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SUMMARY 

The r e p o r t  summarizes p resen t  i n f o r m a t i o n  on t h e  atmospheric r e a c t i o n s  

o f  t r i t i u m .  The g loba l  d i s t r i b u t i o n  o f  hydrogen and of water a r e  f i r s t  

considered. Data on t r i t i u m  d i s t r i b u t i o n  a r e  then  compared and, f i n a l l y ,  

known r e a c t i o n s  which may conve r t  t r i t i a t e d  hydrogen-conta in ing molecules 

a r e  discussed. 

Approximately 99% o f  t h e  w o r l d ' s  i n v e n t o r y  o f  t r i t i u m  e x i s t s  as HTO. 

Al though most o f  i t  i s  i n  t h e  ocean, a  s i g n i f i c a n t  p o r t i o n  s t i l l  r e s i d e s  

i n  t h e  s t ra tosphere .  However, i n  t h e  troposphere, which i s  t h e  p r imary  

concern o f  t h i s  rev iew,  most of t h e  t r i t i u m  i s  i n  t h e  form o f  HT, a  sma l l e r  

amount as HTO, and a  much sma l l e r  b u t  s t i l l  s i g n i f i c a n t  amount as CH3T. 

Fu r the r ,  t he  t r i t i um- to -hyd rogen  r a t i o  i n  t h e  t roposphere i s  h i ghe r  i n  

hydrogen and i n  methane than i t  i s  i n  water  vapor.  

The format ion of HTO by exchange o f  HT o r  T2 w i t h  water o r  by d i r e c t  

o x i d a t i o n  w i t h  oxygen, i n  t h e  absence o f  c a t a l y s t s ,  i s  ext remely  s low a t  

concen t ra t ions  i n  t h e  atmosphere t h a t  m igh t  e x i s t  a  few minutes a f t e r  a  

t r i t i u m  re1  ease. Photochemical o x i d a t i o n  may be t h e  predominant convers ion  

mechanism and over l a r g e r  per iods  o f  t ime  may combine w i t h  b a c t e r i a l  a c t i o n  

t o  serve as t h e  p r i n c i p a l  pathways of convers ion  o f  HT ( o r  T2) and CH3T t o  

HTO o r  o t h e r  more r e a c t i v e  forms o f  t r i t i u m .  The n e t  convers ion  r a t e  f o l l o w -  

i n g  a  t r i t i u m  re l ease  t o  t h e  atmosphere would be expected t o  be l e s s  than  1% 

i n  24 h r .  T h i s  g r e a t l y  lowers t h e  immediate hazard o f  t r i t i u m  re leases  over  

t h a t  based on t h e  o f t e n  used assumption t h a t  a l l  re leases  soon become HTO. 

However, i t  does r a i s e  t he  ques t ion  o f  a p o s s i b l e  bu i l d -up  of atmospheric 

HT and CH3T i n  a f u s i o n  power economy which cou ld  u t i  1  i z e  two o r  t h r e e  

orders o f  magnitude nlore t r i t i u m  than t h e  n a t u r a l  l e v e l .  

The s i g n i f i c a n c e  o f  t he  r e l a t i v e l y  h i g h  t r i t i u m  con ten t  i n  atmospheric 

methane needs eva lua t i on .  Mon i t o r i ng  o f  CH3T has been l a r g e l y  neg lec ted  

i n  t h e  past .  

Considerable u n c e r t a i n t y  e x i s t s  i n  some o f  t he  da ta  on which these con- 

c l us i ons  a r e  based and recommendations a r e  made f o r  f u r t h e r  work. 
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THE CONVERSION OF TRITIATED HYDROGEN 

TO WATER I N  THE ATMOSPHERE 

INTRODUCTION 

The r a d i o a c t i v e  i s o t o p e  o f  hydrogen ( t r i  t i ~ m - ~ ~  o r  T)  occurs n a t u r a l  l y  

i n  t h e  atmosphere as a p roduc t  o f  cosmic r a d i a t i o n  and, perhaps t o  a  smal l  

ex ten t ,  o f  s o l a r  f l u x e s .  Be fo re  man-made t r i t i u m  was in t roduced,  i t s  p ro -  

d u c t i o n  r a t e  and decay h a l f - l i f e  (tl,2) o f  12.3 y r  mainta ined an e q u i l i b r i u m  

wo r l d  i n v e n t o r y  o f  about  1.1 x  l o 8  C i  (11 kg) ,  90% o f  which was i n  t h e  

oceans as HTO. 

T r i t i u m  i s  a l s o  produced i n  t h e  nuc lea r  i n d u s t r y  by f i s s i o n  and by 

neu t ron  r e a c t i o n  w i t h  l i g h t  atoms. The c o n t r i b u t i o n  f rom power r e a c t o r s  

w i l l  equal t h e  n a t u r a l  i n v e n t o r y  by 1990 o r  2000, perhaps l e v e l i n g  o f f  a t  

a  f a c t o r  o f  two o r  t h r e e  t imes  g r e a t e r  by t h e  y e a r  2010 o r  2020 (Jacobs, 

1968; Burger, 1976). Thermal weapons t e s t i n g  has dumped a huge amount of 
9  t r i t i u m  i n t o  t h e  r e s e r v o i r ,  est imated by E r i  ksson (1965) a t  1.7 x  10 C i  

th rough  1962. A l though most o f  t h i s  has been t r a n s f e r r e d  t o  t h e  oceans, 

t h e  n e t  e f f e c t  i s  t h a t  t r i t i u m  l e v e l s  throughout  t h e  wor ld  a r e  an o rde r  o f  

magnitude g r e a t e r  than  be fo re  weapons t e s t i n g  began. Even so, t r i t i u m  i s  

n o t  cons idered a hazard a t  t h e  p resen t  t ime.  I n  s p i t e  o f  t h e  ease o f  t r a n s -  

f e r  o f  t r i t i u m  t o  b i o l o g i c a l l y  impo r tan t  compounds, t h e  h a l f - l i f e  i n  l i f e  

systems i s  s h o r t  (%9 days i n  man). Fu r the r ,  t h e r e  appears t o  be no evidence 

o f  any s p e c i f i c  DNA e f f e c t ,  and t h e  maximum r e l a t i v e  b i o l o g i c a l  e f f e c t  (RBE) 

i s  taken as 2, and i n  f a c t  may be sma l l e r  (Young, 1975; Hansborough and 

Draper, 1973).  However, t h e r e  a re  e f f o r t s  t o  lower  t h e  acceptable 1 i m i  t i n g  

concen t ra t i ons  and t h e  p resen t  r e g u l a t i o n s  which p e r m i t  environmental  

d i spe rsa l  o f  t r i t i u m  may be changed (USEPA, 1975). 

The development of fus ion  power p laces  t r i t i u m  i n  a  d i f f e r e n t  l i g h t .  

The 1000 MWth conceptual  fus ion  r e a c t o r  of Hansborough and Draper w i l l  

have an i n v e n t o r y  o f  3.2 kg o f  t r i t i u m  and w i l l  consume about  0.15 kg o r  
6 1.5 x  10 C i l day .  I t w i l l  breed about  10% more t han  i t  burns. T rans la ted  



t o  c u r i e s  produced per  GWe-yr, t h i s  i s  compared t o  t r i t i u m  p roduc t i on  i n  

o t h e r  r e a c t o r s  i n  Table 1. Conversion e f f i c i ency  o f  0.4 i s  assumed f o r  

t h e  f u s i o n  r e a c t o r ,  LMFBR, and HTGR, and 0.3 f o r  t h e  LWRs. Thus, t h e  
6 management o f  >10 Ci/day through t h e  complex c y c l e  o f  t h e  f u s i o n  power 

r e a c t o r  may w e l l  be one o f  t h e  more d i f f i c u l t  problems. 

TABLE 1.  T r i t i u m  Produc t ion  i n  Nuclear Reactors, 
C i  /GWe-yr 

BWR 2.5 l o 4  
PWR 2.7 l o 4  
LMFBR 3.4 l o 4  
HTGR 2.4 l o 4  
HWR 6.0 l o 5  
Fusion Reactor 1.4 l o 9  

Most o f  t h e  g l o b a l  t r a n s p o r t  s t u d i e s  o f  t r i t i u m  and n e a r l y  a l l  t h e  

environmental  s t ud ies  have been concerned w i t h  HTO. I n  f a c t ,  t h e  assump- 

t i o n  i s  n e a r l y  always made t h a t  i f  HT o r  T2 i s  re leased,  i t  i s  r a p i d l y  

conver ted t o  HTO. The s t r e n g t h  o f  t h i s  assumption i s  ve ry  doub t fu l  and, 

i n  f a c t ,  t h e  bas ic  chemis t ry  o f  hydrogen would p r e d i c t  t h e  oppos i te .  Th i s  

i s  c l e a r l y  an impo r tan t  ques t i on  s i nce  t h e  b i o l o g i c a l  e f f ec t i veness  o f  

t r i t i u m  -in i t s  e lementa l  form i s  some 200 t imes l e s s  than as HTO, and 

s i nce  T2 i s  p robab ly  t he  most l i k e l y  r e l ease  form. I f  t h e  convers ion  

t ime  i s  > > t  112' then  t h e r e  a r e  two aspects  t h a t  may be cons idered:  1 ) t h e  

hazard i s  lower  because o f  t h e  r e l a t i v e  b i o l o g i c a l  i n e r t n e s s  o f  HT compared 

t o  HTO, and 2 )  t h e  ocean i s  n o t  t h e  e f f e c t i v e  s i n k  f o r  HT t h a t  i t  i s  f o r  

HTO; thus, v e r y  l a r g e  re l eases  of t r i t i u m  gas cou ld  app rec iab l y  r a i s e  t h e  

atmospheric r a d i o a c t i v i t y .  

Many a v a i l a b l e  rev iews cons ider  t r i t i u m  technology and problems. The 
f i r s t  comprehensive t rea tment  i s  t h a t  o f  Jacobs (1968). Others have been 
c i t e d  i n  a r e c e n t  s h o r t e r  sumnary by t h e  au tho r  (Burger, 1972).  The 1971 



T r i t i u m  Symposium a t  Las Vegas covered a wide c r o s s - s e c t i o n  o f  t r i t i u m  

t o p i c s  (Moghissi  , 1973).  Wi th  r ega rd  t o  t h e  f u s i o n  r e a c t o r ,  t h e  exce l  l e n t  

work o f  Hansborough and Draper (1973) must be c i t e d .  E a r l i e r  papers which 

surveyed t r i t i u m  problems i n  f u s i o n  r e a c t o r s  i n c l u d e  those  by Watson (1972) 

and Hickman (1972).  More r e c e n t l y  t r i t i u m  techno logy  as r e l a t e d  t o  f u s i o n  

was rev iewed a t  Symposia h e l d  a t  t h e  Mound Labo ra to r i es  i n  1974 (Smith, 

1975) and a t  Gat1 i nbu rg  i n  1975 (Watson, 1976).  The t r i t i u ~ i i  hazard problem 

f rom a l a r g e  f u s i o n  power p l a n t  i s  reviewed i n  a LASL-ANL env i ronmenta l  

impact  s tudy  (Dra ley,  1975).  Fu r t he r  genera l  i n f o r m a t i o n  can be found i n  

a f u s i o n  r e a c t o r  i n f o r m a t i o n  requi rements  s tudy  by Young e t  a1 . (1975).  

The purpose of  t h i s  s tudy  i s  t o  r ev i ew  and assess t h e  i n f o r m a t i o n  

a v a i l a b l e  on r e a c t i o n s  of t r i t i u m  i n  t h e  atmosphere. S ince f u s i o n  r e a c t o r s  

err~ploy t r i t i u m  i n  e lementa l  form t h e  bas i c  q u e s t i o n  i s  t h e  r a t e  o f  ox i da -  

t i o n  t o  water  o r  exchange w i t h  wa te r .  Other  r e a c t i o n s  w i l l  be cons idered  

as w e l l  as o t h e r  t r i t i u m - c o n t a i n i n g  molecu les.  



