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SUMMARY 

Trace  amounts  of  radioactive  .material  will  be  released  from  the mine, 
powerplant  and  ash  pile  at  the  proposed  Hat  Creek  Project. The radio- 
logical  impact  of  the  project  is  assessed in terms  of  radiation  dose  to 
the  most  highly  exposed  worker  and  member  of  the  general  public  using 
conservative  assumptions.  The  exposure  pathways  considered  are  inhala- 
tion  and  ingestion of radioactive  material  emitted  from  the  plant  stack 
and  inhalation  of  radon that has  emanated  from  the  ash  pile. 

The  highest  individual  dose,  estimated  at 1.7 mrem/a,  is  received  by a 
worker  at  the  ash pile. The  maximum  dose  to  a  member  of  the 
surrounding  population  is  estimated  to  be 0.2 mrem/a. Those  worst-case 
dose  levels  are  less  than 1 percent of the  limit  recommended for 
members of the public: by the  International  Commission on Radiological 
Protection. 

By comparison,  a person  living at  the  elevation  of  the  proposed Hat 
Creek  Project  receives  an  annual  radiation  dose  of  about 130 mrem  from 
natural  sources. 

This  report  does  not  use  the  SI  units  for  radioactivity  terms  because 
it i s  felt that the  introduction  of  these  new  units  is so recent and 
the  units  themselves so unfamiliar  as  to  lead  to  confusion.  For  the 
convenience  of  those  wishing  to  convert  to  SI  units  however,  the  new 
units of sievert (Sv)  gray  (Gy)  and  becquerel ( B q )  which  replace  rem, 
rad  and  curie  (Ci) respectively,  are as  follows: 

1 Sv = 100 rem  dose  equivalent 
1 Gy = 100 rad  absorbed  dose 
1 B q  = activity  of  one  distintegration  per  second 

= 2.7 x  1O-I1Ci 
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SECTION 1.0 - INTRODUCTION 
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Radionuclides  are  unstable  elements that  disintegrate  with  the  emission 
of  ionizing  radiation. All rocks  including  coal  contain  trace  quanti- 
ties  of  the  naturally  occurring  radionuclides 235,, 238,, 23ZTh, 40K 

and  their  radioactive  decay  products.  The  radioactive  decay  chains  for 
235U, 238U and 232Th are  presented  in  Figs. 1, 2 and 3 respectively. 
Small  quantities  of  these  radionuclides  are  released  to  the  environment 
during  the  mining,  combustion  and  ash  storage  stages of power  genera- 
tion  and  can  reach  members  of  the  public  along  a  number  of  exposure 
pathways. 

In  open-pit  mining  operations the principal  exposure  pathways  are  the 
inhalation  of  airborne  particulates  and  radon  gas (“‘Rn) and  the 
ingestion of contaminated  water.  The  average  measured  concentrations 
of natural  Uranium  and  Thorium in Hat  Creek  coal  are 1.4 mg/kg  and 
5.3 mg/kg  respectively.’  Estimates by Peyton’ of  ambient  concentra- 
tions  of  airborne  radionuclides  showed  that in the  case of open-pit 
mining  the  Uranium  concentration in the  coal  would  have  to  exceed 
500 mg/kg  under severe  atmospheric  conditions in order  to  approach  the 
maximum  ambient  concentrations  for  general  population  exposure  allowed 
for  facilities licen!;ed by the U.S. Nuclear  Regulatory  Commission. 
Proper  planning  and  design  of  the  mine  will  prevent  seepage  and  runoff 
of  contaminated water’ from  becoming  a  public o r  occupational  health 
hazard. 

During  coal  combustion  in  a  powerplant  the  non-gaseous  radionuclides 
are  concentrated  in the ash. A small fraction of this ash  is  dis- 
charged  to  the  atmosphere  via  the  plant  stack  while  the  bulk  is 
disposed  of  as  solid  waste. The principal  exposure  pathways  associated 
with  coal  combustion  are  the  inhalation of particulates  and  radon 
contained in  the  plumc!  and the  ingestion  of  food  that ha; become  con- 
taminated by airborne  particulates  which  have  settled  on  soil  or 
plants.  External  irradiation  from  the  plume  and  from  the  radioactive 
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material  deposited on the  ground  make a relatively  insignificant  con- 
tribution  to the total  radiation  dose  received  via  stack emi~sion.~ A 

calculation has  been  made  of  the  radiation  dose  that  cou'ld  be  received 
by a member  of  the  public  at  greatest  risk due to  inhalation  of  radon 
and  radioactive  particulates  that  are  released  from  the  stack  and 
ingestion  of  radioactive  materials  that  reach  man  through  his  food 
chain. These  dose  estimates  are  presented  and  discussed  in  this 
report. 

The principal  exposure  pathway  associated  with  ash  storage  is  the 
inhalation  of  radon t.hat  has  emanated  from  the  ash  pile. The  rate  of 
radon  emanation  from  the ash pile  and  hence  the  level  of  the  inhalation 
hazard will depend on a number  of  factors  including  the  concentration 
of  226Ra,  the  precursor of radon, in the ash, the  fraction  of  radon 
which is free  to  diffuse  from  the  ash,  the  quantity  and  configuration 
of  the  ash  pile  and  several  other  factors  such  as  moisture  content  and 
degree  of  compaction of the ash.  Ground  level  concentrations of radon 
above  and  downwind  from a 35-year  accumulation  of  Hat  Creek  ash  have 
been  calculated  for an  assumed  radon  release  fraction  and  are  discussed 
in this reDort. 

