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T h e tr i t ium and d e u t e r i u m c o n t e n t o f 24 s a m p l e s of a t m o s p h e r i c h y d r o g e n c o l l e c t e d at g r o u n d 
level near B u f f a l o . N . Y . ( U . S . A . ) , H a m b u r g ( G e r m a n y ) , and N ü r n b e r g ( G e r m a n y ) d u r i n g 1954 to 
1956 was m e a s u r e d . 

At the b e g i n n i n g o f 1954 the T / H - r a t i o was f o u n d to have been 9 . 1 8 - 1 0 - 1 4 , i . e . a b o u t a f a c t o r 
of 10 h i g h e r than 1949 (FALTINGS and HARTECK) and 1951 (v . GROSSE et a l . ) , p r o b a b l y d u e to the 
first e x p l o s i o n of a t h e r m o n u c l e a r d e v i c e in N o v e m b e r 1952. In sp i te of a m a j o r test ser ies of 
t h e r m o n u c l e a r w e a p o n s in s p r i n g of 1954 ( O p e r a t i o n CASTLE) n o fur ther increase in the t r i t ium 
content w a s f o u n d d u r i n g 1954 and 1955. It s h o w s instead a seasonal var iat ion with l o w tr i t ium 
content in s u m m e r and a b o u t a t h r e e f o l d h igher o n e in winter . S i m u l t a n e o u s l y , there is a g o o d 
co r re la t i on b e t w e e n the tr i t ium a n d d e u t e r i u m c o n c e n t r a t i o n s . F r o m 1956 on a n o t i c e a b l e increase 
in the t r i t ium c o n t e n t d u e to m o r e m a n - m a d e H T p r o d u c e d or re leased by t h e r m o n u c l e a r d e v i c e s 
into the a t m o s p h e r e was f o u n d , in a g r e e m e n t with m e a s u r e m e n t s by GONSIOR. A p o s s i b l e e x p l a n a t i o n 
of the e x p e r i m e n t a l results as we l l as a m o d e to test the val idity of the m o d e l sugges ted is g iven . 

T h e d e u t e r i u m c o n c e n t r a t i o n s of the s a m p l e s a n a l y s e d vary b e t w e e n a b o u t + 7 p e r c e n t and 
— 17 per cent , c o m p a r e d to S t a n d a r d L a k e M i c h i g a n W a t e r w ith a ratio D / H = 0 .0148 ± 0 . 0002 m o ! 
percent . A l t h o u g h f r o m these results on ly a c o r r e l a t i o n f a c t o r b e t w e e n the tr i t ium and d e u t e r i u m 
content o f " m e a n a t m o s p h e r i c h y d r o g e n " and not their abso lu te values c a n be der ived it is o b v i o u s 
that a t m o s p h e r i c h y d r o g e n and the water v a p o u r o f the a t m o s p h e r e are not in t h e r m o d y n a m i c equ i -
l ibr ium. as has b e e n p o i n t e d out b e f o r e by HARTECK and SUESS. 

In the past decades much attention has been given 
to the composition of the terrestrial atmosphere. 
During the initial stages of this investigation, the 
main interest was necessarily restricted to the com-
position of the lowermost layer of the atmosphere 
while more recently the main emphasis has been 
shifted to the vertical distribution of the various 
constituents as well as to their isotopic composition. 
Although practically all of the minor constituents 
have been investigated more or less extensively, 
there is a remarkable lack of information on the 
abundance, distribution, and isotopic composition 
of the free hydrogen of the atmosphere. 

Due to the inherent experimental difficulties in 
determining the very small hydrogen content of air. 
the first measurements gave results which are cer-
tainly wrong (10~2 mol percent). However. D E W A R 1 

as early as 1902. found the hydrogen content of air 
to be not more than 10~3 mol percent, and in 1914 
detected only 8 • 10~° mol percent2. The most ex-
tensive as well as the most careful measurements 

* P u b l i c a t i o n author i zed by the D i r e c t o r . U .S . G e o l o g i c a l 
Survey . 

1 J. DEWAR. P r o c . R o y . Inst. , L o n d . 17 , 2 2 3 [ 1 9 0 2 ] , 
2 J. DEWAR. P r o c . R o y . Inst . , L o n d . 21 , 2 4 0 [ 1 9 1 4 ] , 

appear to have been performed in 1923 by P. M. 
SCHUFTAN. whose results apparently have never been 
published but are quoted by PANETH 3. He found the 
hydrogen content to be 5 • 1 0 m o l percent inde-
pendent of both his analytical procedure and the 
origin of the air samples. This value is still to be 
found in all modern compendii on this subject — 
(except in such cases where the existence of hydro-
gen as a constituent of the atmosphere is still con-
sidered to be doubtful4) — and apparently more 
recent data are not available. 

