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HIGHLIGHTS 

Thor ia ted- tungsten weld ing e lec t rodes ,  con ta in ing  1 t o  2% t h o r i a  

(Tho2) by weight,  a r e  p o t e n t i a l  sources o f  r a d i a t i o n  exposure t o  members 

of t h e  general  p u b l i c  i n v o l v e d  i n  gas tuns ten-arc  welding. Therefore,  

p o t e n t i a l  doses associated w i t h  the  d i s t r i b u t i o n ,  use and d isposa l  o f  

these commonly a v a i l a b l e  consumer products  were est imated. 

Exposure scenar ios were developed t o  descr ibe  what a r e  be l i eved  t o  

be t y p i c a l  c o n d i t i o n s  under which exposure t o  r a d i o a c t i v e  thor ium and 

daughters may occur. Source terms f o r  bo th  i n t e r n a l  and ex te rna l  

exposures were est imated on the  bas is  o f  documented re lease r a t e s  o f  

thor ium and daughters f rom e lec t rodes  d u r i n g  welding, o f  known t h o r i a  

(Tho2) concent ra t ions  i n  e lec t rodes ,  and on t he  bas i s  o f  est imated 

p roduc t i on  r a t e s  o f  thoron  (220Rfi) i n  e lec t rodes .  

es t imated  f o r  maximally-exposed i n d i v i d u a l s  and f o r  t he  p o r t i o n  o f  the 

U.S. popu la t i on  p o t e n t i a l l y  exposed, under the  assumed cond i t i ons ,  pe r  

m i l l i o n  t h o r i a t e d  e lec t rodes  d i s t r i b u t e d ,  used, and disposed of annua l ly .  

Rad ia t i on  doses were 

The maximum es t imated 50-year dose commitment was f o r  welders who 

work bo th  i n  a shop and, a l though ra re ,  a t  home, f o r  a t o t a l  weld ing 

t ime o f  1200 hr /year .  The maximum i n d i v i d u a l  dose commitment f o r  a year  

o f  weld ing was es t imated t o  f a l l  w i t h i n  the  range o f  20 m i l l i r e m  t o  1 

rem t o  the  bone (2.4 t o  88 m i l l i r e n i  t o  the  whole body), w i t h  t y p i c a l  

doses between 0.9 and 160 m i l l i r e m  t o  t h e  bone f o r  welders (0.07 t o  14 

m i l l i r e m  t o  t h e  whole body). U n c e r t a i n t i e s  regard ing  thor ium l o s s  t o  

fumes and subsequent suspension i n  a i r  prevented es t ima t ion  i n  a more 

narrow range. The t o t a l  c o l l e c t i v e  dose commitment was est imated t o  

V 
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2 3 range between 7.9 x 10 and 6.4 x 10 man-rem t o  t h e  bone (56 t o  5.4 x 

10 man-rem t o  the whole body). 2 



SUMMARY 

Y 

c 

c 

Some welding electrodes used i n  gas tungsten-arc welding contain 

between 1 and 2% radioactive thoria by weight which, as an alloy, provides 

several advantages to  this welding process. Radiat ion doses potentially 

received by members of the general U.S. population as a resul t  of the 

dis t r ibut ion,  use, and disposal of one million thoriated-tungsten welding 

electrodes were estimated i n  th i s  assessment, although the actual magni- 

tude of  distribution is  unknown. Persons considered potentially exposed 

t o  thori um and daughters contained i n  these consumer products included 

truck drivers,  United Parcel Service (UPS) employees,* warehouse and 

r e t a i l  personnel , and r e t a i l  customers, a l l  assumed t o  be involved i n  

distribution from manufacturers t o  consumers; welders and other welding 

shop personnel involved in the use of these products; and members of the 

general population who may be exposed to  airborne radionuclides as a 

resu l t  of  incineration or b u r i a l  of discarded electrodes. 

under abnormal circumstances, where electrodes stored i n  a warehouse 

m i g h t  be subjected t o  f i r e  such that  a l l  radionuclides contained in the 

products are volati l ized, o r  where welders may carry extra electrodes i n  

a shirt pocket, were also estimated. 

Doses resulting 

The magnitude of the radiation source to which individuals may be 

exposed was estimated from l i t e r a tu re  regarding electrode characterist ics 

and loss of electrode material d u r i n g  welding. Exposure scenarios were 

developed from information obtained through informal interviews w i t h  

welders and from documentation on consumer product distribution procedures 

* 
This group chosen only as a representative group of parcel handlers. 

vi i 



v i i i  

and common disposal methods u t i l i zed  in the United States.  

t a in t i e s  existed regarding the value of specif ic  parameters necessary to  

quantify exposure, estimates were made from supplementary data. 

When uncer- 

The maximum individual and col lect ive dose commitments, or dose 

rangesS estimated i n  this assessment are  summarized i n  the following 

table (Table A ) .  The maximally exposed individual indicated from exposure 

scenarios develaped i s  the welder, who i s  estimated to  receive a bone 

doce commitment between 20 millirem and 1 rein (2.4 t c  88 millirem whole 

body dose commitment). In th i s  assessment, welders who may receive such 

doses were assumed to  be engaged i n  welding w i t h  thoriated electrodes i n  

a shop for  4 hr/day (1000 hr/year) and i n  welding a t  home fo r  4 hr/week 

(200 hr/year). 

home welding, Sone dose commitments were estimated t o  range between 0.9 

and 160 millirem (0.07 to  14 millirem whole body dose conmitment). 

Because uncertainties regarding the amount of thorium and daughters that  

may become airborne during welding were great,  only ranges of potential 

doses could be calculated. 

For what are assumed more typical conditions, w i t h  no 

The collective dose commitment estimated fo r  the annual distri-  

bution, use, and disposal o f  one million thoriated welding electrodes 

was estimated to  range between 7.9 x 10 t o  6.4 x 10 man-rem t o  the 2 3 

... 

2 bone (56 t o  5.4 x 10 man-rem t o  the whole body). 

the potential dose received by the general U.S. population over a 50- 

year period following exposure during one year. 

These values represent 
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Table A. S u n a r y  o f  maximum i n d i v i d u a l ,  t y p i c a l  i n d i v i d u a l ,  and c o l l e c t i v e  doses 

e lect rodes (per  l o 6  e lect rodes annual ly)  
received from d i s t r i b u t i o n ,  use, and d isposal  o f  t h o r i a t e d  welding 

Maximum i n d i v i d u a l  Typica l  i n d i v i d u a l  C o l l e c t i v e  dose/ 
S ize o f  populat ion dose/dose range ( m i l l i r e m )  dose/dose range ( m i  11 irem)a dose range (man-rem) 

a f f e c t e d  Stage 
C r i t i c a l  organ Whole body C r i t i c a l  organ Whole body C r i t i c a l  organ Whole body 

D i  s t r i  bu t ionb  2.51Et07' 2.2E-01 2.OE-01 
(bone) 

(bone) 

Disposal 
(bone) 

Abnormal unknown 3.5 2.9 
c i  rcumstancesbje ( s k i n )  

used 1 . O l  Et05 2.OEt01-1 .OE+03 2.4-8.8Et01 

2.18EtO8 1.9E-01 6.9E-03 d 

TOTAL COLLECTIVE DOSE 

1.5E-05-1.7E-01 1.4E-05-1.5E-01 7.9E-01 7.2E-01 
(bone) (bone) 

(bone) (bone) 
8.8E-01-1.6Et02 7.2E-02-1.4EtOl 5.7Et02-6.2Et03 4.8Et014.3Et02 

1.OE-06 3.4E-08 
(bone) 

2.2Et02 8.1 
(bone) 

unknown 

aTypical values represent  average doses received by a l l  i n d i v i d u a l s  i n  each group w i t h i n  designated stage. 
bDoses represent  ex te rna l  exposure dur ing  one year. 
'2.51Et07 n o t a t i o n  i s  equ iva len t  t o  2.51 x lo'. 
dDoses represent  50-year i n t e r n a l  dose commitment received per one year 's  exposure. 
eConsiders a warehouse f i r e  and car ry ing  electrodes i n  s h i r t  pocket. 

d. 

x 
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1. INTRODUCTION 

Thor ia ted- tungs ten  we ld ing  e lec t rodes ,  c o n t a i n i n g  1-2% t h o r i a  (Thop) 

by weight,  a r e  commonly used i n  gas tungsten-arc welding. 1-4 Concern 

ove r  hazards t h a t  may e x i s t  due t o  i n t e r n a l  o r  ex te rna l  r a d i a t i o n  exposure 

t o  r a d i o a c t i v e  tho r ium and tho r ium daughters conta ined i n ,  o r  re leased 

from, these produc ts  l e d  t o  t h i s  assessment o f  p o t e n t i a l  doses assoc ia ted  

w i t h  t h e  d i s t r i b u t i o n ,  use, and d isposa l  o f  t h o r i a t e d  e lec t rodes .  

Thor ia ted- tungs ten  e lec t rodes  were i n t roduced  almost 30 years  ago’ ’* 
t o  rep lace  pure  tungsten e lec t rodes  f o r  a v a r i e t y  of a r c  we ld ing  s i t u a t i o n s .  