No attempt is  made to  assess  the  radiological  impact  on  flora  and  fauna 
in the  Hat  Creek  plant  environment. It is  generally  believed that 
humans  are  the  most  radiosensitive  species in the  environment  and 
studies in Canada  and  elsewhere  have  confirmed this. 4'5'6 Typically, 
flora  and  fauna  need  to  be  exposed  to  radiation  levels of more  than a 
thousand  times  background  (about 100 rem)  before  any  effects  are 
visible  although  there  is  wide  variation  in  radiosensitivity  between 
species. 

3 
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SECTION 2.0 - EFFECTS OF LOW-LEVEL  RADIATION 

The health  effects of concern  associated  with  the  radioactive  material 
that will  be  emitted  to the  environment  from the Hat Creek  site  are  the 
long-term  effects  characteristic  of  chronic  radiation  injury  from 
exposure  to  very  low  doses  of  ionizing  radiation.  Extensive  research 
has demonstrated  that  carcinogenicity  and  mutagenicity  are  associated 
with  ionizing  radiation  and  therefore  with  exposure  to  radionuclides. 7 

In general,  tissues  with rapidly  dividing  cells  such  as  those  of the 
bonemarrow  and  gonads  are  the  most  sensitive  to  radiation  damage.  When 
the  deoxyribonucleic  acid (DNA) o f  germ  cells  of  the  reproductive 
organs  are  exposed,  the  risk  of  hereditable  genetic  damage is  increased 
and deaths, congenital defects, and  illness in future  generations  can 
result. 

The relationship  between  specific  radiation  dose  and  the  risk  to  human 
health  is  extremely  complex.  It  depends  on  both  physical  parameters 
such  as  the  energy a.nd type of radiation (e.g. alpha, beta  or  gamma 
radiation), the total dose, the  dose  distribution  within  the  body  and 
the  dose  rate,  and  on  biological  factors  such  as  the  specific  organ 
exposed,  the  radiosensitivity  of  the  individual,  errors  that  occur in 
biological  repair  mec:hanisms, sex, race  and  age  at  time o f  exposure, 
genetic  composition  and  the  state o f  health.  These  factors  are  further 
complicated by the  fact  that people  are  exposed  to  a  multitude  of  other 
chemicals  that may change  the  magnitude  of  radiation effec:ts. 

Results  observed at high levels  of  radiation  exposure and. in data  from 
animal  experiments  indicate  that  radiation  can  cause  cancer  and 
mutations  and  that  the!  resulting  carcinogenesis  is  related  to  radiation 
dose  and  exposure  time.  However,  there  is  no  conclusive  evidence  of 
the  effects  of  very  low  doses of radiation  on  human  populations.  It 
becomes  extremely  difficult  to  associate  low  levels of radiation 
exposure,  whether man-made  or  natural,  to  any  particular  cancer  because 
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o f  t he   l ong   l a tency   pe r iod   t o   t he   onse t  o f  the consequence.  Exposures 

to   low doses  and low dose r a t e s   o f   i o n i z i n g   r a d i a t i o n   a r e   l e s s   l i k e l y  

t o  produce c e l l u l a r  damage and it i s  be l i eved   t ha t   na tu ra l   repa i r  

mechanisms i n   t h e  DNA may be e f f e c t i v e   i n   o f f s e t t i n g  some o f  t he  

damage. 

A t  t h i s   p o i n t ,  it has n o t  been p o s s i b l e   t o   e s t a b l i s h  unambiguously 

whether  there i s  a threshold dose, t h a t  i s ,  a  dose  of rad ia t ion   be low 

which no cancer  wou?d resu l t .   There fore ,   the   l inear   hypothes is   wh ich  

assumes t h a t   t h e   f r a c t i o n  o f  ind iv idua ls   a f fec ted   wou ld  be d i r e c t l y  

p r o p o r t i o n a l   t o   t h e  dose down to   t he   l owes t  doses  and  dose ra tes  has 

been  used  as t h e   b a s i s   f o r   s e t t i n g  exposure  standards. The assumption 

o f  t h e   l i n e a r  hypotht2sis i s  cons idered  to  be conservat ive i n   t h a t  it i s  

l i k e l y   t o   o v e r - e s t i m a t e   t h e  number of   ef fects  that   would be produced. 8 

Some groups   be l ieve   tha t  it i s  an improper   es t imate   o f   r i sk  f o r  very 

low  doses  and  dose r a t e s  because a t   t h e s e   l e v e l s ,   n a t u r a l   r e p a i r  

mechanisms i n   c e l l s  may  become p r o p o r t i o n a t e l y  more e f f e c t i v e .  
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SECT1:ON 3.0 - RADIATION STANDARDS 

Radiological  exposures can be de t r imen ta l   t o   i nd i v idua ls  and s o c i e t y   i n  

general. However, t he   em iss ion   o f   rad ia t i on  i s  a lso   assoc ia ted   w i th  

many ac t iv i t ies   f rom  wh ich   soc ie ty   der ives   benef i t s .   Wi th   unavo idab le  

exposures t o   n a t u r a l   r a d i a t i o n  .it i s   n o t   p o s s i b l e   t o  reduce  rad ia t ion  

exposures to   ze ro   l eve l s .  Due to   the   po ten t ia l   harmfu l   e f fec ts   o f  

r a d i a t i o n  on l i v i n g  organisms,   rad iat ion  protect ion  gu ides  for   the 

occupational  worker  and members o f   the   genera l   pub l i c  have  been se t  

f o r t h  by a number of   bodies  inc lud ing  the  In ternat ional  Commission on 

Rad io log ica l   Pro tec t ion  ( ICRP)  and  the  Nat ional   Counci l   on  Radiat ion 

P ro tec t i on  (NCRP). 