To the best of our knowledge, the deuterium con-
tent of atmospheric hydrogen has only been deter-
mined once before. HARTECK and SUESS 5. by employ-
ing a pycnometric method, determined the density 
of water samples (obtained by passing the crude 
He-Ne-fraction of an air liquefaction plant over hot 
CuO) relative to that of Hamburg tap water. As-
suming the density difference to be entirely clue to a 
difference in the deuterium content, they found the 
D/H-ratio of atmospheric hydrogen to be (25 ± 7 ) 

3 F . A . PANETH. Quart . J. R . M e t e o r . S o c . , L o n d . 6 3 . N o . 2 7 1 , 
4 3 3 [ 1 9 3 7 ] , 

1 R . M . GOODY, " T h e P h y s i c s of the S t r a t o s p h e r e . " C a m -
b r i d g e Univ . Press , C a m b r i d g e 1954 . 

5 P . HARTECK and H. SUESS, Naturwiss . 36 . 2 1 8 [ 1 9 4 9 ] , 
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percent h igher than that of tap water . A l t h o u g h this 
a s s u m p t i o n m a y not b e ent ire ly jus t i f i ed as the den-
sity d i f f e r e n c e m a y at least be part ly d u e to a d i f -
ferent rat io o f the o x y g e n i so topes , their result is 
in rather g o o d a g r e e m e n t with the results which wil l 
b e presented here . ( S U E S S later h a d this result qual i -
tatively c o n f i r m e d b y a mass s p e c t r o m e t r i c analys is 
m a d e b y U R E Y ' S g r o u p at the Univers i ty o f C h i c a g o 6 . ) 

Unti l a f e w m o n t h s a g o m e a s u r e m e n t s o f the T / H -
rat io o f a t m o s p h e r i c h y d r o g e n w e r e a b o u t as s carce 
as the deuter ium m e a s u r e m e n t s . T h i s is the m o r e 
surpr i s ing as the natural o c c u r r e n c e o f tr i t ium w a s 
first d i s c o v e r e d b y F A L T I N G S a n d H A R T E C K in a tmo-
spher i c h y d r o g e n T h e y f o u n d in their samples , 
c o l l e c t e d near H a m b u r g , G e r m a n y , at the b e g i n n i n g 
o f 1 9 4 9 . a T / H - r a t i o o f ( 0 . 3 8 ± 0 . 1 2 ) • 10 4 T . U . 
( 1 T . U . c o r r e s p o n d s to a T / H - r a t i o o f 1 0 " 1 8 ) . W i t h 
the e x c e p t i o n o f s o m e p r e l i m i n a r y measurements b y 
B E G E M A N N and L I B B Y 8 , this rat io appears to have 
been m e a s u r e d o n l y o n c e a g a i n b y G R O S S E , K I R S H E N -

B A U M . K U L P a n d B R O E C K E R 9 . T h e latter authors f o u n d 
in a ir samples c o l l e c t e d near B u f f a l o , N . Y . , U . S . A . . 
d u r i n g 1 9 5 1 a T / H - r a t i o o f ( 1 . 6 6 ± 0 . 1 ) • 1 0 4 T . U . 

Several m o n t h s a g o , G O N S I O R 1 0 r e p o r t e d o n the 
T H - r a t i o s d e t e r m i n e d o n a b o u t 2 0 samples o f a t m o -
spher i c h y d r o g e n c o l l e c t e d near H a m b u r g and N ü r n -
b e r g ( G e r m a n y ) d u r i n g 1 9 5 6 — 5 8 . H e f o u n d an 
a p p r o x i m a t e l y l inear inc rease in the T / H - r a t i o o f 
5 • 10 4 T . U . p e r y e a r f r o m a b o u t 1 0 • 10 4 T . U . at the 
b e g i n n i n g of 1 9 5 6 to a b o u t 2 5 • 10 4 T . U . at the end 
o f 1 9 5 8 . S u p e r i m p o s e d o n this l inear increase are ir-
r egu lar short - term var ia t i ons . T h e increase is ascr ib -
ed to the p r o d u c t i o n of H T b y t h e r m o n u c l e a r de-
v i ces , which are k n o w n to re lease o r p r o d u c e sub-
stantial quanti t ies o f t r i t ium. B y ex t rapo la t ing back 
to the b e g i n n i n g o f 1 9 5 4 , G O N S I O R arr ives at an 
e x t r a p o l a t e d T / H - r a t i o whi ch is in agreement with 
the p r e v i o u s results b y F A L T I N G S and H A R T E C K 7 a n d 
G R O S S E et a l . 9 . H e c o n s i d e r s the a s s u m p t i o n o f a 
l inear increase s ince 1 9 5 4 to be just i f i ed as the first 
m a j o r test series of t h e r m o n u c l e a r dev i ces b e g a n in 
M a r c h 1 9 5 4 in the P a c i f i c ( O p e r a t i o n C A S T L E ) . 