Reported advantages assoc ia ted  w i t h  t h o r i a t e d  tungs ten  over  pure  tungsten 

i n c l u d e  e a s i e r  s t a r t i n g ,  g r e a t e r  a r c  s t a b i l i t y ,  and l e s s  we ld  metal  con- 

taminat ion .  1-3 

A few e m p i r i c a l  i n v e s t i g a t i o n s  i n t o  the  p o t e n t i a l  h e a l t h  hazards 

assoc ia ted  w i t h  v o l a t i l i z a t i o n  o f  thor ium and daughters d u r i n g  we ld ing  

have been r e p o r t e d  i n  t h e  l i t e r a t u r e .  1,5 Resu l ts  have suggested t h a t  

t h e  maximum p e r m i s s i b l e  concen t ra t i on  f o r  t ho r ium i n  a i r  w i l l  seldom, i f  

ever,  be exceeded i n  t h e  immediate v i c i n i t y  o f  a welder, and w i l l  even 

l e s s  l i k e l y  be exceeded i n  t h e  we lder ’s  b r e a t h i n g  zone, based on alpha 

a c t i v i t y  measurements.’ 

at tempted t o  es t imate  doses a c t u a l l y  rece ived  by welders and nearby 

persons, n o r  t o  c a l c u l a t e  p o t e n t i a l  exposures and doses rece ived  based on 

t h e  measurements o f  e l e c t r o d e  m a t e r i a l  l o s t  d u r i n g  welding. 

However, none o f  these prev ious  s tud ies  have 

Th is  assessment addresses t h e  m a t t e r  o f  doses p o t e n t i a l l y  rece ived  

d u r i n g  t h e  use o f  t h o r i a t e d  we ld ing  e lec t rodes ,  as w e l l  as doses rece ived  

by members o f  t h e  general p u b l i c  p o t e n t i a l l y  exposed t o  tho r ium and 

1 
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daughter radionuclides during transport and distribution t o  re ta i l  units 

and d u r i n g  disposal of these products. A physical description of the t. 

electrodes and of the assessment strategy used i n  this theoretical study 

follows. Subsequently, detailed descriptions o f  exposure conditions assumed 

f o r  dose calculations will be given for  each stage of the assessment. Cir- 

cumstances which may be considered abnormal, b u t  which may lead t o  radia- 

t ion exposures to  thor ium and daughters are also discussed. Estimated 

doses t o  maximal ly exposed indi vi dua l s  , typically exposed i ndi v i  dual s , 
and to  the exposed population group are presented, based on an assumed 

annual distribution of one million welding electrodes. 

number of electrodes distributed annually i s  unknown. ) 

(The actual 

1.1 Product Description 

Thoriated-tungsten welding electrodes are used i n  the gas tungsten- 

a rc  welding process, a process i n  which an e lec t r ica l  arc i s  produced 

between a nonconsumable, gas-cooled electrode (e. g. ,  an electrode that  

does not supply f i l l e r  material) and the work metal , thus heating the 

metal. 

i s  the best material for  nonconsumable electrodes. Thoriated-tungsten 

electrodes contain between 1 and 2% thoria (Tho2)  by weight and are superior 

t o  pure tungsten electrodes i n  several respects. 

emissivity, bet ter  current-carrying capacity, longer 1 i fe ,  and greater re- 

sistance t o  contamination.6 W i t h  these electrodes , arc starting i s  easier  

and the arc  i s  more stable.  

Tungsten, which has the highest melting temperature o f  a l l  metals, 

They have higher electron 

Thoriated-tungsten electrodes are produced i n  nine standard diameters 

(between 0.254 and 6.35 mm) and six s t a n d a r d  lengths (between 7.62 and 

60.96 cm),6 The electrode diameter i s  generally chosen such t h a t  the 

. 
i 
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7 electrode will operate a t  near-maximum current-carrying capacity. 

Because typical currents of 300 amps are used i n  arc welding,6 and the 

maximum current capacity of thoriated-tungsten electrodes w i t h  diameters 

equal t o  0.238 cm (3/32 i n . )  has  been found  to  be between 340 and 375 

amps,8 the typical diameter of thoriated electrodes was chosen to  be 

0.238 cm for  this assessment. The typical length of electrodes was 

assumed t o  be 15.24 cm, although a variety of lengths, as well as diameters, 

may be used for  different  applications. 

The t h o r i a  content of electrodes, although ranging  from 1 t o  2% 

by weight, was assumed t o  be 2% for  this assessment. I t  was also 

assumed that  the thorium was uniformly dispersed throughout the tungsten 

electrode, since i t  i s  generally alloyed w i t h  t h ~ r i a . ~  However, str iped 

electrodes have been available, which consist of pure tungsten w i t h  only 

a longitudinal str ip of thoriated tungsten ( 2 % ) .  6 

The radioactive thorium, 232Th and 228Th, used i n  the manufactured 

electrodes i s  assumed to  have been separated from daughter products 20 

years prior t o  the marketing date of the product i n  this assessment. 

This implies, then, tha t  the radioactive daughters of 232Th or 228Th 

will  have achieved approximately 91% and 87% o f  equilibrium w i t h  the 

two thorium isotopes, respectively.’ T h i s  assumption is used throughout 

i n  calculating doses received from external and inhalation exposure t o  

thorium isotopes and daughters. 

The l ife-t ime of each thoriated-welding electrode will depend on 

the amount and conditions of use. 

considered nonconsumabl e ,4  appreciable consumption occurs d u r i n g  normal 
1 use and  may be increased i f  improper use resul ts  i n  oxidation or 

Although these electrodes are generally 
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contamination of the electrode. 

fu l  l ifetime of these products are discussed i n  Sect. 3 of t h i s  report. 

Data concerning the magnitude of the annual production and d i s t r i -  

Assumptions regarding the average use- 

b u t i o n  of thoriated-tungsten electrodes were n o t  available for  t h i s  

assessment. T h r o u g h  informal conversations with a few manufacturers of 

the rods,  however, i t  appears tha t  approximately four manufacturers are 

actively producing these products i n  the United.States a t  t h i s  time. 

This assessment considered that  each of four manufacturers produced 

250,000 thoriated electrodes annually, result ing i n  a total  of  one 

mill ion electrodes being manufactured and distributed each year. 

million was chosen merely a s  a convenient number w i t h  which t o  scale the 

resul ts  of this assessment, given additional informat on regarding the 

magnitude of d i s t r i b u t i o n .  

One 

1 .2  Assessment Strategy 

In order t o  assess the potential radiation exposures and doses 

received by the U.S. p o p u l a t i o n  from thoriated-tungsten welding electrodes, 

the number of  electrodes distributed, used, and disposed of annual ly  i n  

the United States ,  and the number of persons potentially exposed t o  

radioactive thorium and daughters d u r i n g  any of these ac t iv i t i e s  must be 

considered. 

assessment. 

from collateral  data regarding the average rate of electrode usage by 

welders; from documented information on typical d i s t r i b u t i o n  procedures 

applied t o  consumer products; and from hypothetical exposure scenarios 

developed in this assessment t o  account for  the dis t r ibut ion,  per one 

million electrodes, t o  an assumed one thousand r e t a i l  establishments 

across the country. 

Numerical d a t a  of these types were n o t  available for th i s  

The numbers of  potentially exposed individuals were estimated 
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*- 

Because time, distance, and shielding are a l l  factors that  determine 

doses received as a resu l t  of exposure t o  radioactive materials, values 

of these parameters were estimated for  a l l  i n d i v i d u a l s  potentially i n -  

volved i n  the dis t r ibut ion,  use, and disposal of welding electrodes. 

Values chosen f o r  these factors are believed t o  represent typical exposure 

conditions. Details o f ,  and rationale beh ind ,  assumed exposure conditions 

a re  presented i n  subsequent sections. 

Doses t o  individuals and the population were estimated us ing  the 

CONDOS computer code,” where radiation doses associated w i t h  one year 

of product use, distribution, or  disposal are calculated from i n p u t  data 

describing exposure conditions for  various ac t iv i t ies  of concern. Doses 

are  calculated by this code for  both external and internal exposure 

s i tuat ions,  w i t h  results being reported for  total  body and several 

reference organs. For this assessment, external exposure t o  radioactive 

thorium and daughters i s  assumed to  occur as a resul t  of  exposure to  

d i rec t  radiations emitted d u r i n g  decay of isotopes present i n  the thorium 

decay chain and t o  bremsstrahlung produced w i t h i n  the tungsten rod. 

Nuclear decay data fo r  natural thorium and daughter products were taken 

from Kocher. 11 

Internal exposure via inhalation of radioactive thorium and daughters 

i s  assumed t o  occur as a resul t  o f  the release of gaseous thoron from 

electrodes, and from volat i l izat ion of radioactive materials d u r i n g  

welding and incineration of discarded welding rods. 

uniform dispersion o f  airborne nuclides was assumed t o  occur following 

release into specif ic  volumes surrounding exposed i n d i v i d u a l s .  

volumes and a i r  exchange rates d u r i n g  welding were specified t o  conform 

t o  m i n i m u m  standards presently required of the welding industry. 

Immediate and 

Air 
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To calculate external doses received by individuals i n  a year, 

external dose conversion factors from the EXREM- I I I computer code’ 

applied t o  annual external exposure estimates i n  the CONDOS code. 

External doses a re  reported fo r  the c r i t i c a l  organ ( i  .e . ,  the organ 

receiving the highest dose per u n i t  exposure) and fo r  the whole body, 

the l a t t e r  being a more commonly reported value. 

ment factors  used t o  convert internal radiation exposures over one year 

t o  individual dose commitments are  taken from the INREM-I1 computer 

code,13 and i t s  implementation using documented retention functions and 

metabolic parameters fo r  nuclides i n  the thorium decay chain. l 4  

dose commitments are reported fo r  the c r i t i c a l  organ and whole body. 