The I C R P  was e s t a b l i s h e d   i n  1928 and i s  a recommending  body o f   i n t e r n a -  

t i o n a l   i n f l u e n c e   b u t  has no l e g a l   a u t h o r i t y   t o   e n a c t  i t s  recommenda- 

t i o n s   f o r   r a d i a t i o n   s t a n d a r d s .  I n  fo rmula t ing  i t s  recommendations,  the 

Commission recognizes  that   a l l   exposures  shal l  be kept as low as 

reasonably  achievable, economic  and soc ia l   fac to rs   be ing   taken  in to  

account  (the ALARA p r i n c i p l e ) .  An impor tan t   fea ture   o f   the  

Commission's p o l i c y   i s   t h a t   " i n   t h e  case o f  occupational  exposure  the 

hazards  should  not  exceed  those  that  are  accepted i n  most other  indus- 

t r i a l   o r   s c i e n t i f i c   o c c u p a t i o n s   w i t h  a h igh  s tandard of sa fe ty "  and, 

" t h e   r i s k s   t o  members o f  the  pub l i c  f r o m  man-made source:j of r a d i a t i o n  

should be less  than o r  equal t o   o the r   r i sks   regu1ar l . y   accep ted   i n  

everyday l i f e ,  and  !;hould  be j u s t i f i a b l e   i n  terms  o f   benef i ts   that  

would  not  otherwise  be  received". 9 

The I C R P  has developed  annual  whole body exposure l i m i t s   o f  5 rem/a f o r  

an occupat ional   atomic  radiat ion  worker and 0.5 rem/a (500 mrem/a) f o r  

a member of   the  genera l  'pub1 i c .  lo These values  are  intended t o   p r o t e c t  

the  most   suscept ib le   ind iv idual   or   group  in   the  populat ion.  The 1977 
I C R P  recommendationslO do no t   g ive   spec i f i c   o rgan dose l i m i t s   b u t  do 

prov ide a l i s t  o f   i nd i v idua l   o rgan   we igh t i ng   f ac to rs   f o r   app l i ca t i on  t o  

the  whole body  dose l i m i t s .  The r a d i a t i o n  dose received  by a g iven 
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organ  is  multiplied by this  factor and when  calculated  products  for  all 
portions of the body  are  added together,  the total risk  should  not 
exceed  the  maixmum  permissible  for  uniform  body  radiation, 

Whereas  the  dose  limit  for  occupational  exposure is set  such  that  the 
average  risk  resulting  in  practice is comparable to  the average  risk in 
an occupation  with  a high  standard of  safety, the dose  limit  for 
members  of  the  public  has  been  set  simply by taking  one-tenth  of  the 
occupational  limit. The ICRP departed  slightly  from  this  tenth-of- 
occupational  criterion in its 1977 recommendations by suggesting in 
effect  that  the 1imi.t for  the  highest  exposed  members  of  the  public 
should be one-tenth  of  the  average  occupational  exposure,  which  is 
only 10 to 20 percen't of the  occupational  dose  limit.  Consequently, 
the  ICRP  retained  the 0.5 rem  annual  limit  for  the  public in its 1977 
recommendations,  but  suggested  that  the  average  expc~sure  of  any 
individual  member of the  public  should  not  exceed 0.1 rem/a  averaged 
over his  lifetime. 11 

An application o f  the  ALARA  principle i s  to  specify  a  fixed  numerical 
value  of  dose  for  some  operations. In Canada,  experience has shown 
that modern  nuclear  power  stations  can  operate  with  radioactive 
effluents  at  about 1 percent of the  limit  derived  from  the  dose  limits 
and  consequently 1 pevcent has  become a design  and  operating  target  for 
Canadian  nuclear  power  stations.  The 1 percent  target  could  be  con- 
sidered a type of ALARA value  even though it is based on the risk to 

the  highest  exposed  individuals  rather  than  on  the  collective  risk  to 
all  members  of  the  public. 11 

In  the  United States, nuclear  industry  guidelines  for  limiting  the 
amounts  of  radiation  received by individuals  and  populations  are 
contained in the  Code  of  Federal  Regulations (CFR).  As o f  1 December 
1979, new  standards  for  nuclear  power  operations  (except  for  Uranium 
mining  and  milling)  contained  in 40 CFR 170 become effective, limiting 
exposures to  the whole body  and  all organs  except  the  thyroid  to 
25 mrem/a for members  of  the  public. The thyroid  exposure  limit  is 
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75 mrem/a. The Nuclear  Regulatory  Commission  standard  for  annual 
external  dose  for  ga:jeous  effluents only, to  an individual, is 5 mrems 
to  the  whole body  and 15 mrems to  the  skin (10 CFR 50, Appendix I). 
10 CFR 20 requires  all  nuclear  facilities  to  limit  the  releases  to as 
low as is  reasonably achievable, taking  into  account  the  state of 
technology,  the  economics  of  improvements in  relation t o  benefits  to 
the  public  health  and safety,  other societal  and socio-economic con- 
siderations, and in relation  to  the  utilization  of  atomic  energy in the 
public  interest. 

In estimating  the  r-isks  of  radiation-induced  cancers  and  the  linear 
hypothesis,  the  National  Academy  of  Science  and  the  National  Research 
Council's Advisory  Committee  on  the  Biological  Effects of Ionizing 
Radiation  (BEIR) concluded  that  the total  risk  of  fatal  disease  is 
about 100 to 180 excess  cases  per  million  persons  per rem." In other 
words the  individual  who  receives  an  annual  dose  of 1 rem  to the  whole 
body  has a risk of about 1 to 1.8 in 10 000 that he  will  eventually die 
of  cancer  from  each year's exposure. 

