  for the  asphalt  

Incorporating the tai.l.i.ngs i n  cement 



$L, (3 lg ,OGG.  Encasing the slime f rac t ion ,  which col-kain.:; 70'$ of' the I?" '"Xa 

i n  t h e  ?ail ings i n  asphalt r e d u c e s t b e  annual leach rate t o  76 cur ies  a% 

am mnual  cost  of $6,338,000 (Case 613). 'The .t;o-t;:~l .leach ra te  in Case 6b 
i s  higher than i n  Case 5 because the  sands a x e  not enca:;ed i n  asphalt 
i n  Case Ejb and. the s m d s  are  assunied t o  have the  sane leach r a t e  f o r  
2213 lia as the  slimes. Removing 9% of the rartionuclides by strong acid 

leaching and incorporation of -Lhe Concentrated waste i n  asphalt yie lds  

ai1 ,a.mual leacl.1 r a t e  o f  0.012 cur ie  of 

(Case 6c ) . 
show higher leach rates  and higher costs than trea,%meiit by encasement, i.n 8.11 

aspba.l% membrane, they probably are more eoziservc2-ttve i n  th%t they would not 

be subject t o  a sudden change i n  leach rake which would OCCLW i f '  the  aspha.lt 

membrane were rinptu.red. The same trends apply to t h e  leach r a t e s  for 

t a i l i n g s  from the model a lkal ine- leseh 1113-11. However, at a l k a l h e - l e a c h  

m i l l s ,  +,he costs  a re  s l i g h t l y  higher for treatment of the  slime f r a c t i o n  

becau-se of t h e  higher propor'cinn of slimes i.n zlkali.ne- leach t a i l i . n g s ,  

~ . a  at an aanu.a,l cost of $7,863,000 
Although t h e  treatments using incor-porat-ion i n  cement; o r  asphalt 

The protect ion of the  solid. t a i l i n g s  , q a i n s t  p o t e n t i a l  leaching by 

water by incorporation with cement o r  asphal t ,  or by ericasment i n  an 

asphalt  membrane, probably should be consid.ered as 8, cmservat ive,  a l t e r -  

nat ive Lreatment for the  semtarid s i t e s  of t h e  model mills. A t  o ther  

sj-tes, where high r a i n f a l l ,  high water tables, o r  geologic f s u l t s  under 

the t a i l i n g s  a rea  may occur, such treatments become much more b e n e f i c i a l  

m d  necessary. 

8.8 Contribution of t h e  Cost of Radwaste Treatment 
to Yellow Cake aid Tota l  Nuclear Power Costs 

The capital. cost  of t h e  model. uranium m i l l  i s  estimated at $13,000,009. 

The capital cos ts  of radwaste treatment added to t h e  model m i l l  range from 

$357,000 f o r  Case 1 t o  $10,577,000 for (Case 7 (Tables 6 . l  and 6.2). 
s p e c i a l  case where t h e  conventional s u l f u r i c  ac id  leaeh i.s replaced with a 

n i t r i c  acid leach, the  ne t  increase i n  c a p i t a l  cost  is $29,959,000. For 

current prac t iee  (Ca.se l), t h e  maximum .annual cost  of radwaste treatment 

is $180,000 which i s  equivalent t o  $O.O?/lb of UaO8 and 0.003 mills/kWhr. 

The :unnlisl cos t s  increase from this base case t o  a maximum of $9,900,000 

I n  the  
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f o r  Case 6b f o r  the alksl ine- leach m i l l  w h l . c h  i s  equivalenl; t o  $3,65/lb 
U30s and 0.173 rnl.l.l.s/kWnr. 

es -kha ted -  t o t a l  power gene2'a.tion cost of '7 -to 10 m-i . l . l~ /k I i%i~~  

This highest, cost i s  l e s s  t h a n  3% of an 

The rnaximui r adwas te  treatiiien-L cost whi.ch &oes no-t involve the use  

of expensive IEPA f i l t e r s ,  charcoal de.l.ay trap,  and incorporation of 

~ a i 1 i n . g ~  -in cemcnt or aspI1a.I.t i s  $ l , r [ ,@,~~~.  

$0.66/lb U308 e:id 0.032 mills/kWhr. 

the toial .  cos t  of nuclew- ~lower.  This cosl; w i l l  cover high-efficiency, 

reverse j e t ,  bag f i l t n r s  a.i?d high-energy venturi. scrubbers on tlie aij-borne 

effl..uents from tlie m i l l -  (Case 4), iieui;i"~,~-izati.on or copperss ti-eatmeiit of 

Xquids,  an asphal t - l ined t a i l i n g s  basln. with a clzy core dam, and a 1- in .  

asphal..t mernbrane Lopped by 2 ft of ear!ili stabilized wLth 6 i n .  o€ crijxheci 

rock (Case '7). 
dusts  and Casc 7 ti-eattment of  1iqiii.d m d .  soJ . id .  wastes reduces the maximum 

individua,]. total. body dose a n d  i l 1 C J s t  organ doses ti, 1kss than 1 mrern/yi- 

(lo& food ingestion), t he  iiiaximum bone dose -to less than 7 mrem/yr, and. 

L;ie J-ong-term rad.on Lu,ng ctose to  l e s s  t1ia-o 0.002 m r e m / y r .  ~ t ;  reduces I..OSS 

by seepage i o  0.1% and. provides some protect?-on againsi; futiire 7.eaching of 

rad.i.oa,c'i;ive matel-? a3-s f rom the ia i1 . in .g~  by coixplete cnca,sen:ent i n  an 

asphalt -membrane - The radon d.ose from thc acti.ve mi.1.1 a.nd aci;i.ve tari.I-i.i?gs 

arm can b e  reduced only by t'ne use of  expensi.ve addi.-Lional t rea . tn~:rr ts .  

'TITLS i s  equivalent t o  

It contr ibutes  l e s s  L1ia.n O.b$ t o  

Y'his combination of Casc '-1 treatment f o r  ail-borne rnT1.J.. 



In ths spring of 1973 there were lT uranium mills operatding i.n tlie 

United S t a t e s  wLth a combined processing ra'w of 22,500 t o n s  gf ore per 

d a y .  

asked to be o m i t t e d  from the survey. 

f o r  a small program involving treatment of mine water by i on  exchange. 
T w  mills are on staadbjr (Table g.l).-X- 
i n  -the United S ta t e s  at present .  

condit,ion, with some m i l l s  operating ak less  than full c a p c i t y  -. for 
example, 10 days out of 14. 
processed was 17,500. T'he 15 act ive mills vary i n  s i z e  frorn 350 to 
5,000 tons/day, with the  major-ity (12 mills) in the range between 900 

X-Tbe Uiiion Carbide mill a t  Rifle, Colorado and- the Susc~uehariris-~~~es-t,e~.n 

O m  mill, which expected to close for major process modifications, 

A secortd 1 n i l 1  was inact ive except 

No new mills are imder construction 

The industry is currently- i n  a, depressed 

During 1972 the average daily tonnage of ore 
4 

1 

mill at Edgemonk, South Dakota,' are on standby. 
mill a t  Falls City,  Texas, was closed pemmxxt3.y i n  ea r ly  19'71.3 

The Susq~ehaxap-Western 
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and 2,000 <ons/day. 

quant i i ies  o f  o r e  i n  order i o  maintai-ii a prof i tab le  yellow cake* production 

r a t e .  

A s  t h e  grade of ore  drops, wills rrtirsi process l a rge r  

The active mills are  located i n  s i x  wes-Lcrn s t a t e s .  There arc three 

i n  New Mexico (8,800 Lons/day), seven i n  TWyoming (8,950 tonslday), two i n  

'i'ex?s (3,000 tons/day) ,  two i n  f u l l  operation (1,450 tons/day) and two i n  

par'iial- operation i n  westeri? Colorado and eas'Li3ril Utah, and one i n  Washhgton 

( 3 5 0  tons/day).  Future producing ~ ~ e a s  a re  i n  New Mexico and Wyorn?.ng, with 

$8.00/1b reserves estimated. a t  49,064,315 and j5,54r7,22'8 tons o f  ore 

respective?>.. 

four th  with 5,637,0311 tons.5 
'7,393,229 Tons. 

Texas Is t h i rd  w i t h  10,668,'7'1-2 'iom and Colorado-Utah 

A l l  other areas combi-ned have reserves of 
5 

Some uranium m i l l s  began operations i n  t he  late 1950's and have ad- 

equate  reserves t o  coniinue mil l ing f o r  many yeays, but other  miJ-ls were 

abandoned a f i t r  10 or  lj years.  4n i n d u s t r i a l  consultant estimates the 

averaer l i f e  of  a m i l l  t o  be about 20 years.3 

inac t ive  uranium milJ sites i n  i h e  Uniied Sta t e s .  Hio A l g o m  and Exxon 

expect t o  siop m i l l i n g  when t h e i r  o re  i-eservez are exhausted i n  10 and 12 

years , r e  s p c  i i vely . 

There zre 22 abandoned o r  

6 7  

9.2 M i l l  Processes 

The process of uranii.im extractioii  vayies among the mill_s, due p a r t l y  
8 t o  differences i n  ihe chemical composition of t h e  ore. Steps basic  t o  

a71 mil l s  a re  cyushing, grinding, chemical leaching (wherein t'ne xraniim 

is dissolved from t h e  ground o r e ) ,  and recov-ei-y of the uranium from the 

leach so lu t ions .  The m i l l  p~scesses f a l l  i n t o  three general  types: acid. 

c i  rcuit--solvciit extract ion (lO,-LLOO tons/day), azid c i rcu i t - - ion  exchange 

(9,100 tons/day), and alkali-tie c i r c u i t  (3,350 tons/day) ( fab le  9.1). 

Acid Ci rcu i t  M i l l s .  - In acid circu3.t i n i l l s ,  ore  i s  ground t o  sand 

s i z e  (-28 mesh) a n d  leached. with su l fu r i c  acid.  An oxidant such as 

* The t e r n  yellow cake i s  used loosely in this repor-i; t o  mean the u~a.niim 
concentrate product, a.l.thou.gh s t r i c t l y  speaking i-'i r=fers only t o  the 
product formed by preci.pi.t,atioii wi.th sodriu:m hydroxide. 



1. The o r e  !:rushingl grj-nding, a4rid leaching sys-bern, 

2. The vol-ume and. composi.tion oT a,irborne e f f luen t s .  

3, T h e  volime atid e(:i~ripsition of sol.id wastes I 

4. The total mount  of radionuclide:; leached from the ore, and 

t he  i;otal ma..nit in the  liquid ef^fl.i~en-i;s. 
5. T h e  methods used for .treatment; and d.i.sposal of gaseous, liquid, 

and solid wastes. 

-x?IIL.le salt roast process is n.ot used tod.ay f o r  vanad.?.im recovery a t  
u.ranium mills. 

... 



Alkaline Circui t  Mil.7.s. - AUraline c i r c u i t  m i l l s  must grind t h e  ore  

rmcb fi i ier  (25 to 8% -200 mesh) than aci.[J. c i r c u i t  m i 1 l . s .  'Yns ground ore  

i s  leached T n T i . i ; h  a sodium carbo:mte--sodiu bi.carbonat;e solut ion at, -250'E' 

and SO-psi pressure us?'.ng a i r  or an oxygeri-air mixture as an oxidant. 

carbonate leach i s  more se1.ective than t h e  acid leach so t h a t  i.t i s  m t  

necessary t o  purii"y the  a lka l ine  leach solut ions.  

d i r e c t l y  wi.th sodium hydroxide, and the l i qu id  recarbon.a:;ed with carbon 

d-i.oxici.c (from flue gas) and recycled t o  the pl'ocess. 

art? expensive, al..kaI..ine c i r c u i t  rnj-ll.s have always prac t iced  solut ion re- 

cycle w?'.t'nin the  pl-arrt, with only a smal.3. bleed stream being rou.i;ed t o  

waste. I n  recent years some s lka l ine  c i r c u i t  mi-1.l.s have had. t o  pii:t*ii"y 

'iheir yellow cake product by dissolving i L  i n  sulfurti :  acid and reprecip- 

j-tattrtg with hydrogen peroxide o r  ammonia i.11 order .to a e e t  t h e  spec i f ica t ions  

with regard t o  sodium concentration i n  the product. 

The 

U r a r i i u m  i s  precipi'Lsted 

Hecaiise t he  chemicals 

A model al .ksline circulii pl-ant is selec-Let1 f o r  i i s e  i n  Lhis survey 

s ince a lka l ine  m i l l s  represeni a significant, f r a c t i o n  of the t o t a l  ind-ustry 

(3,350 tonslday) and the  wastes d i f f e r  both i n  chemical composi.t,ion and i n  

the d.istribut-i.[:)n of radioisotopes fl'orn the acj.d. circuit wastes (Sects.  9.3, 
3. 5, amd. 4.4).  
leached with acri.d.. 

used by ihree of  the  exts%ing alkal ine planks (Table 9. I-) 
alka1.i.ne plant ,  the Atlas m i l l -  at Moab, Utah, i s  expzcied. t o  convert io  t h e  

COTIV ent ional  al.kal.iine flowsheet in t he  near fu tu re  I 

Al.kaline leaching i s  used, on ores  which ca.niiot be  read-ily 

The model alkal-in.e plant  uses t h e  s m e  process as tha-t 

'The fourth 

2 

9.3 Xad-ioactive Materials 

3.3.1 Source and Relative Hazard of Radi.osci,ive Mate~Lal-s 
.-I .II .~ 

The func'cion of urmt i .m mi l l s  i s  t o  ex'iract; uranium in concentrated 

form fi-ort! na tura l ly  occurring ore deposits ~dij.ch generally conta,in 3 'LO 6 
p0und.s of  U308 per ton of ore (0.15 t o  0.3& U308). The average grade of  
ore processed d.11:ri.ii.g the period. 1.36'7 through 1972 was 0.20 Lo 0.21% U30~. 9 

T h e  i-ad<-oac-Live material  comprising uranium w a s - b e  has been na tura l ly  pre- 

sent i n  the crm'c of t h e  ear th  f o r  tliousarids of years.  It does not come 

from s r t i f i c i s l  acts ?f man, The mlill.ing process has no effect on the 
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Tlie concern with the wastes from the mi.lling industry stems from -the 

l a rge  afioimts of these wastes, the poten-t;i.a,lly hazardom natilre of the 

long -1.i-rred radi:m-226 and other. as s oci at ed r adioac-t ive mat eri als should 

they become d i s t r i b u t e d  i n  the enviT"oi:ment, and t h e  ; a b i l i t y  of radon gas 

-kc::, diffuse i n t o  structures where the daughters plate  out (xi room surfaces. 
E'j:r>m 1-948 through ~972, the  u ~ a n i u m  r n ~ ~ ~ f x g  industry pro(:essea 103,0'78, ci23 

- ~ o n s  of ore containing 21+:3,'715 tons of L I ~ O ~ ~  lh is  represents an accu- 

mulation of over 100 mill ion tons o r  so l id  waste (tailings) containing 

l.2 !-'I 

+- - <.)ne exception is the  D a m  miill, which utillzes s?li.elded ion exchange 
c:olurms. In the process used a t  thi-s snLil l ,  radium concentrated i n  the 
columns and rad ia t ion  levels exceeded 5 mR, 10 



about 62,000 C i  of  radium-226, plus  nearly t e n  times t h i s  amournt of 

rad ioac t iv i ty  from other  members of t he  decay chain. The maximum per- 

missible concentration i.n drinking wa-ter ( M E w )  f o r  soluble -ra,di.~1-226 
13 i s  about 1-00 times lower thaii f o r  soluble  plutonium-239 (Table 9 .3) .  

This i s  because approximately 3fl0 of  t h e  radium passes from -tile aLimen'iary 

canal  t o  the  blood. and Lhence t o  the  bones, vs only about 1/30,000 of 

t h e  -pl.utonium. 

values comparable t o  plutoniv-m-239 o r  stroiltiurn-90 are thoriwa-230, 

poloniwn-2'1.8, polonium-214, lead-210, and poloniv.m-2lO (Table 9 .3) .  
Thorium-230 has a h a l f - l i f e  of  8.3 x 10" years and, s ince i.t i s  x s r  the  

top of 'ihe d.ecay chain, i t  wil l .  produce radium-226 and a l l  t he  other  

daughters below it i n  the decay chain. 

radium-226 i s  a gas which diffu.ses out of the w a s t e  p i l e s  and then decays 

t o  hazardous nonvolat-j_I.e dai@steys. When uraniim m i l l  t a i l i n g s  were used 

for construction a t  Grand Juilction, i t  was t he  di.ffusion of t h e  radon Tnto 

t h e  buildings t h a t  caused. inost of t h e  radiat ioi l  exposure. 

14 Other hazardous daughters i n  t he  decay chain with M E  

The rad.on-222 Prom t h e  decay of 

15 

9.3.2 Distr ibut ion of Radioactive Materials i n  . .--- t h e  _. . Milling Proccss 

The mill-j?ng process causes some red i s t r ibu t ion  of radioact ive mater ia ls  

i n  addi t ion t o  recovering t h e  uranium. 

0 .4  t o  6. v0 of  t he  radium '"''' are dissolved i n  acid.-leachirg c i r c u i t s .  

Most of this i s  re jec ted  t o  the  I.iquid waste by the pu r i f i ca t ion  pi-ocess 

so t h a t  t h e  f i n a l  yeI.l.ow cake produc'i contains 0.@ ( ion  exchmge) L 3  

5.3% (solvent ex t rac t ion  with a lky l  phosphoric ac id)  of  'Lhe t'norium 

0.02 t o  0.22% of the r a d i u ~ n . ' ~ " ~ ~  It should be noted. khat these surveys 

werc made on RIPX 5.on exchange, fixed-bed. ion exchange, am.& the now ob- 

so l e t e  a lkyl  phosphoric acid solvent ex t rac t ion  processes. Surveys have 

not been made on the amine solvent ex t rac t ion  process used f o r  t he  "model" 

?I-owshee-t. The leach.~-rtg behavior w.l.1 be 'che saxe, and presutnably the 

ex'iyaction behavlior i s  not markedly d i f f e ren t  3r the  effec-'i would have 

been observed in t h e  yellow cake. The amoun'i o-f thorium in t h e  yellow 

cake may be lo we^ than 5% wi-th a,mine solvent, ex t rac t ion  since the m i n e  

About 5@ of the  thoriwnlh and 

16 and 

*RIP:  r e  sin-in-pulp . 
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9.3.3 Dis%ri.bution of Radioactive Materials as a Funct inn  of .P,zrt icle S i z e  

Uranium i s  not ujnifonnly d i s t r i b u t e d  throughout t,he ore or the t 8 i l i q s .  
l?gr example, at two mills, the -200 mesh f r a c t i o n  of the  le?ch feed, wh-ich 

was 20 t o  3% by weight of t h e  ore,  contained 55 t o  6@ of the uranium 

(Table 9.4). 
of -the iiranlum not dissolved by the rriill?rig process. 

i n  one m i l l  showed t h a t  t h e  u-ra,niun, radium, and thoriixn conceni;rations 

increased with decreasing p a r t i c l e  s i z e  across the particle size ~ a n g e  from 

119 1-1 (approximatepj 115 mesh) t o  5 p (Table 9.5). li;a(lium and g m a -  

emitt ing isotopes concentrate i n  t h e  slimes t a i l i n g s ,  with 70 t o  9& 
xppearing i n  the -200 mesh f r a c t i o n s  which iisuaLZJT compri.se 20 t o  3% of 

the weight of a.cid--leached. t a i l i n g s  and. about, half the weight. of  alkaline- 

Leached tai . l ings (Tables 9.6, 9.7, arid 9.8) a 
products i n  the decay chain also concentra>te in the  f ines .  'Jlhus, the 

slirnes ta i l ings are considerably more hazardous th.nn t h e  sands e I n  a&&i-.= 

ti .on, when the m i l l  ceases operations and the  p i l e  dries out, the  dissolved 

radioact ive mater ia ls  i n  t h e  pomid water w i l l  c r y s t a l l i z e  and become p;xt  of 

the  s l h e  f r a c t i o n .  

After  leaching, the -200 mesh fraction coni;ained ,abou.t 45% 
AnaLysis of the d u s t  

Preswnahly the c:j.f;i-ler d-augbter 

Numerous opportuni t ies  arise for t h e  formation of' al-rborne radioactkve 

dusts i n  the m i . U i n g  processes - ore crushling, screening, t s a n s f e r r i w ,  

e k . ,  and the  yel.low cake drying and pack*?&ng, 

are e s s e n t i a l u  t h e  s m e  i n  a l l  mi.lls and. a r e  unrelated to the  clzemricztl. 

flowsheet. The intermediate m i l l i n g  steps of grinding, leaching, and 

um.r~.lum p u r i f i c a t i o n  are wet s teps .  

of s p i l l s ,  no dust should he  generaked i n  these operations.  

Dust -pro&icirg a c t i v i t i e s  

With good housekeeping and cleanup 

. . . . . . . . . .. 
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9.4.1 Sources and Treatment of Ore __....-.-. Jlusts 

Ore ..is del ivered t o  -the mi l l s  by truck or  rail* and dumped -into 

small p i l e s .  

t h e  gr i zz ly  feed for t he  crush.er. 

t h e  m i l l  recej.ving yard unless t h e  mine i s  some distance away. The 

desired mill Teed. i s  obtained by a d j u s t h g  the shipments fi-om 'ihe mine 

a d  blending from the  f i n e  ore b ins .  The ore  i s  generally moist so t h a t  

only a s m a l l  amount of d.ust i s  generated i n  the  ore  receiving yard. 

mi3.l.s dump ore  i n t o  three-s ided concrete bins,  which provide some proliection 

against  wind. erosion i n  ad-di'iion i o  t h e i r  primary- function of separating 

Lhe ore  p i l e s .  The trend of t he  fu ture  7.s towa,rcl. deeper mines, i . e . ,  wetter 

ores ,  Even i n  Colorado, wk?i.ch historica1.J.y i s  k.nowi f o r  iLs di-y underground 

mines, new m k e s  are wet, and t h e  industry e q e c t s  t o  be mining mostly web 

ores i n  t h e  nea.i- futi ire.  

Soon aftei- it i s  received, a, front-end loader rmves 5.t t o  

Ore i s  not ordina-ri.1.y s"cockpi1ed. i n  

Some 

1-9 

Once t h e  ore  passes bhe gr izz ly  feed t o  .the crusher, dust-producing 

actlivi..ties a-re enclosed i.i.1 builrli-ngs. Un t i l  t h e  l a t s  1950's, ',here was 

l j . t , t le 01: no ventilati-on of  o re  -handling operat rions, whi.ch, i.12 turn,  meant 

t h a t  t he  3re  dusts were coiztained ins ide  t h e  bui ldings.  Ventilation was 

i n s t a U e d  i.a t h e  l a t e  lg50"s when surveys showed Liiat some workers wcre 

being oveyexposed. t o  s i l i c a  dust.2o (Note t h a t  it Ls t he  s i l i c a  and not 

t h e  ura.niurn 'which was ,jud.ged. t o  lie the primary hazard. from ore dusts.") 

Dust con-tml prac t ices  Tin t h e  industry today a re  suinmarized i n  Table 9.9. 
The amount of  vrritila'iion var ies  from none t o  3'7,000 c f m  norrilalized 'GO 

a stands.rd. crushring raLe of 100 tons /hr .  

i n  t h e  nature of  t h e  oi-e:: znd the  desi.gn of the  dust control systems so 

that t h e  a i r  flow alone cannot be regarde6 as a measure of how clean t h e  

m i l l  a i r  i s .  

o res  wh-i.ch c rea te  l i t t l e  dust .  b'Kl.1- D has a t i g h t  system around the 

crusher and scrcens, and a d 1  C O i l V e y O r  t r ans fe r  points  are complete3.y 

hooded. M i l l  D processes a re1aiivel.y moist ore and. i s  &?.e 'co rnainL3,i.n 

good internal. dus~b coiltrol with Oi?l_ji 2800 c h  of ven t i l a t ion  eir .  Other 

mi l l s  use high a i r  flows eiLher because they handle dusty ores  (limeston-e 

There i s  considerable va r i a t ion  

Mil-l_s with no ven t i l a t i -on  process ("miick" through) very wet 

x Anaconda hau1.s ore by rail-mad. 



being -the worst) or because the  co l lec t ing  sysi;mn i s  less  effici.ent , as 

f o r  example t ~ i e  use of o p m  screens and/or conveyor t rmsfer  poi.n.ts ~ 

newest, mills are conservatively designed w i - t h  r e l a t t v e l y  ti&t systems 
and high airflows. Eecords k.ept by both. , U C  m d .  ~.niIusi;ry indl.cai;i;e Lh~at 
clusf; l eve l s  in .  the m i l l s  are w e l l  below the NET In  tcms of radioact ive 

mater ia l s  f o r  all of the dust con-trol- metIiods. T h e  dus-t-l.aden sir is 

genera.lly- passeci throw@ a wet  scrubber o r  bag f i l t e r ,  which removes the  

bulk of t h e  d u s t  bzfore t h e  a i r  :is exlnausteil through a roof' -vent -Lo t h e  

environment (Ti:kle 9.9). I n  practice, there w i l l  be at l eas t  l;wo ore 

dust collec.tors,  one on th.e ore bFns w h i c h  operates 24 hr  per  d.ay and 

from one t o  four  f o r  the crush.er, screens,  conveyoi-s, e tc . ,  which operattt;e 

f o r  one to two s h i f t s  per day. bkny m i l l s  prefer to iise severa l  scrubbers 

rather than design elaborate  duet systems with the associat,ed problems of 

balancing airflows 

 le 

% 

g.b..2 Sources and Treakinent  of Pellow C&e D m t s  

Airborne dusts a r e  a l so  re leased  t o  the environment, from the yello-w 

cake area of t h e  m i l l .  The dryer off-gas i s  an essen t i3 .1  par-t of dhe 

mill process which removes the moristure arid m y  ,maorria from t h e  w e t  

uranium precip:i.-Lzte. I n  addi-Lion, the yellow cake 1iand.l.ire room mu:;t 
be v e n t i l a t e d  t o  13rotec.t t h e  health of" the  workers. Rirfl-ows from t h e  

gellow cake areas vary from a low of 170 cfm to a high of' l ,1 ) -cO cf3n 

nommlized to a standard &OS production r a t e  of 1,900 l'u per 24 hr 
(Table 9.10). 