DISTRIBUTION OF HYDROGEN 

Before cons ide r i ng  t h e  r e a c t i o n s  o f  t r i t i u m ,  i t  i s  impo r tan t  t o  con- 

s i d e r  t h e  g l o b a l  d i s t r i b u t i o n  o f  t r i t i u m  and hydrogen. Table 2 shows t h e  

d i s t r i b u t i o n  o f  water  throughout  t h e  wor ld .  The annual t u rnove r  o f  wa te r  

i s  about 3.5 x  1014 m3, o f  which about  3.4 x  1013 m3 rep resen ts  water  

r e tu rned  t o  t h e  oceans by r i v e r s .  Thus, approx imate ly  2 t o  3% o f  t h e  

w o r l d ' s  wa te r  i s  i n  c i r c u l a t i o n  w i t h i n  a  t i ~ i i e  frame s i g n i f i c a n t  w i t h  

r espec t  t o  t h e  h a l f - l i f e  o f  t r i t i u m  (12.3 y r ) .  The g r e a t  bu l k  o f  t h e  

water  l i e s  below t h e  thermoc l ine  and i s  e f f e c t i v e l y  f i x e d  f o r  thousands o f  

years.  

Most o f  t h e  wate r  i n  t h e  atmosphere e x i s t s  i n  t h e  t roposphere.  As 

w i l l  be seen, however, t h e  s t r a tosphe re  a l s o  p l ays  an impo r tan t  r o l e  i n  

t h e  t r i t i u m  d i s t r i b u t i o n .  Table 2  l i s t s  t h e  water  i n v e n t o r y  and d i s t r i b u -  

t i o n .  The amount l i s t e d  f o r  t h e  s t r a tosphe re  i s  computed on t h e  b a s i s  

t h a t  t h e  wate r  c o n c e n t r a t i o n  i s  about 3  volume p a r t s  per  m i l l i on  (vppm) and 

t h a t  t h e  p ressure  equals  1 /4  atmosphere a t  t h e  tropopause. The va lue  f o r  

t h e  s t r a tosphe re  may be low, s i n c e  many measurements i n d i c a t e  an i n c r e a s i n g  

H20 con ten t  w i t h  i n c r e a s i n g  a l t i t u d e  i n  t h e  s t r a tosphe re  (Machta, 1971 ; 

Brown, 1961 ) . 

TABLE 2. D i s t r i b u t i o n  o f  

Oceans 

Lakes 

Rivers 

I c e  Caps 

Soi l  Moisture 

Lower Ground Water Table 

Atmosphere below 11 km 

Atmosphere above 11 km 

Exchangea~ I e Fixed 

top 100 III,'~) 3 .6  x 1016 Tota l  ocean - 1.3 x lo1* 

(a)  Data from Franks (1972).  
(b) Mixing t ime < t1 /2  3 ~ .  The t h e m c l  i n e  var ies  f r a n  50 t o  200 m; 

a r b i t r a r i l y  se t  a t  100 m f o r  t h i s  ca lcu la t ion .  
(c) See t e x t .  



The hydrogen d i s t r i b u t i o n  i s  q u i t e  d i f f e r e n t ,  and i t s  behav io r  i n  t h e  

atmosphere i s  more c o n t r o v e r s i a l .  The atmospher ic c o n c e n t r a t i o n  i s  no r -  

m a l l y  p laced  a t  about 0.5 vppm. The most r e c e n t  measurements (Ehha l t ,  

1975) up t o  30 km i n d i c a t e  t h a t  t h e  volume m i x i n g  r a t i o  i s  f a i r l y  cons tan t  

a t  about  t h a t  va l ue  b u t  i n c r e a s i n g  ve ry  s l i g h t l y  as t he  t ropopause i s  reached. 

The c o n c e n t r a t i o n  i n  t h e  s t r a t o s p h e r e  i s  l e s s  c e r t a i n .  Scholz  (1970) 

found 0.40 + 0.01 vppm i n  a  sample c o l l e c t e d  between 44 and 62 km. Small 

b u t  s t a t i s t i c a l l y  s i g n i f i c a n t  v a r i a t i o n s  between t h e  concen t ra t i ons  found 

i n  t h e  n o r t h e r n  and sou thern  hemispheres,and between s u r f a c e  a i r  and upper 

t roposphere  a i r  i n d i c a t e  cons ide rab le  c o n t r i b u t i o n s  f rom i n d u s t r i a l  hydro-  

gen (Schmidt, 1974).  Schmidt 's  va lues a r e  s l i g h t l y  h i g h e r  (0.575 vppm) 

f o r  t h e  n o r t h e r n  hemisphere. F i xed  sources o f  hydrogen i n c l u d e  decay o f  

o rgan i c  m a t t e r  by anaerob ic  b a c t e r i a ,  photo d i s s o c i a t i o n  o f  H20, p h o t o l y s i s  

o f  CH4, and s o l a r  p ro tons .  Hydrogen i s  removed by photo o x i d a t i o n ,  b a c t e r i a  

(p ro top lasm synthes is ,  and n i t r i t e  and amino a c i d  r e d u c t i o n ) ,  and by escape. 

The r a t e  o f  p l a n e t a r y  escape i s  smal l  (Hunter  1973, 1974) ; t h e  p l a n e t a r y  
4  h a l f - l i f e  o f  hydrogen atoms i s  es t imated  a t  10 yr .  However, i t  does p l ace  

hydrogen i n  a  un ique p o s i t i o n  among atmospher ic gases. Care fu l  a n a l y s i s  

o f  t h e  deu te r ium and t r i t i u m  c o n t e n t  o f  hydrogen f rom a i r  samples and con- 

s i d e r a t i o n  of t h e  upward f l u x  has w i t h i n  t h e  l a s t .  few years  done much t o  

c l a r i f y  t h e  behav io r  o f  hydrogen i n  t h e  atmosphere. 

The mo lecu la r  hydrogen con ten t  o f  s u r f a c e  waters  o f  t h e  No r th  and 

South A t l a n t i c  was found by Schmidt t o  v a r y  f rom (0.8-5.0) x  l o m 5  m l / l  H20. 

The l a t t e r  va lue  i s  i n  excess o f  s a t u r a t i o n  and suppor ts  Hz p roduc t i on  by 

b a c t e r i a l  a c t i o n .  The measurements and budget  c a l c u l a t i o n s  made by  Schmidt 

(1  974, 1975) i n d i c a t e  t h e  p resen t  s t a t e  o f  knowledge. H i s  c a l c u l a t i o n s  

l e a d  t o  a  p roduc t i on  r a t e  o f  3.65 x  g  H2/yr, and measurements suggest 

an atmospher ic  r e s e r v o i r  o f  2.04 x  g. (Assuming a  s a t u r a t i o n  v a l u e  - 
of  1.0 x  m l / l  f o r  H, i n  water ,  one c a l c u l a t e s  t h e  t o p  100 m  o f  ocean 

would c o n t a i n  3  x  10" g o f  d i s s o l v e d  Hz). Schmidt a l s o  c a l c u l a t e s  t h a t  

up t o  1.2 x  1  013 g  H2/yr may be removed f rom t h e  t roposphere  by s o i l  

b a c t e r i a .  



The o n l y  o t h e r  hydrogen-conta i  n i  ng mo lecu le  i n  s i g n i f i c a n t  q u a n t i t y  

i n  t h e  atmosphere i s  methane. It i s  a l s o  produced by b a c t e r i a l  a c t i o n .  

Sch legel  (1974) has examined t h e  CH4 p r o d u c t i o n  and t h e  r e l a t i o n  t o  H2  

b r o d u c t i o n  and u t i l i z a t i o n .  Scholz (1970) found t h a t  i t s  c o n c e n t r a t i o n  

v a r i e d  f rom about 1  vppm i n  su r f ace  a i r  t o  50.05 a t  t h e  s t ra topause .  L a t e r  

measurements a t  NCAR by Ehha l t  and coworkers (1975) i n d i c a t e d  a  cons tan t  

l e v e l  a t  1.5 vppm th rough  t h e  t roposphere,  and a  r a p i d l y  decreas ing  amount 

w i t h  h e i g h t  th rough  t h e  s t r a tosphe re .  I t s  decreas ing c o n c e n t r a t i o n  w i t h  

h e i g h t  i n  t h e  s t r a t o s p h e r e  presumably r e s u l t s  f rom o x i d a t i o n  t o  wa te r .  

Scholz cons ide rs  t h a t  i t  i s  v i r t u a l l y  comp le te l y  o x i d i z e d  a t  44 km. 

Ehha l t  (1974a) has r e c e n t l y  d iscussed t h e  methane c y c l e  and found a  m i x i n g  

r a t i o  o f  1 .4  vppm i n  t h e  t roposphere  and con f i rmed t h e  decreas ing  s t r a t o -  

sphe r i c  c o n c e n t r a t i o n  w i t h  a l t i t u d e .  He suggests, however, t h a t  o n l y  10% 

i s  dest royed i n  t h e  s t r a tosphe re ,  most o f  i t  be ing  des t royed  i n  t h e  t r o p o -  

sphere t h rough  t h e  r e a c t i o n  CH4 + OH -+ CH3 t H 2 0  H i s  p o s t u l a t e d  t u r n o v e r  

t i m e  f o r  methane i s  4  t o  7  y r  compared t o  approx imate ly  100 yr  o r i g i n a l l y  

l i s t e d  by I s r a e l  (1973) .  

Tab le  3  shows t h e  computed d i s t r i b u t i o n  o f  hydrogen i n  wa te r ,  hydrogen, 

and methane. A l l  t h r e e  compounds w i l l  be o f  i n t e r e s t  i n  s t u d y i n g  t r i t i u m  

behav io r .  The hydrogen i n  o rgan i c  compounds ( o t h e r  than  methane) i n c l u d i n g  

l i f e  systems i s  i gno red  i n  t h i s  d i s t r i b u t i o n .  T h i s  shou ld  n o t  i m p l y  t h a t  

a l l  such compounds a r e  i r r e l e v a n t  t o  t h e  HT-HTO cyc l e .  