In  keeping  with  the :[CRP's policy that risks  to  members of the public 
from  man-made  sources of radiation  should  be  less  than or equal  to 
other risks  regularly  accepted in everyday life, the  hazards  associated 
with  radiation  exposure  can be compared  with  the  hazards of experiences 
more  familiar  to  the  general  public.  For  instance, -if the  linear 
hypothesis i s  applied to the  risks o f  l u n g  cancer  associated  with 
cigarette  smoking,  the  reduction in life  expectancy  due 'to smoking  one 
cigarette i s  equivalent  to  that  from  an  exposure of 5 mrem o f  

radiation.13  An  exposure  to 1 rem/a would  be equa.1  to smoking 
200 cigarettes/a,  and  the  reduced  life  expectancy  due  to 5 rem/a  which 
is the  maximum  permissible  occupational  exposure, is equivalent  to  that 
expected  from  smoking 1000 cigarettes/a  or  approximately  one  pack  per 
week. It has also  been  estimated  the 1 rem  of  gamma radiation, 
travelling 45 000 milos by air, rock  climbing  for 4.5 hours  or  canoeing 
for 18 hours  may  each  lead  to a  casualty  rate  of 180 per mill ion 
individuals  at  risk. The comparisons  made  are  not  meant  to  minimize 
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the  hazards o f  radiation  but to express  the  magnitude  of  the  hazard 
associated  with  radiation  exposure i n  familiar  terms. 
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SECTION 4.0 - IMPACT  ASSESSMENT 

4.1 STACK  EMISSIONS 

(a) Source  Terms 

The annual radionuclide  emissions  from  the  Hat  Creek  stack  shown 
in Table 1 (colurnns 1 and 3) were  calculated  assuming: 

1. continuous  operation  at  the  peak  coal  consumption  rate  of 
40 482 t/d, 

2. 23.6 percent  moisture  content in the  "as  received"  coal, 

3. Uranium  and  Thorium  concentrations in the coal of 2.4 mg/kg 
and 5 . 3  mg/kg (dry basis) respectively, 

4. that 1 percent o f  the  Uranium  and 0.11 percent o f  the  Thorium 
1 in the  coal  is  emitted  to  the atmosphere via the stack, 

5 .  that  the  parent  radionuclides 235U, 238U and 232Th are in 
secular  equilibrium  with  their  respective  daughters in the 
undisturbed  coal. 

Secular  equilibrium is a  steady  state  condition ,in which  the 
activity of parent  and  daughters  is  the  same.  The  emission  rates 
for  the  non-gaseous  daughters  assume  that  some  radionuclides  are 
enriched in the  $;tack  emission  relative  to  their  concentration  in 
the  mineral  content o f  the  coal.  The  enrichment  factors  used 
(Table 2) are  those  recommended by the  U.S.  Environmental  Protec- 
tion  Agency  (EPA)  for coal-fired  plants of the  Hat  Creek  type. 14 
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TAU1.B 1: RADIOLOGICAL IMPACT OF STACK EMISSIONS 
" 

1. 2.  3. 4. 5. 6 .  7. 
DECAY RADIONUCLIUE STACK EMISSION MAX. GROUND IXVEL INUIVlOUAI.  I.NllALATlON M)SE MAX. SO1L INIIlVIDUAL INCESTION UOSE 
SERIES 
(marent (parent and 

(Gila) CONCENTRP,TION (mrernla) CONCENI'RATION 
(PCilrn ) Adult  Infant (pCl/kg) Adult Infant 

(mreda)  

P 

I 

N 

4 . 2 ~ 1 0 1 ~  
2.lxlO 3 

3.2~101~ 
2.1x10 3 
2.1~10-~ 

2 . ~ 0 - 3  
2.1~10-~ 
1.1x10-2 

9.0~10'~ 
9 . 0 ~ 1 0 - ~  
4.5~101: 
4.5xiO 
6.8xIO-' 

4.5nIOI; 
4 . 5 ~ 1 0 - ~  

4.5~10 

2.3~101: 
2 . 3 ~ 1 0 _ ~  
2 . 3 ~ 1 0 _ ~  
2 . 3 ~ 1 0  
2.3~10" 

9.0 

7.3~10-~ 
-3 

7 . 3 ~ 1 0 _ ~  

l.lxl0 
7 . 3 ~ 1 0 - ~  

7.3~10-~ 
3.7~10-~ 

l.lxlo_2 

235 excluding Actinon 
daughters 

4.25~10-~  4.90~10-~ 

U 

2 . 8 2 ~ 1 0 - ~  

daughters  and 2lOPb. 210Ui. 
238" excluding Radon 

2.62~10-~ 2 . 8 8 ~ 1 0 - ~  

Radon da ghters 
3.03~10- 

210p* 

x 3.03~10-~ 

23ZT, excluding 'Thoron 

6 x 3 6 ~ 1 0 - ~  3.48~10-~ 

Thoron daughters  

daughters 

1.53~108  1.53~10-~ 

1 .9x101z 
9.5~10- 3 
9.5~10 ' 
1.4~10'~ 
9.5~10-~ 
9 . 5 ~ 1 0 - ~  

4.8~10 
9.5~101: 

4 . 0 ~ 1 0 - ~  
4.0~10-1 
2.0x10-? 

2.ox10-1 
2.ox10-3 
2.0n10" 

3.0~10' 

1.0 
1.0 
1.0 
1.0 
1.0 
N/A 

3.3~101~ 
3.3~10 2 
5.0~10-~ 
5.0~10-~ 

3.3~10-~ 
3.3x10-' 

1.7~10-~ 

2.503~10_~ 
-6 

1.859~10_~ 
1.483~10_~ 
3.7SOx10 

4.869~10_~ 
-5 

5.594~10_~ 

1.843~10-~ 
2.142XIO 

1.RL3n!O_2 

-3 3.126~10_~ 
4.444~10_~, 

Z.849n10'6 
2.979~10 
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TABLE 2 

ENRICHMENT  FACTORS FOR RELEASED  PARTICULATES 

Uranium Radium - Lead Poloniun! 