270 cfm coming from the dryer off-gas and t h e  remaiiider from packaging 

and room vent i la t ion .  Considerable va r i a t ion  occur:' i n  the miowrb of 
dust-laden a i r  t ha t  leaks i n t o  the room f r o m  t h e  equipment; i n  turn,  th i s  

ledmge i s  reflected.  i n  t h e  mount of venti1atioE required.  One r ~ d l l . ~  
f o r  example, built, a hood around the dryer f;o contm1 -the lealrage that 

w8s experienced with t h e  in i t r i a l  u n i t .  
through a wet scrubber, and .the d.ust-laden air from t,he packzging ~:ccom 
through e-it'ner a wet scrubber or a bag P i l t k r ,  to recover at least  ph 

The weighted average i s  about 620 cfm t o t a l ,  t r i . t h  XI9 to 

A l l  mills pass -the rkyer off-gas 

x Raw data  on air  samples inside t h e  mills are avai lab le  in the mill. f i l e s  
but have not been tzbulated.  
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of  t h e  yel7.o~ cake dust before the  a i r  i s  exhaus'ced through a vent i n  

t h e  roof (Table 9.10). 

9.4.3 Dus'i Losses ii1 Stack Eff luents  and. Pa r t i c l e  Size of Dusts -.- .- lll____^ 

The mi1.1.s do not rout ine ly  take i sokine t ic  sanipl-es of  s tack  e f f luents ,  

r e l y i w  ins tead  inpon environmental monttoring for compliance with the  

10  CFR 20 r3gulations.  

(Table 9.1.1~) which exceeded M E ,  indicat ing that diJ-uutioii i n  t h e  atmosphere 

w a s  necessary t o  comply with thz regulat ion.  Most of t h e  mi l l s  I.ri.sted i n  

Table 9.11 are  now closed, and the re  i s  no infoma,tion avai lable  on th-e 

airflows o r  t y p e s  of  dust co l lec tors  whj.ch were used.. Several  mill 

operators have supplied estimates of t h e i r  current dust losses  based on 

metallu:rgi.cal sampling programs o r  occasional grab s m p h s  of s tack  ef-  

f l uen t s  (Tab]-es 9.12 and 9.13). 
r e a l i s t i c  assessment of present-day pa r t i cu la t e  emissions than do the  

older  s-tack analyses. 

a'i one m i l l  which has a very e f f i c i en t  ven'ciirj- scrubber and loses  only 

O.OO& (Table 9.13). 
"dry" (6% moistui-e) ore  and a wet scrubber t o  7 x lo.-'$ f o r  a "wci" (9  t o  

1% moisture) ore with no scrubber (Table 3.12). The 3re  dusts  exhausted. 

from t h e  s tack contain apprsximztely ;?,4 times 3,s much uranium as the  m i l l  

fecd (Table 9.12). 
are  r i ch  i n  uraillm, a re  t h e  major p a r t i c l e s  t o  pass through the dust 

col lec tor .  

In t he  ear1.y 19601s, some grab samples were taken 

These estimates probably provide a more 

Yellow cake dus-t losses  averzge about 0.027% except 

Ore dust losses  vary from a.bout 5 x lo-"$ f o r  a 

'I'his i.s t o  be expected s ince t h e  -10 1.1 par-Licks,  h-liich 

The d.ust load. t o  the  co l l ec to r  and the  Far'iic7-e size distribution 

(which affee-Ls the  ef€ic<.ency of  the d.ust co l l ec to r )  must 'ne kvlown i.n order 

t o  design the  advanced gas treatment cases f o r  t h i s  sixvey. Neither has 

been mezsured eqer imenta l ly .  Surv-eys i n  t he  opera5ing areas of -the r n i l . 1 ~  

(Tab1.e 3.14 aiid 9.15) iiid.i.cate tl ia, t  t he  m i l l  dusts  are  t y p i c a l  i n d u s t r i a l  

dusts .  Thus, it; i-s assuiii!?d t'nat the ef f ic icnc i .ec  o f  ilic dust co l lec tors  

a:: d.eter;riiined by S iai.mnand.- 

9.16) are val id ,  and these  efficienci-es a re  used i n  t h i s  su-wey. The 

dinst I.oad -to the col lxctoi-  can be  calculated.  STom t he  dust losses u-sing 

LhCse ef f ic ienc ies  (Tables 9. I 2  and 9.1.3). 

?1,22 on a standard industri-a]. test dusL (Table 

The e f f i c i enc ie s  given by 
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dust  as t h e  crusher complex. Occasionally, an alkal.ine or an ion  exchange 

c i r c u i t  m i l l  w i l l  have t o  roast t h e  yellow cake i n  order 'LO remove vana- 

dium or moly'udeiiuni i:mpurities Roasting i s  s imilar  t o  ye.l..l.ow cake drying, 

and dust losses  of perhaps 0.01% of t h e  ye3-J-o~ cake might be expected. 

Roasting i s  not necessary w i t h  t h e  solvent, ex t rac t ion  c i r c u i t .  

9.5 Liquid El'i'luents from Mi.3.J- Processes 

9. 5.1- Quantity amd- Chemical_ - Com-gosi.Llion 

Ura.niwli mi.l.1-s generate l a rge  volum.es of ac7-di.c o r  basic  l i q u i d  wastes 

which con-Lain high concentrations of chemicals i n  ad.diti.on t o  dissolved 

rad.ioi.sotopes (Tables 9.18, 9.19, and 9.20).  The exac'~ volu-ne and corn- 

posriti-on of t h e  wastes are  var iable ,  d-epending on the  m i l l  process. 1-0 

general ,  a solverit extraction. o r  moving-bed ion excha.nge m 3 . U  w i l l  produce 

about 1.5 tons of 1-iquid e f f luent  per Lon of ore  processed, a resin-in-pulp 

5.on exchange m i l l  about 2 .5  'ions of l i q g t d  per  t o n  of ore, and an a lka l ine  

leach m i l l  from 0.3 t o  0.8 ton of Kquid  per  ton of ore (Table 3.18). 
Untyes-Led wastes f r o m  an ac id  leach m i l l  have R @I of  2 t o  3; those from 

a,n a lkal ihe leach m i l l  have a pH of  about 10 (Table 9.18). 
concentration i n  u:nLrreated. wastes general ly  varies from 0.01 t o  0.03 

g / l i t e r  (3  t o  10 x IO-" uCi of Unat,/ml, Table 9.1.8); the radium concen- 

t r a t i o n  from 360 t o  11,000 x low3 u C i / m l  in ac id  e f f luent  and 20 to 100 

x lo-' pCi/ml in a l k a . l i n e  effl-uent;  and -Lhe thorium from 1.1,OOO t o  500,000 

x 1.0'"" pCTi./rnl in acid e f f luent  (Tables 9.3.8 m d .  9-20). Thorium does not  

dissolve appreciably i n  t h e  a1.kal.ine c i r c u i t .  Most rlodern mills anal.yze 

ihe liqixid e-ffl-uents f o r  SO4 

addi t iona l  chemical- d . a t a  are  not  avai lable .  Table 9.21~ l.i.sts t h e  chemical 

usage i n  mills today. This gri.ves so-me indica-;lion of t h e  waste comps-i.ti.on, 

alkliough &I.. of the chemicals w i l l  not ~ieccssar i l -y  appear i.n t he  1-iquid 

ef f I.uent . 

The uranium 

2- i- , and some a lso  check f o r  C1." and N a  ; 

'The chemical analyses of mi1.1. e f f luents  i.n 1959-1962, along w - i t h  

F'ub1.i.c Hea,lt'fi Servj-ce drinking wsier standards, are shown i.:n Table 9.19. 
Numerous changes have been mde  i n  m i l l  processes since 1-962. 
a t  inany rfl-iL!s3 anmtoii.ia 5.s used. i n s  Lead of sodium 'r!y&mxi.de to prec ip i t a t e  

For  ex3xnple, 





operating fol" a s ign i f i can t ly  long period; f,ee, the extent  of  operations 

i s  only about one yew?. Although the re  i s  no proof,  seepage i s  probably 

not a ser ious problem if  the  t a i l i n g s  area i s  properly s i t ed .  

Most ponds i n  t h e  Unj.ted S ta t e s  a r e  located on c l ay  s o i l s  i.n an arid 

environment with 1 i t t I . e  r a i n f a l l ,  and t h e  w a t e r  t a b l e  i s  well- below the  

surface.  Consequently, t h e  enviromient provides a considerable sa fe ty  

maxgin. The f i n e  m i l l  t a i l i n g s  usual ly  s e a l  t he  bottom of the  pond. so 

t h a t  most seepage occurs duriiig the  ear1.y l i f e  of t he  ponda0 a.nd does 

no-t continue inde f in l t e ly .  Alkaline leach t a i l i n g s  can be expected t o  

s e a l  t h e  pond more rap id ly  than ac id  t a i l i n g s  because Lhe p a r t i c l e  s i z e  

of t h e  ta i - l ings i s  much smaller (o re  i s  nore f i n e l y  ground). 'Tai.l.ings 

from a clay-type ore should form a s e a l  more rap id ly  than a sana -  ore. 

Tf the  pond i s  s i t e d  on a c lay  s o i l ,  t he  highly ac id  e f f luent  from an 

ac id  leach mil-1- w i l l  d isperse  t h e  s03-l p a r t i c l e s  which, i n  ti~m, clog 

t h e  void spaces and s top  Turther seepage. 31 
can dissolve a. limestone s o i l ,  causing channeling and an increase i n  -ihe 

seepage rate, 31 
clay,  which has a ca t ion  exchange capaciiy of  about 100 m e q / 1 0 0  g of  c l ay  

and can adsorb considerabLe quant i t ies  of radioisotopes.  For  example, 

an esti-mate f o r  the  Exxon m i l l  tndicates  t h a t  one t o n  of t he  soi-1. arou-nd 

'Gheir t a i l i n g s  area i s  theo re t i ca l ly  capable o f  adsorbing 2000 g of  

radrium.33 

metals,  which wi .11  foi-m insoluble  s a l t s  with t'ne su l f a t e  ion and stop the  

mi.gration of s u l f a t e .  

Conversely, t h e  ac id  e f f luen t s  

The s o i l s  under many t a i l i n g s  areas  contain montmorillonite 
32 

Many s o i l s  contain cat ions,  such as calcium, i ron,  o r  heavy 

Older mi l l s  o f t en  have dams o r  dikes constructed of ta , i l ings  through 

which l i qu ids  seep. The seepage i s  col. lected i-n caich basins and pumped 

back i n t o  t h e  pond.. 

has not been observed. 

The newesi nii1.l.s have clzy- core dams, 34,35 and seeFage 

9.5.3 Release f rorn 1mpou.ndment Ponds .I___ 

I n  t he  1950's, radi.um contmina l ion  i n  the  Colorado River Basin w a s  

att-ribu'ced t o  r e l e x e s  of  untreated l i q u i d  (and s o l i d )  wastes from some 

tail?-ngs impoundments loca ted  on. stream banks ii1 t h e  Colorado plateau.  36-14-0 
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The Anaconda m i l l  uses a deep we.= f o r  disposal of e.xcess l iquid in 

the  wint,er since the geologic contli:;i.ons w i l l  no-t permit expansion of th .e  

ponds I 1+5-M Bu!! solids are renotred from tl-Le ta i l ings  effluent, ty s e t t l i n g  

in t h e  pond, -2nd the superns-%e i s  filtered t o  produce a clear ef f luent  

suitab1.e f o r  in,jec-tion. Experience has shown t'liat chexical treatment for 

bac te r i a ,  fungus, etc., i s  unnecessary. 45 Operations have been sa t i s f ac to ry  



45 f o r  11 yeaxs. 

condi-Lions ; consequently, this me’Lhod i s  not suitab1.e f o r  t he  Ui-avan 

m i  7.L. 

The u s e  of deep well  d- isposal  requires  spec ia l  geol0gi.c 

49 

Ni t ra t e  frorii urani.um ore pl-ocessiilg f a c i l i t i e s  ’nas been detected ia  

underground wells . 5*’51 
because i’is sa,l..t,s arc more so luble  and because the  niLrate ion i..s l e s s  

readi ly  adsorbed by t h e  natural. minerals i n  t h e  ear th .  Kitra-Le is noL 

used. i n  m i l l s  a t  present (1973). 

Ni t ra t e  ion is nuch more mobi.le than sulfaCe ion 

9.5.6 I Chemical ‘Treatment l ~ l l _ -  

Chemical. breatment of I.iquid wastes is not widz1.y prac t iced  i-n the  

Uni-ted S ta t e s .  

plant52 and are  t r e a t e d  wiCvh barium chlori.de t o  p-recipi-tate rad iu rn  at 

Uravan (Colorado ) 19743 and a t  Atl-a.s (Moas, Utah).53 The Canadians n t l l  

uranium ores i.n a we’i enviroimeii~ and have consi.dzrable operating ey- 

perience w i ‘ i h  l i qu id  was’ce trettnient . N?utral izai ion of a c i d i c  efi”l;lenl;s 

has been conipulsory j.n t h e  province of Ontario, Carada, sincc l.960,jit and 

by 1.968 all Ontsrio n i l l s  were a l so  treati.ng t h e i r  ‘,ail.ings pond overflow 

wtth barium ehlori.de. ‘‘ In ’ihe f1ltilre, new Canadian mFJ.i_s wi .11  be re- 

s t r i c t e d  t o  a l i m i t  of 1 ppin of N& i n  l i qu id  releasee.' To meet t h i s  

requh-enent: t he  mi l l s  T w i l l  probably have ’io Lveat  and recycle y-ost of 

t h e  pond. water t o  the m i I l .  
2, 

with t he  s o l i d  t a i l h g s  . - 

The wastes a re  neu-’Lrallized at, the  Dawn (Ford, WashinEton) 

A s m a l l  bleed stream ~ o u l d  be discha-rged 

Neu.tralization. . .- - ”.. Neutrslizatrioii i.s effect’ivz i n  reducing t,he p o l l u t i m  

p o t e n t i a l  of aci.d lezch  m i l l  w a s t e s .  

ac id i ty ,  i t  causes t h e  p rec ip i t a t ion  of +fl0 of  t h e  ra.diu.in, 

the  thoriulri, and much of t h e  i ron ,  copper, coba7.t, arsenic ,  uranium, 

vanadi.im, and other  hemy metal ions 5s i n s o h b l e  oxides o r  hyd.roxides. 

Vhen lime i s  t h e  n e u t r d i z i n g  agent,  su l f a t e ,  phosphate, and simil.ar 

anions are  p rec ip i t a t ed  as insol.uble calcium s a l t s .  Lime i.s minewhat 

more effect-ive than ammoilia o r  sorfim hydroxide i n  removing i-ad.i_um becawe  

t h e  radium coprecipi ta tes  with t h e  cakiurn su1fat;e. ’‘ 

i n  additi.on to eliminating Liie excess 
16 almost a l l  

Lime i s  also t he  



1.. Combinztion of l i qu ids  with so l id  o m  t a i l i n g s  prior -Lo 

neu-tralizatiorr, as -the gypsum. then  tends to precipitate on 

t he  sand pa:r:;icles rather than on the equ.ipniezut . 58 
58 2. U s e  027 aerst,ion rathex- than mechmical agitation. 

3.  Holding sl.u;cri.es in t h e  mixirzg tank for a period of 2 b.r 59 
513 t o  severa l  how.;. 

4. ~ p p l y i n g  a hexvj; coat of grease t o  the neixtralizaticn taiik 

for easi-er r ~ m o ~ 2 1  of the  sca le .  58 

Scale has been cleaned f r o m  pipelines using high-pressure airSR and 

various kinds of mechanical "pig:;", "bugs", o r  "hedgehogs" equipped wi . t rh  

spikes, t e e t h ,  cutting vanes, o r  wire brushes. s8,59 

Neutralization :is of 1Lrnited value i n  Lreatting alkal ine wastes strict. 

most of t h e  species yemoved i n  t r e a t i n g  acid wastes a re  not present i n  
aUKLi.ne solutions. Neutrrflizat,ion rmoves a f r a c t i o n  of the radium, bu t  

the r e s u l t s  are erra-Lie, probdbly- because t h e  mechanism i s  the adsorption 

of soluble radium on prec ip i t a t e s  o r  other  s o l i d  surfaces .  16 

Barium Chloride Treatment. - B a r i u m  chlor ide i s  an eFfective agent 

f o r  removing radium JYom sulf'ate-containing wastes by copreeipitating 



4:,, 54, 57 
r a d i u m  su l f a t e  with barium su l f a t e .  The effici-e-ncy i s  deger-dent 

on t h e  radium concentration i.i.1 t he  sLream 'LO be t rea ted ,  i. e . ,  9 9  radium 

removal- was obtained from streams conta:ini.ng -400 pCi / l i t e r  (-)COG x ld3 
u C i . / m l ) ,  43 while t h e  more recen'c Uravan experience 'nas been. re-moval of  

19 ... 93 to 96% of the  rad.i.urm from more dilut,e streams of  -28 pCi/l.ri.ter. 1-t 
i s  effecllive on e t t h e r  acidic  o r  neutral-  wastes. Tbe barium chloride 

must be added t o  a c l ea r  s o l u t b n ,  such as t h e  decant from a :ai.l.i.ngs 

pond, and t he  small ga,rti.icles of radiuu-bea5ng p rec ip i t a t e  must s e t t l e  
before ilie t rce ted .  e f f luent  i s  rel-essed. %o t he  enviromiient. l9,43, 91, 57 

leached. fi-om t he  f i n e  suspend-ed so l id s .  54, 5'1 
If barium chlor ide i s  added t o  a t y p i c a l  waste S lu r ry ,  radium can be 

It i s  adv-isabble t o  use a 

i n  a +esf, program, t h e  Ca,mdj.zms used "tai.l.i.ngs Tree'' sett1.i.ng basin.  

a c l e s ~ ,  neutral. overflow solin.t<.on conf,aining -30 pC?./l.j-ter, added 0.01. 

g / l i t e r  of bar iua chloride which lowered t h e  soluble radium concentration 

t o  *I. ? C i / l i t e r ,  and. purnped the t , rea . ted.  I.iquid to an o ld  t a i l i n g s  pond to  
se-Ltle. 

of o1.d. i a i l i n g s  where the  pipel ine ended. 54'5'7 After a month the  s c k t l i n g  

basin overflow contained -3 pCi/l . i ter;  a f t e r  2 inonths 5.t contained -2 

pCi / l i t e r .  They then exrended t h e i r  pipe1i.iI.e <.Tito open water t o  

prevent any fu r ihe r  leaching ~ 

chloride ireatrnent i s  I.ess haza:rdous than t h e  ore  t a i l i n g s  and con-Lains 

The decail-L fyom the  pond coniained -13 pCi/l-i ter  from the s t i r r i n g  

+,5'7 

'The p rec ip i t a t e  formed by the  barium 5'-1 , 57 

l e s s  radium til 

s e t t l i n g  basin 

pounds such as 

t r i e d ,  but a re  

2 l e s s  1eachabh.e form, l9 

can be pumped 'io t h e  t a i l i n g s  ares .  l9 

ba,ri.um carbonate and 'uariu-m s u l f a t e  (ba.ri.-Le) have been 

ne i ther  ads cffecti-?re nor as c0nvenieii.t f o r  sulfaLe-con-ta,in- 

Solids whi.ch col l -ect  i n  'ihe 

Other barium cori- 

19, '$3 in.g wastes as barium chloride.  

Copperas Treatment. - Alka.l.ine e f f luents  may be treated.  with eit;he:r 
1.6 

copperas (FeSO4.'71b0, a f loccula t ing  agent) O Y  b a r i t e  (BaSOB ) .  The 
barrium chloride treatment i s  not efrecti-ve on a lka l ine  wastes which con- 

t a i n  no su l f a t e .  

the radium; two stages of copperas, 89%; n m t r a l i z a t i o n  followed. by 

A single-stage copperas treatment K-1.1- remove '78% of 

bari-Le treatment, 95%; and copper"s followed by ba r i t e ,  97%. 16 Reagent 

C O S L S  a m  lower for copperas followed by b a r i t e  t h a n  f o r  neut ra l iza t ion  

followed by b a r i t e ,  These p:ro~esses were t e s t e d  i n  a pi.lot p lan t  at 1.6 
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are discussed i n  S e c t .  9.3, but there  a,re no t a i l i n g s  analyses foi- then;. 

'The maximum gama rad ia t ion  l e v e l  rriessured 3 f t  above -the sii.rface of 'che 

p i l e  i s  usually ab0u.t 0.5 t o  1.6 m R / h r ,  although highei- values a re  known 

('Tables 9.23 and 9 .24) .  

The - ta i l ings  are spfgoted from t h e  dam o r  dri.ke, with the heavier sards 

s e t t l i n g  ilesr t h e  dam and t h e  slimes moving toward. the center  and upper 

end of t h e  impoundment. It; i s  e s s e n t i a l  f o r  t he  sta'uil.i.ty of  the dam 

t o  place t h e  sli!nes wel l  away from the  Since the radioisotopes 

a re  concenkrated 3.n t h c  slimes f r a c t i o n  (Sect.  9 .3) ,  t h i s  res i i l t s  i.n a 

widely vai.y-Lng l e v e l  of :radioactiv--Lty over the surface of t h e  p i l e .  For  

example, t he  radi-iim concen'txatfon ai Mexican Hat v-ar5.e~ from 27 t o  860 
pCi-/g (27 'LO 860 x 

from 0.02 t o  6 mR/hr ( T a ' b l e  9 .24) .  
required t o  obtain a representat ive p i c tu re  of an e n t i r e  pile. The 

s e t t l e d  tail- ings contain 30 'LO b'$ water initia1LLy,3 

comes inac t ive ,  the  ta i l - ings dry t o  1.0 i o  2 ~ $  raoristure. 

va r i e s  from 123 l b / f t3  w i t h  

A t on  of m i l l  feed. w i l l  occupy a volinme of  0.63 t o  0.66 cubic ycard a,s 

"dry" kai.li.ngs. 

The surface of  t he  t a i l i n g s  p i l e  i s  not uniform. 

uCi/g), and t h e  gama  rad.i.ation al; Tuba City 
A c a r e f u l  sampl.i.ng pl-ogrm i.s t,hus 

Wien the  m i l l  be- 

The weight 60 

60 rn0isLw-e t o  lb l b / f t 3  with lC$ moisture. 

60 

9.6.2 Waste Retention Systems 

The 1iqui.d and solid. effluen-ts are combined i n  the  m i l l ,  and t h e  

s lu r ry  i s  pm-ped 'LO the t a i l i n g s  area.  The t a i l i n g s  a re  o f t en  dumped 

ins ide  dikes made of coarse t a i l i n g s  sand., thus foiming a p i l e  which 

can grow t o  30 or h-0 f t  high and as much as ha l f  a mile long. 

Lhe ger?_ei-al p rac t i ce  i n  New Mexico, Colorado, Utah, amd. tbc absadoned 

s i t e s  i n  Arizona. I n  some cases,  low ea r th  starter dams xere used. 

i n i t i a l J y ,  but t h e  o v e r z l l  e f f e c t  i s  a f;i.ga.-c.tic sand pi.1.e. A t  Wyomi.ng 

mi- 1 .I. s a,nd a l so  a t  t h e  new Rio Algom m i l l  i n  -tile t a i l i n g s  

a re  impounded. i n  a na tu ra l  basin with an earth-f5.l.l dam o r  di.ke across 

Lhe opening. Exxon, Rio Algom, 35 and Utah In t e rna t iona l  a t  Gas Hi1.l.s 

have clay core d m s  wl?-i.ch are keyed either t o  shale  or t o  an imderlying 

na"sra.1.. c lay  foriflation t o  m i n h i z e  seegage through the dam. The AEC 

Licensing Guide of 1963 l i s t s  a number of cr i - ter ia ,  for re-Lention systems 

This i s  

31.1, 61 

?I+ 62 



Exmples of airborne radicna.et-i.ve d u s t  concerxLrations are g iven  i.n 

Radium-226 and. thoriwn-2:30 values of O,? to 14. x Tables 9-25 and ge26* 
7 ()--I" __ p C i / r n l  01" air are common around t a i l i ngs  p i l e s .  From the  standpoint 

of inhalat ion,  Lhe radium dust I.evel-s are generFd1.y l o w ,  i.e., -31% of &EX. 



It iz unfor tuca te  that ihere  i s  liLblc in fomat ion  ava i lab le  on tile move- 

ment , ~ 5 ’  thriwn-2.30, because the M E  f o r  airborne thorium i.s 1-30 times 

lowe? than for ifadi.im (Tab1.e 9.3). 
i n  secular eq-d?libyiuY i n  the  airborne t a i l i n g s  d i i t  (wh-i.ch i.s not 

necessar i ly  i;r-Je), t1ie:i t h e  thari-um m%y approach M E  about 3@ of the t ime. 