TABLE 3. D i s t r i b u t i o n  of Hydrogen i n  Compounds 
Occu r r i ng  i n  t h e  Atmosphere 

AS H ~ O  As ! ! !  AS C H ~  
Amount Res Time Amount Res Time Amount Res Time 

of H2, g y r ,  ( f ) ( a )  of Hz,  g r, ( f  

Troposphere 1 . 4 ~ 1 0 ' ~  0.022 (1.3)  1 . 5 ~ 1 0  

- - 
4 (3),(bi 5.3 1 1 . 3 ) ( ~ )  

S t ra tosphere  3 x1014 5x10' - - % l o  14 -- 
R i ve r s  1 .3x1017 - - - - - - - - - - 
S o i l  Mo i s t u re  2 . 8 ~ 1 0 '  - - - - - - -- -- 
Top 100 rn 

Ocean 4 . 0 ~ 1 0  - - 3x1014(est)  - - -- 2 1 

( a )  ( f )  = u n c e r t a i n t y  f a c t o r  
(b )  Junge (1  974) 
( c )  Ehha l t  (1974a, 1975) 



TRITIUM DI.STR1BLITION 

Having examined water  and t he  hydrogen d i s t r i b u t i o n s  throughout  t he  

world,  i t  i s  now o f  i n t e r e s t  t o  cons ider  t h e  t r i t i u m  concen t ra t i ons .  The 

n a t u r a l l y  o c c u r r i n g  t r i t i u m  leads  t o  a  HIT r a t i o  o f  about 1018 o r  one TU. (a 

8  Th i s  amount, about 10 c u r i e s ,  o r  . ~ 1 0  kg, i s  swamped by t h e  t r i t i u m  added 
9  by f u s i o n  bomb t e s t s  which amounted t o  about 1.7 x 10  C i  by 1962. ( T r i t i u m  

f rom underground t e s t s  i s  n o t  i nc l uded  .) A d d i t i o n a l  sources a r e  1  eakage 

from m i l i t a r y  and i n d u s t r i a l  a p p l i c a t i o n s ,  and f i s s i o n  t r i t i u m  produced i n  
4  t h e  nuc lea r  power i n d u s t r y .  The l a t t e r  amounts t o  about  2.5 x 10 Ci/GWe-yr 

f o r  LWRs. Thus, t he  t r i t i u m  i n v e n t o r y  has been g r e a t l y  per tu rbed  over  t h e  

l a s t  two decades, and some u n c e r t a i n t i e s  s t i l l  e x i s t  as t o  t h e  proper 

d e s c r i p t i o n  o f  " n a t u r a l "  and "man-made" t r i t i u m  d i s t r i b u t i o n s .  It has 

been t h e  s u b j e c t  of ex tens i ve  s tudy,  however, and t h e  d i s t r i b u t i o n  and 

behavior  of t r i t i a t e d  water  a r e  reasonably  w e l l  understood. In fo rmat ion  

on o t h e r  hydrogen-conta in ing spec ies such as Hz, (HT) o r  CH4, (CH3T) i s  n o t  

as complete. 

The n a t u r a l  t r i t i u m  c y c l e  can be descr ibed  as:  f o rma t i on  i n  t h e  upper 

t roposphere and s t ra tosphere ,  pho to -ox ida t i on  t o  HTO, exchange w i t h  sur face  

water  and removal by r a i n f a l l ,  f i n a l  d e p o s i t i o n  i n  t he  ocean. Some i s  

r e tu rned  t o  t he  atmosphere by evapora t ion ,  and the  decay h a l f - l i f e  o f  

12.3 y r  es tab l i shes  t h e  e q u i l i b r i u m  i nven to ry .  Thus, water  p l ays  t h e  major  

r o l e  i n  t h e  t r i t i u m  i n v e n t o r y  t u r n o v e r  and, of course, i s  t h e  major  mode o f  

e n t r y  i n t o  b i o l o g i c a l  systems. However, o t h e r  hydrogen compounds a r e  impor- 

t a n t  i n  assessing t r i t i u m  behavior .  Jacobs (1  968) i n d i c a t e s  t h e  u n c e r t a i n t y  

t h a t  e x i s t e d  i n  t h e  n a t u r a l  t r i t i u m  d i s t r i b u t i o n  and t abu la tes  Begemann's 

(1963) va lues as shown i n  Table 4. 

Most of  t h e  bomb t r i t i u m  was appa ren t l y  depos i ted  i n  t h e  s t r a tosphe re  

as HTO. Ex tens ive  s tud ies  have been made of t h e  f a l l o u t  as r e l a t e d  t o  

l a t i t u d e ,  seasons o f  t he  year ,  wind and r a i n f a l l  pa t t e rns ,  and environmental  

( a )  1  t r i t i u m  atom/l018 H atoms i s  r e f e r r e d  t o  as t h e  t r i t i u m  u n i t  o r  TU. 



TABLE 4. D i s t r i b u t i o n  o f  Na tu ra l  T r i t i u m  
(Begemann, 1963) , 

%T TU 

Hydrosphere 90 51 0  

Troposphere H,O 0.1 580 

holdup. Again, most o f  t h e  s t u d i e s  have been r e s t r i c t e d  t o  HTO, a l t hough  

i n  r e c e n t  years  accu ra te  measurements have been made on hydrogen and 

methane. The HTO remains i n  t h e  s t r a tosphe re  f o r  an app rec i ab le  p e r i o d .  

Brown and coworkers (1  961 ) assumed a  res idence  t ime  o f  5  yr ,  w h i l e  

E r i  ksson (1965) es t imated  t h e  average res i dence  t i m e  a t  3  y r .  HTO l e a k s  

o u t  o f  t he  s t r a t o s p h e r e  a t  a  v a r i a b l e  r a t e ,  be ing  much g r e a t e r  a t  t h e  

t ropopause d i s c o n t i n u i t i e s  and i n  t h e  Spr ing .  There i s  a l s o  some ev idence 

o f  backmixing i n t o  t h e  s t r a tosphe re  (Smith,  1968).  A  d i s c u s s i o n  o f  these  

measurements i s  beyond t h e  scope o f  t h i s  paper, b u t  i t  i s  wo r t h  n o t i n g  

t h a t  t h e y  have been o f  g r e a t  va l ue  i n  me teo ro l og i ca l  s t u d i e s .  The h i g h  

c o n c e n t r a t i o n  o f  HTO s t i l l  i n  t h e  s t r a tosphe re  (Tab le  5 )  would seem t o  

argue i n  f a v o r  o f  a l onge r  res idence  t i m e  than  3  t o  5  yr .  Recent rev iews  

may be represen ted  by papers o f  Ehha l t  (1971),  0 s t l u n d  (1974a), Michel  (1975), 

(1975), Koranda (1972), and Sche l l  (1970), as w e l l  as by e a r l i e r  work o f  

Begemann and F r i  edman (1  959). 

The HTO c o n t e n t  o f  wa te r  i s  h i g h l y  v a r i a b l e  r ang ing  f rom <1 TU i n  
6  vapor above t h e  ocean t o  >10 TU i n  t h e  s t r a tosphe re .  I n  t h e  t roposphere,  

where t h e  range o f  water  c o n t e n t  i s  f rom 0.1% t o  severa l  pe rcen t  a t  t h e  

su r f ace  o f  t h e  e a r t h ,  ano ther  v a r i a b l e  ( t h e  hum id i t y )  i s  i n t r oduced .  

A l though d e t a i l s  of t h e  HTO d i s t r i b u t i o n  a r e  n o t  impo r tan t  t o  t h e  p resen t  

d i scuss ion ,  i t  i s  necessary t o  cons ide r  b r i e f l y  t h e  HTO concen t ra t i ons  i n  

bo th  t h e  s t r a t o s p h e r e  and t roposphere.  



As mentioned e a r l i e r ,  most of  t he  weapons-test t r i t i u m  was deposi ted 

i n  t h e  s t r a tosphe re  as HTO. The a~riount remain ing s t i  11 g r e a t l y  exceeds 

t h a t  produced by cosmic rays .  Scholz (1970) examined t h e  H20 and HTO con- 
6  t e n t  near t h e  stratosphere,and found HTO i n  t h e  range from 22 t o  80 x 10 TU 
3  corresponding t o  3  t o  10  vppm H20. Th is  c a l c u l a t e s  t o  be about 8.9 x  10 HTO 

3  molecules/mg a i r .  Brown (1961 ) found 9.0 x  10 HTO molecules/mg a i r  a t  

80 t o  90,000 f t  (27.4 km). Both measurements were a t  medium n o r t h  l a t i t u d e s .  

~ s t l u n d ' s  measurements i n  t h e  a r c t i c  s t r a tosphe re  show a  much lower  con- 

c e n t r a t i o n  ( ~ s t l u n d ,  1974a), an average of about 200 HTO molecules/mg a i r  

w i t h  a  marked inc rease  as t h e  a l t i t u d e  increased.  Th i s  v a r i a t i o n  w i t h  

a1 t i t u d e  and l a t i t u d e  i s  we1 1  known, as a r e  t h e  h i g h e r  t r i t i u m  l e v e l s  i n  

t h e  n o r t h e r n  hemisphere. The mean va lue  f o r  s t r a t o s p h e r i c  a i r  i s  p robab ly  
3  3  between 1  x  10 and 8  x  10 HTO molecules/n~g a i r .  A  "guess" of 2  x  10 3  

would p lace  t h e  s t r a t o s p h e r i c  HTO i n v e n t o r y  a t  t h e  p resen t  t ime  a t  2.5 x  
8  HTO molecules,  12 kg t r i t i u m ,  o r  1.2 x  10 C i .  

Data f o r  t ropospher ic  HTO a r e  more ex tens ive .  D e t a i l e d  m o n i t o r i n g  by 

Ehhal t and coworkers (1 971 , 1973, 1974), and 0 s t l  und and coworkers [I 973, 

1974b, 1976 ( a ) ]  show a  wide range o f  concen t ra t ions  from a  few aolecules/mg 

a i r  t o  severa l  hundred. The T/H r a t i o  v a r i e s  over  f o u r  o rde rs  o f  magnitude 

because o f  changing humid i t y .  Loca t i on  o f  t h e  sampling s t a t i o n s  i s  a l s o  

very  impor tan t .  i j s t l u n d ' s  data,  which appear t o  be g e n e r a l l y  lower  than  

E h h a l t ' s ,  i n c l u d e  bo th  abso lu te  hum id i t y  and abso lu te  t r i t i u m  da ta  so t h a t  

bo th  TUs and molecules/mg a i r  can be compared. It i s  d i f f i c u l t ,  however, 

t o  es t imate  a  mean l e v e l  f o r  t h e  troposphere. A  concen t ra t i on  o f  20 mole- 
6 cules/mg a i r  would correspond t o  a  t roposphere i n v e n t o r y  o f  4 x  10 C i .  

Th is  number i s  used i n  Table 5  which summarizes t h e  t r i t i u m  p a r t i t i o n .  

A n a l y t i c a l  da ta  on i s o t o p i c  composi t ion o f  hydrogen gas were con fus ing  

u n t i l  i t  was recognized t h a t  su r f ace  atmospheric samples were contaminated 

by i n d u s t r i a l  hydrogen (dep le ted  i n  deuter ium) and had t o  be co r rec ted  t o  

t he  s tandard mean deuter ium con ten t  (Begemann, 1959). The second b i t  o f  

( a )  The 1976 paper i s  r e p r e s e n t a t i v e  o f  t h e  Progress Reports o f  t h e  
Rosens t ie l  School o f  Mar ine and Atmospheric Science, U n i v e r s i t y  o f  
Miami. The r e p o r t s  c o n t a i n  d e t a i l e d  m o n i t o r i n g  data o f  atmospheric 
t r i t i u m .  



TABLE 5. Approximate T r i t i u m  P a r t i t i o n  

HTO, C i  HT, C i  CH3T, C i  

Stratosphere 1.2x108 3 x 1 0 ~  <1 o5 
Troposphere 3 . 8 ~ 1 0 ~ ~  4 x106 l X l o 7  3x1 o5 
Ocean (surface) - - 9 x108 SeeText 

con fus i on  r e s u l t e d  f rom many obse rva t i ons  of a  nonuni form t r i t i u m  con ten t  

( a f t e r  t h e  above c o r r e c t i o n )  o f  t r oposphe r i c  HZ. V a r i a t i o n s  occur red  bo th  

w i t h  t i m e  and w i t h  geographica l  l o c a t i o n .  I n i t i a l  assumptions appear 

d o u b t f u l  t h a t  t h e  changes, which were accompanied by an o v e r a l l  i n c rease  

[a doub l i ng  t ime  of about  2  y r  (Gonsior, 1966)] ,  were t h e  r e s u l t  o f  atmo- 

spher i c  nuc lea r  e x p l o s i o n  t e s t s .  There was no d i r e c t  c o r r e l a t i o n  between 

t e s t  t imes and t r i t i u m  inc reases  i n  H2 samples. (Such a  c o r r e l a t i o n  has 

been demonstrated f o r  t r i t i u m  i n  HTO) . Ehhal t (1  966) sumnarized these  

measurements and concluded t h a t  t h e  source was nuc lea r  t e s t i n g ,  b u t  t h a t  

t h e  HT was i n j e c t e d  i n t o  t h e  upper l e v e l s  o f  t h e  s t r a tosphe re .  T h i s  

r e s u l t e d  i n  a  l o n g  m i x i n g  t ime  i n t o  t h e  t roposphere compared w i t h  t h e  

i n t e r v a l s  between nuc lea r  t e s t s ,  b u t  l e s s  t han  10 years .  0 s t l u n d  (1974a) 

d i scoun t s  a tmospher ic  t e s t i n g  and p laces  t h e  source a t  ground l e v e l .  

