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  NORM (Naturally Occurring Radioactive Materials). 
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   TENORM (Technologically Enhanced 

Naturally Occurring Radioactive Materials). 
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(NORM)
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  NORM     
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   ( – phosphate),   
   ,     

    ,   
  .    ,    

       
   .  ,  1/3 
 (quartz sands), 1/3    1/3  

.      
     20 300 ppm (0.26 

to 3.7 Bq/g)        
   ORM.      

   ~1 5 ppm (3.7 
22.2 mBq/g).

        
    TENORM
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       , 
      ,    

    :
–  (igneous),  

.   ,    
fluorapatite Ca10(PO4)6F2  hydroxypatite
Ca10(PO4)6(OH)2 

–  (sedimentary) 
 ,   ,  
  francolite Ca10(PO4)6-xCO3)x(F  OH)2+x
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   ( )     
15         

  57 - 71,       
 39.          

       
  ,    ,  

   ,  
   .     

        
.    (bastnasite) 

    75%     
 0.1% ThO2.    

(monazite)      60%   
  4 to 10% ThO2   0.1 0.5 % U3O8.   

    NORM.
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(TENORM)
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 TENORM

   NORM   ( , 
,   )    

     
(Bq/  )      

  ,     
    .    

      
  (Technologically Enhanced Naturally 

Occurring Radioactive Materials – TENORM),  
      

        
   .
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2.2.1  TENORM  
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        1940,  
       . 

        
     .  

      
( )   ( )    

    .    
  (  )    

   ( )  ,    
 ,     
      

(International Atomic Energy Agency – IAEA)   
      ,   
  .

TENORM   
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     ,   

 TENORM.     :
•    (overburden)   

         
 .     

  (   ).   
 226Ra   1kBq kg-1.

•          
     (low-grade ore).

      
   226Ra    

 100 ~10000 Bq kg-1

TENORM   
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         4·106 m3  
    90%    20   

 .    
  (  , 

     .
       

        
      

        
  .

         
   ,    

        
      

   ,    
.

TENORM   
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•       
    

(leaching).
•     

  (resuspension).
•  
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2.2.2  R   
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   TENORM waste    
    20,800 m3,  to 6%  

      ~140 Bq/g 232Th  
~650 Bq/g 238U.

         
,         

  ,      100
Sv/h.
        

    , 
   low-level waste     
      .

 R   
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2.2.3  R   
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TENORM    
  

        
        

      
,        

    . 
         1910-

1981    40  m3

,       
   .    

      1.5·109 m3

,   , 109 m3 , 0.4·109 

m3      0.1·109 m3  
 . 
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 (228Ra, 226Ra, 224Ra)      

     / . 
        
 /    TENORM. 

,  TENORM    
    / .

TENORM    
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TENORM    
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TENORM    
 

H   (zirconium, Zr),
(hafnium, Ha), (titanium, Ti)  (tin, Sn)

        
470,000 m3   226Ra   1.6 Bq/g.

    Bq/kg



     

  

I 29/169

TENORM    
  

( )

           
  ( ),        

   ,     
.         

         
   226Ra (    

2.85 Bq/g).
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  (ZrO2),    
. ,      

    .   
       226Ra   

    7.4 Bq/g.     
        

   ,      
      (liquid waste) 

   1600 Bq/lt.      
        

    . 

TENORM    
  

( )
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,     
   monazite, zircon, ilmenite, 

rutile, garnet .      
   226Ra  232Th (15.91-

17.76 Bq/g 42.9-326.7 Bq/g ).
        

      , 
      4.35 Sv/h.

TENORM    
  

( )
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2.2.4  R   
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     ( , , 
 )        

       
  .       1300 

       
    60000    . 

        
 (  1990)    700·106   

    60·106  .
        

       ,  
      

        
     TENORM. 
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H     ( , ,  ) 
 ,          

,           
.         

         
 .

      ( )  
  15  :

– 40 50 Bq kg-1

– 238U  20 Bq kg-1

– 232Th  20 Bq kg-1

   
 



     

  

I 35/169

,   65%      
  (   44%   ). 