The factors  i n  th is  l a t t e r  document, which are based on a qual i ty  factor  

( Q F )  o f  10 fo r  alpha radiation, were used i n  this assessment, although 

others were available which incorporate a QF of 20. The maximum error 

tha t  could occur as a result of us ing  a QF equal t o  10, i f  20 were more 

appropriate, i s  tha t  the internal doses calculated would be low by a 

f a c t o r  of not more than 2. 

are  

Fifty-year dose commit- 

Internal 

Collective doses were estimated by assuming tha t  a l l  members of any 

par t icu lar  exposed group receive s imilar  doses t o  those received by the 

”typical”  individual fo r  which external and internal doses were calculated. 

T h u s ,  the multiplication of group s i ze  by individual exposures was 

carr ied out t o  give estimated col lect ive doses in man-rem per year for  

each group. These group doses were then summed t o  give a to ta l  population 

dose. 
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2. DISTRIBUTION 

4 

The potential radiation exposures and doses received by members of 

the general public who  are actively or passively involved in the annual 

d i s t r i b u t i o n  of one million thoriated-tungsten electrodes were assessed 

according to  the strategy outlined i n  Sect. 1.2. 

which estimated doses are based, as well as the numerical resul ts  of 

the collective dose assessment, are presented i n  the following discus- 

sion and tables,  respectively. 

The assumptions upon 

Both internal and external exposure to  thorium isotopes and/or 

radioactive decay products were considered i n  assessing potential r ad ia -  

t ion dose received d u r i n g  distribution of thoriated electrodes. Internal 

exposure may occur as a resul t  of the release of the iner t  gas ,  220Rn, 

commonly known a s  thoron, from the electrodes, and subsequent inhalation. 

Thoron i s  produced direct ly  from the decay of 224Ra, which i s  present i n  

the electrodes as  a radioactive decay product of thorium. The rate  of 

thoron release will depend on i t s  production rate ,  and characterist ics 

of the rod which influence i t s  emanation from solid par t ic les  w i t h i n  the 

welding rod and i t s  diffusion i n  in te rpar t ic le  space.15 Because neither 

o f  these l a t t e r  two parameters are  known for  tungsten electrodes, i t  was 

assumed t h a t  the inhalation exposure t o  thoron and radioactive daughters 

was a resul t  of the complete release of a l l  thoron produced i n  the rods,  

and t h a t  the ra te  of thoron release equals i t s  production. Daughters of 

thoron were assumed to  be i n  equilibrium w i t h  the parent upon release. 

More refined release calculations were not deemed necessary i n  l igh t  of 

the negligible doses estimated millirem) fo r  this pathway. 
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Volatilization of  thorium and radioactive decay products other t h a n  

thoron was assumed t o  be negligible during d i s t r i b u t i o n ,  and thus, only 

external exposure t o  these isotopes was considered. The basis for  t h i s  

assumption was the knowledge of the m i n i m u m  temperatures a t  which com- 

pounds of each element present will boil or sublime,l6 indicating t h a t  

neither of these processes will occur a t  atmospheric temperatures or 

pressures normally encountered during distribution. 

External exposures t o  par t ic les  or  rays emitted by isotopes i n  the 

thorium decay chain and t o  bremsstrahlung produced within the welding 

electrodes from beta emissions were estimated for  segments of the 

population potentially involved i n  distribution. Estimated annual 

exposures t o  external radiation took into account any shielding provided 

by packing material o r  cargo transporters t h a t  were considered 1 i kely 

to  be present. 

To develop exposure scenarios for  individuals potentially involved 

in dis t r ibut ion per one million thoriated electrodes, values of several 

parameters were estimated i n  l ieu of actual data. Maximum annual dose 

estimates for  members of this population group were less 1 millirem, 

and  therefore, the time-consuming collection of these data was not con- 

sidered cost-effective. Included among these parameters are the number 

of electrodes leaving and arriving a t  each destination a t  any one time, 

the number of i n d i v i d u a l s  potentially exposed d u r i n g  d i s t r i b u t i o n  from 

manufacturers t o  users, and the time and conditions of exposure in each 

location considered. In order to  estimate values more r ea l i s t i ca l ly ,  a 

recently prepared document concerning the procedures used t o  transport 
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and d i s t r ibu te  consumer products was consulted. 

used regarding the exposure time, distance from source, shielding, and 

Values of parameters 

ventilation rates are provided i n  the appendix of th i s  report 

A flow diagram representing the distribution scheme from 

exposure scenarios were developed is  presented i n  F i g .  1.  We 

warehouses or  parcel delivery terminals 

assumed i n  hypothetical exposure scenar 

assumed t o  receive two shipments of 500 

electrodes annually, and each warehouse 

2000 electrodes annually, or a t o t a l  of 

For transportation of shipments to  

which 

d i n g  

electrodes were assumed t o  be available t o  consumers only a f t e r  receipt 

by r e t a i l  out le ts .  Distribution t o  these re ta i l  out le ts  was accomplished 

t h r o u g h  d i rec t  delivery by local manufacturers or delivery from nearby 

[United Parcel Service (UPS) 

os]. Each re ta i l  ou t le t  was 

electrodes, or a total  of 1000 

t o  receive five shipments of 

10 , 000 el ectrodes . 
destinations a t  distances greater 

UPS system was chosen 

zed. This choice was 

ze and weight of electrodes, such t h a t  

packaged number, would meet specifications 

applied t o  parcels the UPS will accept. 

and r e t a i l  destination i s  reached through independent chains of UPS 

terminals, i t  is  believed t h a t  the number of individuals assumed exposed 

t o  the thoriated rods th rough  the UPS system i s  maximized. 

By assuming t h a t  each warehouse 

Several groups of individuals were identified as groups potentially 

exposed d u r i n g  the distribution of welding rods, as outlined i n  F i g .  1. 

Because truck transport was the means of shipment assumed, several 

t h a n  32 km (20 miles) from each manufacturer, the 

to  be representative of the mode 

made on the basis o f  the small s 

cartons of 100 rods, the assumed 

of shipment u t i 1  



ORNL-DWG 79-16704 

UNITED PARCEL 
SERVICE (UPS) 

TERMINALS 
(29) 

MANUFACTURERS (4) 
lo6 ELECTRODES 

4 
I 1 

WAREHOUSES 
(8)  

8 x io4  ELECTRODES 

OVER-THE-ROAD 
DELIVERY 
(>400 km) 

8 x io5 ELECTRODES 

I 
UNITED PARCEL 
SERVICE (UPS) 

TERMINALS 
(8971 

I 
RETAIL 

(20) 
2 x io4 ELECTRODES 

II 

c 
RETAIL 
(640) 

6.4 x io5 ELECTRODES 

I WAREHOUSES I I RETAIL I (64) (160) 

CUSTOM E RS 
(2.5 X lo6 )  

RETAIL 
c - I) (80) 

RETAIL CUSTOM E RS - (80) 
8 x io4 ELECTRODES 

CUSTOMERS 

8 x io4 ELECTRODES (2.5 X lo6 )  (2.0 x 10’) 

6.4 x 105 ELECTRODES 1.6 x io5 ELECTRODES Ub-J 

LOCAL 
DELIVERY 
(<32 km) 

1 x 105 ELECTRODES 
I 

WAREHOUSES 

8 x io4 ELECTRODES 

RETAIL 

2 x io4 ELECTRODES 

6 Fig.  1. Flow diagram f o r  d i s t r i b u t i o n  o f  10 t h o r i a t e d  we ld ing  
e lec t rodes  (numbers i n  parentheses r e f l e c t  t h e  number o f  d i s t r i b u t i o n  
u n i t s  o f  g i ven  type assumed t o  be i n v o l v e d  a t  each s t e p ) .  



groups of truck drivers may be exposed d u r i n g  d r i v i n g ,  handling, and 

loading and unloading shipments. These include manufacturer's drivers , 
who transport cartons to  r e t a i l  ou t le t s ,  warehouses, and UPS terminals; 

UPS drivers,  who transport cartons between terminals and to  final 

destinations including r e t a i l  out le ts  and warehouses; and warehouse 

employees, who transport cartons t o  r e t a i l  out le ts .  Exposure times and 

distances, shielding provided by the trucks, and volumes associated w i t h  

the cargo compartments of  the trucks were derived for truck drivers from 

information provided i n  the transport and distribution document mentioned 

ear l ier .17 Air concentrations o f  thoron t o  which truck drivers may be 

exposed d u r i n g  driving or loading a.nd unloading cargo were calculated 

w i t h  the CONDOS computer code assuming air changes i n  the specified 

cargo compartment volumes of three per hour during driving and one per 

hour d u r i n g  loading and unloading. Shielding against external radiation 

was assumed t o  be provided by the truck only during regional or over- 

the-road transport between UPS terminals. Additional shielding was 

assumed t o  be provided to  a l l  truck drivers by cardboard packaging 

material of thickness equal t o  0.32 cm (1/8 i n . )  fo r  shipments con- 

t a i n i n g  500 rods, and equal t o  0.95 cm (3/8 i n . )  for  shipments 

containing 2000 rods. 

each warehouse were assumed t o  handle a l l  deliveries from the i r  respective 

Two truck drivers from each manufacturer and from 

origins ,  while a different  UPS driver was involved i n  each shipment from 

the manufacturer. 

In addition to  truckdrivers, other UPS employees were considered as 

potentially exposed d u r i n g  distribution of one million thoriated electrodes. 



1 2  

These included receiving desk clerks,  sor te rs ,  processors, loaders, and 

unloaders, whether actively involved w i t h  the processing of a shipment 

or near enough t o  the shipment to  be exposed potentially t h r o u g h  exter- 

nal or internal pathways. Exposure scenarios were designed for  these 

individuals a f t e r  consulting the transport and distribution document. 