Tropospher ic  samples i s o l a t e d  f rom i n d u s t r i a l  a c t i v i t y  (Friedman, 1974) 

suggested t h a t  by 1967 t h e  c o n c e n t r a t i o n  had reached a  s teady va lue ,  be ing  
6  cons tan t  a t  2  x  1 0  TU over  a  2-yr  p e r i o d .  

I t  i s  p e r t i n e n t  t o  no te  t h a t  even be fo re  atmospher ic t e s t i n g  t h e  T/H 

r a t i o  i n  hydrogen was observed t o  be h i g h e r  t han  i n  water .  H a r t e c k ' s  (1954) 

c l a s s i c  paper exp la i ned  t h i s  on t h e  b a s i s  o f  c o m p e t i t i v e  d i s s o c i a t i o n  o f  

TO2 r a d i c a l s  compared w i t h  o t h e r  r e a c t i o n s  which fo rm HTO. 

Other f l  u c t u a t i o n s  have been recorded  by many workers .  Lay ton  (1  969),  

0 s t l  und and coworkers,  and M a r t i n  and Hacke t t  (1974) have made c a r e f u l  

measurements over  extended pe r i ods  o f  t ime .  Shor t  t ime  v a r i a t i o n s  o f  an 

o rde r  o f  magnitude have been observed which a r e  a p p a r e n t l y  t h e  r e s u l t  o f  

o t h e r  anthropogenic  a c t i v i t y  ( bo th  m i l i t a r y  and i n d u s t r i a l  ) .  M a r t i n  and 

Hacke t t  found t h a t  a f t e r  each excu rs i on  t h e  l e v e l  r e t u rned  t o  80Tatoms/n1g 



6 a i r  (%4 x 10 TU). Th is  i s  somewhat h igher  than i n d i c a t e d  by the  ex tens ive  

mon i to r ing  data o f  0s t l und  which seems t o  suggest a l e v e l  o f  around 40 t o  

50 HT molecules/mg a i r .  Using Ost lundls  (1973) mean concent ra t ion  of 

44.6 t r i t i u m  atoms/mg a i r  i n  t h e  atmosphere the  amount o f  t r i t i u m  as HT 
7 c a l c u l a t e s  t o  be 1.3 kg (1.3 x  10 C i )  of which 75% i s  i n  the  troposphere. (a ) 

Since t h i s  appears t o  be reasonably constant  a t  t he  present t ime the  decay 

r a t e  of 5.5%/yr p lus  a rough ly  equal amount removed by m ic rob ia l  conversion 

suggests t h a t  over 100 g, l o 6  C i ,  of HT a re  i n j e c t e d  i n t o  t he  atmosphere 

each year.  

As noted prev ious ly ,  t h e  methane concent ra t ion  i s  r e l a t i v e l y  constant  

throughout t h e  troposphere a t  about 1.5 vppm, then decreases r a p i d l y  w i t h  

a l t i t u d e  i n  t h e  s t ratosphere,  presumably t h e  r e s u l t  o f  ox ida t i on .  Methane 

i s  produced by b i o l o g i c a l  a c t i o n  w i t h  small c o n t r i b u t i o n s  from indus t r y .  

Thus, i t  was somewhat s u r p r i s i n g  t o  f i n d  t h a t  t he  t r i t i u m  conten t  o f  atmo- 

spher ic  methane was h igher  than cou ld  be expla ined by the  t r i t i u m  conten t  

o f  t h e  na tu ra l  methane precursors.  It i s  known t h a t  t h e  T/H r a t i o  increased - a t  about t h e  same r a t e  as f o r  t he  e a r l y  increases i n  t r i t i u m  conten t  o f  Hz. 

Speculat ion has inc luded:  d i r e c t  t r i t i a t e d  methane produc t ion  i n  a reducing 

co re  o f  a  thermonuclear exp los ion  (Wolfgang, 1961) and exchange o f  HT w i t h  

CH4 (Marte l  1, 1963). Cadle (1967) i nves t i ga ted  Marte l  1  ' s  suggested mecha- 

nism which i nvo l ved  CH2 and concluded t h a t  t h i s  was n o t  a l i k e l y  p roduc t ion  

path. Begemann and Friedman (1968), and Haines and Musgrave (1968) con- 

c luded t h a t  t he  bes t  exp lanat ion  was leakage of t r i t i a t e d  methane from 

i n d u s t r i a l  sources. Begemann and Friedmann found r e l a t i v e l y  cons tan t  con- 
4 c e n t r a t i o n s  o f  ~2 x  10 TU from 1958 t o  1963, preceded by t h e  aforementioned 

exponent ia l  inc rease from about 1953 t o  1958. 

4 Using 2 x  10 TU and the  data from Table 3, i t  can be seen t h a t  t h e  
5 amount o f  t r i t i u m  as t r i a t e d  methane i s  approximately 30 g o r  %3 x 10 C i .  

The h igh  t r i t i u m  conten t  o f  methane i s  impor tan t  w i t h  respect  t o  t h e  atmo- 

spher ic  chemist ry  o f  hydrocarbons. Also, i t  cou ld  w e l l  t u r n  out t o  be 

(a )  Th is  number i s  poss ib l y  h igh  s ince  concent ra t ions  i n  t h e  southern 
hemi sphere a r e  apprec iab ly  1 ower. 



s i g n i f i c a n t  w i t h  r espec t  t o  t h e  t r i t i u m  re1  e a s e - i r i  t i  um convers ion  problem. 

I f  CH3T r e l e a s e  o r  leakage accompanies HT r e l e a s e  o r  leakage i n  any appre- 

c i a b l e  f r a c t i o n ,  then i t  must be cons idered a  p o t e n t i a l l y  s i g n i f i c a n t  

source o f  HTO and perhaps a  source o f  o t h e r  impo r tan t  t r i t i a t e d  spec ies 

i n c l u d i n g  HT (see s e c t i o n s  on b iochemica l  and photochemical  r e a c t i o n s ) .  

I t  i s  impo r tan t  t o  no te  here t h a t  t h e  usual  methods o f  m o n i t o r i n g  f o r  

t r i t i u m  w i l l  n o t  d e t e c t  CH3T. The usual  and ve ry  r e l i a b l e  method i n v o l v e s :  

1  ) renioval o f  water  f o r  coun t ing ,  and 2 )  c a t a l y t i c  o x i d a t i o n  of HT ( u s u a l l y  

a f t e r  adding a  smal l  amount o f  HZ) and aga in  coun t i ng  t h e  water  removal .  

The m i l d  o x i d a t i o n  a t  ambient temperature does n o t  conve r t  t h e  CH3T t o  

water .  I t  i s ,  however, a  r e l a t i v e l y  s imple ma t t e r  t o  add a  t h i r d  h i g h  

temperature o x i d a t i o n  s t e p  f o r  t h e  methane and o t h e r  hydrocarbons. 

No da ta  have been found f o r  t h e  HT con ten t  o f  ocean water .  I f  i t  i s  

produced by b a c t e r i a l  a c t i o n ,  t h e  t r i t i u m  r a t i o  of t h e  d i s s o l v e d  hydrogen 

may be rough l y  t h e  same as i n  water .  Atmospheric mo i s tu re  presumably exchanges 

r a p i d l y  w i t h  t h e  ocean surface. The T/H r a t i o  i n  d i s s o l v e d  hydrogen should  

be an impo r tan t  number f o r  t h e  s tudy o f  hydrogen sources and s i nks .  

The rough d i s t r i b u t i o n  es t imates  made i n  Table  5 a re  i n  f a i r  agreement 

w i t h  t h e  e a r l i e r  c a l c u l a t i o n s  o f  Begemann (Table  4 ) .  However, t h e  T/H r a t i o s  

ob ta ined  from t h e  p resen t  es t imates  a r e  an o rde r  o f  magnitude h i ghe r .  The 

approximate percentage d i s t r i b u t i o n  i s  l i s t e d  i n  Table  6. The r e l a t i v e  

TABLE 6. Approximate Percentage D i s t r i b u t i o n  o f  T r i t i u m  

~ o c a  t i on % 

HTO i n  ocean (%top 100 m)  90 
HTO i n  stratosphere 10 

HT i n  troposphere 9 

HTO i n  troposphere 0.3 

HT i n  stratosphere 0.3 

HT as CH3T 0.03 



values o f  t h e  l a s t  f i v e  nui~ibers i n  t he  t a b l e  a re  t he  ll iost s i g n i f i c a n t  s ince  

t h e  amount a t t r i b u t e d  t o  t h e  ocean i n  t he  p resen t  c a l c u l a t i o n  i s  obta ined 

by d i f f e r e n c e ,  us ing  t h e  es t imated  p resen t  t r i t i u m  i nven to ry .  

Wi th  t h e  above approximate p i c t u r e  o f  t h e  p resen t  t r i t i u m  d i s t r i b u -  

t i o n ,  which i s  n e i t h e r  equi  1  i b r i  no r  s teady-s ta te ,  and t he  obse rva t i on  

t h a t  t h e  T2 i n v e n t o r y  i n  a  s i n g l e  1  GWe f u s i o n  r e a c t o r  i s  g r e a t e r  than  t he  

wo r l d  HT i nven to ry ,  we now cons ider  t h e  tri t iun i  coriipounds t h a t  may be 

re leased  and t h e i r  r e a c t i o n s .  O f  p r imary  i n t e r e s t  a r e  t h e  r e a c t i o n s  o f  T2 

o r  HT l ead ing  t o  HTO. However, o t h e r  r e a c t i o n s  may be s i g n i f i c a n t .  

( a )  It should be emphasized t h a t  n e i t h e r  a r e  t he  t o t a l  hydrogen and water  
i n  e q u i l i b r i u m  i n  t he  atmosphere. 



Stud ies  made on b o t h  HT and T2 decay i n d i c a t e  t h a t  t h e  H H ~ +  and T H ~ '  

spec ies  a r e  by f a r  t h e  most abundant (Wexler,  1959) .  The o t h e r  f ragments 

i n d i c a t e  t h a t  t h e  subsequent d i s s o c i a t i o n  goes by b o t h  r o u t e s :  

and 

H3Hef - 3 ~ e  + Hf. 

The former  predominates a t  l e a s t  i n  t h e  case o f  HT i n  s p i t e  o f  t h e  f a c t  

t h a t  i t  i s  more endothermic  (Cacace, 1970a). The T H ~ '  i o n  appears t o  be 

more s t a b l e  than  t h e  HHet. Cacace (1970b) has p u b l i s h e d  a  comprehensive 

r e v i e w  o f  t h e  decay p r o d u c t s  and r e a c t i o n s  o f  t r i t i a t e d  molecu les i n c l u d i n g  

hydrocarbons. H i s  r e v i e w  a l s o  i n c l u d e s  t h e  p r o p e r t i e s  and r e a c t i o n s  o f  t h e  
+ 

T H ~ '  i o n .  The hea t  f rom THe f o r m a t i o n  i s  e s t i m a t e d  t o  be 320 kca l /mole .  

Care fu l  s t u d i e s  o f  t h e  r e a c t i o n  w i t h  methane were made showing t h a t  CH3T 

i s  t h e  p r i n c i p a l  p r o d u c t .  