T h e tr i t ium results presented here are of spec ia l 

6 H. E. SUESS, Trans. Amer. Geophys. Un., 34, 343 [1953]. 
7 V. FALTINGS and P . HARTECK. Z . Naturforschg. 5 a. 4 3 9 

[1950]; Nature, Lond. 166. 1109 [1950], 
8 F . BEGEMANN and W . F . LIBBY, Geochim. Cosmochim. Acta 

12, 277 [1957]. 
U A . v . GROSSE, A . D . KIRSHENBAUM, J . L . KULP a n d W . S . 

BROECKER. Phys. Rev. 9 3 , 2 5 0 [ 1 9 5 4 ] , 
1 0 B . GONSIOR, Naturwiss. 4 6 . 2 0 1 [ 1 9 5 9 ] . 
1 1 I . F R I E D M A N . Geochim. Cosmochim. Acta 4 . 8 9 [ 1 9 5 3 ] . 

interest as they w e r e o b t a i n e d o n s a m p l e s c o l l e c t ed 
d u r i n g 1 9 5 4 — 5 6 and h e n c e s h o u l d a l l o w us to 
p r o v e o r to d i s p r o v e the va l id i ty o f the e x t r a p o l a t i o n 
m a d e b y G O N S I O R . In a d d i t i o n , it is the first t ime 
that deuter ium and tr i t ium d e t e r m i n a t i o n s h a v e b e e n 
p e r f o r m e d o n the s a m e samples , a fact which p r o v e s 
to be ex t reme ly he lp fu l in interpret ing the data. 

E x p e r i m e n t a l Techniques 

All samples analysed were kindly supplied by the 
Linde Air Products Company and the Linde's Gesell-
schaft für Eismaschinen, Abtlg. Gasverflüssigung, res-
pectively. They were obtained by passing the crude 
He-Ne-fraction in the air liquefaction plants at Buffalo, 
N.Y. , U.S.A., and Hamburg and Nürnberg (Germany) 
over hot CuO and freezing out the water. The water 
samples were carefully sealed until the time of analysis 
in order to avoid contamination with atmospheric mois-
ture. Aliquots of the samples were analysed for deute-
rium and tritium separately. 

A. Deuterium 

Ten milligram aliquots of the water samples were 
converted to hydrogen by passing the water vapor over 
hot uranium metal. Total reaction was assured by re-
cycling any unreacted water over the uranium. The 
hydrogen gas sample was then analysed for its D ' H 
ratio in a 6 " —60 NIER type mass spectrometer espe-
cially designed to collect masses 2 and 3 (H2+ and HD+) 
simultaneously11. A precision of ± 0 . 1 % of the ratio 
was obtained. The results are given relative to Standard 
Lake Michigan Water. 

A result of + 5% indicates that the sample contains 
5% more deuterium than Standard Lake Michigan Water. 
Although our Standard Lake Michigan Water contains 
0.0148 ± .0002 mol percent D, the uncertainty in this 
value is greater than the precision of our isotope dif-
ference measurements. 

B. Tritium 

Fourty milligram aliquots of the carefully degassed 
water samples were converted quantitatively to hydro-
gen by means of hot Zn at 400 C. The hydrogen libe-
rated was purified by passing it through a trap cooled 
with liquid nitrogen, and then pumped with a TOEPLER 
pump into a counter (360 cc, 30 cm long), which had 
previously been filled with 0.5 —1.0 cm of toluene vapor. 
About 4 cm of argon were added. The counter was then 
placed in a ring of anti-coincidence counters (60 cm 
long), surrounded by an iron shield (30 cm). The 
amount of tritium was determined by counting its acti-
vity in the GEIGER region. The background of the counter 
was (3.6 + 0.1) cpm, the net counting rate with 10 cm 
of hydrogen gas 10 — 30 cpm. The counter was calibrat-
ed by using a tritium standard (no. PS 42 975) obtained 
from the National Bureau of Standards, Washington. 
D.C. Each sample was counted at least twice, the rela-
tive accuracy of the results is about 2% (reproducibility 
and statistical error), the absolute accuracy 3 — 4%. 