Shielding consisting of 0.32 cm (1/8 in . )  of cardboard and one a i r  

change per hour in a terminal of volume equal t o  1100 m 

was assumed. 

t o  any one destination d u r i n g  a year, b u t  d i f ferent  warehouse or  re ta i l  

destinations were assumed t o  involve different UPS employees. 

1 7  

3 3 (40,000 f t  ) 

The same employees were assumed to  be exposed t o  shipments 

Employees of r e t a i l  or warehouse out le ts  comprised two other groups 

of individuals potentially exposed t o  external or internal radiation as 

a resu l t  of the distribution of one million thoriated welding rods. To 

develop exposure scenarios for  these groups, i t  was necessary to  e s t i -  

mate the number of welding rods stored or displayed a t  any one time by 

each unit  involved, given the previously assumed number shipped t o  each 

during the year. For each warehouse and r e t a i l  unit ,  the number of rods 

stored or displayed a t  any one time was assumed to  be equal t o  one-half 

of the total  number of electrodes received during the year. For each 

warehouse, exposures were assumed to  be received by each o f  f ive employees 

from bo th  handling of each carton (100 rods per carton) fo r  5 min/year 

and storage of 50 cartons for 2000 hr/year. 

handling of each of 10 cartons for 5 min/year by each o f  f ive employees, 

and display of f ive cartons a t  any one time were assumed t o  resul t  i n  

external and internal radiation exposures. 

For each r e t a i l  ou t l e t ,  

-. 
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The l a s t  group of individuals assumed exposed to  radiation as a 

r e su l t  of  the distribution of one million thoriated welding rods were 

customers i n  r e t a i l  outlets.  Assuming each out le t  received 100 customers 

per day fo r  250 days/year, there were a total  of 2.5 x 10 

be considered. 

handle, and transport one carton of 100 rods each year. All customers, 

however, were assumed to  be exposed to  a i r  concentrations of thoron and 

d i rec t  radiations from the rods for  0.5 hr/year a t  a distance of 610 cm 

7 customers to  

Of these 2.5 x lo7, 10,000 were assumed to  purchase, 

(20 f t ) .  

Following these general guide1 ines, individual and collective 

exposures and doses were calculated for the distribution stage of this 

assessment. Table 2.1 l i s t s  the estimated c r i t i ca l  organ and whole-body 

doses for  individuals and the populations comprising each exposed group. 

Estimated internal dose commitments millirem) result ing from the 

assumed complete release of a l l  thoron produced w i t h i n  the welding 

electrodes are  not included i n  t h i s  table,  since they were negligib 

w i t h  respect t o  doses received from external exposure t o  radiation 

emitted from the electrodes. The typical doses l i s t ed  i n  Table 2.1 

calculated by averaging i n d i v i d u a l  doses i n  each exposed group. Co 

e 

were 

1 ec- 

t i ve  doses were calculated by summing these average i n d i v i d u a l  doses 

w i t h i n  each group. A total  collective dose of 0.79 man-rem to  the bone, 

o r  0.74 man-rem t o  the whole body, was estimated. T h i s  value represents 

the collective dose received by approximately 2.51 x 10 individuals i n  

the general U.S. population. 

individual may receive an annual bone dose o f  0.22 millirem, as a resul t  

of external exposure t o  packaged rods d u r i n g  dis t r ibut ion from manufacturer 

7 

I t  was estimated that  the maximally exposed 



Table 2.1. I nd i v idua l  and c o l l e c t i v e  doses t o  bone and whole body received dur ing  d i s t r i b u t i o n  
of t ho r ia ted  tungsten welding electrodes (per l o 6  e lec t rodes  d i s t r i b u t e d  annua l ly )  

Popu la t ion  Maximum ind i v idua l  dose (m i l l i r em)  Typ ica l  i n d i v i d u a l  dose ( m i  11 irem)' C o l l e c t i v e  dose (man-rem) 
b Whole body Whole body Bone Whole body Bone b b group 

Bone 

Truck d r i v e r s  2.2E-01C 2.OE-01 1.6E-03 1.5E-03 5.6E-03 5.2E-03 

UPS te rmina l  employees 1.6E-01 1 .5E-01 2.OE-04 1.9E-04 l . lE -02  9.9E-03 

R e t a i l  employees 6.4E-02 6.OE-02 6.4E-02 6.OE-02 3.2E-01 3.OE-01 

Warehouse employees 1.7E-01 1.5E-01 1 .7E-01 1.5E-01 6.6E-02 6.2E-02 

Customers 

TOTAL 

4.9E-04 4.5E-04 1.5E-05 1.4E-05 3.8E-01 3.5E-01 

7.9E-01 7.2E-01 

'Typical values represent  average dose received by a l l  i n d i v i d u a l s  i n  each group. 
%one i s  c r i t i c a l  organ f o r  ex te rna l  exposure t o  thor ium and daughters. 
C2.2E-01 n o t a t i o n  i s  equ iva len t  t o  2.2 x lo - ' .  

4 . .: 
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t o  local r e t a i l  out le ts  or UPS terminals for  a total  of 122 hr exposure 

during the year. 

3. USE 

Exposure to  thorium and daughters may occur d u r i n g  use and prepara- 

t ion for use of thoriated welding electrodes through various modes. 

External exposure may occur d u r i n g  handling and storage of these electrodes 

i n  tool boxes. Persons exposed to  external radiation include bo th  

welders and non-welders in the vicinity.  Internal exposure may occur 

through inhalation of welding fumes containing thorium and daughters, 

and of thoriated particulates that  may become airborne during g r i n d i n g  

of the electrodes t o  form a t i p .  Persons internally exposed may again 

i ncl ude both we1 ders and non-we1 ders. 

3.1 Thorium Loss from Electrodes 

Welding fumes may contain volati l ized thorium and radioactive 

daughters as a resul t  of the high temperatures acnieved a t  the t i p  of 

the electrode d u r i n g  arc  welding. l Y 3  Measurements of the amount of 

thoriated tungsten l o s t  from electrodes dur ing  welding, presumably due 

t o  volat i l izat ion,  have been reported i n  the l i t e ra ture .  

only one study, by Breslin and Harris,’ was undertaken to  determine 

actual losses of thorium and daughters. While the other two 

reportedly determined total  material loss by gravimetric means, this 

f i r s t  study involved measurement o f  losses through both gravimetric 

means and by air  sampling procedures where the alpha ac t iv i ty  contained 

w i t h i n  the fumes was extrapolated back t o  thorium and daughter ac t iv i ty  

los t .  

determined i n  t h i s  study by Breslin and Harris, was 6.0 mg/hr for  a 

However, 

The average ra te  of thorium and daughter loss d u r i n g  welding, 
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continuous welding period of 10 rnin. 

loss due t o  s t r iking,  or in i t i a t ing ,  the arc to  begin welding. 

l a t t e r  process i s  generally carried out by e i ther  touching the electrode 

t o  the work or  imposing high-frequency arc s tab i l izers  on the system to  

cause a spark to  jump from the electrode to  the 

electrode material d u r i n g  t h i s  ac t iv i ty  may exceed those encountered 

d u r i n g  the remainder of the welding process. 2 y  l8  Therefore , the frequency 

of s t a r t i n g  may influence the radionuclide loss ra te  for  a specified 

amount o f  welding. 

tha t  10 min was a reasonable estimate of the average welding time per 

arc  in i t i a t ion ,  based on informal conversations w i t h  professional 

welders, and thus, t h a t  this value of 6.0 mg/hr  migh t  be an appropriate 

value to  consider i n  estimating thorium loss d u r i n g  welding. 

This loss ra te  includes t h a t  

T h i s  

Losses of 

For the purposes of t h i s  assessment, i t  was assumed 

To estimate thorium loss rates from the other one must 

hypothesize t h a t  volat i l izat ion of thorium and daughters occurs a t  the 

same ra te  as tungsten volat i l izat ion d u r i n g  welding; a hypothesis not 

empirically s u b s t a n t i a t e d  a t  present, although suggested by data obtained 

by Breslin and Harris.’ If  this hypothesis i s  accepted, then the thorium 

and daughter loss i s  estimated t o  average about 0.8 mg/hr from these 

studies,  by assuming 2% o f  the tota 

loss and by normalizing the data t o  

in i t ia t ion .  T h i s  average loss rate  

mg/hr derived from the Breslin and I 

loss ra te  given will be radionuclide 

10-min welding periods per arc 

indicates t h a t  the value of 6.0 

3rris study could overestimate 

thorium losses from electrodes, and subsequently doses calculated, by an 

order o f  magnitude. The observed discrepancy is  addressed by calculating 

a range of potential doses i n  this assessment. 

-. 

t 
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Contaminated e lec t rodes ,  o r  those which have been e i t h e r  o x i d i z e d  

o r  contaminated w i t h  t h e  weld metal  , were es t imated  t o  re lease  thor ium 

and daughters a t  10 t imes t h e  r a t e s  assumed f o r  normal e lec t rodes ,  based 

on measurements made by B r e s l i n  and Har r i s .  Thus, l o s s  r a t e s  between 

8.0 and 60 mg/hr were es t imated  f o r  contaminated e lec t rodes  i n  t h i s  

assessment. It i s  b e l i e v e d  t h a t  contaminated e lec t rodes  may unknowingly 

be used f o r  welding, a l though i n f r e q u e n t l y ,  and i t  was assumed t h a t  t h i s  

use occur red  10% of t h e  t ime  a l l o c a t e d  t o  ac tua l  welding. 