+ 
React ions o f  THe w i t h  H2 have n o t  been r e p o r t e d .  I t  seems reasonab le  

t o  expect  t h a t  r e a c t i o n s  such as 

should  l e a d  t o  a p p r e c i a b l e  HT f o r m a t i o n  due t o  t h e  lower  zero p o i n t  energy 

o f  HT compared t o  H2. 

I n f o r m a t i o n  on t h e  r e a c t i o n  w i t h  l i q u i d  wa te r  was ob ta ined  by ~ t o c k l i n  

and Cacace (1976) i n  exper iments  des igned t o  s t u d y  t h e  t r i t i a t i o n  o f  thyma- 

d i n e  and d e o x y r i d i n e  i n  aqueous s o l u t i o n .  T2 was compared w i t h  HT w i t h  
+ 

r e a c t i o n  t imes  l o n g  enough t o  produce measurable amounts o f  THe decay. 

It was found t h a t  T2 was more e f f e c t i v e  t h a n  HT by a  f a c t o r  o f  about  12 a t  

c o n c e n t r a t i o n s  l o w  enough t h a t  r a d i a t i o n  induced mechanisms a r e  n o t  impor-  

t a n t .  Wi th  a  4 .5  w t %  thymadine s o l u t i o n  t h e  y i e l d  o f  HTO was 0.6  DEF T H ~ '  

i o n  formed. H t  was a l s o  formed. 

The r e c o i l  energy o f  t h e  3 ~ e ~ +  i o n  was f i r s t  employed by Wi lzbach (1957) 

f o r  t r i t i u m  l a b e l i n g  o f  o r g a n i c  compounds. 

t 
No i n f o r m a t i o n  on gas phase r e a c t i o n s  between THe and H20 i s  a v a i l -  

a b l e .  I t  i s  c l e a r ,  however, t h a t  a t  c o n c e n t r a t i o n s  below those where 



r a d i a t i o n  i s  no l o n g e r  t h e  dominant f a c t o r ,  t h e  r e a c t i o n s  o f  T H ~ +  can 

c o n t r i b u t e  s i g n i f i c a n t l y  t o  f o r ~ i i a t i o n  o f  o t h e r  t r i t i a t e d  mo lecu les .  

Q(HT) + H20 EXCHANGE 

The water-hydrogen exchange r e a c t i o n  has been u t i l i z e d  f o r  i s o t o p i c  

enr ichment  o f  deuter ium.  E q u i l i b r i u m  f a v o r s  t h e  heavy i s o t o p e  i n  t h e  

water  phase. For  t h e  gaseous r e a c t i o n  

HD + H20 2 HDO + H2 (D) 

and 
HT + H20 2 HTO + H2. (T) 

The e q u i l i b r i u m  cons tan ts  a r e  

and 
KT = 6.25 a t  298°K; 3.40 a t  398°K. 

I n  t h e  absence o f  c a t a l y s t s ,  t h e  r e a c t i o n  does n o t  proceed ( H o r i u t i  , 1933) .  

However, a v a r i e t y  o f  m a t e r i a l s ,  many me ta l s  and meta l  ox ides  i n  p a r t i c u l a r ,  

p e r m i t  more r a p i d  e q u i l i b r a t i o n  e s p e c i a l l y  a t  t h e  h i g h e r  temperatures.  

These r e a c t i o n s  were u t i l i z e d  a t  t h e  T r a i l ,  B.C. p l a n t  u n t i l  1956 t o  

separa te  deu te r ium and t h e  process i s  desc r i bed  by Murphy (1955) .  The 

method was rev iewed by Lev ins  (1  970) and i s  s t i l l  under develop~i ient  f o r  

bo th  deu te r ium and t r i t i u m  sepa ra t i on  ( ~ G ~ e r ,  1970), (Damiani , 1972),  

(Stevens, 1973), ( B i x e l  , 1976).  Rol s t o n  and Goodal e  (1  972) r e c e n t l y  exam- 

i n e d  t h e  mechanism f o r  exchange u s i n g  suppor ted p l a t i n u m  c a t a l y s t s .  Above 

100°C t h e  r e a c t i o n  was f r e e  o f  mass t r a n s f e r  e f f e c t s ,  b u t  below 100°C t h e  

r a t e s  suggested t h a t  t h e  a d s o r p t i o n  o f  wa te r  was t h e  r a t e  l i m i t i n g  s tep .  

R a d i a t i o n  i s  an e f f i c i e n t  c a t a l y s t  and t h e  e a r l y  work o f  Yang and 

Gevantman (1960) appears t o  adequate ly  d e f i n e  t h e  mechanism. Us ing t r i t i u m  

d i l u t e d  w i t h  hel ium, t hey  found a r a t e  o f  f o r m a t i o n  o f  t r i t i a t e d  water ,  

- - 2 -1 -1 dC - 1.7 x  (Co) ,  C i  e  h r  d  t 

where Co i s  t h e  i n i t i a l  T2 c o n c e n t r a t i o n  i n  C i l a  over  t h e  range  0.05 t o  

0.7 C i l a .  The r a t e  was independent o f  t h e  wa te r  con ten t .  The r a d i a t i o n  



i n t e r p r e t a t i o n  was supported by X-ray i r r a d i a t i o n  t e s t s  which showed t h a t  

t he  exchange was p ropo r t i ona l  t o  energy absorpt ion.  

Because of the  low 8 energy, t h e  equat ion cannot be used w i t h  ce r -  

t a i n t y  a t  concentrat ions much below those of t h e  experiment. Assuming 
-1 -1 t h a t  i t  would ho ld  a t  C i l a  (energy depos i t i on  ev a  h r  ) about 

0.004%/day conversion t o  water would be pred ic ted .  - 
A t  h igher  concent ra t ions  the above k i n e t i c  equat ion can be used t o  

approximate the  HT o r  T2 + H20 exchange r a t e .  The second o rde r  t r i t i u m  

dependence i s  a  r e s u l t  o f  t he  f i r s t  power r a d i a t i o n  energy dependence. I f  

o the r  r a d i a t i o n  sources a r e  present,  these can be added t o  t h e  energy 

f a c t o r  i n  t he  equat ion. For l a r g e  t r i t i u m  re leases the  exchange r e a c t i o n  

cou ld  be s i g n i f i c a n t  f o r  the  f i r s t  few minutes. However, i n  p r a c t i c e  r a p i d  

d i l u t i o n  may occur as a  simple r e s u l t  of p l a n t  design. For the  acc identa l  

re lease o f  479,000 C i  o f  T2 from the  Savannah R iver  P lan t  i n  1974 (Marter,  

1974) t he  d i l u t i o n  i n  t he  stack, which had a  discharge r a t e  o f  135,000 f t  3 

min- l ,  g ives a  concent ra t ion  of 0.03 Ci/a.  For t h i s ,  Equat ion (11) pre-  

d i c t s  about 0.005% convers ion/hr .  (The d i l u t i o n  f a c t o r  a f t e r  about 1  h r  was 
6  est imated t o  be 10 and measured a t  5  h r  was about Ana l y t i ca l  samples 

i nd i ca ted  <0.2% o f  t he  t r i t i u m  t o  be HTO). 

The experimental  data o f  Yang and Gevantman u t i l i z e d  t r i t i u m  concen- 

t r a t i o n s  i n  t h e  mole f r a c t i o n  range o f  t o  Fur ther  i n fo rma t i on  

on the  mechanism f o r  t he  r a d i a t i o n  induced exchange has been prov ided by 

the  work o f  Baxendale and G i l b e r t  (1964), by F i res tone and coworkers 

(1957, 1972), and B i b l e r  and F i res tone (1 972) who s tud ied  the  deuterium- 

water exchange a t  much h igher  hydrogen ( o r  deuter ium) concentrat ions.  \a l 

B r i e f l y ,  B i b l e r  and F i res tone found t h a t  t he  G va lue f o r  t h e  exchanged 

hydrogen (e.g., HD f o r  t he  D2 + H 2 0  r e a c t i o n )  was constant  over an appre- 

c i a b l e  temperature range bu t  increased r a p i d l y  above a  c e r t a i n  temperature, 

and t h a t  the  r a t e  f o r  the l a t t e r  c o n d i t i o n  depended upon the  water vapor 

concentrat ion.  The t r a n s i t i o n  p o i n t  i s  below 200°C. The cha in  mechanism 

(a )  "Hydrogen" i s  used here as a  gener ic  term t o  i n c l u d e  any o f  the  diatomic 
i s o t o p i c  species. 



which i s  i n v o l v e d  a t  t h e  h i ghe r  temperatures was shown t o  i n v o l v e  hydrogen 

atoms. R a d i a t i o n  induced r e a c t i o n s  a r e  i n  fac-k s i m i l a r  t o  t h e  a tmospher ic  

photochemical  r e a c t i o n s  which a r e  d iscussed i n  a  l a t e r  s e c t i o n .  

Whi le  t h e  exper iments do n o t  r e l a t e  d i r e c t l y  t o  r e a c t i o n s  o f  T2 o r  HT 

i n  t h e  atmosphere, knowledge o f  t h e  mechanisms i s  u s e f u l  f o r  e x t r a p o l a t i o n  

t o  o t h e r  c o n d i t i o n s .  The hydrogen-water r e a c t i o n  i s  i m p o r t a n t  because o f  

t h e  g r e a t  excess o f  atmospher ic m o i s t u r e  ove r  hydrogen. Thus, a t  e q u i l i -  

brium, e s s e n t i a l l y  a l l  t h e  t r i t i u m  w i l l  e x i s t  as HTO. However, i t  i s  seen 

t h a t  i n  t h e  absence o f  v e r y  e f f e c t i v e  c a t a l y s t s  o r  r a d i a t i o n ,  t h i s  would 

r e q u i r e  severa l  years .  The f a c t  t h a t  most o f  t h e  t r i t i u m  i n  t h e  t roposphere 

i s  i n  t h e  f o rm  o f  HT and n o t  as HTO i n d i c a t e s  t h e  absence o f  such a  c a t a l y s t .  

It i s  o f t e n  d i f f i c u l t  t o  separa te  exchange w i t h  wa te r  f rom o x i d a t i o n  

r e a c t i o n s .  T h i s  t o p i c  i s  cons idered i n  t h e  n e x t  s e c t i o n .  

OXIDATION OF T2 

L i k e  t h e  p rev i ous  r e a c t i o n s ,  t h e  r e a c t i o n  between hydrogen and oxygen 

i s  n e g l i g i b l e  a t  o r d i n a r y  temperatures un less  ca ta lyzed .  The same ca ta -  

l y s t s ,  as employed above, a r e  g e n e r a l l y  e f f e c t i v e ,  i n  p a r t i c u l a r  t h e  nob le  

meta ls  o f  group V I I I .  

Eakins and Hutch inson (1973) c a r r i e d  o u t  a  s t udy  o f  meta l  su r faces  on 

t h e  o x i d a t i o n  r a t e .  Elemental t r i t i u m  was mixed w i t h  wet o r  d r y  a i r ,  and 

t h e  e f f e c t s  o f  m i l d  s t e e l ,  brass,  p la t inum,  and aluminum sur faces  noted. 

The r e a c t i o n  vesse l  employed a  c a t a l y s t  area o f  90 cm2 i n  a  250 m l  bu l b .  

The r a t e  cons tan t s  a r e  shown i n  Tab le  7.  