‘The data i.n Tah1.e 9. smmari.ze 3 months ’ conLindou.s moiili;orins Ln G r a n d  

Junction and Durango durl._ng t h e  windy, gusty season of t h e  y e a .  The 

peri-od. was an unusually wet spring vi t l i  60% more -31-ucipitation thair normal.; 

hence t h e  dilst l eve l s  would be lower illan Cor a i~~gl ics l .  spri:ng. The o ther  

studies were 3.71 short te-rrn s.nd merely ind ica te  conditions a t  ‘he time of 

the survcys.  A t  ‘Tuba Cjit,y, Arizona, t h e  rudriwn-226 concentration fror;  

resu.spen3ed ta-il.<,ngs d u s t  averaged 560 x 2.0.-14 pCt , /~~l .  of  a i r  f o r  four  days 

3, stzti.on 1’200 ft doTwnwind from t’qe t a i l i n g s  p i l e  and ou’~side ’;he fence  

Assuming t h a t  rr,dium and -.,’norim a re  

(Tz’ole 9.26). 
rail :I.um- 226 were in s e cu.l.a,-r e qixi I.?.% r 5 . m  t h e  t hori.im cone ent r a t  i o n  would 

have been 2.200 times M E .  Although Tuba City does no-t have dust storms 

365 days a ycar, -the k p o r t a n c e  of long-term con’cinuous monitoring i i i  

determiniirg the annual. atmospheric trarx-oort must be errphasized.. Upwind 

and crosswind Trorn Lhe Tuba Ci-ly p i l e ,  ihe rad.iilm. concentrations were m c h  

lower, i..e., on1.y 1 to 7 x ~C!~./1111. during the  sane foul- days. 

This i s  twice  ihe  M K  fur radium. if 5hor i i - ,  ~ - I - Z ~ O  and. 

Althougii si.li.cosis i s  recoppitzed as t h e  primary hazard. i n  t h e  in-  
20 ha la t ion  o f  ore  dus ts ,  no records of s i l i c a  amlyses i n  Lhe v i c i n i t y  of 

t a i l i n g s  p i l e s  could be loca-’Led. 

L i t t l e  information could be found regarding the f r a c i i o n  of Lhe a i r -  

borne dust t hz t  i.s res-pi.rable. Preliminary aaa,l.ysis of grab samples taken 

f ro= t h e  t o p  1./4 i n .  of a p i l e  which has been inacLiv-e for 10 years i n -  

dica-Lc.d LhaL ‘78% of t h e  pal-.ticles were <2.5 u and 91% were c5.0 p; i. ?., 

most of t h e  p a r t i c l e s  remaining on t‘ne surf ace sampled a re  r e sp i r ab le ,  65 

T1ij.s tmpl.ies t h a t  t h e  wind. has blown away t h e  coarser fracti.on of t he  

slimes. 

l n  yene r s l ,  ihe concern of Public €Ies!Lh authoriiies has been the  

long-term atmospIreri c t ranspor t  o f  t a i l i n g s  of f - s i  t e  over the I,S?O-year 

h a l f - l i f e  of r a d i  am-226 and t h e  83, OOO-yea? half- l t f i .  of thoriwn-230, 
rather than any irmediate hazard fi-on i i ihaletion of airborne dusts, 29 
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W W  g r  higher above backgrourld and -?:000 had levels of 0.01. to 0.05 

m,. l5 The cost of remedial. act ion has becii estimated. at $10,000,000 

t 0 $1 5,o 00,o 00. 7'- I n  addition, an estimated 250,000 tons of  t a i l i ngs  

WR.S removed Ti-om the Grand Ju.iici-;ion pi1.e f o r  use as a. subbase under mads, 

dr-iveways, and sidewalks and as packing aroiarzd culvei-ts, sewers, aad. 
70 wr,terliucs. 

15, '(3-'7j 
mi l l ing  towns, 

wid.er,pread us e of t, a i  l ings  occu-rred. 

72 

TaF!.ings have been f ou.nd. around struc:tur.es i n  other uraniu.rr:l 

hiit, Grand. Jumc-iii-on i s  tine only con1run.j. i;y where 

9.6.6 Stab i l i za t ion  -. of Tail.i.ngs Piles 

~n 1966 ~ol .orado  adop.Led a regulation requi.ring s t a ' ~ ~ i l i z a t i o n  of  a l l  

uwanixn amcl thorium m i l l .  t a i l i n g s  pi.3.e~ and p7nd.s fyom inac'ci.ve mills 

aga-j_nsi; wind and- wz'ier erosi-on. l h e  Teg i ih t ion  reqii.j.res m i t t e n  not icc  

'io -the S ta t e  Department of Health bnft.)t-e t h e  si.t,e can be trarsPerred. t o  

a:noi;hcr. party,  a i d  wr i t ten  aFproval before the su r f  e of i;hp 1a,nd i s  

put  to i .1 .S~ o r  t,aj.li-ngs are removed for piiwposes other  than repyocessLng. 

Stabil i .zati .on.  s h a l l  be conducted. iii the fol lowir ig  manner.: 

76 1 - 1  

"1.. Pomis sha1.l be drained and. covered w i t l ~ .  maLeria1.s that ?re- 

vent blow3.ng of d . u s t .  

dispersed. of i n  a mariner atqroved. by ihe Water PDlllution 

C o nl; ro 1 C ormi s s ton . 

PJztzr dra,Lned from t h e  ponds shz1.l be 

2, Taki-ng i n t o  conaid-eralton t h e  tvypec, of ?na, tc : r ia ls  a t  each sFte ,  

p i l e s  s h a l l  be I-eveled and. grad-e~?. so t h a t  there is: in.sofar 

as possible, a grad.wd_ s lope to ensij.?:e t h a t  the-re shall be no 

I-OW pla-ccs on t h e  pile where we'cer mi.ght collect,. 

shal.1. be si;a.bil..i.zed. by r iprap ,  dikes, redu.ci;ion of gi-ades, 

veget,a;i;ion, or any o'iher method o r  cornbj-iiat +.on of methotis that  

will ensure s t a b i l i z a t i . o i .  

S i d e  .,Lopes 



4.. Drainage cli2;cl-m shall b e  provirled around i;he p i l e  edges mf- 

f .%cienL to prevent surface runoff water f-rom neighbori.rg land. 

from reaching and erod.ing the pile. 

5. TYre pLle shall be stabsbilized against  wind aid. water erosj-on. 

The method of  s t a b i l i z a t i o n  may c o n s i s t  of vegetation OY a 

cover of  s o i l ,  soil. containing rock cir stone, T G C ~  or stbne, 
cement o r  concrete products, ;oetrol.eim products, o r  arrsy other 

s o i l  stabilization material present ly  recognized or which may 

be recognized in the future ,  o r  any cordlination of the fore- 

going as may be Tequiired for proper pro tee t io~ i  f rom wind, or 
w a - t e r  erosion. " 

i s  including tailings pi les  under their land reclm~a.tion law i ' o ~  open pi.t 

mining. The I<nvirotmental Pro tec t ion  Agency is cncou.m,ging ihe other 78 

with t h e  aficlitionsl provision for  lo~ig- te -m maintenance of the p i l e  covey 

and safeguard.s against; water p l l u t i o i ~  i f  i - r r igat ion i s  used t o  establish 

vege ta t io~z?~  I n  Licensing new m r i l l s ,  -the Ato r i i c  Energy Commission reqpires 

t he  m i l l  operator to describe procedures f o r  s t a b i l i z a t i o n  and long-term 

c o n t r o l  of tailings, and to post a bond which i_s incxased  each year as 

the t a i l i n g s  grow t o  guarantxe that  funds vi11 be ava.ilable to cover the 
eqec-Led cost,. 130 

The first extensive uranium mill t a i l i n g s  s t : ib i l iza t ion  project; at 

the AEC hbnticello,  TJtah, s i t e  has been sinccesaful. Approximately 900, ri00 

tons of solid.  -t;aiUngs in four separate areas covering atJout 40 :axes 
were graded. Lo facilitate draTnage and covered with a l2- to 211.-in,-dmq 

rock and s o i l  surface.  Barnyard manure and comriercial f e r t i l i z e r  .were 81 

spread, acrid the area, was seeded with native grasses. Cost of $he project 
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w a s  $.l..g0,000. 

slimes had ac.cumulated to a depth of 20 ft. 

with 2 t o  4 f t  of - ia i l ings sand (6 f t  over extrei-nel-y f l u i d  are3.s) before 

put t ing on the s o i l  and roek cover. The vegeta’ci-on cover i s  we1.l estab- 

].%shed, and only m.inor mai-n-Lenance has bern necessary. 1 $0 k m s  as so -” 

c i a t e d  wi-th wind and water erosioil of tailings and the  physi-cal hazards 

of . the quicksand.-li.ke slimes were eliminated. Wwee y c ~ c s  a f t e r  t h e  

project  was completed, surface s o i l ,  water,, and vegetation smpiec: showed 

no evidence of leRching o r  uptake of a c t i v i t y  from the  subsurfac? t a i l i n g s .  

The svcragc g a m m  dose r a t e  of the  covered. p i l e  was 0.044 m?/hr on the  

su-rface arid 0.040 mR/hr 3 ft above t h z  surface,  compred with am average 

background i n  the town of 0.036 mR/b.l- on the surface of the ground and 
0.032 mR/hr 3 ft above t h e  groimd. 83 I n  contrss-t before stabi. l izatioi1,  

t h e  rad.im-226 content of South Creek downsirem from the property axeraged 

one t o  ’iwo i;i.mes W C ,  the gama rad<-a-Lion leve ls  along the -peri.meter of 

the  t a i l i n g s  ponds ranged froin 0.35 t o  0.k mB/hr and we3i”e pirobab1.y as high 

as 1 t o  2 mH/hr i n  the slimes areas. 81 I n  ad-dition, the radon concentration 

ove:r t h e  covered Monticello - ia i l ings  p i l e  was two t o  four times lower i’nan 

the concentration over unstabi l ized p i l e s  (Sec’i. 9 .y . l ) .  

‘The pyincipal. d i f f i c u l t y  was covering an are2 where wet 

The slimes were covered 

82 n-e 

83 

Uranium t a i l i n g s  p i l e s  a t  Grand Junction, Gunnison, Natilrita, “old” 

Ki.I“le, and. S l i c k  Rock, Colorado, and Green River, Utah, have been covered 

and vegetatjon established. 19’ 43’84 Stabilization of t h e  Maybell, Colorado, 

p i l e  should. be completed t n  August 1973. l9 Generally, the  covers are  6 i n .  

-thick,’--’ although 1 f t  was u.sed at, Grand . J ~ - n c t i o n . ~ ~  The 1-ft  cove^ on t h e  

Grand Junction p i l e  reduced the  gaima rad ia t ion  by about one order of 

magnitude. 

The radium concentration i n  the  grass on the o l d  Xif le  pile (6-5n.-deep 

cover) i s  higher than background, indicat,j.rg that t he  roots  penetrate  the 

t a i l i n g s  .I9 

amowit of grading required and. the c3ri.sta.nce t h a t  i*O& and r iprap  must be 

hauled. 29 

a cover wi.th a minimul?l dep-Lh of 6 i n .  and varying up t o  8 to 12 in. 
Unlike Mon’ij-cello, w h e r e  rmi.nLenance has been low and anima.l. precip?.tation 
i s  1 4  

28 Bo radiological  surveys have been nade over t h e  6-in. covers. 

Cost of the initial- s t a b i l i z a t i o n  vari.es accol-din.g t o  t h e  

Union C8;rbid.e cal.cuLates t h e i r  cosis  a-t $850 t o  $3500/acre f o r  
1-9 

regular sprinkling i s  of ten  required for at leas-1; several  



s id  possibly i n  perpetuity. At Grand. Jimction, where the 19, 'J.3,RT years 

asmual p r e c i p i t a t i o n  is 8 i n . , ,  
t h e  year. 

month, xjd {;he system requtres 80 nim-hours of labor per week in adaitioxi 
.to m i ~ a l  reseeding of wLnker-liilled areas. 

86 
i r r i .gat ion i.s required far si.x months of 

85 Power costs i%loEe fcr  the i - r r ig s t ion  pumps amount to $400 per 

85 



Chemical s t a b i l i z a t i o n  of t a i l i n g s  by s p a y i n g  petroleum derivat ives  
28 $5,91-93 has been t r i e d ,  but  3.s e q e n s i v e  and. only l a s t s  aboui; a year. 

The s t a b i l i z a t i o n  methods used. a t  .Lhe present time a r e  regarded- by 

Public Heal-‘ih au thor i t ies  as interkm cont ro l  measures ra ther  than R 

permanen’c disposal. method, 28’29 All require regular inspection and 

maintenaxe when necessary t o  ensure t h a t  t h e  cover remains i n t a c t .  28 

9.6. ‘7 Chemical Treatment 

Tai l lngs can be made l e s s  hazardom by removing the  radium. Laboratory 

t e s t s  have shopm t h a t  97 t o  98% of t h e  radium can be removed. by t‘nree 

leaches with 3 A4 HNOs a t  85°C,94 and 90 t o  93% by leaching with versene 
(t e t  rasodiwn ethylenediaminet e t  raac e t  a t  e ) . 9’”’95’96 It has been reported 

t h a t  95 t o  10% of t h e  radium can be recovered from Czechoslovakian t a i l i n g s  

by leaching w i t h  1 N KC1 o r  1 - N NaCl;9r‘ however ’chts w a s  inef fec t ive  on 

Ambrosia Lake t a i l i n g s ,  The n i t r i c  ac id  leach appears t o  be the most 
promisI.ng. 

double the cost of  uranium. 96 Large quant i t ies  of leaching solution axe 

required because t h e  radium i s  associated w i t h  the  sparingly soluble ca l -  
cium s u l f a t e  w h i c h  must a lso be dissolved. 94 Nitric acid c m  be puri-fied 

by dis.ti-Illai;ion and recycled, but t h e  removal of  calcium s u l f a t e  from a 

potassiim o r  sod-iwrl chloride s a l t  solukion does no-t seem prac t ica l  ... 
out recycle, thc disposa.1 of h r g e  volumes of  contamina-Led. s a l t  solution 

would ri.tself have a serious environmen’cal impact” 

- 94 

Chemical- costs  alone f o r  the versene treatment would more .than 

With- 

9.7 Radon and. Other Gaseous Effluents 

9.7.1 Radon from Tailings 

Radon-222 gas w i l l  emanate f r o m  the tailj.n.gs pile f o r  thousands of 
yearts unless both t‘ne ~adi~.m-226 parent (haH-I.ife, 1,620 yearrs) and t h e  

thoi-iw11-23O grandparent ( h a l f - l i f e ,  83,000 years ) are  removed o r  a radon 

d.ifr”usi.on b a r r i e r  i s  placed Over t h e  p i l e  The so l id ,  par- t iculate  

daughters f r o m  radon-222 ( h a l f - l i f e ,  3.83 days) deposit on 4u~st p a r t i c l e s  

i n  the  a7.r and a re  a s ign i f icant  pa:& of the to-Lal airborne radioactive 

par t icu la tes .  The concentrations of  Tndivtdual  radon daughters (polonium- 

210, polonium-218, l-ead-21~kj l ead - -? lO ,  and bismuth-214) i n  airborne par- 

t icula‘ie samples range from 2 t o  3.00,OOO times t’ne radium concentration 
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measure several  importan-t parameters, such as t h e  areas of wet and dry 

tail j-ngs a t  the  act ive m - i l l s  and the  radium concentra,tion i n  t h e  apper 

layers  of the  p i l e .  Consequently, t h e i r  data  cannot be extrapolated. 

to other  t a i l i n g s  pri-les by using t h e  diffus-ion theory. 

O.Lher tham the  enviromnental monitoring, no s tudies  have been made 

concerning the  diffusion of radon i n  t a i l i n g s  p i l e s .  Xowever, r e l a t e d  

work has been done on the  diffusion of radon through the g;rcmxl because 

of i n t e r e s t  i n  the radon emanation method of uranium prospecting i n  the 

Soviet Union. 93 have shown t h a t  the steady-state d. i f -  

firs?’.on o f  radon from natura21 sources i n  alluvium s o i l  a t  Yucca F l a t s  c m  

be described ma’ihematically by an equation deri-ved. from diffusion theory. 

I n  t h e  niodtil, the  s o i l  i s  viewed a.s a ma,trix of impel-meable s o l i d  par- 

t i c l e s  containing a maze of c a p i l l a r i e s  through which t h e  diffusion takes 

place.  

LOO Kraner et a l .  

’ e  -&pJV- x 
q x )  = -DeCV d i p  

A t  x = 0, i.. e . ,  the  surface, the  equa-Lion reduces t o  

where* 

J I:: radon f l u x  across a spa-tial area or t o t a l  sect ion of t h e  
(x) 

bulk medium, 

D ef fec t ive  dtffusion coeff ic ient  f o r  radon through the e 
f l u i d  (xh, water, e t c .  ) i n  t h e  void spaces between 

t h e  s o l i d  par-t,icl.es, 

:: decay constant of radon-222 = 0.692/half-life :I: 2 . 1  x lom6 see, 

v = void f rac t ion ;  t h e  f r a c t i o n  of the  t o t a l  volume which i s  not 

occupied by s o l i d  p a r t i c l e s  ( t h i s  i s  often ca l led  the  poro- 

sity99-101 and should not be confused ..n’.t,h the  porosi ty  of 

an individual  p a r t i c l e  ) , 

“Some of .the syiib0l.s used by Kraner et al.loo have been changed t o  
c l a r i f y  the  meaning of the  te rns .  



C = concentration of radon i n  t h e  vo-ids ( i n t e r s t i c e s )  between v 
the  particl.es, and 

x = dtstance from t h e  h t e r f a c e  i n t o  the medium contairi-i.ng t h e  

radon source. 

The negative s ign means t h a t  t h e  diffusion proceeds i.n -the opposite 

direction from t h e  measurement of x. 

The tern "De", as it has been defined here, i s  t h e  same as the k e 
used bg Culot e t  a l .  A s  they- have p i n - t e d  out, t h e  diffusion coefficient 

i n  the  review z r t i c l e  by Tamer" includes the porosi ty  (?*e., void 

f r a c t i o n )  so tliat 

This hm caused some confusion, especiaLly when -the Tai.mer and. Kraner 

papex-s weye puhlisiied eonseeutively 7.n the Proceedings The ef fec t ive  

d i f fus ion  coef f ic ien t  for a t'lutd i n  the  voids of a solid matrix will 'tie 

loww than f o r  the same f l u i d  as a continuous medi.um 'becsux,se of the many 

"blind a l leys"  i n  t h e  capillary s t ruc ture .  

rsd-on i.n. dry sand i s  fibou-f; 2/3 the  value i n  air (Ta,?ile 9.29). The dif- 

fus ion  coefficient: for a i r  i s  1.0 times the eoefricien-t, i.n wa1;er. Even 

s m a l l  amounts of moisture ezuse a consid.erable decrease in the  e f fec t ive  

d i f fus ion  coefficient,  for sands and s o i l s .  

C l r y  sand i s  6.8 x loe2 cm2/sec. I n  sand:; containing 1% mofi:sture, it i s  

5.0 x 1.0'-"; for soil with 3% m i s t u r e  (mud), it i s  5.7 x lK-f3 ( T , d u l e  3.29). 
Since the radon T l u x  on  t h e  surface is d.i.rectly proportional t;o t b e  square 

root of t h e  ef fec t ive  diffusion coef f ic ien t  [Eq. ( 2 ) ] ,  it L:; imp0 rt; ant t o  
know t h e  mois-Lure content. Dry urmriun ore  t a i l i n g s  can be expected to 

release n,,lOO times as niue'n radon as w e t  tai.U.ngs. S'nea,rer and Sill. 

a t t r i b u t e d  tile high radon values over the Dinrango p i l e  to t h e  f a c t  that 

t h e  p i l e  was sited- against  a mountain so that  a11 -the radon emanated 

:from one side. I-t i s  also possible -{;hat the Durmgo va,l.ues a . ~ e  high be- 

cause t h e  p i l e  had been inac t ive  for lt years a t  f;he time of the survey 

a n d  may' have had a l a r g e r  area of dry t a i l i n g s  than e i t h e r  the Crrand 

tJunetion or  S a l t  L&e Ctty p i l e s ,  where the ac t ive  mills were puoping 

1,iquid ef f luent  t o  t h e  Lailings area. 

For example, the D /v of e 

4 

For exarqle ,  t h e  D,/V i'or 

g8 



'The term "CV", t he  concentration o f  ra.d.on 7.n the  voids be-tween t h e  

-pa,:rti.cl_es, i s  related t o  t h e  rad7.v.m T-onteilt of t h e  t a i l i n g s  by: 

E = emar~ation coeffi-cient ( the  fr.axt,ioii of the  t o t a l  :radon t h a t  

escapes t h e  so l id  p a r t i c k s  m d .  is f r e e  t o  n i lgra te ) ,  

C.,,. :: ac t iv i - ty  of  radivrn i.n the  s o l i d  ta7.I.in.gs per  un i t  voI,ii.rw o f  
c 

the bij.1.k m . e d i u i  :: a c t i v i t y  of r a d i u i  per gram t a i l i n g s  x 
,y-Hm t s i l~ i .ngs  per em3 of t h e  bulk medi.iim: and 

v = void f r a c t b n .  

The emanation coef f lc ien t  is a measure o f  t h e  probabi1-i.ty t h a t  a r e c o i l  

radon atom w i l l  cntei- a void where it i.s f r e e  -to migrake ,  i-ather Lhan 

being trapped in a solLd par t ic le .  

pores i n  the ta i l - ings p a r t i c k s  could v a ~ y  fI:Un ore to ore, there is no 

Since the number o f  f i s s u r e s  siid. 

yo- ,-toon, :. necessar i ly ,  to expect the emanati.on coeff ic ie i i t  t o  be "Lie same 

f o r  a1-J- t a i l i n g s  p i l e s .  'The emanation coef f ic ien t ,  E, f o r  the sand 

fractiion o f  Grand Junction t a i l i n g s  h a s  been measured experimentally as 

O.?. 

estimated 50 t o  9& of the  rad.on based on gmma surveys. 

void frxtri-ons and wei.ghts o f  s o l i d  -i;alil.i.ngs pcr uiiii volume of  the bulk 

medium are shown i n  Table 9. 30. 'The friner a lka l ine  tai.3-j.n.gs have a. 

hi-gher void f r a c t i o n  than do t h e  coa.rser groi~.n? Reid leach taili-rigs. 

Con20 ore t a i l i n g s  pmcessed by Mallinckrodt re ta ined  an 
1-02 Typica l  

The surt'ace of a t a i l i ngs  pTle is not at sLeady sta '~c.  Krmer ha,s 

fibted t h e  s teady-state  Eq- 

of 3 ft, and greater:  but in the i~~ppe:r 6 io 12 i n .  of s o i l  the  ap$isi"el.;t 

dlstribu+.i.on coef f ic ien t  w a s  3 times higher. loo Equation ( 2 )  f o r  d e t r r -  

mining the  flux a t  t he  surface m u s t ,  therefore, be regarded. as a crude 

sp-proximaiion. Solutions have been d.eveloped f estimaiing <;lie radon 
ei-nwmti.on under nonsteady-s Late condi.t<.ons ; howeve:?, t he re  a re  

me-t,eorologic.aL var iables  whose e f f e c t s  can oiily be deierfiiled. e q e r i -  

meni;ally. 

atmosphere wi+,h convective overturning w i l l  d e p k t e  radon fyom upper 

(I) t o  Lhe experimental da ta  f o r  s o i l  depths 

101,1_03 

Kraner'-OO observed that  strong winds o r  a theimally uns'ca'ule 



soil layers, i. e . ,  increase the rad~n emamAion. Precipitation w i l l  
reduce the  radon diffusion. 

wj.11 reduce the surface radon f l iu  by 40$ coxrqmiied w i t h  s table  summi" 

Fr ' eezhg  nois't ground to a dept'n of 6 in. 

conditions, whi1.e an i c e  c;ap wiF;r-.l.L1 Lrap alxtost all.. the radon in the  s o i l .  1.00 

where 

c = radon concentmt ion  at a dfstance x from t h e  ;olaie sou.rcF;, (4 
C = radon concentrzt ion i n  %he plane soul-ce, and. 
P 
x = depth sf -the cover. 

Diffinsion theory predic t ions  of the a t tenuat ion  in the radon ernanation 
by covering the t a i l i n g s  p i l e  are given in Table 9.31. 
build.ing sand with k$ nioist!ire or Yv.ce.z FLa-Ls soil,  aye prob:%bI.y the best, 

rrtod-els for 8 nea,r desert environment (6 -to 8 in. a,nnual. precipitation) 

like New IL'IexicrJ or Grand. ,lunc-tion, Colorad-9. Column 3,  fine quartz sand 
wikh l.?$, moist,ure,prov-iaes a reasonable f i t  w i t h  the  exp?rimental c?al;a 

for the  pile at Monticello, IJtah (annual precipitation, 14 9.n. ; '7,070-ft 

eleva,tion) 
the annual precipitation is about 14 in. It i s  obvious f ron  Table 9.31 
t h a t  the &in. s o i l  c ~ v e r  comionl~ used %oday does l L t % l e  Lo reduce t,he 

emanation of radon. 

requlre at least a 5 - f t  cover in Wyoming and a. 1O-ft cover in ?Sew Mexico. 
Hedru.@t;ion by a factor  of 100 would,require a t  leas% a 10-ft cover in 

Wyoming and 20 ft OP' more in New Mexico. 
s a d ,  T h e  f igures for mud sliow the b e n e f i c i a l  effect of .water, i . e . ,  6 
.i.n. of mud i s  roughw equivalent, t o  20 ft of soil in Wyoming or 40 ft of 
s o i l  in N e d  Mexico. 