A i rborne  concen t ra t i ons  o f  t ho r ium and daughters r e s u l t i n g  f rom 

v o l a t i l i z a t i o n  d u r i n g  we ld ing  w i l l  depend on t h e  f r a c t i o n  o f  t h e  m a t e r i a l  

l o s t  t h a t  may condense on m e t a l l i c  sur faces  present  o r  be i nc luded  i n  

t h e  mol ten  metal  weld. Al though t h e  study by B r e s l i n  and H a r r i s  i n d i c a t e d  

t h a t  t ho r ium and daughter l o s s  t o  fumes approximated the  t o t a l  g r a v i m e t r i c  

l o s s  o f  these nuc l i des ,  suggest ing complete v o l a t i l i z a t i o n ,  Urba in  18 

suggests t h a t  l e s s  than 20% o f  t h e  t o t a l  e l e c t r o d e  m a t e r i a l  l o s t  f rom 

tungs ten  e lec t rodes  i s  p resent  i n  t h e  fumes. Because f u r t h e r  da ta  

rega rd ing  v o l  at !  1 i z a t i o n  were n o t  ava i  1 ab1 e, t h e  doses c a l  c u l  a ted  here  

r e f l e c t  a range i n  assumed v o l a t i l i z a t i o n  e f f i c i e n c i e s  between 20 and 

loo%, a long w i t h  t h e  range i n  assumed tho r ium l o s s  ra tes .  

I n h a l a t i o n  o f  t h o r i a t e d  p a r t i c u l a t e s  t h a t  may become a i r b o r n e  

d u r i n g  taper ing ,  o r  t i p  g r i nd ing ,  of e lec t rodes  i s  an a d d i t i o n a l  means by 

which welders may be exposed t o  r a d i o n u c l i d e s  present  i n  these e lec t rodes .  

The magnitude of exposure w i l l  depend on the  amount o f  m a t e r i a l  l o s t  by 

g r i n d i n g  and t h e  p o r t i o n  o f  t h a t  m a t e r i a l  which becomes a i rborne .  

amount o f  m a t e r i a l  l o s t  f rom t a p e r i n g  e lec t rodes  o f  t h e  s i z e  considered 

The 



8L 



19 

.- 

I 

. 

assumed t o  use two new electrodes per week. 

few (50) heavy users may do some arc-welding i n  the i r  homes for  additional 

income, although the occurrence of  this i s  probably rare due to  h i g h  

equipment costs. 

dif ferent  welding materials i n  t he i r  profession, including thoriated- 

tungsten, pure tungsten, and carbon s teel  wire, additional assumptions 

regarding the fraction of time devoted t o  welding w i t h  thoriated- 

tungsten had t o  be made. 

occasional users were assumed to  u t i 1  ize typically thoriated-tungsten 

50% of the i r  welding time. Maximally exposed individuals, assumed t o  

comprise only 10% of each group, were assumed t o  u t i l i ze  thoriated- 

tungsten 100% of t he i r  welding time. 

and descriptions of we1 ders, i t  was estimated t h a t  approximately 25,000 

welders migh t  be involved each year i n  the use of the assumed one million 

electrodes. 

I t  was also assumed t h a t  a 

Because iner t  gas arc-welders may use a number of 

Welders i n  each group of e i ther  heavy or  

Thus, us ing  the above classif icat ions 

Persons i n  the vicini ty  of welders b u t  not actually welding may be 

exposed t o  welding fumes or  external radiation from the electrodes. 

exposure scenarios developed for  this assessment accounted for  these 

non-welders by assuming tha t  three individuals i n  addition to  the welder 

were exposed to  fumes and external r a d i a t i o n  during welding processes. 

Although gas tungsten-arc welding i s  adaptable t o  bo th  manual and 

automatic ~ p e r a t i o n , ~  i t  was assumed that  a l l  welding i s  done manually 

i n  t h i s  assessment. 

w h i c h  automatic procedures would shield welders from external exposure 

or inhalation of fumes could not be postulated on the basis of the 

1 i terature  reviewed. 

The 

This assumption was made because the extent t o  
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To calculate doses received by welders and non-welders d u r i n g  the 

use of thoriated welding electrodes, several assumptions had to  be made 

regarding the time of exposure, source distance, shielding provided, 

effect ive ventilation, and  diffusion character is t ics  of the welding 

fumes a n d  particulates generated. Values of the f i r s t  three parameters 

(time, distance, and shielding) were estimated for  heavy and occasional 

users, as well as non-welders, based on contacts made w i t h  occupational 

welders concerning daily ac t iv i t i e s .  

the values assigned t o  these parameters for  the population groups con- 

sidered. 

users were actually welding 4 hr/day for  every day of on-the-job welding 

(5 days/week for  heavy users; 1 day/week for  occasional users) ,  and t h a t  

heavy users doing welding a t  home were engaged for  4 hr/week. 

average distances from the electrodes during welding, grinding, and 

other non-welding ac t iv i t i e s  while on the j o b  or welding a t  home were 

assumed to  be 30 cm, 30 cm, and 90 cm, respectively, fo r  a l l  welders, 

and  360 cm for  a l l  ac t iv i t i e s  f o r  nearby non-welders. 

external radiation was considered t o  be provided by e i ther  polyethylene 

electrode holders, a i r ,  or the iron sides of tool boxes in which electrodes 

may be stored. 

t o  be worn a t  a l l  times during welding was estimated t o  reduce fume 

concentrations inside the helmet by a factor of 3 ,  based on measurements 

made fo r  Fep03 fumes. 

The appendix to  th i s  report provides 

Briefly, exposure times were estimated by assuming t h a t  a l l  

The 

Shielding f o r  

Shielding provided by welder's helmets which are assumed 

19 

Ventilation rates and  diffusion character is t ics  o f  the fumes gener- 

ated d u r i n g  welding will affect  the airborne concentration of thorium 

-. 

. 
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and daughters t o  which welders and non-welders may be exposed. 

replacement of contaminated a i r  w i t h  clean a i r  due t o  ventilation and 

the d i f f u s i o n  of contaminated air  away from the welder are both  processes 

which will serve to  reduce a welder's exposure t o  fumes. Plating-out of 

airborne thorium which i s  diffusing away from the welder will tend t o  

decrease the non-welders exposure, Unfortunately, the rates a t  which 

these processes are occurring are n o t  known for  a l l  types o f  welding 

situations.  Therefore, fo r  t h i s  assessment, a i r  concentrations to  which 

welders may be exposed were estimated by assuming tha t  equilibrium 

concentrations of thorium and daughters existed i n  the breathing zone of 

the welder d u r i n g  welding. 

360 cm, i t  was assumed that  only 20% of the equilibrium concentration 

remained airborne for  t he i r  exposure. These equilibrium concentrations 

were calculated by dividing the thorium release rates  discussed ea r l i e r  

by an assumed ventilation ra te  for  each workplace ( i . e . ,  the welding 

shop or the home). 

conform to  the s tandard  provided by the American National Standards 

Ins t i tu te  (ANSI), Standards Committee 249 ( re f .  20), specifying a ra te  

of 57 m3/min (2000 cfm) i n  a welder's workplace. T h i s  ventilation rate  

was assumed t o  apply to  the ent i re  workshop, such that  non-welders were 

also allowed a ra te  of 57 m /min.  Because ventilation requirements for 

welding would not be enforced i n  the home, and i t  is conceivable that  

welding done a t  home may take place i n  an enclosed portion of the dwelling, 

such as a basement or workshop, ventilation rates typical o f  an average 

The 

For non-welders, a t  an average distance of 

Ventilation rates i n  welding shops were assumed to  

3 
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8 3  dwelling were assumed. 

corresponds to  a 1000 f t  area (8-ft cei l ing)  w i t h  one a i r  change per 

hour." 

assessment. 

A ra te  of 2.3 x 10 cm / h r  was used, which 
2 

Non-welders near a welder a t  home were n o t  considered in this 

I t  i s  not c lear  whether this type o f  equilibrium estimate will lead 

to  over- o r  underestimates of exposure, since i t  may be argued t h a t  the 

actual dynamics of diffusion may e i ther  increase or decrease concentra- 

t ions of fumes i n  the welders breathing zone. A study conducted by 

Bresl in and  Harris,' where radioactive d u s t  was sampled d u r i n g  welding 

w i t h  thoriated electrodes, w i t h  f i l t e r  samples taken both i n  the breathing 

zone of welders and w i t h i n  a six-inch radius of the welding arc ,  showed 

no detectable alpha ac t iv i ty  i n  the breathing zone, b u t  up  t o  210 dpm 

Tho2 per cubic meter (or approximately 0.2 mg o f  Tho2 per cubic meter, 

assuming 1000 dpm = 1 mg i n  the vicini ty  of the arc) .  

l imits  o f  the sc in t i l l a t ion  counting done i n  this study were never less  

than 0.9 dpm/m (or approximately 9 x loe4 mg o f  Tho2 per cubic meter), 

however, and sometimes were as h i g h  a s  33 dpm/m ( o r  approximately 3 . 3  

x 

The detection 

3 

3 

mg of Tho2 per cubic meter), and therefore, a i r  concentrations of  

the magnitude estimated i n  t h i s  assessment (1.75 x 

cubic meter) may not have been detectable. 

Breslin and Harris study do not preclude the possibi l i ty  that  the air  

concentrations estimated for this assessment ex is t  i n  the breathing zone 

of the welder, b u t  do indicate t h a t  a concentration gradient ex is t s ,  

w i t h  higher concentrations being present near the arc than i n  the welders 

breathing zone. 

thorium and daughters t o  which welders or  non-welders are exposed are 

mg o f  Tho2 per 

T h u s ,  the resu l t s  of the 

I t  might be expected, therefore, that  concentrations o f  

-. 
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overestimated i n  this assessment, b u t  the magnitude of th i s  error  i s  n o t  

known,  especially in l igh t  of the uncertainty associated w i t h  the actual 

ventilation rate  which i s  provided during welding. 