The sur face- to-vo lume r a t i o  i s  r o u g h l y  t h a t  of a  20 x  20 x  10  f t  

l a b o r a t o r y .  They c a l c u l a t e  t h a t  h a l f  t he  t r i t i u m  a t  an i n i t i a l  concent ra-  
3  t i o n  o f  3.4 x  C i lm i n  such a  room l i n e d  w i t h  p l a t i n u m  would be con- 

v e r t e d  t o  wa te r  i n  4 yr.  Again, d i l u t i o n  i s  ve r y  impo r tan t .  The convers ion  

h a l f - l i f e  f o r  a  second-order r e a c t i o n  i s  l / ( k C o ) ,  and f o r  t h e  SRL r e l e a s e  

d iscussed above ( b e f o r e  d i l u t i o n )  t h e  ha1 f - t ime f o r  convers ion  would be 

about  20 h r .  However, even under these h i g h l y  u n l i k e l y  c o n d i t i o n s  t h e  

conve rs i on  r a t e  i s  smal l ,  and o n l y  under ve r y  unusual c i rcumstances c o u l d  

c a t a l y z e d  o x i d a t i o n  c o n t r i b u t e  much t o  HTO fo rmat ion  from a  T2 re l ease .  



TABLE 7. E f f e c t s  o f  Metal  Surfaces on T r i t i u m  Ox ida t i on  

Rate Constant, 
a ~ i - l h r - 1  

Metal Dry A i r  Huinid Air 
None 5.6x10-~ 2.9x10-~ 
Brass 6 . 0 x l 0 - ~  8.6x10-* 
S tee l  4.2x10-~ 6.1x10-~ 
A1 umi num 3.9x10-~ 9 .6x l0 -~  
Platinum 2 . 4 ~ 1  0-' 8.6x10-' 
Brass, oxidized 6 .5~1  0-' 
S tee l ,  oxidized 7.4~10-' 

The rad ia t i on - i nduced  r e a c t i o n  has been s tud ied  by Dorfman and Hemmer 

(1954), by Case1 l a t o  (1962), and by Be lovodsk i i  (1975). Dorfman and Hemmer 

s tud ied  t h e  r e a c t i o n  between T2 and O2 by d i r e c t  pressure measurement, and 

found f i r s t - o r d e r  k i n e t i c s  w i t h  k  = 1.19 x  min-' over a  concen t ra t i on  

range of 94 t o  324 C i / % .  Case l l a to  and coworkers examined t h e  r e a c t i o n  a t  

lower  concen t ra t ions .  Below 1 Gila, they  observed second-order k i n e t i c s  
-1 -1 w i t h  t h e  r a t e  cons tan ts  k  = 1.2 x  a  C i  h r  i n  O2 and 0.62 x  10- 3  

-1 -1 a  C i  h r  i n  d r y  a i r .  The presence of water  vapor i n  O2 increased t h e  

r a t e  by a f a c t o r  o f  3. The l a t t e r  r a t e  cons tan t  i s  seen t o  be i n  genera l  

agreement w i t h  t h a t  of Eakins and Hutchinson (1 973).  

Belovodski  i and coworkers (1  975) repeated some of t h e  exper iments 

w i t h  t he  system t r i t i u m  - d r y  a i r  - water  vapor, and us ing  a wider  concen- 

t r a t i o n  range, C i / a  t o  600 Ci /a .  They found no d i f f e r e n c e  between 

m o i s t  a i r  and exper iments repeated i n  d r y  argon and f i t t e d  t he  data by a 

513 concen t ra t i on  dependence. 

From t h e  l a c k  o f  mo is tu re  e f f e c t ,  t hey  f u r t h e r  concluded t h a t  t h e  o x i d a t i o n  

mechanism r a t h e r  than exchange was dominant. The da ta  presented e a r l i e r  

f rom exchange and o x i d a t i o n  s tud ies  l e a d  t o  t h e  oppos i t e  conc lus ion,  and 

i t  i s  1  i k e l y  t h a t  exchange i s  general  l y  a g r e a t e r  c o n t r i b u t o r  than i s  

o x i d a t i o n .  



Fur the r  exper imenta l  data under a  v a r i e t y  o f  s p e c i f i c  c o n d i t i o n s  

cover ing  a  w iderconcent ra t ion  range may be necessary t o  f i x  t h e  importance 

o f  t h e  two processes and t o  b e t t e r  d e f i n e  t h e  mechanisms. 

REACTIONS OF METHANE 

The general  r e a c t i o n s  and abundance o f  methane a r e  d iscussed i n  a  
+ 

p rev ious  s e c t i o n  as was t h e  r e a c t i o n  w i t h  T2 v i a  t h e  THe mechanism. 

However, t he  s u r p r i s i n g l y  h i gh  T/H r a t i o  i n  atmospheric methane r a i s e s  

quest ions concern ing t he  source as we1 1  as t h e  u l t i m a t e  f a t e  o f  t r i t i a t e d  

methane t h a t  must be considered. 

The s t u d i e s  o f  Cacace (1970b) i n d i c a t e d  t h e  e f f i c a c y  o f  t h e  T H ~ +  

mechanism. E a r l i e r  work o f  Kandel (1  964) on t h e  rad ia t i on - i nduced  r e a c t i o n  

showed t h a t  t h e  d i r e c t  combinat ion produced a  maximum CH3T concen t ra t i on  

i n  about 12 h r  w i t h  peaks i n  t h e  CH2T2 and CHT3 concen t ra t i ons  a t  25 and 

50 h r  , respec ti ve l  y . 
It appears l i k e l y  t h a t  t r i t i a t e d  methane i s  a  by-product  o f  any 

l a b o r a t o r y  o r  i n d u s t r i a l  work i n v o l v i n g  T2 o r  HT, and i n  f a c t  cannot be 

r u l e d  o u t  as be ing formed i n  some s i t u a t i o n s  w i t h  t he  genesis  o f  t h e  T  

atom. The s i t u a t i o n  i s  i n  many ways rem in i scen t  o f  t he  methy l  i o d i d e  

problem--whenever s t u d i e s  o f  r a d i o a c t i v e  i o d i n e  a r e  c a r r i e d  ou t ,  methyl  

i o d i d e  i s  formed. I n  a lmost  any r e a l  s i t u a t i o n  t h e r e  i s  s u f f i c i e n t  o rgan ic  

ma t te r  p resen t  (grease, p a i n t ,  p l a s t i c ,  e t c . )  t h a t  CH31 (and CH3T) a r e  

formed. The ques t ion  o f  how ex tens i ve  t h i s  r e a c t i o n  i s  i n  t h e  case o f  

t r i t i u m  i s  y e t  t o  be answered. 

The sequence of r e a c t i o n s  and p roduc ts  i n v o l v e d  i n  i t s  o x i d a t i o n  a r e  

a l s o  o f  i n t e r e s t .  Aside f rom t h e  b i o l o g i c a l  r e a c t i o n s  cons idered i n  t he  

nex t  sec t i on ,  t h e  p r i n c i p a l  f a c t  t h a t  i s  appa ren t l y  e s t a b l i s h e d  a t  t h e  

p resen t  t ime  i s  t h a t  methane i s  o x i d i z e d  i n  t he  h i g h  s t r a tosphe re  t o  water .  

According t o  Ehhal t (1974a) t h i s  i n v o l v e s  10% o f  t h e  methane. He postu-  

l a t e s  t h a t  t h e  most probable d e s t r u c t i o n  mechanis~ii i n  t h e  t roposphere i s  

t h e  r e a c t i o n  CH4 + OH + CH3 + H20 which i s  t i e d  t o  t h e  CO and Hz c y c l e s  

v i a  perox ide  and aldehyde i n te rmed ia tes .  E h h a l t ' s  CH4 tu rnove r  t ime i s  



4 t o  7  y r  (Table 3 ) .  Koyama (1 963, 1964) who c a r r i e d  o u t  very  ex tens ive  

i n v e s t i g a t i o n s  o f  methane p roduc t i on  i n  a g r i c u l t u r a l  areas est imates t h e  

l i f e t i m e  o f  CH4 as 16 yr .  Tropospher ic  r e a c t i o n s  such as those suggested 

by Ehha l t  a r e  obv ious l y  very  impo r tan t  t o  f i x i n g  t h e  res idence  t ime o f  

CH3T. It would appear t h a t  CH3T s tud ies  may o f f e r  cons iderab le  i n f o r m a t i o n  

on t h e  g l oba l  methane pathways. 

Reference should be made t o  t h e  t e s t s  made on nuc lear  s t i m u l a t i o n  o f  

n a t u r a l  gas w e l l s .  The chemical r e a c t i o n s  o c c u r r i n g  have been s tud ied  i n  

some d e t a i l  f o r  two events :  1 )  t h e  Gasbuggy t e s t  which was a  29-kton 

exp los ion  a t  a  depth o f  1292 m, and 2)  t h e  Ru l i son  t e s t  which was a  40-kton 

exp los ion  a t  2573 m. Most o f  t h e  t r i t i u m  produced was as HTO w i t h  smal l  

amounts as HT and CH3T. Smith (1970) and T a y l o r  (1  970) have reviewed t h e  

chemical r e s u l t s .  Whi le  those r e s u l t s  do n o t  bear d i r e c t l y  on t h e  problem 

o f  CH3T r e a c t i o n  i n  t h e  atmosphere, a  f u r t h e r  s tudy o f  methane r e a c t i o n s  

should i n c l u d e  an e v a l u a t i o n  o f  those  exper imenta l  data.  Weed (1972) has 

compi led an e x c e l l e n t  l i t e r a t u r e  summary o f  methane r e a c t i o n s  w i t h  tri- 

t i a t e d  water .  

The water-CH3T exchange r e a c t i o n  has been cons idered f o r  p u r i f i c a t i o n  

o f  t h e  re leased  gas ( F r i n k  and Weth ington, l971) .  No observable r e a c t i o n  

was observed i n  t h e  absence o f  c a t a l y s t s .  

BIOCHEMICAL REACTIONS 

Water, THO, i s  r e a d i l y  a s s i m i l a t e d  by b i o l o g i c a l  systems and w i l l  n o t  

be discussed here. The remai n i ~ g  compounds o f  i n t e r e s t  i n  t h e  atmosphere 

a r e  hydrogen and methane. Hydrogen i s  bo th  consumed and produced by s o i l -  

and water-conta ined b a c t e r i a .  The r a t e s  suggested by Schmidt (1974) were 

mentioned i n  t h e  s e c t i o n  on hydrogen. The r e a c t i o n s  were f i r s t  d iscussed 

by Smith and Marsha l l  (1952) who i n d i c a t e d  t h a t  low concent ra t ions  o f  an 

enzyme hydrogenase cou ld  cause o x i d a t i o n  o f  t r i t i u m .  Smith and coworkers 

(1953) found t h a t  i n t e s t i n a l  b a c t e r i a  f rom r a t s  were e f f e c t i v e  i n  o x i d a t i o n  

o f  t r i t i u m  i n  t h e  animal body. 



Schlegel  ' s  r ev i ew  (1 974) i n d i c a t e s  t h e  paths t h a t  i n v o l v e  hydrogen, 

methane and o t h e r  key t r a c e  gases. Under aerobic c o n d i t i o n s  hydrogen and 

methane a r e  q u i c k l y  o x i d i z e d  by microorganisms. However, under anaerobic  

c o n d i t i o n s  methane i s  t h e  p r i n c i p a l  p roduc t  (besides C02), o t h e r s  be ing 

N20 f rom NO; r e d u c t i o n  and H2S from 50;' r educ t i on .  As was i n d i c a t e d  

e a r l  i e r  such processes should (assuming no h i g h l y  s p e c i f i c  i s o t o p i c  se lec -  

t i v i t y  by b a c t e r i a )  produce CH3T w i t h  t h e  same T/H r a t i o  as t h e  water  

environment. The h ighe r  va lue  found suggests a  d i r e c t  anthropogenic  

source o f  CH3T and a  cons iderab le  s t a b i l i t y .  