2.0 1.5 5.0 5.0 

Isotopes  of  radon  occur  in  all  three  radioactive  decay  series  but 
only  the  222Rn  isotope  (radon)  makes a  significant  contribution  to 
the  radiological  impact. The annual  radon  stack  emission  of 
9.0 Ci conservatively  assumes  that all o f  the  radon  in  the  un- 
disturbed  coal  is  released  from  the stack, i.e.  none  is  lost 
during  the  mining  and  crushing  stages. 

(b) Atmospheric  Dispersion 

Annual  average  radionuclide  concentrations  at  ground  level in the 
vicinity  of  the Hat Creek  plant  were  calculated  using  the SO, 
dispersion  mode predictions'' and  the  ratios  of mission rates 
between  each  radionuclide  and SO,. The  maximum  ground  level 
concentration  given in Table 1, (column 4) which  were  used  to 
estimate the inhalation dose, occur  at  Cornwall Hi 1 Is about 12 km 

southeast o f  the  plant. The  ground  level  concentration  of  radon 
(6.9 x 10-*pCi/m3) assumes  that radon is dispersed in the same way 

as the  other  gaseous  material  emitted  from  the  powa?rplant  stack. 

(c) Inhalation  Dose 

The  individual  inhalation  doses  shown in Table 1 (column 5) are 
the  products  of  the  maximum  ground  level  radionuclide  concentra- 
tions, the  annua.1  breathing rates o f  the  affected  individuals  and 
the  dose  conversion  factors  relating  intake  to  whole  body  dose. 17 

The  doses  are  those  that  result  from  a  single year's exposure 
integrated  over 50 years, i.e. a 50-year  committed dose. The 
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breathing  rates used  for  the  adult  and  the  infant  are 8.4 x 
103m3/a  and 1.4 x 103m3/a  respectively  as  recommended by the 
ICRP.I8  Dose  conversion  factors  derived by Johnson  et  all9 were 
used  to calculate  the  inhalation  doses  from all radionuclides 
except  for the short-lived  daughters  of  radon,  thoron  and  actinon. 
Doses  from  attached  dauthters of radon,  thoron  and  actinon  were 
calculated by determining  the  working  levels  of  these  nuclides 
based  on  the  airborne  concentration  data. The equivalent  dose 
conversion  factor  for  inhalation  of  radon  daughters  is 1.0 
rem/WLM. 17 

The  estimated total inhalation  doses  for  the  adult  and  for  the 
infant are essentially  the  same, 0.04 mrem/a. 

(d) Deposition 

Deposition  rates  for  Uranium  and  Thorium  were  obtained  from  the 
B.C. Hydro  trace  element report' and  are  based  on t:he SO, deposi- 
tion  patterns.  From  the  deposition  patterns  shown in Fig. 3-2 of 
the  report  it can be  seen  that  the  region  of maximunl  local  deposi- 
tion  is  located  between  the  Bonaparte  River  and  the  Deadman River, 
some 55 km northeast  of  the plant. 

(e) Soil Concentrations 

The maximum  radionuclide  concentrations in the  soil  (Table 1) that 
were used  to determine  the  ingestion  dose  were  derived  from  the 
maximum  soil  concentrations  of  natural  Uranium (1.206 pg/kg)  and 
Thorium (0.296 hIg/kg) given in Table 4-14 of  the B.C.. Hydro  trace 
element  report. These reported  concentrations  are  accumulations 
in soil after 35 years of  powerplant  operation  at a capacity 
factor  of 65 percent  and  assume  that  all  deposited  elements  will 
remain  in  residence in the  top 3 cm of soil  and that  neither 
uptake by vegetation  nor  erosion  of  soil  to  water:jhed  drainages 
will occur. To  determine  the soil concentrations  of  the  non- 
gaseous  daughters of Uranium  and  Thorium  it  was  assumed that they 
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were i n   s e c u l a r   e q u i l i b r i u m   w i t h   t h e i r   r e s p e c t i v e   p a r e n t s  and t h a t  

f o r  c e r t a i n  elements  enrichment i n  the   s tack   emiss . ion   re la t i ve   to  

the  ash  had occurred. The isotopes  of   radon  that   occur i n  each o f  

the decay ser ies ,   be ing  gaseous, do not  accumulate i n   t h e   s o i l .  

( f )  Inqes t i on  Oose 

The FOOD computer  program" a t  AECL's Whiteshell   Nuclear Research 

Establ ishment (WNRE) was used t o  c a l c u l a t e   t h e   a d u l t  and i n f a n t  

i nges t i on  dose for  the  35-year  accumulations of non-gaseous 

r a d i o n u c l i d e s   i n   t h e   s o i l .  The ca l cu la ted  dose i s  due t o   t h e  

ingest ion  o f   contaminated  food  on ly ;  it does no t   i nc lude   d r i nk ing  

water ,   an ima ls   d r ink ing   water ,   inha la t ion   o r   ex te rna l   i r rad ia t ion .  

The wors t   i nges t i on  case i s  assumed, i . e .   t h a t   a l l   f o o d   i s   r a i s e d  

i n   t h e   r e g i o n   o f  maximum so i l   concen t ra t i ons  as i:; a l l  f e e d   f o r  

the  animals  front  which  the meat, m i l k  and eggs are  berived. 

The d i e t  used f o r   t h e   a d u l t  i s  t h a t   o f   t h e  average maximum p r a i r i e  

Canadian. To c o n s t r u c t   t h i s   d i e t ,   t h e   g r e a t e s t  average  intake o f  

each  food  group  by  an  age-sex  group was used. While an i n d i v i d u a l  

may t a k e   i n  more food o f  a g iven  category  than  l is ted,  no age o r  

sex  group will average a greater  intake. The average  Canadian 

i n f a n t   d i e t  i s  a l so  used. 