C o l u m n s  1 DL' 2, 

86 and may 91so be representative of piles in Wyoming where 

To reduce t h e  radon release by a f a c t o r  of LO would 

Clay is superior to s o i l  or 
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A sough cor re la t ion  f o r  Lhe Mon’Gicell-o pi1.e between t h e  at tenuat ion 

calculated from d.il”fusion theory and t h e  environmental monitoring d.ata of 

Shearer and S i l l  can be made. 98 The annual average radon concentration 

over t h e  siabil ized. Mod~ice l lo  p i l e  was 3.5 pCi / l i t e r .  

avai lable  Tor Lhe Monti-cello p i l e  before stabiil.:i.zai;ion, a rough es-tirnate 

can be made from the th ree  uncoverei! p i l e s  s ince the ?ad-i.wn concentration 

was about, - t h e  same i n  each case. The radon concentrati-on over the dry, 

1 . m ~  L & i l i z e d  Montice3.l.o pi.lz must have been grea te r  than t h e  7.5 pCi/lTLe:r 

measured at .‘she 2cti.ve p7.l.e~ i n  Grand Junction and Sal’c Lake City,  which 

would have had l a rge  areas of w e t  t a i l i n g s .  it w a s  probably l e s s  than 

thc 26.0 pil i / l i ter  meesurod a-t t hz  Dimango pile, which i s  si ted.  i n  a 

narrow va l ley  whe:re a-tmospheric di.lLu-’Lioa wou.ld. be 1-ess. Therefore, the 

Whil-e no d a t a  a re  

nua-Lion ach-ieved by st;abi.l~izi ng ’ihe hlonticell-c? p i l e  w a s  : 

Actually the re  were two covers placed on the  Monticello p i l e .  

was a 2-  -to Ii--f’t cover of ta i . l ings sand over t h e  sl..?mes, followed by a 

2 - f t  s o i l  cover over t h e  e n t i r e  Assuming k a t  t he  taili-ilgs coin- 

posi’iion i n  Table 9.6 i s  representat ive of LPie Moiiti.ce1lo p i l e ,  ’~ t h e n  

before stal3i.J.ization 65% of t he  surface vmuld have been covered. with 

+325 mesh sands containing an average of 933 dpm/g of radiu.rn and 35% of 

t h e  surface would have been a -325 mesh slimes pond containing 5,957 

drpm/g. 
moisture would give a rad-on a t ten tua t ion  of 0-42 i n  -the slirnes area. and 

0.6’7 f o r  t h e  overa l l  pile. 

an addi t iona l  attentua-tion of 0. $1. 

estimated f r o m  d i f fus ion  theory f o r  the two-step s t a b i l i z a t i o n  of  the 

Moiiticello pile i s  0.2’7, which is i n  agreemeiz-i; with - the 0.47 > C 

0.22 estjmated from envi romenta l  monitorhg.  

The fi.rs.i 

Covering t h e  slimes wi-t’n 3 f t  of t a i l i n g s  sand contakling 15% 

The 2-f t  soi.1. cove? 96th 15% moisture provides 

Therefore, t hc  net, radon at’centuation 

/C > (4 P 

Wnilc  t h e  reference fo r  Table 9.6 aoes not e x p l i c i t l y  s t a t e  t h a t  these 
were Monticello tailings, inost of the other work i n  the  report  was done 
i n  cooperation with the  Monticello mill. 
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Table 4.2. A.rborne U r a n i u m  M i l l  Radwas te  - Assimptions Used i n  Source Term Calculat ions 

(Assvurrpiioris based on survey Sects .  9.3.2,  9.3.3, 9.4, and 9.7.2) 
and Ilecign Basis f o r  Cost Est,iniates 

- .-.---.I. 

Crusher, screens,  conveyors, e t c .  

Proc:ess:i.ng r a t e  

Operating time 

A i r f l o w :  Cases I t o  6 
Case 7 

Ore Bins 

Operating t i n e  

A i r f l o w :  Cases 1 t o  6 
Case '7 

a 7bia.J. dust  ].gad t o  -[;he collectors : 

Ac't.ivity of dust  

P a r t i c l e  sLze of dus t  

Szream LO ihe dust c o l l e c t o r s  

M i l l  e f f l u e n t  

Pmces s h g  rat e 

Operaiing l;i.rne 

A.?.r.f!.ow: Cases 1 i o  '7 

Dust load  t o  t h e  c o l l e c t o r :  O' 
n 

Activj. LY of  dust 

Acid l each  ini-l-1 

A1.kaline leach ml:.1!1. 

P a r t i c l e  s . z e  of dust 

S t r e m  -to - h e  dust c o l l e c t o r  

M i l  1 P rf l.uent 

Radon Gzs  

Ef f i c  ienc i. e s of Kadwast e Treatment Me-tJ1od.s 

T r e  atment Method 

Wet Scrubbers 

Orifice (13 a.ff1.e , s e l f  -induced spray d-edust e r  ) 
Wet implngemerr'r, ( ' ? r r iga t cd  t a r g e t ,  perforat,ed p l a t e )  

Venturi  p l u s  mist s epa ra to r  

b w  energy 

Med-imn e11 ergy 

High energy 

Bag 3':XLer: reverse  j e t  

IBPA f i l t e r  

Chnrcoa.1 delay trap + I-XPA f i l .Ler  

175 tons/hr (Table 9.9) 
16 hr/d.ay, 365 days/yr 

20,000 c f m  (Tqble 9.9) 
(?':,.?.)le 9.9) 

3,000 cfm 

2b hr/?ay, 365 dnys/yr 

2,000 cfni 

500 d ' m  

320 lb/day ( ca l cu la t ed  frorc esl-.ima~'ied o r e  1 .0s~  
of a. m i l l  :ru.iining a 6% nois ture  ore, Table 9.12) 
0.6 U C i  of 
13 rad.i.oa.ct,i.ve daughters (F5.g. 9.1, Table 9 .2) .  
Dust assumed 'io cont.a,in 2 .4  times a s  much a c t i v i t y  
as t h e  m i l l  feed. (Table gn12; supporting evi-  
dence i n  Tables 9.4-9.8) 

2 38 
U/l.b in secu la r  equ i l ib r iun  with 

Same as Stairmand's "s i ;andard  i n d u s t r i a l  s i l i . c a  
dust" (Tables 9. 1.k-9.1..6) 
a 0  u 

7,300 lb U308/day 

2 4  h:c/ii.ay, 365 da,y-s/yr 

4,500 c f m  ( ~ a b i e  9.10) 
(Tab1.e 9. l.0) 

91 1b/day (ca,lcu.la,ted frorn average U30 
O.O$ reported by mills, p! .~  a 25% sa ?? e1,y f x t o r ,  
i a b l e  9 . 1 3 ) .  

1 . 0 ~ s  of 

n 

2 3 8 1 ~ r  1.28 uCi/lb 

230Th: 

226Ha:  

Other: neg l ig -b le  (Sect .  9.3.2) 
238U: 128 uCi/lb 

6.4 uCi/l 'o (5% of '34Jj Sect .  9.3 .2)  

0.26 bCi/lb ( O * &  of 238U, Sect.  9 . 3 . 2 )  

'%?a: 2.6 uCi/'lh (2% of 238U> sect. 9.3.2) 
Other: neg1igi.bl-e (Sect.  9.3.7) 

S m e  as St,a. imnand's "sLsnd.s.zt1 i n d u s t r i a l  s i l i . c s  
dust"  (Tables 9. l b g .  1.6) 
a 0  p 

51.5 U C i / i ; o r i  of ore ;  r e l eased  frorii ore by c r u . s h b g  
and gr inding operat ions (See-t. 9.7.2) ': 

Average 
Pres sure 

Drop, 
i n .  HpO 

6 , i b  
6.1b 

12. 5b 
20.Ob 

b 

3. Ob 

31.5 

6 t20 l o c  

ElCf5.c iericy 
of  

T)us 'i 
Colleczor,  

Q 

93. 6b 
37.9b 

99. 5b 

99. 9b 
99. Sb 
99. 95c 
99.9Y 

b 99.7 

Efficiency 
of 

Radon 
Removal. , 

0 

0 

0 

0 

0 

0 

0 

99.9 

'Tusi; load r e f e r s  t o  du.st t r ea t ed .  by t h e  scrubber o r  f i l t e r  atid does not  include pa.rti.cxil.ates which sct- t le  in 
t h e  duct sys-tmn. 

J. Stahnand,  The Chem6ca.l. Ehg:i.neer 194, CE 3% (December 136s). 
c C .  A. Eusc!hsteii. and A, B. FifLler, Des-ign, Construction, and T e s t i n g  of E g h  Eff ic iency A i r  Fi.ltra.i;ion Systems 

f o r  Nucka,r npplica-tion, OHVL-WSIC-~~ ( J a u a r y  1970), p. 3.1. 
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Table 4.6. 6.irborne SO AXE T e m c  fcr' Model Acid Lea-h-Sol'vent Ex:raciion J?-mii;n I v ! i l l  

Calculated Release of R%lioectLve Msterials 
snd Act'_ve :ail.ings Area in New MpxLco Near End of 20-YT TL fe  of  E!odel M i l l  - 

.... ___ 
___I_ .... __ ..... .._____I .....__.~.....I_ ....... 
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? r e  r:i-:::lier :3nd bin-: 

Yell?:. ':?;..e 

i ' 3 i l i ng , ,  Pond 

l?ail incs ?ea.-?. 

' ro t31 

CaTe 4 
Ore ( ' runher  and Bin,. 

Y e l l s w  !',&e 

T s i l i n g s  P0p.d 

T a i l i n g : ;  Peach 

?O+.?l  

Case 5 ...___ 
<ire ,Jru:.h.er 2nd 3 i n s  

Yellow (:,&e 

Tail ingr .  P~nd 

T a i l i n g s  beach 

Tot,nl 

Case 6a and 6b 

Ore  Crusker and Bins 

Y e l l  'jw '';&.e 

TzilinE.5 Pond 

Tailings lieich 

T c r t a l  

Case 7 
O r e  Crushcr 3rd P i n s  

Ye 1.13~ r: &e 

Tai1.i ngs Pond 

Tsilixs Beach 

T o t a l  

4. :E-? 

7.1:-5 
?.2E-6 

7. jE-: 

3. :E-6 
2.2E-6 

- 

7 . x - 5  7.13;-5 
8. bE-5 

...___ 
7.8E-e 3.5E-8 

3.5;E-8 3.53-8 
4.33-6 

___I 

7 . m - 8  3.53-8 

7.m-5 

7 .  1.E-5 

7.m-5 

3.5E-e 

7 . E - 5  

7.13-5 

7 . u - 5  

3. ?E-8 

- 
- 

3.5s-6 

3.5E-8 

-- 
3.58-8 

3. SE-8 

3. j~-8 

- 
3.53-8 

.... .... ........ .._..~ 
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a AssuT-pL-ioris : 
Acid leach-solven: extraction, aJ.l c a s e s  c:tccp-- Csse  6:: 

S l i m e s  f rac5ion  i s  ,3@ by weight of t h e  znLling? m d .  m n t a i r r  6ic’) 
of the insoliih1.e radi-oactive rnate?LzJ~s (Tables :‘.;I sn:i 9.6-3.9). 
91$ of t h e  uraniuiii i n  the mill feed i s  recovered; 1.4<: remxhs  ir 
t h e  sands and 7*6$ i n  t h e  sl imes.  
during m i l l i n g  and ul t i rnately c - rys ta l l izes  in the s1ii:icr f r x t i a n ;  
5% I s  insoluble  i n  t h e  tai2.ings (Sec t ,  9 . 3 . 2 ) .  (Other radj-o- 
nilelides are inso luble  (Sect. 9 .3 .2 ) .  

Sl.irres f r a c t i o n  5.s 5C$ by weight of the tailings and contain; 85% 
of t h e  insoluble rad ioac t ive  matccris1.s (Tables 9.4 3nd. 5.711. 93fj 
of t h e  uranj.m i.n t h e  m i l l  feed i s  recovered; l.& remains i n  t h e  
sands and 6.@ i n  t h e  s l i i ies .  
mi l l ing  and i s  p r e c i p i t a t e d  with t h e  yellow cake; 38% i s  insol.uble 
i n  t h e  tai1.i.ng.s (Sect .  9. 3 .2)  I Other radionucl..id.es are  i.nso1nbl.e 
(Sect.  9.3.2).  

9% of all radioact. iue mater ia l s  are leached from t h e  ore  and leave 
the m i l l  as e i t h e r  cvqxira’ior concentrates  or yel~J.ow c ~ k e .  

bIncl.udes radionucl ides  i n  res idues  from liquid. 

C A s s ~ ~ i i n g  most qf t h e  23’-‘Th has decayed so that 234’ijh act iv- i ty  is the 

of t h e  t l lo r ium disfolves 

Alkal ine leach, a l l  cases :  

2% of the radium dissolvcs diiri.ng 

Nitric acid. leach-sol?rent ex’iracLion, Case 6c : 

same as t h e  ’ 3 h  a c t i v i t y .  
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Csse 1 or Case 2 

f i e l d  Leach-SX >Yew Mexico 10 80 
kcld Leach-SX Xyoming 10 145 
ALkaline Lesch New Mexlco 10 50 
Allcaline k a c k  Wyoming 10 91 

Case 3 

Acid Leach-SX Xew Mexico 2 8 7 
Acid Leach-SI 'djwmiry 2 158 
A a a l i n e  Leach Xew Mexlco 2 55 
A3alir:e Leach hJyyorrLng 2 99 

Case 4 o r  Case 7 

Acid Leach-SX rJew b:exico 0.1 89 
Acid Leach-SX Wyoming 0.1 161 
Alkaline Leach Xew Nsxico a. 1 56 
Alkaline Leach "joming 0 .1  101 

Case 5 (Liq~ids 0:ily - Solids to L a r i d f i l l )  

Acid kach-YX New Mexico 0.1 59 
Acid Leac5-SX Wyoning 0 . 1  161 
Alkaline Leach New Xlexico 0 .1  56 
Alkaline &;each Wyoming 0 .1  101 

105 
169 
66 
119 

100 10 2,2u 
69 10 2,743 
100 10 2,248 
100 I0 2,243 

1CC 1OC 2 , 2 4e 
6; 65 2,972 

l 0 C  1OC 2,2be 
99 99 7 ,  275 

L 1 O'/ 133 100 2,2@ 

193 63 63 2,903 
67 100 103 2,243 
12 1 97 97 2,7913 

15 2,160 
15 
15 
-1 -; r 2,296 

25,000 
33,600 
25,000 
25,000 

I, ?%, 430 
968, GOO 

1, '748, loo 
1,735, loci 

1,718,430 
9:'0,300 

1,?48,403 
1,584,20c 

48, 00@ 
64, L-00 
38 , 090 
51, 030 

Sone 
_Cone 
None 
Noile 

83,300 

8,,>0C, 
63,100 

83,400 ' 

83,309 
67,790 
83,330 
82,630 

12 ,000 
16,130 

9,539 
12,800 

116 
174 
116 
:rj 

116 
113 9 
116 
lL9 

116 
19 3 
116 
12 1 

107 
193 
67 
12 1 

116 
147 
116 
116 

l l 6  
l60 
226 
116 

116 
16; 
116 
116 

f N.A. 
3.A. 
3.A. 
X.A. 

35 
,> 

6; 
25 

29 

61  
2 

7 r, 

27 
2 

60 
15 

N.A. 
N.A.  
M.A. 
N.f l .  

12 
10 
12 
12 

None 
?To ne 
?lone 
Xone 

No-ne 
None 
None 
??one 

N.A. 
1T.A. 
N.A. 
N.11. 

Case 6 (LiqcLiids Recycled t o  N i l 1  and Solids  t o  Landr i l l  - KO Comeritions1 Tai l ings Impounchen: Area) 

a A s s - ~ ~ $ i o n s  : 
Veight of l i q x i d  e f f h e n t  

Acid leach-solvent eAevraction: 1.5 tons per ton of ore 
Alkaline leach: 1.05 tons pe r  ton of a r e  

Weigkt ~f l i q u i d  sorbed on solid t s i l l n g s :  
Net average a:mua2 evaporation r a t e  

0 .3  $;on 3 e r  ;3n of t a i l i n g s  

New Mexico: 7.25 f t / y r  
Wyoming : 4. o ft , lyr 

bDensi-ty of t a i l h g s ,  l29 l b / f t 3 ;  vo lme  of t a i l i n g s  a t  x ~ l l  shutdown, ?,009,000 yd3. 

-Dam heig?; includes 5 f t  f'ree'bosrd. 

%rn has 13 f t  c r e s t  arid a 2:l s l q e .  

n 

'3.A" = not appliekble.  
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1ni;erka Releases,  Ci/yr 
(hpiile Fond I s  Evayorating znd 3efore  F i n a l  S t a b i l i z a t i o n  of Taii ir igs) 

New Mexico Acid Leach-Solvenz ExtractLon Mill 

1 
2 
3 
4. 

7 

1 
2 
3 
4 

7 

- 1 
2 

5 
6 
7 

Wyorriing Acrid Leach-SolverLt Ext rac t ion  NTll 

2.83-3 3. @E-2 3.2E-1 3.  CE-2 11.3E:+3 
1.lE-3 1 . m - 2  1.3E-2 L.zE-2  - 11. 313A1-3 
1. m-3 1.2E-2 1.3-2 i. 2E-2 1 1 . 6 ~ - +  3 
1 . B - 3  1.2E-2 1.3E-2 l.2E-2 11.8E-i- 3 

Xo Tn-Lerin; Per iod  

?Jew Mexico Alkaline Leacn Mill 

Wyor;.ing A l h l i n e  Leach Mill 

1.33-3 1.7E-2 1.8E-2 1. r(E-2 9.32+3 
5.l.3-4 7.05-3 y. 33-3 7.03-3 9.33+3 
5. B - 4  7 . 03 - .?' - 7.0s-3 7.01-3 8. bS+3 
5. B-4 7.03-3 7.m-3 7.03-3 8. LIE+ 3 

KO Inter im l e r i o d  
KO IrLterix Period 

5.1E-L 7.OE-:, 7.OE-3 7.0-K-3 8 . 4 E -  3 

8.43+3 
6.4~+3 
1.834-3 
2.3Z:t;l 
6 . 6 ~ 0 0  
3. OE+lC 
1. LIE-1 

I. O E + ~  
7.83-3 

6 . 6 ~ 0 0  3. 0E+lC 

2.5Ei3 
2.7E+2 

2.0E-1 

8.4E+3 
6.4E+3 
1.9E-1- 3 
2.0512 
6 . 6 ~ - 3  
1.82-7 1 
1. LE-1 

a Ass-ne  2 q o  of zirborr:e ac id  leached dust o r  56% of z lka l ine  leached dust  i s  i n  t h e  p a r t i z l e  s i z e  renge of  0-10 I;. 
Rexaining resasaended- t a i l i r L g s  dast is assmied to b? in the 10-80 IJ. s i z e  range. 

Max~m;ls; r e l eese  3ear end of' inzer in  perloC, ms~xxi.ng : tEi  -1: -i l i .ngs a re  dry.  
b 

C Clase 6c :is 5.6E+1.  
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Table 4.15. Liquid Radwaste Treatment r:ases -to Reduce the Seepage of Radioactive PIaterials f ron  Active Tailings Area - 
Model Uranium M i l l  Operating 

As s * m ~ E  
$ of the  

RadionmliSes 
i n  Jntreatecl Concentration 

Calculated Source Terms in Ci/yr, f o r  
Seepage from ~ c $ i v c  *Tailings .\reab h S t  by 3ond Near Enci ~~ 

NO. Pond Dam Other Tailings pone ( l i t e r s l y r )  Mill Life" 'nat 226Ra 230Th 2lOPD 210Po 'l0Bi ($1,300) ($1,000) ($1,000) ($1,000) 
Case 

Factsr  f o r  
Wyoming Yew Kexico Liquid Waste 

Treatnent Seepage Tram ,Seep Rate of  20-yr Ca2i ta l  Amual Capl ta l  Annual 

i 

2 
3 
4a & 4b 
5 
6a 
6b 
6c 
7 

1 
2 
3 
4a & kb 
5 
6a 
6b 
7 

Yes 
Pes 
Carefully s i t e d  
Asphalt l ined  
Asphalt l ined  
Xo ne 
Nonz 
IIone 
Asphalt l ined  

Yes 
Yes 
Carefully s i t e d  
Asphalc lined! 
Asphalt lirled 
None 
None 
Asphalt l ined  

Tailings 
Fai l ings 
Earzh with clay core 
Eai- th with clay core 
Earzh wlth clay core 
No ne 
None 
None 
Earth with clay core 

Tailings 
Tailings 
E s r t k :  wit:? clay core 
E a r t t  witn clay core 
Earth wLLh clay core 
None 
Xone 
Earth wisn clay core 

None 
Kone 
Pione 
Line nea t ra l ize  
Lixe  neutral ize  
Eva2ora:or 
Evaporator 
Evaporator 
?rune neut ra l ize  - .  

None 
Kone 
Eone 
Copperas 
ilopperas 
Evaporazor 
Evaporator 
Copperas 

10 
10 

2 
0.1 
0.; 

d 0.002 
0 . 1  

10 
10 

2 
0 .1  
0.1 

0.1 

Node1 Acid Leach-Solvent Extraction X i 1 1  

3.0E+7 3.3 6.6E-1 
3.OE+7 3.3 6.6E-1 
4. bE+6 4.5 1. j E - 1  

2.2Ei-6 0.5 6.6E-3 
2.2E+6 0.5 6.6E-3 

- 
3. O E + ~  
2.2E+6 

- 
3. &E-3 

4.5 6.6E-3 

Model AZkalLne Leach P i i l l  

2.6E+7 
2.6E-7 
4.3E.-6 
2.2E+6 
2.2~+6 

2.6 6.9~-1 
2.6 6. ?E-l 
3.3 1. & E - l  
0.9 6.93-3 
0.9 6.93-3 

2.23t6 3.3 6.93-3 

5 . x - 2  
5. z - 2  
1.03-2 
5.2-4 
5 . u - 4  

3. LE-3 
5 . u - 4  

6.93-3 
6.93-3 
1.43-3 

6.9E-5 
6.93-5 

- 
- 

6.93-5 

1.8%+1 
1. 8Ei:L 
3.7330 
1.83-2. 
1.83-1 

3.42-3 
1.8s-1 

1.43-3 
1. kd-3 

1.4E-5 
1 .4E-5  

2.83-k 

1 . h - 5  

5.lE-2 5.1E-2 
5 . ~ - 2  5 . u - 2  

5.x-4 5. lE-4  
l. 02-2 1.OE-2 

5.33-4 5.13-4 - 
j . 4 E - 3  3.bE-3 
5 . n - 4  5 . l E - 4  

5.53-3 1. bE-3 
5.5E-3 1.113-3 
1.lE-3 2.8E-4 
5.5E-5 1.4E-5 
5.5E-5 1. ?iE-5 - 

- 
5.53-5 1.43-5 

5.33-2 
5 . 2 - 2  
1.073-2 
5 . U - 4  
5 . u - 4  

3.43-3 
5 . u - 4  

6.93-3 
6.93-3 
1.43-3 
6 . 9 ~ - 5  
6.93-5 - 
6.93-5 

236 92 2 k3 
236 92 zL3 

2,568 4,817 1,510 6:: 1,538 3,915 

5,E24' 2,600' 5,824' 

4,217 1,510 e 3,915 e 

2,940 1,060 3,545 

5,015 2,406 5,315 
Y 

93 
93 
40 4 

1,294 

2,600' 
2,406 

1,294 

1,205 

e 

230 
230 

2,563 
4,185 
1,469 
3,859' 
3,050 
4,185 

30 233 
30 2 3  

650 2,546 
1,042 11,303 

391 1,954 
2 , ~ c 6 ~  3,85gC 
1,9= 3,350 
1,042 4,303 

90 
90 

646 
999 
l90 

2,106C 
1,912 

999 

%he concentra-tion of a raaionucliee i n  the t a i l i n g s  pond water i s  equal t o  the concentration fac tor  times the ConcentrGion i n  the m i l l  e f f luent  given in Ta5le 4.11. 

%Tear end of 20-yr l i f e  of  iriodel m i l l  when concentrations of dissolved radionucliaes have reached maxinun v d u e ,  2nd assuming a constant see9 r a t e  over -,he l i f e  of the  m i l l .  

CCosts for Case 6a include an asphalt  l in ing  f o r  the  l a n d f F l l  where she concrete f ixed  s o l i a  wastes are  buried.  

'Fercent of raclionuclides dissolved &ring leaching which seep from tbe ;a i l ings impoundment. 

eCosts f o r  solid and liquid treatment are  n o t  separable.  