3.3 Estimated Doses 

Doses for  individuals and exposed populations, including b o t h  

welders and non-welders, were estimated based on assumptions outlined i n  

Sects. 3.1 and 3.2 for  the use of one million thoriated electrodes i n  

one year. Due the uncertainties inherent in these estimations w i t h  

respect t o  the thorium loss rate and the percentage of material l o s t  

t h a t  becomes airborne (see Sect. 3.1), internal dose ranges were calculated 

and are  presented in Tables 3.1 and 3.2. Lower doses are based on an 

assumption of a thorium loss ra te  of 0.8 mg/hr and a 20% volat i l izat ion 

of material los t .  

loss ra te  of 6.0 mg/hr and 100% volat i l izat ion.  

Upper range values for dose are based on a thorium 

Individuals considered maximally exposed in each of the groups 

ident i f ied,  including bo th  heavy and occasional users and non-welders, 

were determined as follows. For heavy users, an individual who welds 4 

hr/day, 250 days/year, in a welding shop and additionally welds 4 hr/week, 

50 weeks/year, in his home using thoriated tungsten a t  a l l  times was 

considered the maximally exposed individual. 

occasional user was assumed to  weld 4 hr/day, 50 days/year, in a welding 

shop using thoriated tungsten electrodes. 

exposed individual was assumed to  be i n  the vicinity of a heavy user for  

4 hr/day, 250 days/year, d u r i n g  welding w i t h  thoriated tungsten. Typical 

dose commitments or doses given i n  Tables 3.1 and 3.2 represent the 

The maximally exposed 

For non-welders, the maximally 



Table 3.1. I n d i v i d u a l  and c o l l e c t i v e  doses and dose ranges f o r  bone received dur ing  use o f  
thor iated-tungsten welding electrodes (per  l o 6  electrodes used annual ly)  

Populat ion Maximum i n d i v i d u a l  dose ( m i l l i r e m )  Typica l  i n d i v i d u a l  dose (mi l l i rem)a  C o l l e c t i v e  dose (man-rem) 

External b External  I n t e r n a l  b External I n t e r n a l  group b I n t e r n a l  

Welders-heavy users 8. (t3. OE+02C 1.6E-01 4.4-1.6E+02 9.OE-02 5.3E+01-2.OE+03 1.1 

- w i t h  home Z.OE+Ol-l.OE+03 1.8E-01 
we1 d ing  

d d 

Welders-xcasional  l . M . O E + O l  9.1E-03 8.8E-01-3.3E+01 5.OE-03 1 .lE+014.1E+02 6.3E-02 
users 

Non-welders 2.OE+01-1.5E+02 2.6E-03 6.74.OE+01 8.7E-04 5.1E+02-3.8E+03 6.6E-02 

TOTAL 5.7E+026.2E+03 1.2 

aTypical values represent average dose received by a l l  i n d i v i d u a l s  i n  each group. 
%slue g iven represents 50-year bone dose comnitment. 
‘3.OE+02 n o t a t i o n  i s  equ iva len t  t o  3.0 x lo-’. 
dWelding a t  home cont r ibu tes  i n s i g n i f i c a n t l y  t o  c o l l e c t i v e  dose. 

N 
P 
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Table 3.2. Ind iv idua l  and c o l l e c t i v e  doses and dose ranges f o r  whole body received dur ing  use 
o f  thor ia ted- tungsten welding e lect rodes (per  l o 6  e lect rodes used annua l ly )  

Populat ion 
group 

Maximum i n d i v i d u a l  dose ( m i l l i r e m )  Typica l  i n d i v i d u a l  dose (mi l l i rem) '  
External  b External I n t e r n a l  b I n t e r n a l  

C o l l  ective-dose (man-rem) 
External  b I n t e r n a l  

Welders-heavy users 6 .8E-01c-Z. 5E+01 1.5E-01 

-w i th  home 2.4-8.8E+01 1 .7E-0 I 
weld ing 

Welders-occasional 1.3E-01-5.0 8.4E-03 
users 

Non-welders 1 . 3 4  .OE+01 2.4E-03 

TOTAL 

3.7E-01-1.4E+01 8.4E-02 

7.2E-02-2.7 4.6E-03 

5.6E-014.2 8.OE-04 

4.8-1.8E+02 1.1 

d d 

9.1E-01-3.4Et01 5.8E-02 

4.2E+01-3.2E+02 6.1E-02 

4.8E+014.3E+02 1.2 

=Typical values represent  average dose received by a l l  i n d i v i d u a l s  i n  each group. 
bValue g iven represents 50-year whole-body dose commitment. 
'6.8E-01 n o t a t i o n  i s  equiva lent  t o  6.8 x 10- . 
%e ld ing  a t  home cont r ibu tes  i n s i g n i f i c a n t l y  t o  c o l l e c t i v e  dose. 

1 
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average individual doses estimated for  each group.  Individual doses were 

based on the previously discussed assumption t h a t  90% of the welder 

populations were using thoriated tungsten only 50% of the time and t h a t  

the remaining 10% used thoriated tungsten 100% o f  the time. 

doses fo r  non-welders were adjusted t o  this l a t t e r  assumption. 

welding was not accounted for  in typical doses as i t  i s  believed to  be 

very rare.  Group doses and the total  collective doses given i n  Tables 

3.1 and 3.2 were calculated by summing individual doses estimated in 

each group. 

estimated t o  range between 2.0 x 10 

a one-year exposure. 

for  occasional welders, maximum dose ranges were estimated to  be 8.0 to  

300 and 1.6 t o  60 millirem, respectively. I t  should be emphasized that  

these values represents the 50-year dose commitment, and do not imply 

t h a t  the total  doses are received d u r i n g  the year o f  exposure. 

a maximum individual bone dose commitment range between 20 and 150 

mi 11 i rem was estimated for  non-we1 ders. 

for non-welders approached those for  welders because exposures of non-  

welders were not reduced by the use of welders' helmets. External doses 

for a l l  groups were estimated t o  be less  t h a n  one millirem. All of 

these internal dose ranges for welders may be overestimated i f  diffusion 

of fumes from the welding arc i s  slow, so as t o  reduce the a i r  concen- 

t ra t ion in the breathing zone, or i f  mechanical ventilation i s  applied 

near the arc. 

Typical 

Home 

The maximum individual bone dose commitment for  welders was 
1 3 and 1.0 x 10 millirem (1 rem) for  

For welders not engaged in welding a t  home, and 

Likewise, 

The estimated maximum values 

2 

and 6.2 x 10 man-rem t o  the bone per year of exposure to  one million 

A potential collective dose commitment ranging  between 5.7 x 10 
3 
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electrodes was estimated. Both internal and external bone doses are 

included i n  t h i s  range. Collective whole-body dose commitments were 

calculated t o  range between 4.8 x 10 t o  5.3 x 10 man-rem. These 

ranges represent the collective dose commitment received by an assumed 

1 2 

5 1.0  x 10 

million thoriated welding electrodes each year. 

individuals involved direct ly  or indirectly in the use of one 

4. DISPOSAL 

Radiation exposures and doses may resul t  from various methods 

commonly employed t o  dispose of nonregulated consumer products containing 

radioactive materials, such as thoriated welding electrodes. 

t o  assess the potential doses received by members of the general U.S. 

population from such disposal, i t  i s  necessary t o  consider the implications 

of each disposal method employed on dispersal of discarded radioactive 

material, as well as the number o f  individuals potentially exposed to  

the radioactive material. 

In order 

For this assessment o f  thoriated electrodes, two methods of disposal 

were considered probable means by which one million electrodes may be 

disposed o f  each year. These methods were selected on the basis o f  a 

documented review of industrial solid waste disposal practices in the 

United States.’* This review indicated t h a t  ultimate disposal of over 

80% of industrial solid waste occurred via incineration or transport t o  

dumping grounds, a n d  t h a t  these two methods were uti l ized w i t h  an 

approximately equal probability. 

assumed t h a t  50% o f  the discarded electrodes (5  x 10 ) are disposed of 

by incineration, while the remaining 50% are transported t o  dumps. 

T h u s ,  for  t h i s  assessment, i t  was 
5 
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Salvage or recycle of used electrodes was considered negligible i n  l i gh t  

of the d i f f icu l ty  in remelting tungsten (melting point = 3400°C), and 

thus, the economic disadvantage t o  salvaging the scrap. 

Radiological exposure t o  thorium and daughters as a resu l t  of 

disposal o f  thoriated electrodes may occur as a resul t  of volat i l izat ion 

o f  the radionuclides during incineration, or  release of thoron from 

dumping areas receiving used electrodes. Direct external exposure to  

radiations from discarded electrodes will probably be insignificant 

since the maximum energy of gamma or  bremsstrahlung radiation produced 

in the decay chain i s  2.26 MeV, w i t h  an average energy much lower. 

a t  this higher energy, one could expect the radiation intensi ty  t o  be 

decreased t o  less  than 10% o f  the original intensi ty  a t  a distance of 

500 m (approximately 1/3 mile), assuming t h a t  a i r  i s  the sole attenuating 

medium, an unlikely occurrence i n  an actively used solid waste disposal 

area. In addition, i t  i s  n o t  expected tha t  an i n d i v i d u a l  would remain 

a t  a distance less  than 500 m from a designated dumping area for  a 

suf f ic ien t  length of time to  receive s ignif icant  exposure or  dose. 