The ca l cu la ted   i nges t i on  dose f o r  each rad ionuc l i de  shown i n  

Table 1 (column 7) i s   t h e  committed  whole  body  dose  from a s i n g l e  

year 's   exposure  in tegrated  over  50 years. As f o r   t h e   i n h a l a t i o n  

dose  assessment, t he   f ac to rs  used to   conver t   so i l   concent ra t ions  

t o  50-year  committed  whole  body  doses  were  those  derived by 

Johnson e t   a l .  Dose conversion  factors  for  some radionucl ides 

a r e   s t i l l   t o  be eva lua ted   bu t   t he   resu l t i ng  doses are not  expected 

t o  make a s i g n i f i c a n t   c o n t r i b u t i o n   t o   t h e   t o t a l   i n g e s t i o n  dose. 
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The total  ingecition dose is  estimated  to be 0.12 mrem/a for  an 
adult  and 0.14 mrem/a for an infant. 

4.2 ASH P I L E  EMISSIONS 

(a) General 

The principal  radiological  impact  associated  with  coal  ash  dis- 
posal results  from  the  inhalation of radon  gas  released  from  the 
ash. The radon is generated  from  the  radioactive  decay  of  226Ra, 
its  precursor  in  the 238U decay  series. The concentrations  of 
radon  in air  above and  downwind of the  ash  pile,  which  govern  the 
magnitude of the  occupational  and  public  risks  respectively,  are 
dependent  on  the  concentration  of  the  precursor 226Ra in the ash, 
the  atmospheric  conditions  that  prevail at  the  time  of  release  and 
a number  of  factors  that  determine  the  fraction  of  the  radon 
generated in the  ash  that  emanates  to  atmosphere.  The  occupa- 
tional  and  public  risk  associated  with  radon  release  from a 
35-year  accumulation  of  Hat  Creek  ash  are  assessed in the 
following  subsections. 

(b) Radium -226 Concentrations in the  Ash 

Assuming that the 226Ra i n  the feed  coal is i n  secular  equilibrium 
with 238U  and  allowing for  the 226Ra that is  released  from the 
plant  stack, ( 6 . 8  x 10-2Ci/a) the  maximum  annual  addition of 226Ra 
to  the  ash  pile  (i.e. at  the  peak  coal  consumption  rate  of 
14.8 Mt/a),  is calculated to be 8.9 Ci. A t  an average  plant 
capacity  factor  of 67 percent  the  amount  of 226;?a that will 
accumulate in the  ash  pile  over 35 years is 208.7 Ci.  If  the  ash 
content i n  the "as received"  feed  coal  is 25.6 percent,  the  amount 
of  ash  that will accumulate in the  ash  pile  over 35 years taking 
into  account  the  stack loss of 16.8 t/d,  is  calculated at 88.2 Mt. 
Therefore  the  average 226Ra concentration in the  ash  pile  will  be 
2.4 pCi/g. This  estimated  average 226Ra concentration in the  ash 
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may be compared t o  a measured 226Ra concentrat ion i n  ash from the  

B a t t l e   R i v e r   t e s t  b u r n  of Hat Creek  coal and a measured va lue   for  

na t ive   so i l  from the  Hat Creek s i t e   a r e a .  

The measured concentrat ion of 226Ra in  the Bat t le   River   f ly   ash i s  
4.0 k 1.0  pCi/g.  Assuming t h e   r a t i o  of 226Ra concentrat ion i n  f l y  

ash t o  bottom a!jh (1.67) measured  elsewhere''  and t h e   f l y   a s h   t o  

bottom  ash  parti t ioning  coefficient  (85/15) measured f o r  t h e  

Ba t t l e   R ive r   t e s t  b u r n ,  the  measured 226Ra concentrat ion i n  t h e  

ash is  ca l cu la t ed   t o  be 3.8 pCi /g ,  about 60 percent  higher  than 

the average  value. 

The measured concentrat ion of 226Ra i n  na t ive   so i l  from the  Hat 

Creek p lan t   a r ea  is  2.4 2 0.8  pCi/a, w h i c h  corresponds  c losely  to  

the estimated  average  value  for  the  ash.  T h i s  sugges t s   t ha t   i f  

the radon  emanat.ion r a t e   f o r  t h e  ash and na t ive   so i l   a r e   s imi l a r ,  
the  presence of the  ash  does  not   increase  s ignif icant ly   the radon 

inhalation  hazard.  

(c )  Radon Emanation  Rate - 

I t  i s  assumed tha t   the   208 .7  C i  of 226Ra contained  in  the  35-year 

accumulation o f  ash i s  evenly  dis t r ibuted  throughout  a 1 . 0  kin2 

p i l e .  22 Given t h a t  1 .0  C i  'of 226Ra will  generate radon a t  a r a t e  
of 2 . 1  pCi/s* t h e n  the r a t e  of  radon  generation i n  the  35-year  ash 

p i l e  is  (208.7 Ci x 2.1  pCi/s/Ci) = 438.3 $i/s. 
~4 

x (3.7 x 1O1O atom:j/s) (A  Rn) = 2.1 cIci,s 222 

3 . 7  x lo4 dis / s /pCi  

where AZz2Rn = -- - 330048 693 - 0.693 = 2 . 1  x 10-6/~ 
Tk 
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Assuming  that 1 percent  of  the  radon  that is  generated  emanates 
from  the  ash pile, the  radon  flux  across  the 106m2. pile  surface 
would  be (438.3 pCi/s x 0.01 x 103nCi/pCi x 10-6n12) = 4.4 x 
10-3nCi/mz/s. 