Sa tura l  evaporation increases the 
concentration of dissol-Jed radionuclides while lime neLltraliza?ion or co;speras t ~ ~ e a t m e n t  lorrera the  concentration. 

t,o s e a l  the bottoin and t h e  seep rate w i l l  decrease over the  m i l l  l i f e .  
(In pract ice ,  t a i l i n g s  tend 



Acid k sel l -  SoLvent Zxt rzc5ion 

Kone 
%:me 

ne 
SDt-Gorn and. s ides  
C m7le-c e ly eiic as e d 
3o-:tarr. and s ides  
No ne 
;Xor,e 
Sone 
C or.iple t e ly e nc 8s  e d. 

None 
None 
No ne 
Bottorr and s ides  
Coqle 'ce ly  encased 
Bottom end s ides  
Eone 
T o r e  
Conpletely encased 

None 
Note 
X O r E  
x0nz 
%nz 
A11 s o l i d s - c o m r e t e  
S S k e s  -concret  e 
SL-he s - asp'ial t 
Concen-bra Le - asphalt; 
Nor:e 

No23 
Xore 
Kone 
_?one 
J!To r e  
!J.1 sol lds-concre te  
S lime s - c on2 r e t  e 
S12nes - aspaalt 
Nme 

. ~. 

"1;. IC. C-o&ee Fund E .  S.  Joy, Assessment If <&e Loss of Radioactive Xsotopes f r o n  Zadioactive Waste Solids i n  t h e  
3nviromk1ert, ?art, I: 3ackgro~nd  and Thexy,  OR3L-lrrs-b333 :?'cbraary 1974) ; Par t  -- ii : Applicz%ion ami Pro2ectioi-is 
( i n  pepa : r a~ t , i on ) .  

Closts a re  a r b i - t r a r l l y  alloczted- i n  sone czses  between l i q i i d  a d  s o l i d  t r e a t n e n t s .  

Costs s'llowri a r e  for N e w  16exico. 
which ;nas-t Se ssphzlt 1ke6. See Sect .  11.4.2.1. 

b 

C Cos-5s -&.ill be &bout 5gJ higher  i n  Wyornilzg because of' t he  l a r g e r  evapora-:ion pond 

'EstGcated. frorn ieadch rz?? of  so luble  9 0 S ~  s z l t  i n  concrete .  Valaes 5re probably high. [J. G .  Moore, O& Ridge 

e 

L,-.-r. i . ~B3e  7 includes 5 l - i n .  ~spha1-L mernb:car;e 3n t o p  t o  lower t h e  radon cmaxstior_. 

Sands are n o t  -5reated :md a r e  -:he rxijor source. 

the l each  i-eie, only Lhe cos t  of a ?/l*6-ki. asphai~C t o p  :Is ck..arged to  l e s c h h g  treatmen",. 

.i. 

Since t h i s  has l i t t l e  e f f e c t  on 
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Tab;.? 4.17. Sol id  Radwast,e Treatment Cases t o  2Lminate  Jindblown I'artlcula;es cram t h e  Tailings Area 

Calculated Par: i c u l a  .e Re:;u:;ocni;ion from T a L l l n C s  Bertcha' ' 

2ase 1 

New Yexico 
Kyoming 
Kew \.exico 
Kyoming 

New Mexico 
Kew Mexico 

Wyoming 
Wyomkg 

dew Mexico 
rlyom ing 
?Iew Kexico 
Fiyoming 

Hew Mexico 
h'yon:ir:g 
Kew Mzxico 
Wyomin.: 

Kew Mexico 
VyomiG 
Kew Mexico 
Xyoming 

Vew Mexico 
'rlyoming 
Yew .Yesics 
jlyoming 

163.0 
447.9 
166. i 
ij c t  I . 5 

i-48. C 
272. c1 

913.1 
568.6 

35.0 
373.3 
21. :, 
227, L. 

16.9 0 
44.1 0 
:6. 0 
,;4.5 0 

M i l l  Closed, Inter im Period, b,o 'rreatnent of TaZing!; Scach (After  ?ond Sa: Svaporated) 

r ? B f  
178f 

44. j 
2. L.E-1 4.39E-4 6.75s-3 6.86E-3 G.86E-, 26.4- 

. .  
2.32-1 1.07E-3 1.153-2 1.25E-2 L. L ~ E - 7  Acid Leach-BX 

. K c d i n e  Leach 
45.i 0 
27.4 0 

YLll Closed, in te r im ?eriod, 'hemical Sp ra j  of Ta i l ings  Beach, 25 Acres M a x i m u m  of Untreated Tai l lngs  deach ? e m i t t e d  

Acld Leach-SX 
A h a l i n e  k a c h  

91.9 
57.1 

25 
25 

5 . h E - 1  2.753-3 2 .  $E-2 ' >  3.. 9 3  - 7-2 2 .  $E-2 92'. i 
5. t#~-1 1.28E-3 1.7-13-2 '&. ,(6i-? i. 743-2 5 5 . 1  

X i 2  Closed anti TailLngs S tab i l ized ,  &in. %x-!,:,i Covcr Tsoued by 6-in. 3ock Cover 

Acid Leach-SX 
Acid hach-SX 
.CL'<cd<ne L e z h  
Alkal ine Leach 

. -  

Cbse 2 

Acic Leach-SX 
Acit Leach-SX 
A X h l i x  Le;ach 
AZmlinc Leach 

.kid L e x h - S X  
AeiS Leach-SX 
AlAaline k a c h  
Alkal lne Leach 

10 
10 
10 
1 0 

3.5 
37.0 
2.1 

22.0  

Acid Leach-SX 
Acid Leach-SX 
4 L k a l  :ne Leach 
XlkaLine Leach 

0 
0 
0 

'Amiual cost of 20-yr annui ty  t o  accumulate ca3;tal required 5 r  o?er;il.irrg ccxI-,:: 0:' 'riyerirn ..rea-ment when m i l ;  c loses .  dqulpenl .  bo,..ig?i: 'or temporary treazmen; while t:le m i l ;  I:; x t i v e  1:; iised 
wltiiou t ZIrnrgc. 



Table 4.18. So l id  Radwaste 'PreatmenL, Cases io  Reduce t 3 e  b ? ; - T e n  ~ ? a & ~ n  

Calcu:a-;e<. 222i?n Source Maximu:: 2221?n Dose t o  A d d t  L w g  
at 0.5 Mile (mrem/yr) Treatment Costs T e r n  ( C i , l U y r )  

Acid Leach-- Acid Leach-- Acid Leach-- Area of Tai l ings  Deposi; ( a c r e s ) c  
Treatment 

Solvent E s t r a c t i o n  Solvent Ex t rac t ion  .Usa l ine  Leach Solvent  Ex t rac t ion  Alka l ine  Leach Acid Leach--Solvent Exi racz ion  
d 

&xico Vyorning Siexico W;roair,g ($1003) ($1030 :! ($1000) <glooo) 
Ea r th  f i sana l t  

Case Covera Men.brane ?le w Alkaline mew Alkaline ;few ??e v C a p i t a l  ~mvLa ld  Capii;al ~ n n u a l  
No. ( f t j  ( i n .  ) F i x a t i o n b  Mexico wyorrA.1 ig Leach Mexico Wjro~ing :' k a c h  

None 

hone 

None 

None 

5 / ~ 6 ~  
Kone 

I'lone 

None 

None 

1 

>Tone 

NorLe 

Rote 

None 

None 
A l l  so l id s -conc re t e  h 

slimes-concrete '  

Slimes-aspha;t 

Concentrate-asphalbk 

Xone 

129e 

12be 

xi6 
115 
116 

116 

Fixed 
Sands Slimes -- 

73 35 
73 68 
113 5 . 4 

116 

l5Ye 
157e 
16 a 

16 3 
116 

16 3 

Fixed 
Sands Slimes -- 

78 35 
78 68 
113 5.4  

163 

128e ' 

128e 

116 
116 
~ 1 6  

1-6 

P i x e l  
Sands Slimes -- 

56 59 
55 112 

X.A.  

116 

8.43E+3 
6.393+3 
1.85Si-3 

2.0Et2 

2.0E+2 

6.6200 

2.OEkl 

i . 5 ~ + 1  
X.A. 

1.k-1 

100.5 56.9 
76.i 44.5 
2 2 . 0  l k . 5  

2.  L 1 . 5  
2 . !-I- 1 . 5  
0.1 O. 04 

0. i 0.2 

0.3 0 . 1  

0.7 0.3  

2E-3 u- 3 

100.5 48.2 

76.1 36.5 
22.0 10 .6  

2 .4  1.1 

2 .4  1.1 

0 . 1  0 .04 

0.2 0 .1  

0.2 0 .1  

N.A.  W.A. 

22- 3 12- 3 

0 4f 

0 13f 

0 2 7f 

0 6f 

3 26f 

570 1,747 

851 
4,093 5,347 
1,131 

3 4 1  4531 
0 70 

0 

0 

0 

0 

3 

570 

1,629 

4,735 
F.A. 

0 

4 
6 

13 
27 

26 

1,7;7 

1,437 
7,725 
N.A. 

70 

>J.A. = n o t  appglicable. 

aEarth covers  a s s m e d  t o  have che radon att,pnLa:tisn p rope r t l e s  3f coa r se  sand conta in ing  4.6 moisture as shown ir, Fig.  4.16 and Table 9.31. 
.':alculated radcli emanatior, from dry, un t r ea t ed  ';ai;i:lgs p i l e  i s  72.G C i  yr- l  acre-'. 
' Pa rme te r s  f o r  mode1 t a i l i n g s  impoun&nent Sas ins  are  given i n  l 'dble 4.13 .?or Oases 1 -4  and Case 7. 

d,\nn=al charges inc l ade  cos', of annLitjr Lo accmLilate captp'.taL r equ i r ed  f o r  f i n a l  s t a b  

"Includes a r e a  of t a i l i n g s  on -the f a c e  o f  t h e  dam. 

fC3sts sllown a r e  f o r  New Mexico. 

gCalcuia ted  radon atLenua%ion f a c t o r  for 5/16-in. asphalt plus 2 f t  of e a r t h  i s  0.0247. 
hCalculated radon emana;ion from t a i l i n g s  fixe?( i n  l:29 concrete is 2.59 C i  Yr-l acre-'; f r o m  t:lf;ir.gS incorpora ted  i n  concre te  and bu r i ed  under 20 f: of ea r ih ,  5.703-2 C i  yr-l acre-'. 

'Ca lcn la te t  radon emanation from s u l f u r i c  ac id - l eached  sands is  15.7 C i  acre-' v-'; fmn a lka l ine- leached  sands,  1 2 . 1  C i  acre-'  YT-'; r'rorn acid-leached s l i x e s  f i x e d  i n  1:20 cocc re t e ,  7.32 c i  yr-l  acre-  

z a - z i m  a n i  coveririg of ta i l l i igs  wken mill c loses  a f z e r  20 yr. 
n 

Costs will be about 5@ higher  i n  Kyonling because of t h e  l a r g e r  a rea  which must be covered. See Sec t .  4.4.2.1. 

from ac id- leached  . l ines f i x e d  in asphalt, 0.210 C i  yr-' acre--l; f ron aXkaIine-leached S k h e s  f ixed  in concre te ,  4.20 C i  yr-* a c r e  '; and from a lka l ine- leached  slimes f i x e d  in esphalt, 0.122 s; yr-' acre 
Values do not i nc lude  f a c t o r  of 0.022 f o r  a t t enua t ion  '33: 20 f t  e a r t h  cover .  

'Two-foot cover over t a i l l n g s  and 20-f L c m e r  over asphal t - f ixed  csxentra:e.  
kCalcala;ed radon enanat ion  from n i t r i c  acid-leached t a i l i n g s  i s  0.7'17 c i  yr-l acre-'; from asphaxt-fixed evaporazor Concentrates,  3.07 C i  yr-' a c r e  

' C ~ S ~ S  sh0t.m a r e  only for  incorpora:iag concent ra tes  i n  asphal t  and b u r i z l ;  t h e  c g s t  of t h e  n i t r i c  a c i d  l eacn  i s  not  included. 

. 

-1 . Values do not  inc lude  a t t e n t u a t i o n  by ear-,'n cover.  
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'Table L.20. Effec t  3: 1:adwas':e Treatment Case:; qn ?adon %anation from t h e  Ac:ive "a i l i ngs  Area Kear End o l  
70-yr L i f c  of Model tCrmlum M ; i 1  - H i l l  Operating" 

1 LA l? 13 14  1 5  15 3 4 5 6 7 8 9 10 
Total 2 7 2 ~ n  

from 3nana';ion Active MykU? Radon ?mana-,ion from D r y  Ta i l i ng  Beach o r  Fixed So l ids  
-. 

Radon &anaLion from Lne Ta i l lngs  Ponc" a d  Wet J e x h  
Area of Area Ta i l ings  - Pond Dose L R n  to i a r - h  Lover '1 a i l i n g  s 
Burled Over r a i l i n g s  Nadon irom Dlf fus ion  Exposed Area Expose% of Under 20 f t  p lus  Beach A f i G l t  

Rn or Fixed Lung a t  iin 
of Ear th  Source So l ids  0.5 M i l e  Case i n  ?on9 i n  Pond Water Vnder Fond :rm Pond A n d  Area SourLe 

No. Liciuid Treatment, ($i/r.; ) ( p c i  ~ a y - 1  crn-2) (pci day-1  cm-2: (pc i  i a y - 1  cm-?j ; aL res )  c i i b  (c; y r - 1  acre-1)  <aL!ces; ( a c r e s )  (,:i/yr) ( c i / y r )  (:men/yr 1 

222 ?7? 
R I ~  Dirrusin: 226 222 

from Ta iLngs  "13ta.i 222Rn 
Ra 

Concentration of 3aAium 
T a i l i x s  Tailing: 

?iew Mexico %:vent Ext rac t ion  k511 

1 
2 
3 
4 
5 
6a  
6b 
6 C  
r 7  

1 
2 
3 
4 

6a 
6h 6s 

7 

1 
2 
3 
4 
5 
6a  
6b 
7 

1 
2 

3 
4 
5 
6a 
6b 
7 

Pond 
?ond 
Pond 
P rec ip i t a t ion ,  l ine?,  oond 
?rec ip i ta t ion ,  l i n e d  pond 
He-iai evapora tor  
Me:al evapora tor  
Metal evaporator 
P rec ip i t a t ion ,  l i n e d  pond 

Pond 
Pond 
Pond 
P rec ip i t a t ion ,  l i n e d  aond 
Prec i ? i t a t ion ,  l i n e d  ?on6 
Metal evaporator 
Metal evaporator 
Metal evaporator 
Prec ip i tab ion ,  l i n e a  pond 

Pond 
Pond 
Pond 
P rec ip i t a t ion ,  l i n e d  pond 
P rec ip i t a t ion ,  l i n e d  pond 
Mer. a1 eva2o r a t  01' 
Met, a1 e v q o  r a  :or 
Prec ip i t a t ion ,  l i n e d  pond 

Pond 
Pond 
lond 
P rec ip l t a i ion ,  l i n e d  pond 
Frecip;taklon, l i n e d  pond 
K e t a l  e va-:?orator 
Me.,al e c a ~ o r a t o r  
Pcec ip i t a t ion ,  l i n e d  pond 

I. 7 57 
1 . 7  67 
2 . 2  91 
0.25  10 
0.25 10 

No 

2;J 

rig 

0.25 1 0 

79 145 80 1. i k T  
78 l b 5  9 0 l . ' / > + Z  
78 169 3'r 2.2?+2 
78 83 39 1.23+,' 
78 38 89 1.2E+2 

evaporati?n pond 
evapora t ion  pond 
evapor s t i sn  p o x -  

68 89 1.2E+2 

::one 
llone 
?Tone 
None 
All so l ids -concre te  
Slimca-concrete 
Slimes-asphalt  
Concentra 'e-a;pnrlt  
hone 

l.7 67 
1 . 7  67 
?. 3 31 
0 . 2 5  10 
0.25 10 

No evapora-ion 
?lo evapora t ion  
?c evapora t ion  

0.25 10 

'v.'>-oming S n l v  e n 1 Extrac t  i 3 n Mi 11 

;one 
?;one 
XOne 
lIorie 
A 1 1  no l i ck -cmcre te  
S lhes -canc rece  
S 1  iries-aspha: t 
C one ent  rat e -asphal t  
Xonr 

0.26 ,O 78 88 j 0 6.51+1 
0.2.: 10 ' /e  d8 5u 6.5ET1 
0.33 13 76 9i 5: 7.4E+l 
0.085 5.5 , / L  82 >c 6.3EI: 
0. oa8 3.5 70 3 2  56 6.8E+1 

D;o evapora t ion  pond 
Eo evapora,ion pond 

0. OS8 3.5 7? 8:- 56 6 .8E+i  

0.26 '10 78 a? 91 1. '5+2 
0.26 10 '78 83 91 1. 23+2 
0. ii 'i 3 78 91 99 1. :,?+q 
0.068 3.5 76 8:: io1 1.Z<+L 
0.088 1.5 76 87 101 7.37+2 

0.093 3.5 78 8. 1 (?-: 1.  ?E-- 

P k  evaporation p9nd 
33 e v a p r a t  ion pmd 

None 
None 
Nonc 
Nme 
All s?li&s-concrc:c 
Slimes--cncrete 
Slimes -aspliulL 
IMne 

?Tone 
6 in .  
6 i n .  
6 i n .  
None 
20 3 
20 Tt 
2 f+, + ?0 ft 
6 i n .  

Xone 
6 i n .  
t i n .  
6 i n .  ' 
>;one 
:3 f t  
20 f t  
2 f t  + 20 :-t 
6 i n .  

None 
6 i n .  
6 i n .  
6 in. 
$one 

io fr 
:o r-  
I . c _n. 

None 
6 in. 
6 i n .  
6 i n .  
N m e  
20 I't 
20 It 
6 i n .  

'72.4 
65.9 
6 5 . 5  
65.9 

21.6  
16.9 

65.9 

2.59 

0.83 

72. '1 

65.9 
65.9 
65.9 

23.6 
~ 6 . 9  

65.9 

2.59 

O . R ?  

72.b  
55.9 
65.9 
65.9 

17.3 
10.6 
65.3 

2.59 

r J )  /c.4 
65.3 
65.3  
65.9 

1cj.t 
65.9 

2.:9 
17. -: 

0 3.48E+3 
0 3. m + 3  
0 2.102+3 
0 l.%E+3 
0 3.SEi2 

131 1.5E+2 
a 6.0E+S 

102 1.8E+? 

0 1.95E+3 

0 8 . 6 9 ~ + 2  
0 8 . 6 9 ~ + 2  
0 1.453+? 
0 1.15E+2 
0 j . %+? 

io:' l .bZ+2 

d 6 . O E + 1  
1;: 1 ,5E+?  

0 1.45E- 2 

0 5 . 6 5 ~ + 3  
0 5 . 6 5 ~ + 3  
0 5.42-b+ 3 

0 3. O E + ~  
103 L. L6-c 

6. ?E+1 
I, . : . -  

151 
0 . >Lib+ 3 

0 4.34E+3 

i ,.' rj 

0 2.68E+ 3 
0 2.68E+ :, 
3 1.23E+3 
0 l.O9X+3 
0 3.OE+2 

103 1.1E+2 
1 5 1  8.3E+1 

0 1 . 0 9 ~ + 3  

3.653+3 43.5 
3.653+3 43.5 
2.32E+j 27.6 
2.07E+3 25.6 
5.2Et-2 5 .0  
1.&+2 2 . 1  
i.53+2 1.8 
6, GE+l 0.7 
2.07E+3 24.6 

1 .18~+3  6.7 
1.1&+3 6.7 
5. k?S+2 3 . 1  
?.55E+2 2 . 0  - ,, 
5.lE+2 2.9 
1.9E+2 1 . 0  
1 . 5 ~ + 2  0.9 
6 . 0 ~ + 1  0.5 
1.;5i2+2 2.0  

5.72E+3 68.2 
5.7;7E+1 66.2 
4.49E+3 53.6 
1.4lEk1 52.5 
3 .  '7E+2 4.4 
l.lE+2 1.3 
8. 3E+1 1.0 
i t .  4lET3 52.5 

2.60E+3 16.0 

1.36~+3 7.3 
1 .2U+3  6.9 
4,2E+Z 2.4 
1.1c+2 0.6 
8.33+1 0.5 
1.214+3 6.9 

2.602+3 16.0 

c*.\s sumptions : 
(1) 
( 2 )  
(3) 
( $ 1  

Near end of 20-yr Life  01' model mlll when t a iL in&s  and Jona cover mixhum a rea  
2a i l i ngs  a re  kept, wet, a:: much 2 s  p s s i h l e  excen-:, Cor i minimum ?-?crc dry belch t ?  prot?r!+ t ' i c  am. 
S t i r r e d  pond. model, i . e . ,  a l l  rauon from ciecay of raciiw. i s  dissolved In -;he pond water and a11 radon 
Radon d ic tk r ion  from wet,  ta'lingr ca lcu la lec :  usi.ig: 

zoncent ra t lons  of vec rad ianucl ides  l n  p r i d  ws'.er have r e i c? r2  mlxinum v n l u  
7,ers f9r t i . l i n ? s  imm?unc&rn- ' n f 3 r  s'acec 1 .,> L and se  ' i  %re 2S;vpri i n  T s j l e  4.1;. 

d i f fuses  to :;le so i ;d- l iqu i<  i n  . e r r ace  i s  re:rusea LO Lhe armosphere. 

E = 3.9 
C,: = g solids/cm? of bulk medium x uCi of a/? so l id s  31' 2 . 6  x 3.63 x u:i 3: L)"6i:i/cmi of :xil i i isz degOi;t. 

Por more c e t a i l s ,  see  Sec t .  9.7.1. 
Radon d i f fus ion  from d ry  t a  
d i f f e r e n t  f o r  t h e  a c t i v e  t a  

>6t$ $ i / g ) .  

( 5 )  

( 6 )  Tai l ings  uniforniLy conta in  

eC L i n g  assumpt<ons 2is:ed In fmt1~3T.eS o f  Table 4.18. :i3wever. ;he are2 o r  dry t,?i!ings and d e p ~ . ?  ?f c a r t i  (I?ver a r e  9 s u a l l y  

beacn i s  mostL>' sanos and w:l1 con;s;n CY% p w!Eie wet Sea_-h anc. :ail in.;s  under TJnd are rich i n  sl imes an& con:ain 

bExposed meaning l i t t l e  o r  no radon d i f fus ion  3 a r r i e r  5 s  presen t ;  i . e . ,  d ry  t a l l i n : ; s  o r  f i x e d  w l i d s  covered with C -5 6 In. 01' e i r t h  o r  rhe  tchemical spray. 

' Includes a rea  of t a i l i n g s  on t i c  face If :he ::a.m. 

'Eleven ac res  or n i t r i c  l e a c  e6  r a i l i n - s  a:YJ 0 . 5  ac re  of a spha l t - f ixea  evaporas i r  ?3nceni rs tea  a r e  uncovered; i C I  i c ~ e s  3; t a i l l n z s  a re  c3vere; wi:h .c- ft 3f esr:h Y n C  5 %re-  of ~ s p h s l ?  f ixed  
wastes a r e  hur;ed under 20 
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Table 4.22. Comparison o f  &nana:iion Rate of Radon from t h e  Sinface a 
of S t a b i l i z e d  Tailings Piles with t h e  Emanation Rate from Nati.ve S o i l s  

..__._ 

Emanation Rate of Radon 
f m m  S-tabi.lized Tai l ings  P i l e s  

(Multiple o f  Probable 
Nat ur a l ~  Bac kgroimd .- ) 

Kadwast e Treatment 
Case .- ---. 

1 

2 

3 
4 

5 
6 

0.5 
3 

7 0.008 

a Assumes t h a t  t h e  eraanakion rate of radon f r o m  t a i l i n g s  i s  500 -times 
higher than from native soils based 011 the Us00 content of  s o i l s  
az.oi.md t h e  Highland uranium m i l l  si.te p r i o r  -to mi.l.ling act; ivl . t ies 
( S e c t  . ).I. 4.3.2 ) . 

35 



1. 3'70 
Id 370 
2 44'7 
3 1,900 
43 4, k40 
)Cb 4,440 
5 4,701. 
&I 7,597 
6 5, 0,540 
6c: 29,959 
7 9,7&1. 

97 
131 
u8 
479 

1,113. 
1, u0 
1,156 
1,850 
2?081: 
'I, 3-77 
2,456 

997 
1,850 
2,084 



Table 6.2. Total  Costs f o r  Treatment o f  Hadwaste from 
Model Alkal_i.ne Leach Urainiurn M i l l  

To.taL Contrilx-tion t o  cost  of: Annual Arlriual 
E’i.xed 

Case Cost Charge 
Operating Annual - 

C cos t  cos t  Yel.l.ow Cake POWel. b 
c ap i. t a l a  

No. ($1000) ($1000) ($1.000) 

Wyoming 

1 
l d  
2 

4b 
5 
6a 
6b 
7 

1 
Id 
2 
3 
4a 
4b 
5 
6a 
6b 
‘7 

357 
357 
42 4 

2 , 861 
4,479 
4,479 
2, 391. 
6 , 296 
io, 563 
9,780 

357 
357 
42 4 

2 , 875 
4,656 
4,656 
2 ,  537 
6,296 
1.0; 563 

9,957 

91 
12 5 
I og 
701 

1,104 
1,103 

‘745 
I, 538 
2 ,  5‘75 
2, 421 

90 
124 
1.08 
703 

1,144 
1,145 

636 
1,538 
2,575 
2,460 

83 
83 
90 

1.03 
1.2 3 
123 

1,631 
1,625 
7,325 
147 

New Mexico 

83 
83 
92 
105 
12 5 
12 5 

1,631 
1,625 
‘ I ,  325 

149 

174 
208 
199 
8 04 

1,227 
1,226 
2,376 
3,163 
9,900 
2,568 

1.73 
2 07 
200 
808 

I., 270 
1, 269 
2,267 
3,163 
9,900 
2 , 609 

0.06 
.08 
.07 
.29 
.45 
45 

. .87 
1.16 
3-65  
0.71+ 

0.06 
-08 
.07 
.29 
.46 
.46 
.83 

1.16 
3.65 
0.95 

0.003 . 004 
.003 
.014 
.021 
.021 
.041 - 053 
* 173 . 01+5 

0.003 
.004 
.003 
.0x4 
.022 
.022 
-040 . 053 . 1873 . Orb5 

a I n i t t a l  cost  a t  time o f  m i l l  construction including equipment f o r  fixation of  
tailings i.n asphalt  o r  concrete and treatment of l i q u i d  and. airborne emissions. 

ear th  cover and s t a b i l i z a t i o n  of surface 
bCalculated as 24% or c a p i t a l  plus annual charge (20-year annuity) t o  pay f o r  

of t a i l i n g s  p i l e  a t  m i l l  sliiutd.own. 
C Calculated on bas is  of 5,000 tons of TJ30e required during 30-year life of  1,000 
MW(e) light-watei- reactor  ( i r r a d i  a t ion  l e v e l  33,000 MVdlmetric tori, load f ac to r  
8@,tlieYmal. eff ic iency 32.5%). 
reactors. 

annuity t o  provide perpetual care. 