Even 

Volatilization of thorium and daughters may occur d u r i n g  incineration 

t o  an extent dependent on the temperatures to which the thoriated 

electrodes are  exposed, the length of the exposure period, the evaporation 

ra te  of the compounds present, and the chemical conversion processes 

catalyzed by the heat. 

i n  the tungsten electrodes are present i n  concentrations much smal l e r  

than tha t  of tungsten atoms, the degree o f  volat i l izat ion o f  tungsten 

Furthermore, because the radionuclides contained 

.. 

. 
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compounds may greatly influence the release of these nuclides from the 

electrodes. For th i s  assessment, i t  i s  assumed t h a t  complete volat i l iza-  

t i o n  of tungsten, and a l l  radionuclides present, occurs during incinera- 

t i o n .  This assumption was based on documented information concerning the 

ra te  of oxidation of tungsten and subsequent evaporation of the tungsten 

oxide which i s  producedYz3 indicating t h a t  , a t  maximum temperatures 

achieved during incineration (1316-1649°C) ,24 complete volat i l izat ion 

may occur. This assumption of complete volati l ization represents the 

upper l imit  of what may occur during incineration, and  i t  i s  realized 

t h a t  the thoriated tungsten may n o t  reach these maximum temperatures for  

a suff ic ient  length of time, and t h a t  the various compounds formed which 

contain the radionuclides may n o t  be as readily volat i le  a t  these 

temperatures. 

The release of thoron from dumping areas was estimated in a manner 

identical t o  t h a t  described in Sect. 2 of t h i s  report. T h a t  i s ,  i t  was 

assumed t h a t  a l l  thoron produced in the rods being disposed of by dumping 

during a year i s  released t o  the atmosphere from each dumping area. 

Again,  i t  i s  bel eved t h a t  this will represent an upper l imit  of the 

aerosol source s rength, since gas diffusion rates i n  compact materials 

such as electrodes will l ikely decrease the ultimate emanation of thoron .  

Instead, the thorium daughters would probably buildup in the s o i l ,  t o  be 

buried a t  the time of disposal area decommissioning. 

The source strength, or total  radioactivity released from each dis- 

posal s i t e ,  was f ina l ly  estimated by making assumptions regarding the 

amount of thoriated tungsten annually disposed of a t  each s i t e .  I t  was 
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assumed t h a t  disposal s i t e s ,  o r  100 incinerators plus 100 dumping areas, 

across the country each received 5000 discarded electrodes per year for 

th i s  assessment, such tha t  one million electrodes are accounted for.  

The amount of thorium and daughters contained in 5000 rods was estimated 

by subtracting the total  amount assumed los t  d u r i n g  welding (see Sect. 3 )  

from the amount originally present following manufacture. 

Diffusion of  airborne radionuclides and the i r  deposition on so i l  

and vegetation were estimated through imp1 ementation of a recently 

developed computer code, AIRDOS-EPA,25 using annual average meteorological 

data obtained from 18 s ta t ions across the United States. 

and inhalation pathways are considered i n  t h i s  code, such t h a t  doses 

from thorium and daughters released from disposal s i t e s  may be estimated 

from exposures t o  contaminated a i r  and food. 

B o t h  ingestion 

The population distribution assumed to  ex is t  around each d isposa l  

s i t e  i n  t h i s  assessment was identical t o  that  developed for  an assess- 

ment of population dose received from the Liquid Metal Fast Breeder 

Reactor Program. 26 The total  coll ec t i  ve dose cal cul ated was a1 so based 

on the assumption t h a t  f o r  each of  the 200 disposal areas, 0.5% of the 

to ta l  U.S. population (or  approximately one million individuals) was 

residing w i t h i n  the 72-km (45-mile) radius encompassed by the AIRDOS-EPA 

model considerations. This implies, then, that  each individual i n  the 

United States i s  assumed to  be exposed to  airborne and deposited radio- 

nuclides from one type o f  disposal s i t e  considered i n  t h i s  assessment. 

I t  is  believed that  t h i s  l a t t e r  assumption will lead to  fur ther  over- 

estimation of the collective dose due to  disposal, since i t  is  unlikely 
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rema 

year 

diet 

that the entire population will reside within 72 km of a site at which 

5000 thoriated electrodes are disposed of each year. 

not deemed necessary to pursue the development of more realistic scenarios 

in light of the negligible doses [<l millirem) calculated for this 

pathway . 

However, it was 

The collective doses calculated for an estimated U.S. population of 

218 million were as follows. 

sequent thoron releases, the dose from inhalation of thoron and daughters 

was estimated to be 2.6 man-rem t o  the lung (5.2 x lo-' man-rem to whole 

body) , and from ingestion of contaminated foodstuffs, was estimated to 
be 1.9 x 

body). 

thorium and daughters was estimated to be 3 . 3  x 10 man-rem to the bone 

(1.0 man-rem to whole body), and from ingestion of contaminated foodstuff, 

was estimated to be 1.9 x 10 man-rem to the bone (7.1 man-rem to whole 

body). 

Due to disposal in dumping areas and sub- 

man-rem per year to the bone (1.4 x lom5 man-rem to whole 
Due to incineration, the dose from inhalation of all volatilized 

1 

2 

Doses to bone or lung are critical organ doses. 

this assessment, to 

te for an entire 

the individual's 

The inhalation dose 

a dumping area was 

thus calculated to be 1.7 x lomL millirem t o  the lung (3.4 x 

millirem t o  whole body), and the ingestion dose was estimated to be 9.4 

x 

thoron ana daughters. For the maximally exposed individual at 1000 m 

from an incinerator, the dose commitments were calculated t o  be 2.8 x 

lo-* millirem to the bone (8.8 x 

millirem to the bone (6.4 x millirem to whole body) due to 

millirem to whole body) for 

Maximally exposed individuals were assumed, in 

n at a distance of 1000 m from each disposal s 

Ingestion doses were estimated assuming that 

consisted of only locally produced foodstuffs. 

for the maximally exposed individual at 1000 m from 
n 
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inhalation, and 1 . 6  x 10-1 millirem to  the bone (6.0 x 

whole body) for ingestion. 

millirem t o  

Conservative values were generally chosen t o  estimate doses poten- 

t i a l l y  received as a resul t  of disposal of one million thoriated electrodes 

annually, and  thus, the values given here probably overestimate the 

actual doses. Nevertheless, i t  has been estimated t h a t  a n  individual 

could conceivably receive a 50-year dose commitment as high as 1.9 x 10-1 

millirem to the bone as a resul t  of disposal of one million electrodes 

during one year, a n d  t h a t  the total  collective dose may be approximately 
1 2 3.3 x 10 man-rem ( t o  the bone) due t o  inhalation and 1 .9  x 10 man-rem 

( t o  the bone) due t o  ingestion of contaminated foodstuffs. 

collective whole-body dose commitments of 1 .O man-rem due to  inhalation 

and 7.1 man-rem due t o  ingestion were also calculated. 

Corresponding 

5. DOSES UNDER ABNORMAL CIRCUMSTANCES 

I t  i s  conceivable t h a t  inhalation exposure to  thorium and daughters 

may occur as a resu l t  of volat i l izat ion of the radionuclides d u r i n g  a 

warehouse, workshop, o r  home f i r e .  

remaining in an unaffected area o f  the structure prior t o  evacuation, o r  

those i n  the vicinity of the structure as  smoke and fumes are released. 

The extent o f  volat i l izat ion will depend on the temperatures achieved i n  

such f i r e s ,  as well as the t me t h r o u g h  which the various temperatures 

are  maintained. 

Individuals migh t  include those 

Because the number of electrodes present i n  any one warehouse, 

welding shop, or  home i s  n o t  expected t o  exceed 5000, which i s  equal t o  

the number assumed t o  be incinerated a t  a disposal s i t e ,  i t  can be 
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.. 
postulated t h a t  

outside, b u t  i n  

maximum exposed individual and collective doses for those 

the vicini ty ,  of a b u r n i n g  structure would be approximately 

equal t o  those calculated i n  Sect. 4 of this report. T h a t  i s ,  one would 

not expect individual bone dose commitments t o  exceed 1.6 x 10-1 mil l i -  

rem, nor  collective dose commitments t o  exceed 1.9 man-rem for any one 

warehouse, assuming complete volat i l izat ion of thorium and daughters. 

This l a t t e r  assumption of complete volat i l izat ion,  however, i s  probably 

overestimating w h a t  would actually occur since i t  would not be expected 

t h a t  the temperatures of f i r e s  in a warehouse would approach those 

attained i n  incinerators (165QOC). 

If a small f i r e  occurred near the electrodes, such t h a t  individuals 

m i g h t  remain i n  an unaffected portion of the warehouse for a period of 

time before evacuation, potential doses received from volatl l ized radio- 

nuclides would be highly variable depending on the temperatures reached 

near electrodes, and the turbulence caused by the f i r e  w i t h i n  the ware- 

house. Because the melting points of many of the nuclides i n  the tho r ium 

chain are  h i g h  enough to  preclude complete volat i l izat ion a t  temperatures 

i n i t i a l l y  obtained i n  a small f i r e ,  and because evacuation of a warehouse 

would probably occur before s ignif icant  volat i l izat ion o f  these nuclides 

could occur9 i t  i s  believed t h a t  doses t o  i n d i v i d u a l s  present i n  a ware- 

house d u r i n g  the beg inn ing  of a f i r e  would n o t  be significant.  

An additional circumstance of exposure t h a t  would not be expected 

t o  be a normal occurrence is  the practice of carrying extra electrodes 

in a pocket of a workshirt. In doing so, the direct  exposure o f  welders 

t o  the radioactive materials contained i n  the electrodes may be enhanced 
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over exposures result ing from storage of extra electrodes in the welder's 

toolbox. 

since sharpened electrodes would readily tear  holes i n  the cloth of the 

pocket, and unsharpened electrodes, from 7.62 t o  60.96 cm i n  length (3  

t o  24 inches) would l ikely be a nuisance when carried in the pocket. 