This  calculated  value  for  radon  flux  may  be  compared  to  measured 
values for natural  soi 1. Wil  kening et a123 reported  a  value  of 
0.43 x 10-3nCi/m”/s  based  on a  review  of  measured  data  and  Biret 23 

arrived at  a mean  of 0.5 x 10-3nCi/m2/s. As the  ratio  of  radon 
flux  for  Hat  Creek  ash  to  that  for  natural  soil (4.4 x 
10-3/Q. 42 x 10-3 = 1O:l) i s  substantially  larger  than the corres- 
ponding  rat0  of 226Ra concentrations (2.4/2.4 = l:l:), it suggests 
that the assumption  of 1 percent  radon  release  from the ash  pile 
is  quite  conservative.  Nevertheless  this  release  assumption  is 
used, as set out below, to  calculate  ground  level  radon  concentra- 
tions  above  (the  occupational  hazard)  and  downwind  from  (the 
public-hazard) the  ash  pile. 

It should  also  be  noted that B.C. Hydro  reclamation  plans  include 
covering  the  ash  pile  with  at  least 0.6 m of  surficial  material 
prior  to  seeding. 

(d) Ground Level  Radon Concentrations 

Ground  level  concentrations of radon  downwind  from  the  ash  pile 
were  estimated by using a  Gaussian  plume  dispersion  model  with  a 
ground  level  area  source  of 1.0 km2, Class E stabi’lity  and  wind 
speed  of  3 m / s .  For  a  ground  level  point  source  with no effective 
plume  rise  the  diffusion  equation is: 

X =  0 
lI uy (Jz u 

Where: X is the  radon  concentration  downwind  from  the  ash  pile 
(Ci/m3), Q is the  uniform  emission  rate  of  radon  from  the  ash 
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(Ci / s ) ,  u and (7 a r e  the  s tandard  deviat ions o f  plume concentra- 

t i o n   d i s t r i b u t i o n  i n  the   hor izonta l   ( i . e .   perpendicular   to   d i rec-  

t i o n  o f  mean wind)  and ver t ical   p lanes   respect ively  (m),  and U i s  
the  mean w i n d  speed (m/s). Because the ash p i l e   r ep resen t s  an 

area  source  ra ther  t h a n  a point  source,   Turner 's24  approximation 

o f  t he  horizontal   d ispers ion (u ) i s  used  where u = s/4.3 and s 
represents   the  s ide o f  the   square  area of the  soilrce (1000 m) .  
T h e  calcual ted  values  of u and u for   var ious  downwind d is tances  

from t h e  boundary o f  the   ash   p i le   a re   p resented  i n  Table 3. 

Y Z 

YO YO 

Y Z 

TABLE 3 

GAUSSIAN  DISPERSION  FACTORS FOR AREA SOURCE 

Downwind from 
Boundary U 

Y OZ 
( W  N 0 
0 . 1  260 15  

0 . 5  280 21.5 

5.0 450 59 

10.0 620 82 

Ground level   concentrat ions of radon  were then ca lcu la ted  a t  these  

downwind d i s t ances   fo r  a radon  emission r a t e  (Q) of 4.38 pCi/s 
( i . e .  1.0 percen't of t h e  in -p i le   genera t ion   ra te  of 438.3  pCi/s). 

The r e s u l t s  are presented on the top l ine of Table  4. 

The radon concentrat ions  calculated  using a Gaussian plume model 
and Turner 's   approximation o f  horizontal   d ispers ion were compared 

t o  approximated  values  (line 3 of  Table  4)  using AIRDOS I1 
(1979).25 I t  w i l l  be noted t h a t  AIROOS I1  gives  higher  values o f  

radon  concentration  near the boundary o f  the  ash p i le   than   the  

Gaussian model b u t  lower  values beyond about 1 km from t h e  

boundary. 
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TABLE 4 

RADON CONCENTRATION AND ANNUAL DOSE 
ESTIIMATES DOWNWIND FROM ASH P I L E  

(Q = 4.38 uCi/s)  

J 

Downwind from Boundary o f  Ash P i l e  

0 0.1 0.5 5.0 10.0 
( km) 

( Radon 

Gaussian 
( Concentrat ion 1 . 5 ~ 1 0 - ~  L Z X ~ O - ~  7 . 7 ~ 1 0 - ~  1.8~10-~ 9.1xlO"j 

Plume Model ( 
( (pCi/m3) 

( Annual Dose 1.8  1.4 0.9 0.2 
( (mrem/a) 

0.1 

( Radon 
( Concentrat ion 5 .  O X ~ O - ~  3 . 2 ~ 1 0 - ~  1.3~10-~  8.5~10-~  3.6~10-~ 

AIRDOS I1 ( (pCi/m3) 
Estimate ( 

( Annual Dose 5.9 3.8 1.5 0.1  0.04 
( (mrem/a) 
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( e )  Inhalation  Dose  Estimates 

The  radon  concentrations  were  converted  to  annual  dose  using  the 
AIRDOS I1 dose  conversion  factor  for  radon  of 0.0014 rem/pCi 
inhaled.  For  the ICRP "Reference  Man"  inhala1,ion  rate of 

8.4 X 103m3/a,  the  annual  dose for continual  exp0sur.e  can  then  be 
calculated  as  follows: 

dose 
Annual - radon 
Dose 

inhalation x 
concentration 

conversion 
rate  factor 

- X x 103 mrem/rem 

(mrem/a)  (pCi/m3)  (m3/a)  (rem/pCi) 

The  calculated  dose  estimates  are  shown on  liner; 2 and 4 o f  

Table 4. 

If it  is  assumed that  a  member  of the  public  is  continuously 
exposed at  a  distance of 1.0 km downwind  from  the  boundary of the 
ash pile, his  annual dose  from  airborne  radon  can  be  estimated 
from  the  data  presented in Table 4 (using  the  AIRDOS  I1  data  which 
gives  slightly  higher  concentrations  at  this  distance)  to  be 
0.8 mrem/a. 