One model. m i l l  (2,000 T ore/day) supplies 8 such 

‘Stabilized by vegetation i n  place of rock. Annual charge ($31b,OOO) t o  buy an 



Table 6.3. Major Capital Items f o r  Treatment of Radwaste from Model. 
Acid Leach-Solvent Extiaction Mill i n  New Mexicoa 

( ~ S a c r e  tailings p i l e )  
b Case Capital Cost 

NO. Equipnent ($1,000) 

1 
1 

1 

1 

1 

1 

2 

2 

2 

3 

3 

3 

3 

4 
4 
4 
4 
4a 
4b 
5 

5 
5 
6 

6% 
ha 

6b 
GC 

6e 

6 ,  
6 C  

6 C  
6 C  
7 
7 

Orifice type dust collector (27,OW cfln) 

wet irnpingement a u t  collector (6,000 c h )  

T a i l i n g s  pump and pipeline 

Earth dam 
Cyclone instal la t ion 

Earth cover (0.5 f t )  and rock s tabi l izat ion (0.5 f t )  

Wet impingement dust collector (27,000 e a )  

IOW energy venturi dust collector (6,000 c a )  
Earth cover (2.0 f t )  and rock s tabi l izat ion (0.5 f t j c  
Low energy venturi nust collector (27,000 e a )  

Medium energy venturi dust collector (6,000 cfh)  
Tailings dm 

Earth cover (8 f t )  and rock stabil ization (0.5 f t ) c  

Bag f i l t e r  dust collectox (27,000 ci'm) 

Iligh energy venturi dust collector (6,000 crSn> 

Neutralization of l iquid 
Asphalt s e d  of pond 
Earth cover (20 f t )  and rock stabj l izat ion (0.5 ft)' 

Earth cover (2 Yt), asphalt, (5/16 in*), rock (0.5 f t )  

HXPA filter dust collector ( 6,000 cfh) 

Concrete fixation 

Asphalt linFng f o r  waste storage 

HEPA f j l t e r  dust collector (30,000 C m )  

Evaporator 
Concrete fixation 
Asphalt Pixat ion 
CCD thickeners 
Evaporator 
Fractionator 
Solvent extract or  
Waste calciner 

Boiler 
Charcoal delay trap (4,000 cfm) 
Earth cover (2 f t ) ,  asphalt (1 i n . ) ,  rock (0.5 ft)' 

C 

c: 

72 

36 
1.38 

35 

58 

88 
50 

197' 
134 

5 3 
2,4u 

1 3 8  

4 4 P  
24.8 

58 
651 

976 
9 2 8  

881d 
74 
570 

1,567 
2 6  

2,273 
449 

3,221 
X 0 , O k O  

u., 320 

5,297 

2,603. 

e ,  016 
I., 754 
5,388 
2,382 a 

Sl-ightly &ifrerent vedes  were  used f o r  the Xyoming s i t e .  a 

bCapital cost including all direct and indirect  costs plus 20% for contingency. 

Ci-rota.~ v a u e  o f  t'ne matured annuity payments af'ter 20 yeass. 

Eaxth, $350/acre-ft; rock, $2000/acre-Pt; asphalt $18,300/aeri-in. * 
c 

............. ~ : ......... _.......... 
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Table 6.lh. Major Ca.pi.tal I imis  f o r  TreatrrieDt, of  Radwsste frt-,cn 
Model A!-Bal..ine Lexh  Mi-i..l. i.11 New Mex.;.coa 

(116-nc~c -tail.irgs pile) . ....... ..... ....... 
--.....-____1_........ I- ____I___ _-_________, II_ ..-........ 1_ .............................. ll... .--... ..... 

Cas2 
No 

1 

1 

1. 

1 

2 

3 
3 
4 
4 
4a 

hk! 
5 
5 
6 
6 
6 
6a 
Ga 

6b 

7 

Capital Cos'c b 

...- ....Î .......___I. ........ I., .. L h uT~rwii 'c -_... ........ __ ...--......... ._l_ ........... __l__.I ($1,000 ),..- 

131.1- 

33 

58 

138d 
197f 

44 id- 

22 

Tai-Ti-ngs pump a.nd pipel.7 i18 

Earth dam 

Cyclone i-ns t ailat ioii 
Ea r th  cover (0.5 ft) an6 rock s tab i l iza-Lion  (0.5 ft) C 

&ar ih  cover (2.0 Tt) aQd. rock st&il.i.zz-tj.on (0.5 ft) c 

gar th  cover (8 ft> amd rock s t a b i l i z a t i o n  (0.5 ft) C 
2 , 4 U  

Coppras t restiner;t eyui .pent  

Asp,l~al.t spa1 on pond 976 

881.~ 
$70 

I, 2'37 

92 
1,2200 

EvCaporaior 2, 028 
623- 

33'7 

5, a 0  

926" Zart?i cover (20 ft) an3 rock stzbi. l izati .on (0.5 ft) .c 

Earth cover ( 2  f t ) ,  asphalt, (5/16 in .  ), rock (0. j f-t) c 

C o n c ~ e t e  f i x a t  i.on 

Asphali; I.in,i.ng for waste s-torage 

Saiiii-sl.irne srparatoi. 

S I.i.[tl*~ dewxtering 

Bo i l e r  

Coiicretc rnakhg 

Asphalt f i x a k h n  

Earth cover ( 2  f't), asplia21..t (1 i n ,  ), rock (0.5 Y t )  C 2, 382d 
......... ....... ..... ....... ... .......... ___._. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  .---. ___ lll_ ..... 

a 
b 
Slightly differerlt values were used for t h e  TNycming si.te, 

C a p i t a l  cos t  inc luding  all d i r e c t  and iiid:irwt c o s t s  plus 2@$ for  contingency. 

Earth, $350/acre-ft, rock, $2000/acre-ft ; aspha.l.t, $:L8> 8020/acre- in. C. 

%otal- va1.1.x or the ma' turec l  annuity payments ar ter  20 years. 



Table 6.5. U n i t  Cos ts  of Labor, Ma-terials m d  Supplies 

Supervision 

Operating I.%bor 

Lime 

Asphalt 

Cement 
Power 
Stetam 

Fuel" 
Swlfur ic  acid 
hmoni a 

S o d i m  elllorate 

YlD c culant 
Amine 
A l c  oPi01 

Kerosene 

N i t r i c  acid 

TBP 
Ferrous sulfate 

"Short ton, 2000 Lblton. 
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Table ‘7.1. Par-Licle S i z e  of  Urami1.m Ore Ta i l ings  
i n  t h e  <80+ Si.ze Class”, 
.. ............ -_ ..... _ ............... ~ 

___ - 

Size Class 

10-80 

Pe r c  en’i sg e of _ - _ ~  P a r t  i c le s 

24 23 

... _-..-__ 

(v 1 ............ Acid Circui.t A lka7.i:n.e C i r c i n i t  ~ - -  

30 <10 1- 0 
... _.__._l_l -. . 

?‘ne c80-11 d i s t r i b u t i o n  i.s b s s e d  on an ex t r apo la t ion  of  a log-log 
plot of  p a r t i c l e  s i z e  vs percent of  par- i ic les  t h a t  a r e  l e s s  than  
t h e  s’ia-Led s i z e  using data Yrom Table 9.7. 

Table 7.2. Frequency D i s t r i b u t i o n  01’ Wird by  ’Jelocit,y Classes 
..... -.....-- -. .. ............... 

II- Fracti-on ................ of ‘firne ............ -1111 I Veloc -it y 
Class Albuqilerque , C asper, 

.. N. M. Wyorniiig 

0- 3 0.23 

4-6 0.35 
7-10 0 . 2 4 
11-16 0.12 

17-21 0.04 
>21 0.01- 

6.9 Weighted Ave. (mpii)  

0.06 
0.21. 

0.28 

0.26 

0.13 

0. 06 
10. ’( 

......... 
-lis 



0- 2 
3-6 
6-9 
9-I-2 

12-15 

15-18 
18-23.. 

21-24 

24-27 
2'7-30 

30-33 

33-36 

36-39 
3 
1 

a An event is registered if w i n d  velociLy is in the 
veloci-ty class for >SC$ of the 1-'m- observat ion period. 



!%
 



19 3 



i 

LJ 

4s 

C 

8911 
EO € 

0i34 

E61 
ZZL 

0 

0 

0 

ICT 
0 

0 

0 

TL 
0 

C 

0 

0 

0 

3 

0 

C 

13 

8E 

LEE LE 161 

i? 6 0 

0 0 0 

0 C $2 

C 0 0 

0 0 0 

0 C C 

0 0 C 

0 0 C 

0 0 0 

0 0 0 

0 C 0 

C 0 Q 

0 C e 
0 0 0 

0 0 0 

T8? 

0 %I 
0 0 0 

-167: 0 

a C 

0 0 

0 c. 
0 0 

G. 0 

.90TT 

r6~ 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 C 

0 0 

C 0 

0 0 

0 0 

C 

0 

0 

0 

c. 
0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 



a. c Table 7.7. Maximum Annual Doses t o  Individualsb and Popi la t ion  fro= Airborne 
Eff luents  of a !&del Want-urri M i l l  at, tine Kew Mexico Site, Assuming 

that IC$ of the  Food Is Produced locall$ 

MILL P3OCESSXSd 

(Tailirxs area not irxluded) 

Process and M~ixin;wn Population 
Radwaste Treatment Total  Body Dose To331 Body Dose Maximum Adult Organ Doses ( m r e m )  

Cas e (mreE.} Sone Liver Kidney h c g  Spleen i,man-r?K) 

1 20.2 232.4 23.6 40.1 29.3 23.8 4.9E-1 
2 6 , k  72.9 7.5 12.5 9.1 '7. '7 1. GE-1 
3 1.7 19.0 1. a 3.3 2.9 1.8 3.7E-2 
4 4 . m - 1  5.1 8.0%-1 9.33-1 1.2 4.23-1 9.73-3 

'T*OE-" 3 2. SjE-1 3.0 3.4E-1 5 . B - 1  7.5s-1 3.6E-1 
2.lE-4 2.53-3 2.23-4 4.6E-4- 4 . h - 1  2.0E-b 4.73-6 
9 - *  m-4 2.53-3 2.2E-4 4.6E-4 4.83-3 2.OE-4 k.7E-6 

Solvent Ext. r ac t ion  

2 
7 

Allsaline Leach 
I 

1 -1. J 265.5 28.3 4c. 9 35.2 29.4 %. 23-1 
2 7.6 81.2 8.7 12.7 10.6 9.1 1. ? E - l  
3 2 * 2  22.2 2 -  3 3.4 3.5 2.4 5.2z-p 
4 6.6E-1 6,7 7.OE-1 9.72-1 1-5 7.lE-1 1.63-2 
5 2 . 9 ~ - 1  3.0 3.4E-1 5.N-1 7.5E-1 3.63-1 /. 03-3 
6 3.3E-4 3.33-3 3.4E-4 4.83-4 4-4E-I 3.4E-4 7.9&& 

9 G  2 

r, 

3.33-4 3.33-3 3-bE-4 4.83-4 5.0%-3 3 . k - 4  7.9E-6 v 
f 

2. 50-yr dose commitment from expcsure t o  ni l1  e f f luen t s  during tlie f i n a l  ( i . e .  23th y r )  of opera t ion .  

Dose t o  indivTduals Ls at 0.5 m i l e  and downwind of t h e  prevailing wind d l r e c t i o c .  
47% of  "ihe rfEJxkLu%e 

Average dose i s  b 

c Dose t o  t h e  p p u l a t i o n  i s  asrerage t c t a l  body dcjse t o  the populb-tion out  t o  a d is tance  of 55 miles .  

%$ maistui-e ore l  which p r o d ~ c e s  E - re lat ively l a r g e  asnount of dust. 



2. b C Ts3le 7.7~. Maximuin Annual Doses t o  Indivldasls and Pop:Jia%io:.1 fron Airborrne 
Eff luents  of  B Model Granim M i l l  3;t t h e  New Mexico S i t e ,  Assming 

tha-t 10% of $he Food Is Produced Locally 

om DUST Ax3 MD3N d 

(Miil processes - t a i l i n g s  aye% not Ir,cluded) 

Maxirr,.;fi Popnlation 
T o t z l  B o a  Dose Maxhrrm A d u l t  Orgar Coses (mrem) Process and- 

Xadwaste Treatnent  T o t a l  3 o d ~  3ose 
(r.lari-reni) Case (mrem) Bone Liver Kidney Lung Spleen 

Solven-t 3x t r ac t ion  

- ‘18.3 192.0 21.2 31.8 20.0 22.6 4.4~4 
2 5.8 62.8 6.9 10. I; 6.8 7.4 i. 5E-l 
3 1 . 5  15.0 1.6 2 .5  2.3 1.7 3. k - 2  
4 2.9%-I 3.0 3.43-1 5 . l E - 1  7.5E-1 3.6E-I 7.0E-3 

2. FE-1 3.0 3.43-2.. 5 . 1 ~ - I  7.53-1 3.62-1 7. @E-3 
6 1. 53-4 1.53-3 1.6s-4 2.53-4. 4 . h - 1  1 . E - 4  3.43-6 
5 

7 3.43-6 1.5z-4 i.5x-3 1.6E-4 2.53-4 4.63-3 1.73-4 

Allraliiie k a c h  Saqe as Solvent Zxtract ion Process - - - ~  

a 

5 
5 0 - y ~  dose eorarilitmen-t frox exposure t o  mil:- e f f luen2s durir.g the  f i n a l  (i.e. 20th y r )  of o?er?%tlon. 

Dose to i nd iv i&a l s  i s  a-L 0.5 mile  and 6ownwisd of tk-,e p r e v a i l i r g  ~ i ~ d  di-rect ion.  Average 6ose i s  
sC7$ of t h e  maxinun. 
Dose t o  t h e  2opula-tion i s  aversLge t o t a l  body dose t o  t k  p o p u h t l o n  oat -LO a distance of  55 n-iles.  c 

‘6% n o i s t a r e  ore ,  w~l ic5  produces a rz1a4G-iveLy yarge mloxnt of dust. 



b c a Table 7. T b a  blaxbm~ Annual Doses Lo Ind iv idua l s  and Population fro?l Airborr,e 
E f f l l ~ e f i t s  of a Xo3.id Uranium M i l l  at %e Yew Mexico S i t e ,  ilssuqing 

tha5 1C@ of t h e  Food Is Produced Locally 

Process and Mzximwfl Populat ion 
Maximum A d u l t  Organ Doses (mern) 

Total 3ody 3ose Radwaste Treatment Total Body Dose 

Bane Liver  Kidney L - q  Spleen (mm-rem) Case ( m r e m )  

L Dose to the population i s  average total body dose t o  the population out to a distance of  55 x i l e s .  



(Tai l ings &rea not included) 

Popula1,ion 
Total E o Q  Dose 

(man - r em ) 

M a x i m m  A d x i t  Organ Doses (,?lrem) 
Process and M 2 X - h L q  

Raaxtiste T:ceatxerLt To ta l  3 o a  Dose 
Case :rrem> Borie Liver Kidriey Lmg Spleen - .  
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a Table 7.82. Naxi.m.m Annual Doses t o  Individualsb fron Airborne Effkients  
of EL Model Uran-im M i l l  a t  t h e  New Mexico S i t e ,  Assuming 

tha t  Nsne of t h e  Food I s  Produced Locally 

ORE DUSTC AIG M G K  

(fi11 processes - t a i l i n g s  a rea  cot  included) 

Process and Maimurn Maximum Adult Organ Doses (rrsem) 
Radwas t e Trea-tment 

Case 
To ta l  Body Dose (mm> Bone Liver Kidney LUng 

Solvent Extract ion 

1 

9.2~-2 
2 

1.9~-2 
3 
4 
5 
6 6.2~-6 1.73-4- 9.33-6 
7 

1.2 5 . 1  2.7 
1.7 1.2 
4.OE-1 
8. 2E-2 
8.2E-2 

22.5 
7.4 
1.7 

3 . 5 ~ - 1  

7. gE-1 
2.6E-1 3.8E-1 

6.2~-1 
4.813-1 
4 .8E- i  

6.6E-2 
I. 3E-2 

3 . 6 ~ - 1  1.gE-2 
1.7E-4 

r. 3 ~ - 2  9.33-6 4.OE-5 4.4E-1 

4.4E-3 4.OE-5 
6.2~-6 

Alkaline ‘Leach Same 8 s  Solvent Extract ion Process 

a 50-p dose cormi’Lnent Tram exposure t o  m i l l  e f f luen t s  Sxeing the f i n a l  ( i . e .  23th yr) of operat ioc.  

Dose to ind iv icaa ls  i s  a t  G.5 mile and downwind of the preva i l ing  wind dLrectioc.  b. 
Average dose i s  



b Table 7.8b. Mm:imm Annual Dosesa to Individuals from Airborne Effluents 
of a bfod-el UraEiun Mill z t  the New Edexizo S i t s ,  Assuming 

that None of the Food Is Produced Locally 

YELLOW CAKE: DUST 

Process and 
Radwas t e T r  e atment 

MELXimum 
Total Body Dose Maximum Adult Organ Doses (mrem) 

Solvent Extraction 

1 1.1 
2 2 8E-1 
3 1” aE-l. 
4 5 a 6~-2 
5 2 . 8 ~ - 5  
6 2.83-5 
7 2 . 8 ~ - 5  

Alkaline Leach 

25.3 1*2 5.6 8.1 
6.3 3. OE-1 1.4 2 .0  

1.3 6 33-2 2 YE-1 4. B - E  
6.3E-4 3.OE-5 1 * k- 4 2 . m - 4  

6.3E-4 3. OE-5 1.43-4 2 . O E - k  

2.5 1.2E-1 5.5E-1 7,9E-1 

6,3E-4 3.9E-5 1.4E-4 2. OE-4 
IN 
0 
W 

1 5. OE-P 3.7 2 6E-1 8 * 02-1 3.4 
2 1.3E-1 9.3-1 6. ?E-2 2 . m - 1  2.1 
3 4.9E-2 3.6~1 2.5E-2 ’i. 83-2 8 ,  P Z - I  

5 1.33-5 9.33-5 6 . 5 ~ 4  2 * OE-5 2. D - 4  
4 2.6~-2 1.93-1 1.32-2 2;. m-2 4.3E-1 

6 1.33-5 9.33-5 6.5~-6 2,OE-5 2 . a - 4  
7 1,33-5 9.3-5 6. 5E-6 2.03-5 2 .D-4  

a 50-yr dose commitment from exqiosure t o  mill eff luents  during the  f i n a l  (%.e.  20th yr) af operation. 

47$ of the rnaximm. 
bDose t o  individuals is a t  0.5 mile and &omwind of  the preva i l ing  wtnd direction. Average dose is 



So Ive n'c Zx-t r az t i o n  

A-Daline Leach 

11 
2 

4 
3 

7 

r. 4 
4. IiE-1 
1.4E-1 
5. m-2 
1. -E-2 
2.6E-5 
2 . ,8E - 5 

P. I 
3. u-: 
9. u - 2  
3. u - 2  
1. SE-2 
1.53-5 
1.53-5 

21.9 
7. 0 
j-. '3 

4.5E-I 
3.3E-1 
2.33-4 
2.3E-4 

1.3 
3.9E-I 
1. CE-X 
2.82-2 
1.72-2 
1. kE-5 
:L. 4E-5 

4. 8 

3" 83-l 

6.6E-2 
11.813-5 
4.83-5 

i. 5 

9.9E-2 

8.9 
2.6 
It. 9 
5.9E-l 
2. LIE-1 
2 .  =-> 
2 . 3 - 3  

Iu 
0 
s 



2
0
 j
 

a, 



8 Table 7. Se. M a . x ~ m x n  Arfiv.sl Doses -to Indivic5uaIs.b from Airborne Eff luents  
of a Model Uranium M i l l  z t  t h e  Wyorr;lng S i t e ,  Assuring 

that None of she  Food I s  Froduced Locally 

YELIXW CAKE: DUST 

Process anC Ma.XiWIli  M a L - x m  Adult Orgai-i Doses ( m e n )  
Rad-deske Treatnienfv To ta l  B o a  Dose ( m e n )  Bone Live: Kidney >mg 

Case 

Solvent Ex's r ac t ion  

1 
2 
3 
4 
5 
6 
7 

9.OE-1 
2.33-: 
8.83-2 
4.6~-2 
2.33-5 
2.33-5 
2.33-5 

b.3E-1 
i. 09-1 
3.9E-2 
2.OE-2 
1. OE-5 
1. @E-5 
1.93-5 

21.2 
5.3 
2.1 
1. I 

5.3E-h 
5.3E-I; 

5.33-4 

3 .0  
7 . 5 E - 1  
2.93-1 
1.53-1 
7.53-5 
7.53-5 
7.5s-5 

9.6E-1 
2 . 5 ~ 4  
9.5z-2 

2.53-5 
2.53-5 
2.53-5 

5. @E-2 

2.33-1 
5.3E-2 
2 .  z - 2  
1. UT-2 
5.3~-6 
5.3~-6 
5.3~-6 

6 . 5 E - 1  
1. oE-i 
6 . 1s-p tu-2 
3.3E-2 
1.6~-5 

1 . 6 ~ 5  

/ -  

1 . 6 E - 5  

6.6 
1 . 7  
6 . 5 ~ 4  
3.43-1 
A. 7 7E-1 

1. m-lc 
1.7E-4 

6.8 
1 . 7  
6.7E-1 
3.53-1 
1 . 7 E - 4  
1.73-4 ;. 7s- 1; 



d 

Table 7.9. Kajor Radionuclides Contributing to Tota l  Bokv Dose frcm Airborne Zffluent,s 

t h a t  l00$ of t h e  Food I s  Produced Locally 
a,t 0. s ~ i a e  f r o m  a ~ o d e i  Solvent Extraction M i l l ,  a ~ s s l m i r g  

( M i l l  processes - t a i l i n g s  a.rea nct included) 

Perce3-L of Tctal Eo&- Dose 

e 
d 1,ngest ion  

Subiner s i on  Cont aninat erl 

Radionuclide b i n  AirC Ground‘ Inha1 at  ion 

1.6 1.3 3.4 
0.9 84.4 
6.6 0.1 

0.1 a. 1 0.7 

f <0. 1 

““%a a. 1 < o . i  
“‘Th <G. 1 <os 1 
210B a.1 

%at 

1.0 
2roRl <0.1 a. 1 <e. 1 2 2 0 ,  

bi a. 1 <o. 1 <0. I <o. 1 
a 

bRadionuclides contr ibut ing <O. 9% of’ dose are net l i s t e d ,  

C~lrposure i s  f c r  
d- 

e 

Case 1. 

rJf the t i m e ;  no shielding.  

i nha la t ion  rate of 20 m3 of a i r  per day; h h a l e d  gs r t i e l e s  are les-- b than 10 1 i n  dimetei- .  