Under ae rob i c  c o n d i t i o n s  b a c t e r i a  can e i t h e r  o x i d i z e  methane o r  

u t i l i z e  i t  as a  growth subs t ra te .  Schlegel  p o i n t s  o u t  t h a t  these b a c t e r i a  

a r e  h i g h l y  s p e c i f i c  i n  t h e  sense t h a t  they do n o t  use t h e  methyl  group on 

l ong  c h a i n  hydrocarbons. 

Thus, b a c t e r i a l  a c t i o n  can o x i d i z e  bo th  HT and CH3T t o  wate r  and i n  

a d d i t i o n  may produce growth subs t ra tes  c o n t a i n i n g  t r i t i u m .  One o f  t h e  

ques t ions  o f  i n t e r e s t  concerns t h e  p o s s i b l e  i s o t o p i c  s e l e c t i v i t y  o f  bac- 

t e r i a  f o r  bo th  hydrogen and methane p roduc t i on  and d e s t r u c t i o n .  

PHOTOCHEM ICAL REACT IONS 

These a r e  probably  t h e  most complex of  t he  atmospheric r e a c t i o n s  

because they i n v o l v e  a  myr iad  o f  c h a i n  r e a c t i o n s  which, i n  t u r n ,  i n v o l v e  

f r e e  r a d i c a l s  and t i e  hydrogen and t r i t i u m  t o  t h e  ve ry  impo r tan t  carbon, 

n i t r ogen ,  and s u l f u r  cyc les .  No a t tempt  w i l l  be made here t o  survey t h i s  

f i e l d  b u t  severa l  o f  t h e  impo r tan t  r e a c t i o n s  need t o  be d iscussed.  The 

n i t r o g e n  and s u l f u r  r e a c t i o n s  w i l l  be om i t t ed  except as t hey  become d i r e c t l y  

i nvo l ved  i n  t h e  CH4-Hz-H20 cyc les .  

The p r i n c i p a l  p r imary  photochemical s teps i n v o l v e  oxygen: 

React ion M i  n. ~ n e r c J ~ { ~ )  

1  O2 + hv + o ( ~ P )  + o ( ~ D )  175.0 nm (7.05 ev )  

( a )  Hunt, 1966. 



p 8 H2C0 + hv -+ H + CHO 

p  9 CH4 + hv -+ CH2 + H2 

These l e a d  t o  a  v a r i e t y  o f  o t h e r  r e a c t i o n s  i n v o l v i n g  f r e e  r a d i c a l s  and 

v i r t u a l l y  a l l  t h e  r e a c t i v e  t r a c e  gases i n  t h e  atmosphere. Some o f  t h e  

i m p o r t a n t  ones a r e :  



R12 CH20 + OH - HCO + H20 

R13 CHO + O 2  - CO + H02 

The l i s t  i s  incomplete b u t  serves t o  i l l u s t r a t e  bo th  t h e  complex i t y  

and importance o f  t h e  photochemical r e a c t i o n s .  React ions R1 through R4 

make up a  smal l  cha in  which ox id i zes  NO and CO.  React ions R5 through R8 

p l u s  R4 (R9 w i l l  supplement R5) comprise a  cha in  which appears t o  have 

cons iderab le  s i g n i f i c a n c e .  Formaldehyde e v e n t u a l l y  ends up as CO and 

water.  Hence, t he  cha in  i s  a  mechanism f o r  o x i d a t i o n  o f  methane. The 

o t h e r  p roduc t  of importance t o  t he  p resen t  d i scuss ion  i s  H 2 0  Levy (1971 ) 

cons iders  these r e a c t i o n s  t o  be o f  s i g n i f i c a n c e  near ground l e v e l  and t h a t  

photod i  s s o c i a t i o n  o f  ozone t o  be t h e  p r i n c i p a l  i n i t i a t i n g  r e a c t i o n .  The 

concen t ra t i on  o f  OH i n  t h e  atmosphere i s  a  s u b j e c t  o f  con t roversy .  Levy 

(1971) l i s t s  t he  t o t a l  ( unpo l l u ted  atmosphere) OH + OH2 + CH302 a t  5  x  
8 7  10 molecule/cm3 w i t h  t h e  OH appa ren t l y  about 10 . McConnell (1971 ) used 

6 a  va lue o f  2.5 x  10 . Warneck (1974) cons iders  these va lues t oo  h i g h  and 



suggests 5  x  10' as an upper 1  i m i t .  Both McConnell and Levy cons ider  these 

r e a c t i o n s  t o  be t h e  major  source o f  CO. McConnell c a l c u l a t e s  t h a t  2  x  
14 

10 g l y r  o f  CO i s  produced. The c h a i n  a l s o  produces H2, r e a c t i o n  p-7, 

and Levy (1973) c a l c u l a t e s  4.6 x  g l y r  i s  produced. However, as noted 

above t h i s  may be an o r d e r  o f  magnitude h igh.  Thus, CH4 may be decomposed 

a t  a  r a t e  o f  about  g / y r  and H2 produced a t  1012 t o  g l y r .  A  

g r e a t e r  u n c e r t a i n t y  i n  t h e  H2 p roduc t i on  would seem reasonable  s i nce  p-7 

i s  n o t  t h e  o n l y  r e a c t i o n  which deconiposes formaldehyde. 

However, an e q u a l l y  impo r tan t  p o i n t  i n v o l v e s  t h e  o x i d a t i o n  of H2. The 

r a t e  cons tan ts  f o r  R5 and R6 a r e  compared w i t h  R15 and R17 i n  Tab le  8. I t  

i s  seen t h a t  t hey  a r e  r o u g h l y  e q u i v a l e n t .  The r a d i c a l s  formed a r e  conver ted  

t o  wa te r  th rough  o t h e r  cha ins o r  by  t h e  c h a i n  s t opp ing  r e a c t i o n s  R18, R19 

and R20. Thus, photochemical o x i d a t i o n  o f  H2 would be expected a t  about 

t h e  same r a t e  as f o r  CH4 l e a d i n g  t o  about  1013 g  H2/yr ox i d i zed .  

TABLE 8. Rate Constants f o r  Ox ida t i on  ( a )  

Reacti on k, cm3 pa r t i c l e -1  sec-' 

CH4 + OH 3.83 x  10-I exp(-1830lT) 
CH4 t o('D) 3.6 x  lo-'' 
H, + OH 6.8 x 10- l2 exo(-20201T) 

(a) Reference, Chameides (1 975). Rate con- 
stants are l i s t e d  f o r  51 reactions o f  
i n te res t .  Whi taker (1 975) has recent ly  
compiled r a t e  constant data f o r  93 reac- 
t i ons  invo lv ing oxygen and isotop ic  
hydrogen species . 

Cons idera t ion  o f  t h e  t r oposphe r i c  i n v e n t o r y  of H2 and CH4 (Table  3 )  

would seem t o  p l ace  photochemical o x i d a t i o n  as a  major  mechanism f o r  t h e  

convers ion of bo th  HT and CH3T t o  HTO i n  t h e  t roposphere.  The p resen t  

crude f i g u r e s  would p lace  t h e  o x i d a t i o n  t u rnove r  t i m e  a t  about  10 yr .  

Since l a r g e  u n c e r t a i n t i e s  e x i s t  i n  bo th  t h e  concen t ra t i ons  o f  r e a c t i v e  



species such as OH and i n  r a t e  cons tan ts  f o r  many r a d i c a l  r e a c t i o n s ,  con- 

s i d e r a b l e  e f f o r t  needs t o  be expended i n  t h i s  area. 

REACTION SUMMARY 

The p o t e n t i a l  mechanisms f o r  atmospheric convers ion  o f  T2, HT (and 

CH3T) t o  H20 i n c l u d e :  1 )  exchange w i t h  H20, 2 )  o x i d a t i o n  by 02, 3 )  reac-  
+ 

t i o n s  o f  t h e  metas tab le  THe i o n  f o l l o w i n g  t r i t i u m  decay, 4 )  b a c t e r i o l o g i -  

c a l  r e a c t i o n s ,  and 5 )  photochemical o x i d a t i o n .  

I f  we d e f i n e  a  s i g n i f i c a n t  convers ion  r a t e  t o  be one t h a t  i s  equal t o  

o r  g r e a t e r  than  t h e  r a d i o a c t i v e  decay r a t e ,  then water  exchange and ox ida-  

t i o n  by a i r  a r e  e l i m i n a t e d  a t  concen t ra t i ons  below about C i / e .  

React ion 3  i s  s i g n i f i c a n t  i n  t h e  sense t h a t  t h e  T H ~ +  spec ies w i l l  r e a c t  

w i t h  many d i f f e r e n t  molecules.  However, on a  r a t e  bas i s  t h e r e  a r e  two 

impo r tan t  l i m i t a t i o n s :  i t  a p p l i e s  o n l y  t o  T2 ( n o t  HT) and t h e  r a t e  cannot  

be g r e a t e r  than  t w i c e  t h e  n a t u r a l  decay r a t e .  

Thus, b a c t e r i a l  a c t i o n  and photochemical o x i d a t i o n  remain as t h e  more 

impor tan t  r e a c t i o n s .  B a c t e r i a  may p l a y  a  s i g n i f i c a n t  p a r t  i n  t h e  o v e r a l l  

t r i t i u m  c y c l e  e s p e c i a l l y  when cons idered on a  g l oba l  bas i s .  It does n o t  

appear p o s s i b l e  t o  q u a n t i f y  t h i s  c o n t r i b u t i o n  a t  t h e  p resen t  t ime .  Wi th  

respec t  t o  t h e  photochemical r e a c t i o n s ,  i n f o r m a t i o n  on t h e  concen t ra t i ons  

o f  r e a c t i v e  spec ies i nvo l ved ,  o r  r a t e  cons tan ts ,  and on average l i f e t i m e s  

o f  va r i ous  r e a c t a n t s  and products  o f  t h e  cha in  r e a c t i o n s  i s  u n c e r t a i n  

enough t h a t  t h e  r a t e s  cannot be determined w i t h  any p r e c i s i o n .  It i s  n o t  

l i k e l y  t h a t  these  r e a c t i o n s  a r e  more than  an o r d e r  of magnitude f a s t e r  

than  t h e  decay r a t e .  



TRITIUM RELEASE EVENTS 

Measurements o f  HT and HTO r a t i o s  f o l l o w i n g  known t r i t i u m  r e l e a s e s  

o f f e r s  a t  l e a s t  q u a l i t a t i v e  i n f o r m a t i o n  on t h e  HT c o n v e r s i o n  r e a c t i o n .  A t  

l e a s t  two such even ts  have been f o l l o w e d  i n  some d e t a i l .  

I n  1970 289 kCi o f  T2 was a c c i d e n t a l l y  re leased  th rough  an exhaust  

s t a c k  a t  t h e  Lawrence L ive rmore  L a b o r a t o r y  (Myers, 1971 ) . The e f f e c t i v e  

r e l e a s e  h e i g h t  was about  30 m  b u t  t h e  d i l u t i o n  a t  t h e  t i m e  o f  r e l e a s e  was 

n o t  i n d i c a t e d .  M o n i t o r i n g  o f  a i r  and a i r b o r n e  wa te r  vapor was immed ia te ly  

s t a r t e d  u s i n g  i n f o r m a t i o n  on t h e  topography and su r face  winds. A l l  samples 

o f  water ,  m i l k  and u r i n e  con ta ined  normal background l e v e l s  o f  t r i t i u m .  

T r i t i u m  was d e t e c t e d  i n  wa te r  vapor i n  t h e  a i r  b u t  t h e  maximum was a t  two 

o r d e r s  o f  magni tude below t h e  mpc f o r  HTO i n  a i r .  