,      :
–To   ,    

   2700·106 ,   
 5  ( )  17    

 4000 MW.       
  51·106       

 8·106 .
–To   ,   

    370·106 ,   
 2  ( )  4    

 850 MW.       
  12.5·106      

  2.5·106 .
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 ,     , 
    ,    

 (   60%),     
(  20%)     (~4.2 kJ kg-1).  

     ,    
    SiO2.    

  ,  SiO2    40% 
  . ,     

(  )  
        

     . 
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Power unit  Lignite (Bqkg -1) Fly-ash (Bqkg-1) Bottom-ash (Bqkg-1)

238U 226Ra 210Pb 40K 238U 226Ra 210Pb 40K 238U 226Ra 210Pb 40K

Megalopolis   Unit 
IV (1987)

306±13 346±8 361±10 173±14 964±7 904±9 1158±11 454±11 681±4 662±9 275±6 405±11

Megalopolis   Unit 
III (1985)

355±13 321±40 370±13 191±14 928±9 845±71 948±10 502±21 590±11 587±71 372±13 423±30

Megalopolis   Unit I 
(1985)

314±52 181± 26 807±38 449± 47 546±77 406±63

Megalopolis (1984) 590-850

Megalopolis (1981)433± 126 118±26 492± 122 392±33

Ptolemais       Unit 
IV (1985)

83±6 78±13 261±19 251±16 114±16 137±21

Kardia Unit I 
(1985)

175±20 68±13 600±75 217±17 363±29 200±11

Kardia (1984) 340-640 190-500

Kardia (1981) 388-422 255±30 503± 851 385-421

Kardia (1979) 126±37 255±30 260±37 385±33 144±37 174±33
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I 41/169

   
  

         
      1700o C.     
,        

       
.      ,   

         
       (bottom ash  

slag).        
         

      (  IT –
fly-ash).   IT,    

  ( ),     
 ,        
    (  ).
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   ,     

     ,   
 Si, Al, Fe, Ca.   

       
  (    ),   

        10.   
     ,    

   ,       3.
    ,    

       
   (   )   

.          
     R .
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<5 m

   
   
  
   
,   
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-4 
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(Bqkg-1) -4 

405 ±1141 ±5275 ±6662 ±9681 ±4Bottom-
ash

454 ±1152 ±21158 ±11904 ±9964 ±7Fly-ash

173 ±1419 ±9361 ±10346 ±8306 ±±±± 13Lignite

40K232Th 
(228Th)

210Pb226Ra238U 
(234Th)

Material

*    1997
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-   (Bq/kg)

594 ±1154 ±32280 ±28654 ±23906 ±32ESP R4        (3)

424 ±355 ±32252 ±211067 ±121155 ±15ESP R3      (15)

441 ±654 ±41848 ±19963 ±101001 ±10ESP R2      (22)

463 ±1054 ±51167 ±23885 ±14870 ±12ESP R1      (29)

487 ±649 ±142404 ±25739 ±22934 ±23ESP L4       (4)

387 ±1053 ±102119 ±29987 ±121053 ±16ESP L3      (13)

444 ±653 ±61717 ±10893 ±9934 ±9ESP L2      (16)

466 ±954 ±61068 ±24876 ±9859 ±10ESP L1      (27)

520 ±757 ±6539 ±11896 ±11794 ±10LUVO       (15)

508 ±756 ±5538 ±17863 ±7771 ±7ECO          (12)

40K232Th210Pb226Ra238U
Sampling point 
and sample size
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0
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1000

1500
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Economizer LUVO 1st 2nd 3rd 4th

S  a  m  p  l  i  n  g     P  o  i  n  t

R
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  y
   

 (
B

q/
kg

) Ra-226 U-238 Pb-210 K-40

    
-   (Bq/kg)
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 210Pb/226Ra and 238U/226Ra  
  -  

1.37  ± 0.133.47  ±0 .183ESP Right line 4th row

1.08  ± 0.042.12  ± 0.4215ESP Right line 3rd row

1.04  ± 0.071.94  ± 0.4322ESP Right line 2nd row

0.99  ± 0.061.32  ± 0.2429ESP Right line 1st row

1.23  ± 0.053.12  ± 0.224ESP Left line 4th row

1.16  ± 0.072.13  ± 0.4313ESP Left line 3rd row

1.05  ± 0.051.93  ± 0.1816ESP  Left line 2nd row

0.98  ± 0.071.21  ± 0.2327ESP  Left line 1st row

0.89  ± 0.030.60  ± 0.0515LUVO

0.89  ± 0.040.63  ± 0.0912ECONOMIZER        

238U/226Ra210Pb/226Ra 
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3523663 ±2190ESP-row 1

2519763 ±1 271ECO.