All food i s  prodmed and coilsunled a t  the loca t ion  cf dose calculat , ion.  Dzily in takes  a re  0.25 kg 
of vegetables, 0.3 kg of beef, and 1.0 l i teer  of m i l k .  
f 23% 2 3 E  Unat, includes U, U, ’“*u ( s e e  PO CFR 29). 
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Tcble 7.11. Cumulative ~ o p u l a t i o n  and nose (man-ran.) from 
._ Airborne Effluents as a E'unctiion of 'Distance from a 

.Vhdel. Solment Extraction U r m l u m  M i l l  at the 
~ e w  ~exico Site,, Case 1" 

( M i l l  processes - t a i l i n g s  area not, included) 



2 1.0 

Table 7 .12 .  M a x i m u m  Annual '''Rri Doses to Lungs of Indiv idua ls  
a t  0.5 M i l e "  from Model- Uranium Ta i l ings  Areasb 

Xadiati.o,ii --- DO s _. e (mrern/year ) -.-____ 
MYi.1- Operating (Near 

o f  M i l l  When Ta i l ings  
Eild of 20-Yea,r L i P e  M i l l  Closed 

Cover Maximwn . Area) ~~ 

and Final. Cover 
--__I..._ Placed Over 'Tail ings Process and 

li'rea;tment Case New Mexico ThTyoming New Mexico Wyom t ~ 7 . g  

Solvent Ex t rac t ion  

1 
2 
3 
4 
5 
6a 
6b 
6c 
7 

Alka l ine  Leach 

1 
2 
3 
4 
5 
6a 
6b 
7 

1-13. 5 
43.5 
27.6 
24.6 
5.0 
2. 1- 

0.70 
1. 8 

24.6 

68.2 
68.2 
53.6 
52.5 
4.4 
1.3 
1.0 

52.5 

6 .7  
6.7 
3.1- 
2 . 0  
2.9 
1.. 0 
0.90 
0.30 
2.0 

16.0 
16. o 
'7.8 
6.9 
2 , b  
0.60 
0.50 
6.9 

100. 5 
76.1 
22.0 
2. J-t 

0.10 
0.39 
0.32 
0.70 
0.002 

100" 5 
76.1. 
22.0 

2 . 4  
0.10 
0.24 
0.18 
0.002 

58.9 
)!I+. 5 
14 .5  

5 
0. 04 
0. 17[ 
0. l k  
0.30 
0.001 

48.2 
36.5 
10.6 
1.. 1 
0. 0)-1. 
0.10 
0.07 
0.001 

-.-.--I._ ~ .- . -- ..... .- 

?Doses at  1 mile  a r e  5 .5  t h e s  lower for t h e  New Mexico site and 3.5 

b 
t imes l o w e r  f o ~  t h e  Wyoming s i t e .  

The a reas  of we"i and dry t a i l i n g s  f o r  tile different cases are E s t e d  
i n  Tables 4.1-8 and 4.20. 
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Table 7.15. Total Maxbcm Anmal Radiatior, Dose -to Individuals  a t  0.5 Mile from a 
Opera-king Model Uraniim Mill an3 Tailrings Area i n  New Mexico, Case I,"," 

Assuming thzt  10% of t h e  Food I s  Pro3uced Locally 

MILL FEOCESSES LOT TAI-&VGS C O K B I I Z D  

So Ivent Ex% r ac t i op. Pro c e s s 
(mrcra ) 

Alkaline Leach Process 
( r m  e~ ) 

M i l l  T a i l i n g  s Total M L l l  Ta i l lngs  To ta l  

T o t d  body 23.2 16.6 36.8 25- 3 16.1 41.4 

Bone 232. S 168.0 boo 4 265.5 166.3 431.8 

Llver 23.6 19.4 43.0 28.3 18.9 47.2 

Kidney 40.1 27.0 67.1 40.9 27. l 68.0 

Spleen 23.5 21.6 45.1 29.4 20. s 50.2 IW 
P 
4= 

f i a g  29.3 60.4 89.7 35.2 84.9 ;2c. 1 

%renkieth year of operaLion when t a i l i n g s  cover mximm area. 
5 The doses are t h e  simi of the  doses I'rorn alrbo-rce particulates and 
mi19 and -the ec t ive  tailings area  as lis-:zed iz Tables 7.7, 7.'" L, and 7.13. 

gas from the operating 
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Table 7.1'(. T o t a l  Maximum Annual i iadiat ion Dose t o  Lunzs of 
Indiv idua ls  a5 0.5 Mile from Operatint: Model Uranium Mi.l_ls 
and Ta iXngs  Areas i n  New Mexico and Wyomi.ng, a,b Assuuiin.g 

that lOC$ of ihe Food Ts Produced Locally 

MILE PROCESSES AND TAILINGS COMRIIVXD 
....----.. 

New Mexico Wyomi ng 
(rm-em) _I _I__.. ( m r e m )  ....... . _.... - 

Process Mil.1 Tai l ings"  T o t a l  I M i l l  Ta i l ings"  ..-- T o t a l  
I- 

Solvent Ext rac t ion  

1 
2 
3 
4 
5 
6a 
6b 
6c 
'7 

Alkal ine k k  

1 
2 
3 
4 
5 
6a 
6b 
7 

23.3 
9. 1- 
2.9 
1.2 

7.5x-1 
4 . 4 E - l  
4.4E-I 
)+. 4 E - 1  
4 . 8 ~ - 3  

35.2 
1.0.6 
3.5 
1 . 5  

7.5~-1 
4. k+-l 
4.4E-1 
5. OF-3 

60.4 
'"3.5 
27.6 
24.6 
5.0 
2 . 1  
1.8 

'7. OE-I 
24.6 

84.9 
68.2 
53.6 
52.5 
4.4 
1.. 3 
1.. 0 

52.5 

89. '7 
52.6 
30.5 
25.8 
5.8 
2.5 
2.2 
1.1 
24.6 

120.1  
78.8 
5'7. 1- 
54.0 

5.2 
1 .7  
1 . 4  

52.5 

23.6 
7.3 
2 .2  

8. 4 ~ - I  
4 . 6 ~ - 1  
2.l.E-l 
2. u-1 
2.32-1 
2.4E-3 

28.4 
8.5 
2.7 
1.1 

4. ~F-TI .  
2. IE-1 
2 .  LF-1 
2.53-3 

50.8 
6. '7 
3.1. 
2 . 0  
2.9 
1 . 0  

9. OE-1 
3.OE-1.. 
2*0 

100.5 
1.6. 0 
7.8 
6.9 
2 . 4  

~.OG-I 

6.9 
5.0E-1 

74.4 
1 4 . 0  

5 .3  
2.8 
3.4 
1.- 2 
1.1 

5.33-1 
2,0 

128.9 
211.5 
10.5 

8 . 0  
2.9 

8 . 1 E - l  
(. 7F-I 

6.9 

%wentieth year of opera-'Lion when t a i l i n g s  cover ma.xirnwa area .  

bThe doses are the sum of the lung doses from ari-rborne prt-icuJ..at,es and 
Rn gas f r o m  t h e  o p e r a t k g  mi2.1- and t h e  a c t i v e  t a i l i n g s  a r e a  as  listed 

i.n Ta,'oles '7.7, 7.7c,  7.12, and '7.13. The tai.I.ings a r e a  are treated in 
Cases 2 t o  7 t o  preveri-t t a i l i n g s  dust from bloTtsi.ng during opera-tion of 
t h e  m i l l .  

2 2 2  
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Table 7.1-9. Curips of Long-Lived Radionuclides Released 
During the  Twenty-YPz,r Life 0: the  Fac i l i t y"  

M j - 1 1  Process T ai1.i.w s 
R ad.i. o nuc 1 i de Dusts Pil& Total. c i/m2 .....- 

_IxI .I._..........^.. -.I-I 

1. '7'JhOO ? I )  38%-2 1.8lSOO 8. gOg-11 23CU 

1.79E00 2.38E-? 1 . 8 1 ~ 0 0  8.90~-11. 23eU 

"The worst case,  a Wyoinirig m i l l  using the al.kal..ine leach  process.  

Lai.l.ings d-u.st resuspended from an average of  20 acres  oJ" dry beach 
over t h e  20-year l i f e  of  the .mi.]-1 and f r o m  25 a.ci"e,s of un t rea ted  
tailings f o r  2 years  following m i l l  c losures  and beyore the  f - iual  
earth cover i s  placed. 

2.033 x 10" ma i n  an area of  50-mile rad.?-u.s. 

Continuous annual r e l ease  of 222Rn from a 1 2 8 - a c ~ e  t a i l i n g s  pile w i . t h  
a 6-i.nch earth cover after m i 1 1  has closed. 

b, 

C 

d 



8 Table 7.20. Major R.adionuclides and Expcsure Modes ContribQting t o  t h e  Annual To ta l  Body Dose 

of Radionwlides Occurs 
t o  the  Average IndivL&dal Af te r  the M i l l  Is  Close6 U n t i l  S ign i f i can t  Decay 

E q m s u r e  Mode 
S ubnier s i c  n Contaminated 

T ~ J  ?,a1 in A i r  Ground I nh&& ion  Ingest ion 
Radionuclide (mrem)  (arm) irnrexl) ( m e n )  ( a r e a )  - 

234Tj 1.x-12 13 * 33-4 8. GE-7 6,9Es6 2.4E-4 

8 
Dose a f t e r  t h e  m i U  c loses  from radoa ar,d -:;he radioactive m s t e r % a . l s  &lch were dispersed d.rzing 
20 years operat ion of t h e  IQmning slkaline-leach mili an6 2 years wind erosion of t h e  t a l l i n g s  
p i l e  before t h e  f i n a l  covei- was placed assming Case 1 releases andl s u c i f o m  dis t r ibu%ion of 
t h e  rad ioac t ive  dusts  within 2 50-mile radius of the mill. 



a Table 7 .21 .  A m ~ a 1  Dose t o  the  Average Indiv idua l  Af te r  t h e  M - i l l  I s  Closed 
%til Slgnificank 3ecay of Radionuc3,des 3ccurs 

Tota l  Body 
Dose 

Organ 3ose (mrem) p e r  Exposure Mode 

Bone Lung 
- 3aCionuclide (mrem)  id! alat ion Inges t ion  inhalation Inges t ion  

3.5E-5 6.93-6 234u 2. &+ 1. l;E-5 1, s - 4  

2 3 a  3.93-4 1.3E- 5 1.oz-b 3. LE-5 6.1E-6 

2 2 s q  1%. 5.93-4 6.33-5 6.4E-3 5.53-5 6.5~-4 

23aTh 6.73-5 7.6E-iL 8.33-5 7 . 7 ~ - 6  2.3F-6 

222RIl - - - 3 . h - 1  - 

Tota l  1 . h - 3  8.53-4 6.7E-3 3 . 4 E - l  6. '(E-4 

a 
Cose a f t e r  m i l l  c loses  fror; radoii and %he rad iosc t lve  materlals w k i c l j  were dispersed ciar4qD A -  0 

20 years operatLon 05' t he  Kyoxing a lka l ine- lesch  nil1 and 2 years or' wind erosloii  of t h e  t a i l i n g s  
p i l e  before the  f i n a l  cover .was l a i d  essuring Case 1 re leases  and a uniform d i s t r i b u t i o n  o f  t l x  
radioact ive dusts within a 5O-mile rad lus  of t h e  mill. 
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a Table 7.22, linnual Dose t o  t h e  Population A f t e r  the i%l l  Is Closed 
u24- 1 s -; Dr, -* c-' -o - i l ~ c a n <  Decay of RadiozJclides Occurs 

\ b  
aose (nm-ren per 5.3 x 10" persons 1 

Radionuclide Total Bo&y Bone zmlg 

ir 1.3E-2 6.7%-3 2.2E-3 234. 

2 . x -  2 t5.U-3 1.43-3 23eu 

""6a 3.6~-2 3.i+z-x 3. BE-2 

230Th 3.6E-3 4.53-2 5. jE-4- 
22sb - - 1. 8Ei- 1 

a Dose to t h e  popu1a';ion i s  t h e  axerage t o t a l  body and organ dose out  t o  a 
d is tance  of 50 I;.,iles. 

Actual populatior? x i t h i n  t h e  55-mile radius of  the Kyomhg nodel nil:. b 
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Table 8.1. To ta l  Anima; Cost' for Reduction of  t h e  MaahUm .-\nnUal Dose from Model Vranium Mills and Tai l i%s P i l e s  i n  New Mexico 

K a x i n ~ m  Annual. Ind iv idca l  Dose a t  0.5 Mile 

M i l l  Owra t ing  K i l l  Closed, 
Ta i l i ngs  

S t a b i l i z e d  
P i l e  ?opulat iog 

T o t a l  Yody 
Dose, N i l 1  

Bone Lung Liver Kidney Lung Ope r a t i n g  
;nx e~c ) ( m r  em ) (,mem) (man-rem ) 

10% of Food Produced h c a l l y  Xone (@)  of  Food Produced Locally 
To ta l  

Annual Tot a1 Total 
Case cos t a  BCdY Bone Llmg Liver Kidney Spleen Body 
No. ( $1000 ) (mrem) (mrem) ( m a )  (mrem)  (*mern) (mrem) (...em) ( m e n )  (mrem) 

Acid Leach- Solvent Es t r ac t ion  H i l l  

1 
2 
3 
4a 
4b 
5 
6a 
6'0 
6c 
7 

17 4 3.7E+1 
201 6.4300 
309 l . ' 7 E 3 0  

1,734 4.03-1 
1,733 - -  4.03-1 

2.93-1 2,994 
3,633 
7,692 

2.lE-4 

8,264 2.lE-4 
.. 2 . B - 4  

3,074 2.l.E-4 

4.0E+2 
7. ?E+l 
7 i. 93+1 
5.1~00 
5 . m X  
3. OEOO 
2.53-3 
2.53-3 
2.53-3 
2.53-3 

9.03+1 

3 . ~ 1  
2.63+1 
2.63-1 

5.3E+l 

5.8300 
2. Z O O  
2.2300 
1. E O 0  
2 . 5 ~ + 1  

4.3E+l 
7.5E00 
1.8EOO 
8.03-1 
3.33-1 
j.4E-1 
2 .2E-1  
2.23-1 
2.23-1 
2 . 2 E - 1  

6. ?~+1 
:.33+1 
3 . 3 ~ 0 0  

9. 33-1 
9.3E-1 

5 . E - 1  
4.63-1 
4.6E-1 
4.63-1 
4.63-1 

4.53+1 

1.3200 
Lc.23-1 
L.23-1 

2.OE-4 
2.OE-4 
2.OE-4 
2.OE-4 

7.7200 

3.63-1 

2.2%30 

1.83-1 
5.43-l 

6.93-2 
6.93-2 
1 . 3 - 2  
3.43-5 
3.43-5 
3.43-5 
3.43-5 

5.5E+l 
1. :;E+ 1 
4.2300 
1.7E00 
1.7Eo3 
3.63-1 
8 . 0 ~ 4  
3.OE-4 
8.03-4 
3.OE-4 

5.43+1 
4. ; E + i  
2 . 9 ~ 1  
2.52+1 
2.58-1 
5.5300 
2.5300 
2.2500 
1.lE00 
2.53+1 

2.8300 
6.33-1 
2.3-1 
8.03-2 
s. OE-2 
1.93-2 
3.93-5 
3.93-5 
3.93-5 
3.93-5 

1 . 2 E + l  
3.OE30 
9.5E-1 
3.7E-1 
3.7E-1 
8.21z-2 
1.83-4 
1.8E-4 
1.3E-4 
1.8E-4 

l . O E + 2  
7.6Et1 
2 .2E+1  
2.4300 
2.4E00 
1.OE-1 
3. 93-1 
3.2E-1 
7.03-1 
2 . 0 ~ - 3  

8. 93-1 
1. 53-1 
3.73-2 
9.73-3 
9.73-3 
7.03-3 
4.73-6 
4.73-6 
4.7E-6 
4.73-6 

Alkal ine Leach Mill 

1 173 
2 200 
3 9 OS 
4a 1,270 
4b 1,269 
5 2,267 
6a 3,163 

7 2,609 
6b 9,900 

4. lE+1 
7 . 6 ~ 0 0  
2.2300 
6 . 6 ~ - 1  
6.63-1. 
2.93-4 
3.33-4 
3.33-4 
3.33-4 

4.3E+2 
6.1E+1 

6.7300 
6 . 7 ~ 0 0  

2.23+1 

3. OEOO 
3.33-3 
3.33-3 
3.33-3 

1.23+2 
7 . 9 ~ ~ 1  
5.73+1 
5.4Ei-1 
5.4E+1 
5.2E00 
1 . v o o  
1.4300 
5,3E+1 

4.7E+1 
3.7300 
2.3300 
7.33-1 
7. IE-1 
3. ?E-1 
3.43-4 
3.4E-4 
3.43-4 

6 . 3 ~ + 1  
1. jE+1 

9 . ~ 1  

5. D-1 
4.83-4 
4.33-4 

j. 4EOC 

9.7E-1 

4.8E-4 

5.OE+l 
9 . ~ 0 0  
2.4200 
7 . u - 1  
7.X-1 
3 . 6 ~ - 1  
3.43-4 
3. k - 4  
3.4E-4 

1, ?E00 
3.93-1 
1.13-1 
3.9E-2 
3.93-2 
1.33-2 
l.9E-5 
1.9E-5 
1.93-5 

3.83+1 
6.3300 
2.  U O O  
5.53-1 
5 . 5 E - 1  
3.63-1 
2.63-4 
2.63-4 
2.63-4 

8 . O E + 1  
7.1E+1 
5 . 5 ~ + 1  
5.33+1 
5. j E + 1  
4.9300 
1. moo 
1.4E00 
5.3E+1 

2.lEoo 
4.43-1 
1 . 2 E - 1  
3.23-2 
3.23-2 
i. 93-2 
1 . 6 ~ 5  

1.63-5 
1.63-5 

8.5300 
1. gmo 
4.83-1 
1.23-L 
1.22-1 
8.23-2 
6.OE-5 
6.OE-5 
6.93-5 

1.03+2 
7.63+1 
2.23+1 
2.4300 
2 .  4300 

2. &E-1 
1.OE-l 

1.83-1 
2.OE-3 

1. 0300 
1 . 9 ~ - 1  

1 . 6 ~ - 2  
1.61z-2 

5.23-2 

7.OE-3 
7.93-6 
7.93-6 
7 . 9 ~ - 6  

% o t d  cos t  f o r  reductcon i n  r e l ease  of radioacsive ma te r i a l s  i n  a i rborne and seepage e f f luen t s  and im-poving t h e  Long-term i n t e g r i t y  of t h e  s to red  taiplngs. 

'Dose t o  populat ion i s  average t o t a l  body dose t o  t h e  populat ion out t o  a dis tance of 55 miles .  

.. - 

.. 
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Table 8 . 2 .  T o t a l  Annual Costd for  Redaction of t h2  M,axhu-n Annual Dose fron Nodel Ursn i -m Kills and Tai15r:gs P i l e s  i n  Xyonirg 

M a x i m u m  AnnLal Ind iv idua l  Dose a t  0 .5  N i l e  

Mill CloseC, 
Tai l ings  

S t a b i l i z e d  

I v l i l I L  Operating 
Populatio? 

l o t a l  Sody 
Dose, M i l l  

Case Cost Body Eone Lung Liver Kidney Spleen Boay bone LLmg Liver Kicney Lung Operating 
(mrem) K3.  ($1,300) ( m e n )  ( m e n  ) (nlrem) (mren ) (mrem;: (men) ( m e n  j (mren! (r!ven: j (mrem) ( m r e m j  (man-ren ) 

:0C% of Food Produced Lncal ly  
T o t a l  

Annuaal T o t a l  T o t a l  
Eone (($1 o f  Food 3 o d u c e d  h c a l l y  P i l e  

Acid Leach-Solvent Extrectior,  Xi11 

1 l a 0  6.13+1 6. 4E+2 7.4E+1 7. lS+1 1.OE+2 7.73+1 2.3EOO 5. ?%+1 1 . 6 ~ + 1  3. moo 1. j E + 1  5. ?E+: 1.6300 
2 2 06 5.3E00 5. 9E+1 1.4E+i 6.2303 1. C E + l  6 . 2 ~ 0 0  4.4E-1 1.23+1 9. j E C 0  5.9E-1 2.  !+EO0 4 . 4 E + l  1.4E-1 

7. jE-1 3. !+E-1 5 . ' 7 ~ -  2 1.4300 2.  YE00 6.9E-2 3.0E-1 1. ?EO0 8.5E-3 
3 580 

3.kE-1 5.7E-2 1.4E00 2.7E00 6.93-2 3.OE-1 1 . 5 ~ 0 0  8.5E-3 
4a 1,546 

1 . lE-2  3. 0E-1 3. LEOO 1.7E-2 6 . 6 ~ 2  4.OE-2 6.1E-3 
4b 1,544 2.  ?E-1 

1. ?E-4 2.03-3 1.2EOO 1.8E-9 3.7E-4 1.7E-4 2.83-5 6.8E-4 1.2E00 3 . 3 - 5  1.4E-4 1.7E-1 4 . 2 ~ - 6  
5 

3.7s-4 1.7E-4 e.&-5 6.83-4 1.lEoo 3.33-5 1.43-L 1 . 4 E - 1  4.23-6 
6a 3,683 

?.?E-4 2 . a ~ - 5  6.63-4 5.m-1 3.3s-5 1.4E-4 j .  OE-1  1 . 2 ~ - 6  
6b 7,692 

7 2,914 1.75-1; 2.03-3 2.OEO0 1.8E-6 3.7s-4 1.7E-4 2.53-5 6 . 6 ~ - 4  2.  OEOO 3 . 3 - 5  1.42-k 1. OE-3 4 . 2 ~ - 6  

1.4300 1 . 6 ~ + 1  5.3E9O 1.5E00 2.7E00 1.6300 1.4E-1 3 . 6 ~ 0 0  4. moo 1.8E-1 7.6E-1 i .53+1 3.5%-2 
3 . 3 ~ - 1  4.2EOO 2 . 8 ~ 3 0  3.8E-1 
3.3E-1 4.2300 2.8300 3.8E-1 7.5E-1 

3,143 2.4E-1 2.5~00 3.4300 2.8E-1 4 . n - 1  

1.7E-4 2.33-3 1. LEO0 1.8E-4 
6c 8,264 l .7E-$ 2.0%-3 5. i E - 1  1.8E-G 3.73-4 

Alka l ine  Leach Kill 

- 
2 
3 
4a 
4b 
5 
Sa 
6b 
7 

174 
199 
304 

1,227 
1,226 
2,376 
3,163 

2,565 
9,900 

1 .OE+2 
6 . 3 0 0  
1.8300 
5.4E-1 
5.43-1 
2.  L E - l  
2.73-1: 
2.7E-L, 
2.73-4 

1.LE+3 

l.8E+1 
6 . 6 ~ + 1  

5 . 5 ~ 0 0  
5 . 5 ~ 0 0  
2.5E00 
2.73-3 
2.73-3 
2.73-3 

1.3E+2 

1. m*1 

8. OEOO 

2 . 5 ~ + 1  

a .  OEOO 

2 . 9 ~ 0 3  
a . x - 1  
6 . 9 ~ 0 0  
7.33-1 

1 . 2 E + 2  
7.2EO0 
1 . 9 ~ 0 9  

2.8~-1 

5.SE-1 
5.6E-1 

2.83-4 

2.83-4 
2.83-4 

1.7E+2 

2.7E00 
1 . O E + 1  

7.9E-1 
7.9E-1 
4.1E-1 
3.92-4 
3.93-i. 
3.93-4 

1,3E+2 
7.31300 
2.  0300 
5 .6E-1  
5.6E-1 
2. 9%-1 
2.E.E-I; 
2 .  E%% 
2.~3-i: 

3.2E00 
?.LE-1 
9.13-2 
j. 1 E - 2  
3.lE-2 
1. E - 2  
1.5E-5 
1.53-5 
1.53-5 

a .  3E+1 
7.OE30 

4.5E-1 
4.5%-1 
3.93-1 
2. 3E-4 

2.33-4 

1.8~00 

2.3z-4 

3. O E + ~  
1. ?3+l a.  SEO3 
7 . 5 ~ 0 0  
7.5303 
2 . 6 ~ 0 0  
8.lE-1 
7 . m - 1  
6.51~00 

4.5EO0 
3.93-i 
1. ox-1 
2.85-2 
2 . 8 ~ - 2  
1. YE-2 
1.4E-5 
1.4E-5 
1.4E-5 

1.8E+1 
1.5390 

9 . 9 ~ - 2  
6 . 6 ~ - 2  

3.63-1 
9. ?E-2 

4.63-5 
4.53-5 
L. 6 ~ - 5  

4 . 8 ~ + 1  
3.7E+1 
1 . l E i - 1  
1. LEO0 
1. E O 0  
4.03-2 
1.33-1 
7.32-2 
1. OS-3 

2.7E00 
1.73-1 
4.62-2 
1.4E-2 
1 .4E-2  
6 . 2 - 3  
7. OE-6 
7.03-6 
7. OE-6 

I ,  
I .  
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9 o t a l  c o s t  f o r  reduct ion  i n  r e l e a s e  of r ad ioac t ive  ma te r i a l s  i n  a i rbo rne  and seepage eff1Leril.s and improving t h e  long-term i n t e g r i t y  o f  t h e  s to red  waste. 

bDose t o  t h e  populz t ion  i s  average t o t a l  body dose t o  t h e  p p l a t i o n  gut t o  s d i s t ance  o f  5 5  miles .  
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Table 9.3. Comparison of Maxirflim Permissible Concentrations 
of IJraiiium- Radium F a m i l y  with 'OSr r  and. 2 3 9 P ~  

(From 10 CFH 20, Appendix A ,  Table 11, Col . ?. The 1/3 fac to?  
has not been app9ied. ) 

._ Î.p .-- 

( pc i/d) (uc i/ml) 

So Lub le Ins o ._L I.ub l e  So I.ub l e  Inso1ub -._ l e  

3 E - U a  
- 

3 ~ - 1 2  
2E-9 

33-8 
2E - 11 
3E-14 
3 ~ -  12 

3E-c) 
23-1.4 

33-8 
3E-8 
2E- 114 

43-17 

a 
2E-12 

8E-13a 
- 12 

LF-9 

3E-8 
ICE-12 

3E-13 
2E-12 

2E - 14 
3E-8 

3~-8 
2 E - 1-14 
83-12 

.. 
33-5 

2E-6 

3E-8 

a ?E-5 
Y 

43-5 
2 ~ - 5  

- 
3E-5 
3e-5 
33-5 

2E-10 2E-10 4E-5 43-5 " I O R j  

Po 2E-11 7E-72 73-7 3 - 5  
PI1 61x4 m-22 > ~ - 6  33-5 

210 

229  

3 C  S r  3 ~ - 1 1  ?E-1 0 33-7 43-5 
--- II_ .~ -.-. 



C2aI.c. Head 

3.7'2 

9.46 
3.6.88 

18.3'7 
Y[* 1.5 

8 * :1,5 
4.50 
2l. 5'7 
100.00 

3.09 
5.49 
8.51 
8* 03 
7.58 
4. 4 4 
3.03 

59.83 
109.00 

-I__--- --. 
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TsbLe 9.5. Activity of Uranium Mill Dust as a Function 
of i’article Size” 

mst : 
1 

2 

3 
LL 

5 
6 

7 

1.18.7 5h.6 
81.9 1- 7 . I-!- 
58.5 19.5 
41.2 6.14 
32.2 1.29 

8.8 0. $9 
5.3 0.25 

Weighted Aver age 

Gross Sample Analysis 

111t5 

1321 

116 4 
1888 
2007 

2146 
_II 3053 
1291 

131.10 

1082 
1-2 42 
12‘78 
1574 

1881. 
1856 
2 917 

1588 

- 
12 38 

a Quarterly Report April I, 1960 - June 30, 1960, WIN-117 ,  Pbtional Le2d 
Company, Winchester Laboratory (Aug. 26, 19601, p .  21. 

b~ominal  size. 