Table 1. The tritium and deuterium content of atmospheric hydrogen. The tritium content is given in 104 T.U. (1 T.U. —>• 
T / H = 1 0 ~ 1 8 ) , the accuracy of the results is 3—4%. The deuterium content is expressed by the difference 6 of the D/H-ratio 
in the sample and that of Lake Michigan water [ (D/H) Sample= (D/H)L.M. (l + <5)]. The error of the D/H-ratios is 0.1%. The 
deuterium content of the 5 first samples had been measured previously by CRAIG 12. His results are in good agreement with 

those presented here. 

Sample 
no. Place of collection Date of collection T / H 

[104 T.U.] 
r5 D / H 

[ % ] 

1 Buffalo, N.Y. Jan. 2 - 9 , 1954 9.18 - 8.95 
2 Buffalo, N.Y. May 2 5 - 2 8 , 1954 7.38 - 6.52 
3 Buffalo, N.Y. Nov. 2 2 - 2 6 , 1 9 5 4 6.39 - 8.87 
4 Buffalo, N.Y. Nov. 26—Dec. 3,1954 7.75 - 12.10 
5 Buffalo, N.Y. Dec. 3 - 1 3 , 1 9 5 4 9.00 — 7.28 
6 Buffalo, N .Y . Mar. 2 5 - A p r . 3, 1955 11.5 - 4.01 
7 Buffalo, N.Y. May 2 1 - 3 0 , 1955 5.99 - 13.65 
8 Buffalo, N .Y . June 10—18, 1955 7.75 - 6.60 
9 Buffalo, N.Y. Aug. 1 2 - 2 0 , 1 9 5 5 5.66 - 13.45 

10 Buffalo, N.Y. Sept. 1 7 - 2 9 , 1 9 5 5 4.17 - 16.45 
11 Buffalo, N .Y . Oct. 8 - 1 6 , 1 9 5 5 4.99 - 13.10 
12 Buffalo, N.Y. Nov. 6 - 1 3 , 1 9 5 5 7.16 - 6.10 
13 Buffalo, N .Y . Dec. 17—25,1955 5.99 - 10.20 
14 Hamburg, Germanv Dec. 18, 5 5 - J a n . 21, 56 12.6 + 5.89 
15 Buffalo, N.Y. Jan. 1 9 - 2 3 , 1 9 5 6 6.03 — 7.53 
16 Hamburg, Germanv Mar. 2 2 - 2 5 , 1 9 5 6 12.6 + 6.85 
17 Buffalo, N .Y . Apr. 1 5 - 2 1 , 1 9 5 6 9.09 - 6.29 
18 Buffalo, N .Y . May 8 - 1 5 , 1956 9.72 - 9.05 
19 Hamburg, Germany May 1 2 - 1 5 , 1 9 5 6 11.8 + 5.62 
20 Nürnberg, Germany May 2 9 - J u n e 2,1956 3.50 - 0.60 
21 Nürnberg, Germany June 1 3 - 2 3 , 1 9 5 6 3.37 + 0.20 
22 Nürnberg, Germany Aug. 27 -Sept . 1,1956 13.4 - 2.42 
23 Nürnberg. Germany Sept, 20—Oct, 5,1956 11.8 - 3.85 
24 Buffalo. N .Y . Oct. 2 1 - 2 8 , 1956 11.3 - 6.28 

E x p e r i m e n t a l Results and Discussion 

T h e results o f b o t h the d e u t e r i u m and the tr it ium 
m e a s u r e m e n t s are presented in T a b l e 1. 