I n  1974 479 kCi o f  T2 was r e l e a s e d  a t  t h e  Savannah R i v e r  P l a n t ;  t h i s  

even t  was b r i e f l y  ment ioned e a r l i e r  (Mar te r ,  1974). The r e l e a s e  over  a  

40 min i n t e r v a l  produced a  c o n c e n t r a t i o n  o f  3  x  lo - '  C i / e  a t  t h e  60 m  s t a c k  

top .  The exhaust,  hav ing  a  l i n e a r  v e l o c i t y  o f  14 m/sec was e s s e n t i a l l y  

pu re  a i r ,  and t h e  T/H r a t i o  assuming normal hydrogen c o n t e n t  o f  a i r  would 

be about  30. A  d e t a i l e d  sampl ing program a long  w i t h  m i x i n g  c a l c u l a t i o n s  was 

c a r r i e d  o u t .  The h i g h e s t  HTO convers ion  was found a t  t h e  c e n t e r  o f  t h e  

r e l e a s e  plume about  5 h r  a f t e r  t h e  r e l e a s e .  The t o t a l  t r i t i u m  concent ra-  

t i o n  a t  t h i s  p o i n t  (abou t  40 km f rom t h e  r e l e a s e  p o i n t )  was 3.9 x 1 0 - l o  C i / e  

o f  which 0.2% was HTO. 

The behav io r  o f  t r i t i u m  i n  these  two cases argues f o r  t h e  low conver-  

s i o n  r a t e .  



ATMOSPHERIC MIXING 

As i n d i c a t e d  from t h e  k i n e t i c  da ta  t h e  r a t e  of d i l u t i o n  o f  re leased  

t r i t i u m  i s  v e r y  impor tan t ,  f o r  o n l y  a t  h i g h  concen t ra t i ons  a r e  t h e  exchange 

and o x i d a t i o n  r e a c t i o n s  s i g n i f i c a n t .  Ex tens ive  d i l u t i o n  no rma l l y  occurs  

a t  t h e  r e l e a s e  p o i n t  due t o  normal a i r  f l ow th rough  t h e  exhaust system. The 

remain ing d i l u t i o n  i s  me teo ro l og i ca l .  T h i s  s u b j e c t  w i l l  n o t  be rev iewed here.  

However, i t  has rece i ved  ex tens i ve  s t udy  and t e s t i n g  and t h e  models be ing  

developed a r e  i n c r e a s i n g l y  s o p h i s t i c a t e d .  For m i x i n g  a t  s h o r t  d i s t ances  t h e  

Gaussian plume fo rmu la  i s  no rma l l y  employed. The equa t ion  g i v e s  t h e  concen- 

t r a t i o n  x a t  coo rd i na tes  x, y, z f rom a  p o i n t  source of s t r e n g t h  Q as a  

f u n c t i o n  o f  v a r i o u s  exper imenta l  parameters. 

The reader  i s  r e f e r r e d  t o  l e c t u r e s  on A i r  P o l l u t i o n  and Environmental  

Impact Ana l ys i s  (Haugen, 1975) f o r  conc ise  rev iews.  Hanna (1976) has d i s -  

cussed r e c e n t  work on t h e  e f f e c t s  of topography and t h e  removal and t r a n s -  

f o rma t i on  mechani sms. Hales ' (1 975) atmospher ic s t u d i e s  have i n c l  uded p re -  

c i p i t a t i o n  scavenging which i s  p a r t i c u l a r l y  impo r tan t  t o  t h e  t r i t i u m  problem. 

M i x i n g  on a  l o c a l  s ca le  i s  impo r tan t  because o f  t h e  d i l u t i o n  e f f e c t  

on r e a c t i o n  r a t e s .  M i x i n g  on a  g l o b a l  s ca le  concerns t h e  o v e r a l l  t r i t i u m  

d i s t r i b u t i o n  s i n c e  many o f  t h e  s p e c i f i c  problems a r e  g l o b a l  i n  na tu re :  

d i f f u s i o n  o f  HTO f rom t h e  s t r a tosphe re ,  l a t t i t u d e  e f f e c t s ,  m i x i n g  between 

hemispheres, t h e  d i s t r i b u t i o n  o f  mo lecu la r  species as a  f u n c t i o n  of a l t i t u d e  

and t h e  res idence  o r  t u r n o v e r  t i m e  o f  these  spec ies.  A l though these t o p i c s  

may n o t  d i r e c t l y  concern t h e  HT + HTO o r  CH3T + HTO convers ion  t hey  do 

determine what l i m i t s  may e v e n t u a l l y  be p l aced  on r a d i o a c t i v e  c o n s t i t u e n t s .  

Renne and coworkers (1975) have c a r r i e d  o u t  an a n a l y s i s  of a  h y p o t h e t i c a l  

t r i t i u m  r e l e a s e  (as HTO) f rom a  . f u s i o n  r e a c t o r  and computed t h e  env i ronmenta l  

concen t ra t i ons .  Machta (1973) has c a r r i e d  o u t  an a n a l y s i s  o f  g l o b a l  d i s t r i -  

b u t i o n  o f  e f f l u e n t s  r e l eased  t o  t h e  atmosphere. 



EVALUATION AND RECOMMENDAT IONS 

A t  t h e  p resen t  t ime  most o f  t h e  t r i t i u m  i n  t h e  t roposphere i s  i n  t h e  

form o f  HT. The remainder,  somewhat l e s s  than h a l f ,  i s  l a r g e l y  HTO whose 

source i s  t h e  s t r a t o s p h e r i c  r e s e r v o i r .  A p o r t i o n  e x i s t s  as CH3T and t h e  

r a t i o  o f  T/H i n  methane i s  s u r p r i s i n g l y  h i g h  b u t  somewhat l e s s  than i n  HE. 

Local  v a r i a t i o n  o f  t h e  T/H r a t i o  i n  H2 suggests anthropogenic  sources,which 

a r e  a l s o  suggested f o r  CH3T. I t  i s  q u i t e  l i k e l y  t h a t  t r i t i a t e d  methane i s  

c o n s t a n t l y  be ing  re leased  from s i t e s  where t r i t i u m  work i s  be ing  c a r r i e d  

ou t .  

These observa t ions  t o g e t h e r  w i t h  low convers ion  r a t e s  observed from 

known major  T2 re leases  suggest a  ve ry  s low convers ion  o f  HT o r  T2 t o  HTO 

i n  t h e  atmosphere. Cons ide ra t i on  o f  t h e  va r i ous  chemical  and b i o l o g i c a l  

r e a c t i o n s  t h a t  can occur i n  t h e  atmosphere o r  a t  t h e  su r f ace  o f  t h e  e a r t h  

suppor t  t h i s  conc lus ion .  Only  b i o l o g i c a l  ( b a c t e r i a l  a c t i o n )  r e a c t i o n s  and 

photochemical  o x i d a t i o n  appear t o  c o n t r i b u t e  e x t e n s i v e l y  t o  t h e  o x i d a t i o n  

o f  t r i t i u m .  The l i f e t i m e  o f  HT ( o r  T2)  o r  CH3T i n  t h e  atmosphere cannot  

be f i x e d  a t  p resen t  b u t  i s  c e r t a i n l y  l ong  compared t o  t imes i n v o l v e d  i n  

a c c i d e n t a l  re leases  and p robab ly  can be measured i n  years  r a t h e r  than hours  

o r  days. For  a  g iven  HT o r  T2 re l ease  t o  t he  atmosphere t h e  convers ion  t o  

HTO i n  24 h r  should be w e l l  under 1%. There i s  c e r t a i n l y  much more HT than 

HTO i n  t h e  t roposphere and t h e  amount o f  HT and o f  CH3T may i n  f a c t  be 

i nc reas ing .  

Many of t h e  conc lus ions  s t a t e d  i n  t h i s  paper a re  h i g h l y  t e n t a t i v e  and 

areas of s tudy  a r e  suggested t o  p r o v i d e  a  b e t t e r  bas i s .  

M o n i t o r i n g  o f  HT should  be con t inued  on a  wo r l d  wide bas i s  and a t  d i f -  

f e r e n t  a l t i t u d e s  th rough  t h e  s t r a tosphe re .  Deuter ium con ten t  should a l s o  be 

ob ta ined  and t h e  da ta  cou ld  be f u r t h e r  improved by t he  a n a l y s i s  f o r  a  second 

re fe rence  t r a c e  gas. The techniques developed by 0 s t l u n d  and by E h h a l t  and 

o the rs  seem p e r f e c t l y  adequate. 



T r i t i a t e d  methane seems t o  have been over looked i n  most o f  t he  s t u d i e s  

and shou ld  be added t o  t h e  m o n i t o r i n g  systems. A search f o r  CH3T sources 

f rom v a r i o u s  n u c l e a r  f a c i l i t i e s  shou ld  be made t o  determine t h e  e x t e n t  o f  

i t s  r e l e a s e  from d i f f e r e n t  a c t i v i t i e s  such as f u e l  rep rocess ing ,  and espe- 

c i a l l y  f rom processes where h i g h l y  concen t ra ted  t r i t i u m  i s  i n v o l v e d .  The 

occur rence  of t r i t i a t e d  methane i s  n o t  o n l y  a  p o t e n t i a l  problem b u t  a l s o  

o f f e r s  o p p o r t u n i t y  t o  c o n t r i b u t e  i n f o rma t i on  on t h e  carbon cyc l e .  

Many t h e o r e t i c a l  problems e x i s t .  They i n c l u d e  t h e  n a t u r e  o f  t h e  
t 

HeT i o n  and i t s  r e a c t i v i t y  and t h e  de te rm ina t i on  o f  r a t e  cons tan t s  f o r  a  

h o s t  o f  f r e e  r a d i c a l  r e a c t i o n s  i n v o l v i n g  H2 and CH4. Var ious  models o f  

t h e  hydrogen-oxygen atmosphere a r e  n o t  i n  good agreement. The d i sc repanc ies  

show up n o t  o n l y  i n  t h e  r a t e  cons tan ts  b u t  i n  t h e  p r e d i c t e d  concen t ra t i ons  

as a  f u n c t i o n  o f  a l t i t u d e  f o r  t h e  key r e a c t i v e  spec ies.  Orders o f  magni- 

tude d i f f e rences  e x i s t  i n  some cases. T h i s  i s  c l e a r l y  a  complex problem and 

r e q u i r e s  a  comb ina t ion  of t h e o r e t i c a l  and l a b o r a t o r y  s t u d i e s  t o g e t h e r  w i t h  

i n c r e a s i n g l y  s o p h i s t i c a t e d  atmospher ic analyses.  

One i s  tempted t o  w r i t e  of f  those chemical  r e a c t i o n s  t h a t  have ex t reme ly  

low r e a c t i o n  r a t e s  i n  t h e  absence o f  c a t a l y s t s  such as HT + 02, HT + H20 

CH3T + H20, e t c .  However, one must be sure  t h a t  c a t a l y t i c  agents  a r e  n o t  

p resen t  i n  t h e  v i c i n i t y  of a  t r i t i u m  re l ease .  The s tudy  o f  these  c a t a l y t i c  

r e a c t i o n s  can have a  dua l  purpose: t h e  f u r t h e r  e l u c i d a t i o n  o f  r e a c t i o n  

mechanisms and t h e  p o t e n t i a l  a p p l i c a t i o n  t o  sepa ra t i on  processes. 

The b a c t e r i o l o g i c a l  r e a c t i o n s  i n v o l v i n g  bo th  hydrogen and methane a r e  

ex t reme ly  i n t e r e s t i n g  and may be impo r tan t  i n  t h e  t r i t i u m  c y c l e .  The need 

f o r  f u r t h e r  s tudy  i s  obv ious from the  l a r g e  u n c e r t a i n t i e s  t h a t  e x i s t  i n  

t h e  f o r m a t i o n  and up take  r a t e s  o f  H  and CH The i s o t o p i c  s p e c i f i c i t y  2  4  ' 
o f  a e r o b i c  and anaerob ic  b a c t e r i a  should  a l s o  be examined. 
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