T3ble 9.6. Radium Distr ibut ion i n  Acid-Leached Tctilings 

K ad i u m  
$I of $ o f  Concentrat ion 

,l L ai l ings Tot a1 T o t a h  (pCi/g or 
Mill Fract ion Weight" Radium IO-" uci /g l  

Mines Development , 1957" Sands 87 2 '7 170 
Slimes 13 '73 2,930 

f c! 1 im3.x 

Sands 45 22 235 
S l ime  s 5s 78 680 

Sands 82 22 1lco 
s lime s 18 7% 7,200 

&Ionticello, East Pondg S aids N.A. N.A. 2-9 3 
Slimes N.A. N.A, 800 

a. 
'3 

Calculated from process stream dais presented i n  references ~ 

Cs,lculated from process stream dats nzld radium concentrations presented 
in references. 

C. C, Tsivogloix, D, C .  Kalda, 'tnd J. R. Dearwater, The Hesin-In-pu.12 c 
Uranium lhttraction Process. 
South Dakota, Techni-cal Report ~62-17, U. S. Public Health Service, 

Mines Development Company, Edgemont, 

H. A. T u f t  Sanitary Engineerin& Center, Cincinnati ,  Ohio (196;?), 
p p .  9, 12. 

%. J.  Velten and others  11at;ional Environmental Research Ceiiter, 
Cincinnati., Ohio, "Evslustion of the  Radioactivity Levels i n  'the 
Vic in i ty  of the MirAes Development Inc. 
South D&ota," unpublished memorandum (September 1966), pp. 5 ,  9, 12. 

S.  D. Shearer, C .  E.  Sponagle, J. D. Jones, and E. C.  rTsivoglou, 
The Ac5 d Lesch-Solvent Extraction Uranium Ref in ing  Process. 
Gurmison Mining Company, Gumison, Colorado, Technical Report 
W62-17, op. c i t . ,  pp. 24, 27, 26. 
J. B. Colien, C. E. Sponagle, R. 14. Shaw, J .  D. Jones, and S. D. 

Uranium M i l 1  a t  Edgemant, 

e 

I. 

f 

'Data courtesy of Region I V  Off'ice of the AEC Directorbte of Regulatory 
Operations, Denver, Colorado, unidentified memorandm dated Feb. 27, 
1964. 

N.A. = Not avai lable .  



Tab1.e 9.7. Total G m a a  Actri.vlity i n  Tai l ings  as a. Fmiction 
of ParLi.cl.e Size, Spriing 1973" 

Mi.l.1 A, A c i d  1eac.h +PO >8 40 0.1 0.2 

-20 '35 5 00 -840 3.0 1.- 3 

-35 +60 2 5 0 .- 5 00 31- 3 6.4 
-60 +QO 12 5 -2 5 0 27.3 2.9 

-120 +250 Qr-l25 10.5 2.2 

-250 +325 &61 1.0 0.5 

-325 <)+I? 26.6 84.5 

M j J - 1  C, A c i d  k a c h  .\.. 2 0 >8)-! 0 1.7 0.6 
-20 +35 $00-840 12.9 1. 8 

-35 4 0  250-500 27.5 3.8 
-60 +UO 1.2 5 -25 0 22.8 6.1 

-3.20 -1-250 61-125 9.9 3.5 

-325 <44 21.5 82.8 
-250 +325 li-4-61 3.7 1.4 

M i l l  I), Acid Teach '-150 

-150 

M i 1 . l  F, A l k a l i n e  Leach +%0 >840 0.02 0.003 

-20 4-35 500 -840 0.03 0.03 

.-35 +60 250-500 I-. 2 0.6 
-60 i-ic?o 1.2 5 -25 0 11.6 3.8 
-120 e50 61425 21* 0 7.5 
-250 +325 1-14-61 11.4 4. 9 
-325 4 4  5 4. 8 83.1 

R E. G, Seeley (ORNL), preli.minaxg data. 

Sa;ql-eeo not in equ..ilibrium when coun'xd, so that  an absolute radium 
anzlysis could not be m a d e ;  I-adiwfl is pxoportional to the -total gamna 
and. the $ ra t ios  give a good e s t i m a t e  of the rac"jum distribu.tfLon. 

b 

CSa;ral?.l-es at equilibrium. 
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IJ Ore sample was ground. in the Saboratory- and is not necessarily represeotative 
of a typ ica l  m i l l  gririd. 

................. ........................ ................. ................... ............ .... .................... .................... ...... 



232 

I4
 

0
 
k
 

-P
 d 0 

V
 

c
n

m
 

.
.

 
cn 

b
- 

o\ 
cn 

a
 % 

k
 

n, 
t7 
1--4 
vi 
k
 

M
 

d
 

n
 

0
 
0
 

cr, 
:
-
 

o
c
-
 

+
- 

6
 



233 

r- c+- c 

(L
: 

t- 
rl 

w 
s' 

II 

d
.

 



234 

-..__-_..__I Ore Dusts .....-....̂ _...._._I__ Yellow Cake Dusts 

Mj- 1 1.. Crusher Ore 3ryer Dryer Other? ............. ~ .... _. 

L 1.4 

M I-! 2 

N 24 

U 

v 

300 

66 

230 

676 

1-79 
157 
3.4 

1,300 

si, 780 
84 

1- p 81.4 

1,510, ooo io2,ooo; 3,900 
(22 e.%) (5'7 cfm) ; (19 cfm) 

17,180 
(2500 cfh) 

9.6 
2 18 

5,920 

26,907 

61 
1,936 

18 

a 
Datz courtesy of' Region IV Office o f  the AEC Directorate of Regid-atory 
Operations, Denver, C o b m d o .  
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Table 9.14. Average Medium P a r t i c l e  Size or" Dust SmpEes C!ollected 
Inside Uranium Mi1Ls" 

Averrage Mass Medium S i z e  (u)  
Ore 

is Sampling Ground 
Areas 0 re Concentrat e Mill 

A I 

I3 

- - 

4 . 5 3.3 - 
2.0 C 5.0 - 

4. 3 
4.2 

3.3 
3.1. 

2.9 

2 . 3 

E 

F 

G 

I€ 

I 

J - 
K 

4.5 2.7 2.b 

4 . 2 3.5 

4.9 3.1 

- 
- 
- - 

4.6 2.1 - 

3.0 2.5 

.. 2 * 2 L 4.6 
Aver age 4.5 

%. 3. H a r r i s ,  A. J. Breslin, H. Glauberman, and M. S. Weinstein, Arch. In& 
Health - 20, 374 (1959). 

b_iViiLL code refers to different mills Prom those in the  Spring 19'13 survey. 
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Weight Frac t ion  __. L ._...... _--.. 

118.7 54.6 
81.. 9 17.4 
38.5 19.5 

1 

2 

3 
)I 

5 

41.2 6.4 
32.2 1-79 

6 8.8 0.59 

5.3 0.25 
._....._._ ....- ___... 

7 

bNorninal s i z e .  



2.39 

Weight, Smaller 
Percentage, by .than Top S i z e  Size of Grade 

(/1) Weight, in Grade of Grade 

3 

7 
10 

1s 
10 

10 

7 
8 
1.1. 

G 

100 

97 
90 
8G 

65 
55 

45 
38 

30 

26 

a C. 5. Staimand, The Chenlical Engineer 194., CE3L1  (December 1965). 
1_ 



Table 9.17. Environrnental Monitoring of  
Airborne Dust a t  t h e  S i t e  Boundary of 
Unrestricted Area, Spring 19'73 Survey 

'nat 
M i 3 . 1  I (id1" ( l ~ i - / m i )  

CI- 

A 10  

2 C 

D 

E 

F 

H 

I 

J 

K 

7 
2. '7 

0.55 
0.6-7.6 

14.7 
10 

6.4-1-4. 8 
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'3 



35'3 

1 5 2  

dD;ita oq sal.: roas t  and iii(.2-ethylhexyl)phosphoric 

bS. W. West, "Disposal of I J r a n i . u ?  M i l l  Eff1ur:rLs Near Graats, New %xico," U. S.  Geol. Svrvey Profess. Paper 

'J. B. Coher., H. R. Pahren, 

aci.d solvent ex t rac t ion  processes Intentio,:al& o?iL.ted since t h e i r  
wast.es are qu?te d i f fe ren5  from those tad-ag. 

D376-379 (1961). 

Mexizu Par tners  Comaany, Grants, New Mexjco," T e c h 6 c a l  Report v62-17, U. S.  Publ~ic Health Service 
S m i t a q r  Engineering Center, Cincinnat i ,  Ohjo ( 1 $ 2 ) ,  pp. 60, 69. 

SLpins Pzrt.ners, Grants, New Mcxico," Technj.cal. Report ii62-17~ og. c i t . ,  gp. 78, 79, 38. 

No. 421, 

and M. W.  T , m e r i i y ,  -"The Carbonate Leach Uramilm. Extractior, Prscess. 

'5. R .  Pahren, 1.I. G!.  LamzIerinE, md 3. Hernmfiez, "Tse Czrbonate Ieach U r a n i u m  Zxt.ract;.on Process. 

'R,i: W-teria? s Developcent Iahorazory, Winchester, Mass., "K?t.xe of Wastes from the Uranium ICilli?g In(ldstq"' i n  

Hornsstdice - 

Inchstr ia l .  R a d i o a c t i k  w'aste D i s p o s s l  (Hearj.nET. before the  Soe'cixl Subcormltiee on..Ragation of .$?.e J o i n t  C m i t t e e  
on Atomic E n e r ~ . y , C o ~ r e ~ ~ ~ ~ - ~ - - t h e  Uni te~?&tes ,  86th Cowress,.J&. S e s s n ? 8 - ? 0  and Feb. 2-? ,  l d  !d. 1: 
P .63. 
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Alkaline -KIP 

1. c) 
1.8 
2.0 
2-2 
1,G 
2.5 

1.9 
1.8 

1. 5 
L.8 
2.8 
1.5 
I-. 7 

9.8 
9.8 

10.3 
10-P 

1.0.1 

7.  1 
6.8 
6.7 
6.9 
7.7 
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G a m a  Radiation Level 
Mi 11 b (mR/hr  j 

B 

C 

G 

H 

1 

K 

' L  

1.6 
0.5 
1.2 

0.7 
0.8 
9.5 
1.0 

Average 0.9 

3. Harris, A. J. Breslen, 3. Glaubeman, 
and M. S. 'deinstein, A r c h .  1~5. Eealth 
28) 374 (1959). - 

b. Mill code re fzrs  to different  mills f ron  
those in the  Spring 1973 survey. 
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Table 9.27. Atnospheric Radon i n  the Ec5ni$y of Uranim IF' -11 Tailings 

S ta tus  

b Radon-222 Gross 
Gasn.nE 

E l e  During Snrvey Smpl lng  S t s t i o c s  S tz t ions  Average Range 

G-rand Lpmc'cion, Co10 . Ac t ive  

Durango, Colo . 

On prile 

~ / 2  mile frox p i l e  

Other o f f -p i l e  

Mo nt i c e i lo ,  U t  sli S;; a b i l l  z e d w i t h  On -pi le  
2 - f t  soil cover O f f  -2ile 

Salt I&e Zity,  Uteh Actlve, 3 ao;?ths; Orl-pile 

5 
4 
16 

2 

1 

5 

I f 

8 

2 

10 

7.8 
1. $i 

0. 83d 

16.0 
1. il- 
0.51 

3.5 

e 

0. 34e 

7.2 
0.38' 

1.1-28.0 

0.50-4.5 
0.13-L:-. 4 

3.8-34.0 

0.il-L-2.3 

0.09-1.3 

0.89-12 

i. 6-22 

0.06-1.4 

0.03-1.3 

0.2-0.4 

0.02 

0.4 

e.  01-0.02 

0.03-0.06 

0.01 

l. 1 

0.01 

a S.  D. Shearer, Jr., and C .  W. S i l l ,  Health Phys. - 17, 77-88 (1969); Evaluation of  Radon-222 Rear Uraniwri 
Tail-ings P i le ,  D5R 69-1, Pd'Slic Heal-tki Service, Burezu of' Radiological Heslth, Rockville, Md. (March 1969). 

b48-~ir sample col lected 3 ft above surface of ground or t a i l i n g s  once every 3 weeks during a calendar year. 
Analysis of s z q l e s  cross-checked z?; MC Beal th  Services Laboratory a t  Xdaho F a l l s  m d  r?-;s SovL%hwes'cem 
Rsdiological IIealth k b o i ~ ~ t o r ; ~  a t  h s  Vegas. 

30-day exposure of thermoluminescent dosineter 3 f t  above ground or t a i l i n g s  a t  one or two on-pile s ta t ions  
and *zwo t o  fou r  of f -p i le  stz'~-i~ons. 

", 

61. Probable najiurzl background 5 rriiles from site = 0.79 pCi/l-iter. 

e Gff-pile = sa tura l  backgrrjuld f o r  regiol?. 
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a 
Table 9.28. Radon Concentrations i n  Ai?? over Urwlizm I d i l l  Tailillgs 

Radon-ZT 

(10-9 p c i / m l  or pci/ l i t e r  of air) b M i l l  

B IC. 5 
C 2.8 

G 8.1 
H 6.5 

J 0.8 

K ~9.6 
L 1.8 

D 2"4 

I 6.8 

%. h. Harris,  A. J .  Rreslin,  IT. Glauhelman, (and M. S. Weinstein, 
Auch. Ind-. Health - 20, 37'1- (19'53). 

Mil1 c d e  refers to di f fe ren t  m L l l s  from those ia the Spriw 1973 
survey . 

57 
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Table 9.29. I)iffu.si_.on Cocfficicnts for Radon rin Various Media a 
-. . .I- ---- 

EfTective Dri.ffusFon Coefficient -.... ._. ._ -._ 
Void F r sc t ion  ? 

Mo i s i; u:r e 
C ont  ent 

D e b  

(% ) II__ 

Me diw!~ 

Air 

Wet e?' 

Sand 

F i. n.e quart z 

Buildins sand 
(1.40 g/cm3, 3% voids) 

Friiie quaxtz 

Fine quartz 

Fine quartz 

so j, 13 

Granodiorite 

Yucca Flatsb (25% voids) 
Metamoi-p'hic rock 

Gi-anite 

Loa.ms 

Varved. clays 
MIbiJ. (1.5'7 g/cm 3 ) 
Mlid (1. 02 g/cm 3 ) 

Conci-ete, 5% voids C 

? 

100 

0 

J.1 

8. S 
15.2 

17 

? 

? 

? 

? 

? 

? 

37.2 
85.5 

1.0 to 7.,2)E-J. 

6.8E-2 

3.4%-11 

a 
A. 13. Tanner, "Hadon Migration. i n  the Grolmd," i n  The Natural Radiati-on 
Environment, J. A. Sa Adams and W. M. Jbwder, Eds. 
Uni-versity- by University of Chi-cago Pres:;, Chicago, 1964 

Effects of Atmospheric Variables on Radon-222 Flux and Soil-C;as 
Concentrations, " The Watu-Tal. Radia-Lion Environment, op. cit . 
M. V. J. Culot, H. G. Olson. and K. .T 

...-..- II_ 

pub33-shed- f o r  Rice 
p. 166. 

bH. W. Kraner, G. L. Sc?iroeder, a,nd R. D. Evans, "Measllrements of the 

p. 210 .-... I- ... 
C 
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WAT E R 
ORNL DWG. 73-9951 

SULFURIC A C I D  r 
1lJM CHLORATE 

O R €  

AMINE, KEROSENE,ALCOHOL r 

LSAND, SLIME, LIQUID WASTES TO TAILINGS POND 

I 

!---RECYCLE TO SOLVENT EXTRACTOR 

Fig. 4.1. Flowsheet f o r  Model Acid ksch--Xolven-t Ext rac t ion  Uraniux M i l l .  





ORNL DWG. 73-9952 R I  
NATUR Ab EVAPORATION 

SLrME S E E P A G E  10% 
RADlONUCLlDES 
SOLUTION 

LlQUlD AND S O L I D  R A D W A S T E  T R E A T M E N T  

ORE C R U S H E R  DUST 

ORE BIN DUST 

Y E L L O W  CAKE DRYER OUST 

YELLOW C A K E  / 
PACKAGING DUST 

OF 
IN 

RADON 

AI f3 8 ORNE 
RADIOACTIVE 
PARTI C U L  ATES 
AND RADON 
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ORNL DWG. 73-9954 

I m. N A T U R A L E VA PORAT I ON 

TAILINGS POND 
L I Q U I D 7  I 

ROCK STA 31 b I Z AT ICY 
I J 

SLIME J SEEPAGE 5 2 OF I a-RADIONUCLIDES IN 
SOLUTION 

LIQUID AND S O L I E  R A D W A S T E  T R E A T M E N T  

AIRBORNE 
RADIOACTIVE 
PARTIC U L A I E S  
AND RADON 

OR€ CRUSHER DUST 

ORE BIN DUST 

YELLOW CAKE DRYER DUS 

YELLOW CAKE / 
PACKAGING DUST 
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41 ..... ___ 



O R N L  D W G .  73-9947 

LIQUID AND S O L I D  R A D W A S T E  TREATMENT 

ORE CRUSHER DUST 

ORE BIN DUST 
A I R B O R N E  
R A D I O A C T I V E  
PART I C U L AT E S 

Y E L L O W  CAKE DRYER DUST Y E L L O W  CAKE DRYER DUST V E N T U R I  J 
Y E L L O W  CAKE PACKAGING DUST- 



ORNL O W G  73-9956 
>- N A T  U R A L E VAPOR A T  I 0 i% TAILINGS POND 

( S E A L E D  BOTTOM) 
1 SEEPAGE 5 0.1% OF 

RADIONUCLIDES : N  
r U NTFi € A T  E D  S O L  U Y  I O  N S O L i D S  

CONCRETE jMiNE @E 
M I X E R  ?LAND FILL 

ROCK § T A Y l i l Z A T I O %  (0 5 3 li 
E A R T H  C O V E R  ( 2* f l  )+KanoN 

LlQi i ID A N D  S O L I D  R A D W A S T E  TREATMENT 

YELLOW C A K E  DRYER DUST 

Al RBORN E 
RADlOACTIVE 

A I R B O R N E  M ( L L  R A D W A S T E  TREATMENT 

F i g .  4.8. Racwaste Treatmerit Systems f o r  A c i C L  Leach--Solverk 
Extract ion Ursnium M l l l  - Case 5 .  
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tim , 
HIGH ENERGY 

O R N i  D W G  73-9946 

AIRBORNE 
RADIO ACT1 VE - PARTIC U L ATES 

- N E  OR 1 
- R A D O N  c (0 .5  f t )  

M I X E R  I L A N D  F ILL]  E A R T H  COV E R 
( 2 0  f t )  

CONCRETE 

f SOLIDS L I Q U I D  1 S L I M E  
1 

I 

I I  - NATURAL EVAPORATION 
S E A L E D  

P O N D  L l Q U l D  

I SEEPAGE 50.1 -OF RADIONUCLIDES 
IN S O L U T I O N  LIQUID AND S O L I D  R A D W A S T E  TREhTMENT 

- 
ORE CRUSHER DUST-+ BAG FILYEZ~ 
ORE BIN DUST- 8 A G  FILTER 1 

YELLOW CAKE 

YELLOW CAKE 

AIRBORNE MILL RCIDWASTE TREATMENT 

n.  
I _. Lg. ,-- 4.9. Ead;;as+e Treatment ~ystcliis f o r  Alkeiine-Leazh ~ ' r a n i ~ ~  

M i l l  - Case 5. 
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ORNL DWG 73-9945 

R A D O N  

60 C E M E N T  OR 6b ASPHALT 

LIQUlD AND S 

ORE CRUSHER DUST 

ORE BIN DUST 
AIRBORNE 
RADIOACTIVE 
PARTICULATES 
AND RADON 

YELLOW CAKE DRYER G U S T  

YELLOW CAKE PACKAGING DUST 

AIRBORNE MILL RADWASTE TREATMENT 
4 



ORE 

MINE 
OR 

AND flli 

I 
ROCK STABILIZATION (0 5 f f )  

S E E P A G E  0 0 0 2  '/e OF RADIONUCLIDES EARTH CGVER ( 2 0  f ? )  
E A F l T H  C O V E R  ( 2  f t  1 I N  U N T R E A T E D  S O L U T I O N  

I 
4 

R A D O N  

O R E  CRUSHER DUST 4 B A G  FILTER] t 
O R E  SIN DUST - J j A  ~ 

A I R B O R N E  
W S T  COLLECTOR R ADiOACTiVE 

PARTiCUt  ATES 
AN3 R A D O N  

YELLOW C A K E  D R Y E R  DUST 

Y E L L O W  C A K E  PACKAGING OUST 

A i R B O R N E  MiLL R A D W A S T E  TREATMENT 

F ig .  b .  12. Y i t r i c  Acid Flowsheet and Radwaste Treatment Systems 
for -3ranTw:i ~ i i l  - ease 6c. 



RADON 

I 
i ,SEEPAGE 5 0.1 yo OF RAD!ONUCLIDES 

IN U N T R E A T E D  SOLUTION 
L I Q U I D  A N D  S O L I D  R A O W A S T E  T R E A T M E N T  

O R E  C R U S H E R  DUST+ BAG F I L T E R L  1 CHARCOAL 1 
I O R E  BIN DUST 

YELLOW 

YELLOW 

C A K E  

C A K E  

D R Y E R  DUST ! 
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AND R A D O N  
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O R N L  DWG. 73-1 1869 

M 
0 .40 
I- 
C) 
a: 
LL 

z 

b- 
Q 
3 
z 
w 
I- 

o_ .2c 

b- . IO a 
.OE 

.Of 

z 
0 

a 
oc BUILDING S t- 4 O/a MOISTURE 

0 
c) 2 4 6 8 IO 12 14 16 If3 20 22 24 - 

DEPTH OF EA TW CQVER ) t +  

Fig. 4.16. Radoi? Attenuation by Earth Cover over Tai l ings  Pile. 
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ORNL-IIWG 72-2100-R2 

LAND SURFACE 

EXTERNAL 

INTERNAL 

F i g .  7.1. Patl~iays Tor Exte rna l  and I n t e r n a l  Ra(iiaAion Exposure 
of' M a n .  
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DISTANCE {m i l ss )  

>'tg. 7.2. M.j.ntm1urn and Maximum X/d; '  Values f o r  Ground Level Rclease 
a-i; tile New Mexico S i t e .  
these L i m i t s  a t  respec t ive  d is tances .  

AII values of X / Q '  f o r  16 seckors f a l l  Setween 
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ORNL DWG 73-107984 

10-3 k-~-.--.-- 

I O  I O 0  1.0 

D I STAN C E ( rn i I e s 1 

10-'0 I - - - - ' . - L I L I U . L l i L _ _ L _ 1  I I L 
0 ,  I 



O m -  -.- 

Fig. 7.4. 1nY.tial and Steady-State  Conditions of Waterr P l o i ~  from 
a Seepage Pond. 



ORNL DWG 73-12792 

Fig. 7.5 Concentration Contours Showing Decreasing Concentration 
Outward from a Seepage Pond f o r  a Kd of 100. T h e  f i r s t  e m t o u r  beyond 
t h e  boundary of the p i t  represents  5@ of the concentrat ion j n  t,he pit 
and t h c  second contour represents  K$ of ttle pj.t eoncentrat ion,  
elapsed time i s  5 years  (top) and 70 years (bottom). 

1l1e 
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OKNL DWG 73-12'799 

/- SEEPAGE POND 

Fig, 7.6. ConcentraLion Contours Showink Decreasing Concentration 
'The f i r s t  contour beyond Outward frost1 a Seepage Pond Tor a Q of 1000. 

tile boundary of t h e  p i t  represents  5H0 or" t h e  concentrat ion i n  the  p i t  
and t h e  second contour represenis  10$ of t h e  p i t  concentrat ion.  
elapsed time i s  5 years  ( t o p )  and 20 years  (bottom). 
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AMNClAh COST ($1000) 

Fig. 8.4. T o t a l  Annual Cost for Reduction of Maximum Annual Dose 
(1.00% Food I n g e s t i o n )  from Airborne Effluents f r o m  an ALkaline-TEach 
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