121113938 ±218ESP-row 4

6964932 ±321ESP-row 4

54641176 ±221ESP-row 3

66761155 ±296ESP-row 3

44451030 ±222ESP-row 2

3938980 ±243ESP-row 2

1817932 ±2266ESP-row 1

2723853 ±1316LUVO

1614874 ±1287LUVO

28 24856 ±4283ECO. 

222Rn exhalation

nBqs-1/Bq226Ra

222Rn exhalation 
Bqs-1kg-1 

226Ra  (Bqkg-1) ±
std err (%)
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(GBq/ We)   
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3-5/4-6-81

 

335838 tn

177530 MWh

   
175 Bq/kg .

. 53%

. 14%

 
363Bq/kg
5%

600Bq/Kg

= 0.98

400MBq

Συγκεντρώσεις και διαφυγές 
226Ra από τον ΑΗΣ-Ι Καρδιας
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 (   )   .  
  :

–   (      ,
   )

–  (  ,  ,  .
–  ( , ,   )
–  (   )
–   
–   (  Al, Fe, Ti, K, P, U, Ge, As)
–
–  
–     (  

)
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    1996-2001

         
   .    , 
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 ,   

   20%  
.    ,

    10%.        
        

  .     
         ,             

                               
                              

  .                      
    -

                        
 .
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Ετήσιες διαφυγές στον αέρα φυσικών 
ραδιενεργών ισοτόπων από ένα 

εργοστάσιο παραγωγής τσιμέντου

*     2000 kt   

       
  ,   

   .
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2.2.5  R   
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 TENORM   
 

    TENORM   
        
   .      

  30%      
     TENORM.  

TENORM        
  :

–  (scale)      
     1989      
 25,000 MT  

– (sludge)      
      1989    

   250,000 MT.
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.     
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  TENORM 
     

 
           

       
  .      

         
        .   
     ,  
,     (BaSO4),

 (CaSO4),    (CaCO3).  
          

,       
   .
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  TENORM 
     

 
   TENORM (   )  

  ’       
 :

–       .
–         

 (        
   )

   ,        
     ,  
          

   4”.
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  TENORM
    
    

4.40.7228Th
4.40.7228Ra
132210Po
132210Pb
132226Ra

    Bq g-1
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  TENORM 
     

 

    (      
)        

      
 .   ,   
       

    .   
      . 

       
        

(      ).
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TENORM

        
, , ,  .    

226Ra         
     ,   

        Bq 
g-1.    226Ra      

 (    ~ 1/10)     
 (    ~ 1/100).    
        

 ,     
.
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TENORM

   TENORM      
 .        

  ,       
 (         
  ,       

)       .  
       

,       
 (heater/treaters).     

        
   . 
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  TENORM 
    

   TENORM                            
                                   

     .                            
                                   

            .                           
      226Ra   -

,  222Rn    
(liquid petroleum gas LPG)      

.         
   50 Bq/lt.      

   ,   
     210Po 210Pb  

   ,  .
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TENORM,      
   -     ~9

Sv/h 
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2.2.6  R   
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 R    
  

        
        30% 

 .  TENORM    
 .     

226Ra        5 kBq kg-1.
     

,   ,  .
       

      
   .
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2.2.7  R   
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 .      

      ,   
     .  

  (  -phosphate)  
      

  ,    
 .
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 (wet process)

    , 
    .

       
“wet process  dihydrate process”    

      ( ,   
). 

–         
       

    ,    
       .

–        
     26-

32%,        
   .
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dihydrate

  
26-32 %P2O5

 
CaSO4·2H2O

(
  

 

 

  
 (wet process)
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Ca3(PO4)2 + 3H2SO4 → 2H3PO4 + 3CaSO4

       (26-32%)  
  CaSO4      

 ( ).

    5 /  

      .
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      . 
      
  ( )     

 ).      
        

         
        

(  As, Cu,Pb,Ni, Zn, Hg ).    
          

      (  238U  
226Ra).         