A worker on the  ash  pile  will be exposed  to  higher  radon  concen-. 
trations  than  a  member o f  the  general public, but  .for a shorter 
time. To  obtain an approximation  of  the  radon  concentration  above 
the  ash  pile  the AIRDOS I1  data  (line 3 of Table 4) was  extrapo- 
lated  back  to  the  ash  pile  boundary  giving a value  of  the  order  of 
5 x 10-4pCi/m3.  This  concentration  may  be  compared  to  measured 
outdoor  radon  concentrations  at  six  locations in the U.S.26 for 
which  the  mean  values  range  from 1.2 x 10-4pCi/m3  to 4.8 x 
10-4pCi/m3. As shown in Table 4 the  annual  dose  rlssulting  from 
continuous  exposure  to 5 x 10-*pCi/m3  radon  is  about 6 mrem/a. 
The  dose  that  might be  received by a  worker  exposed  for 40 hours 
per  week  is  about 1/4 of this  value,  or 1.5 mrem/a. 
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SECTION 5.0 - RESULTS 

u 

For  the  purpose  of  radiological  impact  assessment  the  person at 
greatest  risk is  assumed  to  be a  worker  who  spend 40 hours  per  week  on 
the  35-year  accumulation  of  ash  and his  remaining  time i n  residence  at 
the  locations of maximum  ground  level  ambient  air  concentration  and 
maximum  soil  radionuclide  concentrations  via  deposition  (even  though 
these  locations  are  widely  separate geographically). The  contribution 
to  his  total dose  from  the  inhalation  of  radon  released by the  ash  pile 
is estimated  at 1.50 mrem/a. The  contribution  to his dose  from  the 
inhalation  of  stack  emissions,  assuming  residency  for  three-quarters  of 
each year at the  location  of  maximum  ground  level  concentrations, is 
estimated (from Table 1) at 0.03 mrem/a. To  estimate  the  contribution 
from  ingestion of contaminated  food  it is  assumed that all  his  food  is 
obtained  from  the  location  of  maximum  radionuclide  concentrations in 
the  soil.  This  giver;  an  estimated  ingestion  dose  (from  Table 1) of 
0.14 mrem/a. The total  estimated  dose  to  the  most  h.ighly  exposed 
person  is  therefore 1.67 mrem/a. 

This  "worst  case" do$e  level  is  one-third of 1.0 percent  of  the  ICRP 
whole body dose  limit (500 mrem/a) for members o f  the  public. By 
comparison,  a person  living  continuously  at  the  elevation of the Hat 
Creek  powerplant (1500 m above  sea level) would  receive  about 
130 mrem/a from  natural  back  ground  radiation. 

The design  and  operating  target  imposed  on  nuclear  powerplants in 
Canada by the  Atomic  Energy  Control  Board  is  an  individual  dose  of 
5 mrem/a  or 1 percen.t  of the  ICRP  limit. The "worst.  case"  dose 
estimated  for  the  Hat.  Creek  Project  is  well  within  the  AECB  target. 

For  a  person  who is  not  employed at the  ash  pile  but  lives  continuously 
in the  regions  of  maximum  ground  level  and  soil  concentrations  the 
annual  dose  is  calculated  (from  Table 1) as 0.18 mrem/a.  In this case, 
the  maximum  dose  would  be  received by  an  infant. 
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The  health  effects  of  radiation  and  other  carcinogens  can  be  compared 
in terms of reduced  life  expectancy.  The  reduced  life  expectancy  that 
results  from  receiving  a  dose  of 5 mrem/a for 70 years is about 
3.5 hours.  The same  reduction in life  expectancy  results  from  smoking 
one cigarette per year.13 By comparison, the  average  natural  lifetime 
radiation  dose (at  sea  level) of 7000 mrem  reduces  life  expectancy by 
3 days. 

Although  the  potential for larger  than  predicted  radioactive  emissions 
may exist in nuclear  plants  this  situation is  not possible  with  coal- 
fired  plants. 
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SECTION 6.0 - CONCLUSIONS 

Although  it  still  remains  to  be  proven  whether  the  biological  response 
to  radiation  exposure  follows  the  linear  hypothesis  or  whether  there  is 
a threshold  dose  below  which no cancer  would  occur,  the  dose  projected 
to  result  from  the  Hat  Creek  facility is  well within both the  interna- 
tionally  accepted  dose  limit  and  the  range of  background  radiation  that 
populations  have  been  exposed  to  for  thousands  of years as a  result  of 
cosmic  and  terrestrial  radiation.  At  the  estimated  low  annual  doses, 
it  is  not  expected that  adverse  public  health  effects  would  occur. 
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GLOSSARY 

I'd 

daughter  element 

dose 

ionizing  radiation 

nuclide 

radionuclide 

radon  dauthters 

i 
rem 

Y 

The immediate  product  of  radioactive  decay  of 
an  element. 

The amount  of energy  imparted by ionizing 
particles to a unit  mass of irradiated 
material at  the  Doint  of  interest. 

Particles or  photons  that  have  sufficient 
energy  to  produce  ionization  directly in their 
passage  through  matter. 

A  species  of  atom  characterized by the  number 
of  protons,  number  of neutron!;,  and  energy 
content in  the  nucleus,  or  alternatively by 
the  atomic  number,  mass  number  and  atomic 
mass. 

A nuclide  that  exhibits  radioactivity 

The  four  radioactive,  short-lived  decay 
products of radon:  polonium-2:L8, lead-214, 
bismuth-214  and  polonium-214. 

The unit  of  biological  dose  given by the 
product  of  the  absorbed  dose in rads  and  the 
relative  biological  efficiency  of  the  radia- 
tion  (Roentgen  Equivalent Man). 

& 
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FIGURE I 
URANIUM - 235 RADIOACTIVE DECAY CHAIN 
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FIGURE 2 
URANIUM - 238 RADIOACTIVE DECAY CHAIN 
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FIGURE 3 
THORIUM - 232 RADIOACTIVE DECAY CHAIN 
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