Nevertheless, the external dose t o  an individual carrying three 15.24 cm 

long electrodes i n  a chest pocket for  8 hr/day, 250 days/year, was 

estimated t o  be 3.5 millirem t o  the maximally exposed point on the skin. 

T h i s  estimate neglects shielding provided by cloth under the pocket, b u t  

accounts for  self-absorption provided by the tungsten i n  the electrode. 

I t  i s  doubtful t h a t  this practice would be engaged in normally 
1. 
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Table A.l Tabular l i s t i n g  o f  exposure parameters used i n  t h e  dose calculations 
***e* D E F I N I T I C l Y S  AND OIHENS?ONS OF V A R I A B L E  NAMES ***** 

DESCRIPTORS 4 R E  G I V E N  FOR: 
THE R E C Y C L I W  PQOCEDU4E ( I N  THE TAPLE T I T L E S 1  
TliE EXPnSEO GR@UP CF PERSONS - 9 Y  JOB T I T L E  ( A S  CEYTERED H E A O I N G S I  
THE STEDS Pn\fORMEr) BY THE GRlWP MEMBERS I N  CARRYIYG P U T  THE PRDCEDURE (LEFT-H4ND E N T Q I E S  W I T H  NO 4 S S n t I A T F D  P 4 R 4 V E T F Q S I v  4 Y O  
THE EXDOSURE ACTIONS I N V O L V E 0  I N  CARRYING n U T  EACH STEP BY THE INOTCATED GROUP OF PERSOYS. 

NM = YUMBER OF P E R S W S  I N  A GROUP 
F V P R m  = D R O B A B I L I T Y  THAT ALL GROUP Y E Y W P S  WILL B E  I Y V O L V E D  IN THE FXPClSURE EVENT 
9 
COYC 
T I Y Y  
T I M M  
4MT 
TDIR 
SI 

S M  

SDEN 
z 
QUAY 

VGHT 

Q I S T  
4 M  
ADEN 
TA 

a AD 

= E F F E C T I V E  R3DIcJS ( C H I  O f  THE CONTAMINATED A I 9  V3LUME 
= CONCENTQATION ( G I C U  CMI OF SOURCE M A T E R I A L  I N  THE C 3 N T A ~ I N A T F O  A I R  SPACE 
= DURATION ( H R I V E A R )  O F  RRFATHING C O N T I W I N A T E 0  A I R  
= DURATTON ( H R I Y E A R )  I N  CONTAMTNATED A I 9  
= QUANTTTY ( G I Y E A R I  O f  SOURCE H A T E R I N  INGESTED 
= n U R b T I O N  [ H Q I Y E f i R I  OF EXPOSUQE TO EXTERNAL SOURCE 

S W R C E  GEOMETRV I N D E X  W M B E R *  AS FDLL'3WS: 
SI SOURCE GEOMETRY -- --------------_--- 
1 P O I N T  SnURCE W I  nQ WID EXTERYAL S H I E L D I Y G  
2 L I N E  SnURCE (ON PERPENDTCIJLAR B I S E C T 0 9 1  W I  09 W I D  EXTERNAL S H I E L D I N G  
5 DISK S W R C E  ( O N  A X I S )  W I  OR W I O  FXTERNAL S H I E L O I Y G  
4 C Y L I N D R I C A L  SURFACE SOURCE ( r )W ~ERPENOTCULAP.  B ISECTOR nF AX1 SI W I O  EXTERYAL SHYELFING 
5 S E M I - I N F I N I T E I  H O M O G E N I ~ U S  Vr)LUYF SOURCE W /  OR W I O  EXTERNAL S H I E L @ I V G  
6 I N F I N I T E ,  HOMOGENIOUS SLAB SOUQCF W /  09 W/O EXTERNAL S H I E L O I W ,  
7 C Y L I N D Q I C A L ~  HOnOGENInUS VOLUME SOURCE (NON-ABSORBINGI ON 4 x 1 s )  W I O  EXTFRYAL S Y I E L D I V G  
8 CYLINDRTCAL. Hf7MOGEYIOUS VnLUMF SOURCE (SELF-ASSnPBING* nN PEQPENOICULAR 6 T S E C T f l R  OF & X I S 1  W I  H I 1  FYTFQYbL S H I F C P  
9 SPHERICAL*  HOWCGENIOUS VOLUME SOURCE (YON-ABSORBING) W I O  EXTEOYAL SHTELOIYG 
LO SPHERICALI HOYOGENIOUS V M U Y E  SPURCE (SELF-  ABSORBING) W I  ClR W I O  EXTERNAL ZHI  F L D I N G  
11 C Y L I N O R I C A L ~  HOMOGFNICRJS VnLUME SOURCE f SELF-ABSORBING* ON A X I S 1  W I  OR WI7 EXTEQNAC S H I E L D I N G  

SOURCE M A T E R I A L  INDEX WMBERv 45 FOLLOWS: 
0 = YOU HAVE NAMED Y W R  OWN 7 = WATEQ 
1 = ALUMINUM 8 = CONCQETE 
2 = I R O N  9 = L U C I T E  
3 = COPPER 10 = POLYETHELENE 
4 = TUNGSTCN 11 = GLASS ( P Y R E X I  
5 = L E A D  12 = WOOD ( C E L L U L O S E 1  
6 = URANIUY 13 = A I R  

= DENSIW ( G I C U  CM) OF THE SOURCE Y A T F R I A L  
= 3 T O M l C  NUMBER OF SOURCE MATERIAL 
= TOTAL Y E I G H T  (6) OF SOURCE MATERIAL I N  A P O I N T  S9URCE 
= WEIGHT/LENGTH ( G I C M l  IN A L I N E  SOURCF 
= YEIGHT/AREA ( G I S O  CM)  I N  A SURFACE SOUCCE 
= WEIGHTIVOLUME G I C U  CMt I N  A VOLUME SOURCE - LENGTH OR HEIGHT ( C H I  OF THE SnURCE 
= R A D I U S  fCM) W F  THE SWRCE 
= DISTAMCE (CM) BETWEEN CENTROID OF S W R C E  AND EXPOSED PERSON 
= ABSORBER MATERIkL INDEX (SEE SMI 
= D E N S I T Y  ( G I C U  C H I  OF 4BSr)RBINC MATER1AL 
= THICKNESS ( C * I  9F ABSORBING MATERIAL 

P 
G) 



T a b l e  A.2 Exposure  p a r a m e t e r s  for d i s t r i b u t i o n  

.LfUL-I 
UW-LOCAL W S C  
*miU?-m 
*YI*QC-20 
.LIUL-20 
u-s ma-5 

UPS ma-20 

*rnil*-r 

*miw-zo 

l@UCU TRINSPOIT 
10.00c 001 

*l.OE 00 120 0.0 0.0 0.0 0.0 *.>E 00 I1 4 19.3 14 3.4E-01 15.2 1.2 3 1  12 0.7 0.3 
*1.01 00 120 7.5E-20 2.bE 01 0.0 0.0 2.6f 01 11 4 19.3 74 3.4f-01 15.2 2.7 91 I 1  0.7 0.3 
*1.01 00 110 *.BE-10 2.5f 01 0.0 0.0 2.5E 01  11 4 19 .Y  I4 3.4E-01 16.2 2.4 181 12  0.7 0.9 
*I.OE 00 120 0.0 0.0 0.0 0.0 1-78 01 11 4 19.3 74 L4E-91 15 .2  1.2 3 1  12 0.7 0.3 
*1.01 00 120 LO€-19 2.bE 01  0.0 0.0 2.bE 01 11 4 19.3 74 3.1E-01 lb .2  2.4 91 I2 0.1 0.9 
11.bOE 011 
*I.OC 00 120 2.5E-20 5.08 00 0.0 0 .0  5.W 00 I1 4 19.3 74 3.4E-01 15.2 2.7 181 I 2  0. i  P.3 
*I.Ot 00 120 0.0 0.0 0.0 0.0 8.98-01 11 4 19.3 14 )..E-31 15.2 1.2 31 12  0.7 0.5 
*I.OC 00 120 7.51-20 5.lE 00 0.0 0.0 5.1F 00 11 4 19.3 I 4  L4E-01 15.2 2.7 91 I 2  0.7 0.3 
14.OOE 011 
*I.OC 00 250'0.0 0.0 0.0 0.0 5.OE 00 11 4 19.5 74 3.4F-91 15.2 2.7 826 I 2.7 0.4 

12 0.1 0.3 
14.001 011 
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13.bOE 011 
*I.OE 00 I80 8.2E-23 I.)€-01 0.0 0.0 7.5F-01 11 4 19.3 I4 3.W-01 15.2 2.7 Y36 I2 0.1 0.3 
*l.OE 00 180 0.0 0.0 0.0 0.0 1.1E-01 I1 4 19.3 I4 3.4E-01 15 .1  1.2 31 12 0 . T  0.1 
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I3.bOE 011 
mI.01 00 180 3.W-22 I.)€-01 0.0 0.0 I.%-01 11 4 19.5 74 5.W-01 Tb.2 2.4 33b I 2  O.T 0.9 
*l.OF 00 I80 0.0 0.0 0.0 0.0 b - b t - 0 1  I1 4 19.3 74 ).*E-01 15.2 1.2 31 12 0.7 0.3 
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11.28€ 031 
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11.28E 031 
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14.001 001 
*I.OE 00 boo 0.0 0.0 0.0 
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* l . O E  00 600 
13.92E 021 
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0 
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