 TENORM.    226Ra    
  780Bqkg-1.
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     . 
  80%  226Ra    

. ,  85%     
 70%       

.       
        
  .   

 226Ra   400-1300 Bqkg-1. 
     - , 

~0.174 - 0.87 Sv/h
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   .   

        
( )        

      . 
       

        
.      226Ra

180-750 Bqkg-1, 238U 740-2200 Bqkg-1  232Th 35-180
Bqkg-1

       
   -   ~ 25% 

      .
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Bqkg-1

226Ra 1400 238U 1184

 226Ra 
37 238U 1110 Bqkg-1

             
226Ra 740 238U 2110 Bqkg-1

              226Ra 
148 238U 2590 Bqkg-1

  

  

 226Ra 
962 238U 37 Bqkg-1
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   ,     
  ,  40K,  

     (  KCl 
2SO4).   40K    

     15 kBq kg-1.  
      

     -
 (     1460keV)
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70 .          700 106

,       30 106 . 

        226Ra    
   (   0.06 - 0.44 Bq/m2-sec)
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 P2O5  
  
 



     

  

I 90/169

2.3.8  R   
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 TENORM  
   

          
,        
     .    

         
       (leaching)

    238U     226Ra  222Rn  
  ,      

.
         

        
.    (    ) 

        
     (radioactive 

waste),         
     . 
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 TENORM  
   

      ,  
,        

 .
 ,    60000    

    700     
       

   260,000    
  TENORM

–        
    : 

      
–     
–         

 .
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 (  )  

  
   

    
  

  

   
  

(flocculation)

    (  
  )

    

TENORM ?
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 TENORM  
   

        
      TENORM:

–     (lime softening)
–    
–       

.
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 TENORM  
   

       
CaOH     pH      

       
        . 

  80-90%      
       
 .  ,    

       
.        
,       .
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  .    (cation

exchange)    95%  ,   
    95%  .     

      .
       

(backwash) .    
     . 

   (activated charcoal)   
      

    , 
   .   95%  

       .

 TENORM  
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 TENORM  
   

        
     

     (sludges),    
 .    226Ra 

      12  
130 Bq l-1.        
226Ra     1500 Bqkg-1. 

      
        

,        
        (   

   4 MBq kg –1).     
   low level waste.
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 (CO2, 222Rn)
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•       
•     1kBq m3

             
       ,  :

  
 

 222Rn  
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2.2.9     
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   ,       
      
   .

–        
   TENORM (    

   ,  ).
–       

       
,        
 . 
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        scrap.  

   ,     
      , 

      ,  
 ( , ),    

     ,  . 
 ,      

      ,  
   ,     

   .
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      scrap :
– 137Cs, 60Co, 226Ra, 192Ir      

     .
– 241Am        

.
– 226Ra, 238U, 232Th 210Pb    TENORM

.
         

 (  ),   
     .  , 

 137Cs,       
   ,   60Co  
    (  ).
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 ,      
  ,    

/ .        
       . 

         
          

 ,         
  ( ). 

,    scrap     
        

     ,   
  .
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  (portal)

 



     

  

I 107/169

  1983      
  60     

      , 
        

        
 (  96%  portals). 

      
  1998,     137Cs.   

   137Cs    
 ,   .
      137Cs  

      1997, 
      .   

     .
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  TENORM

      
  TENORM,   

, ,   
   TEN RM    

  .    
     
      

     
.
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  .

 
(1350-1500oC)

 

 

   (~2%)

 -

 (~4%)
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       (~2%)     
         scrap.

           
  (radioactive waste)
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    Chernobyl      
   ,       

137Cs   ( ,  ).  
  ( , ,    

  )        
        

  137Cs.     
       ,   

   .   ,    
    137Cs     

137Cs       2kBq 
MWh-1,         

        
  10GBq 137Cs.

:       TENORM
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3.   
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 .    
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3.1    
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UF6

   (Depleted Uranium DU)  
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    DU   
     :

–  (19 g cm-3)
–   (1132 Co)
–  
–  (    

)

  DU
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  DU

      
   234U      238U. 

      ,  
    234U  238U 

      . 
  235U     

  1/3      (0.2% 
  0.72%). 

   ,    DU  
  60%      .

       
      

   236U, 239Pu  240Pu,    
     . 
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  DU
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