F i g . 1 s h o w s o u r tr i t ium results as well as all 
o thers w h i c h h a v e b e e n p u b l i s h e d p r e v i o u s l y ( le f t 
o r d i n a t e s c a l e ) , t oge ther wi th the tr i t ium content of 
C h i c a g o p r e c i p i t a t i o n 8 ' 1 3 - 1 0 c o v e r i n g the s a m e pe-
r i o d of t ime ( r i gh t o r d i n a t e s c a l e ) . It is o b v i o u s 
that there w a s n o l inear i n c r e a s e in the tr i t ium c o n -
tent o f a t m o s p h e r i c h y d r o g e n start ing in 1 9 5 4 , i. e . 
f o l l o w i n g the C A S T L E test series o f t h e r m o n u c l e a r 
w e a p o n s . A t this t ime the tr i t ium content was al-
r e a d y a b o u t ten t imes h i g h e r than 1 9 4 9 and 1 9 5 1 . 
D u r i n g 1 9 5 4 a n d 1 9 5 5 the tr i t ium content appears 
to s h o w s o m e seasona l var ia t i ons with h igh c o n c e n -
trat ions in winter a n d a b o u t t h r e e f o l d l o w e r ones 
in s u m m e r . A def in i te inc rease is on ly no t i ceab le 
f r o m 1 9 5 6 o n . A c c o r d i n g to these results there is 
n o i n d i c a t i o n that there was any s igni f i cant a m o u n t 
o f H T p r o d u c e d d u r i n g O p e r a t i o n C A S T L E . 

12 H. CRAIG, Private communication. 
13 S. KAUFMAN and W . F . LIBBY, Phys. Rev. 93, 1 3 3 7 [ 1 9 5 4 ] , 
1 4 H . v. BUTTLAR and W . F . LIBBY, J . Inorg. Nucl. Chem. 1 , 7 5 

[ 1 9 5 5 ] . 

T h e i n c r e a s e in the tr i t ium content b e t w e e n 1 9 5 1 
and 1 9 5 4 is be l i eved to b e d u e to O p e r a t i o n IVY 
( N o v e m b e r 1 9 5 2 ) ; the i n c r e a s e f r o m 1 9 5 6 o n to be 
d u e to the U . S . S . R . test series o f t h e r m o n u c l e a r 
w e a p o n s d u r i n g the latter part o f 1 9 5 5 , and the 
f o l l o w i n g tests c o n d u c t e d b y the U . S . S . R . , U . S . , and 
U . K . ( see F i g . 1 ) . O n first s ight this e x p l a n a t i o n 
m a y a p p e a r rather s t range as it impl i es that all test 
series e x c e p t C A S T L E p r o d u c e d substantial quantit ies 
o f H T . T h i s is even s tranger w h e n c o n s i d e r i n g the 
fact that the i n c r e a s e in the tr i t ium content o f pre-
c ip i ta t ion f o l l o w i n g C A S T L E was v e r y m u c h larger 
than that f o l l o w i n g IVY ( F i g . 1 ) . A c t u a l l y , the lat-
ter, has f r e q u e n t l y b e e n o v e r l o o k e d ent ire ly . H o w -
ever, it must b e kept in m i n d that the first thermo -
nuc lear d e v i c e , d e t o n a t e d in N o v e m b e r 1 9 5 2 is said 
to have b e e n u n i q u e in its des ign . It is s u p p o s e d to 
have b e e n a r e f r i ge ra ted dev i ce , c o n t a i n i n g a l iqu id 
deuter ium-tr i t ium m i x t u r e , w h e r e a s in the sub-
sequent f u s i o n e x p l o s i o n s this D - T - m i x t u r e has been 
rep laced b y a 6 L i - D m i x t u r e ( o r c o m p o u n d ) 1 6 . D u r -

15 F. BEGEMANN, Final Report, Contract No. AF 18 (600)-564 
[1957], 

16 A. G. W. CAMERON, Can. J . Phys. 37, 3 2 2 [1959]. 
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Fig. 1. Tritium content of atmospheric 
hydrogen (left ordinate scale) and of 
Chicago precipitation (right ordinate 

scale). 
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ing the U . S . S . R . test ser ies at the e n d o f 1 9 5 5 a n d 
s o m e o r all o f the f o l l o w i n g test series , o n the o ther 
hand , a c c o r d i n g to c o n f i r m e d repor t s , s o m e o f the 
H - b o m b s w e r e de tonated at great alt i tudes. T h i s , 
then, m a y b e a s s u m e d to b e the r e a s o n w h y d u r i n g 
these test ser ies substantial quant i t ies o f H T w e r e 
p r o d u c e d w h i l e this w a s n o t the case d u r i n g the 
l ow-a l t i tude O p e r a t i o n C A S T L E . 

F i g . 1 s h o w s o n e m o r e interest ing f ea ture which 
m i g h t b e w o r t h m e n t i o n i n g : U n d e r natural c o n d i -
t ions , i. e. b e f o r e the f irst m a n - m a d e tr i t ium w a s 
re leased into the a t m o s p h e r e the tr i t ium c o n c e n t r a -
t ion in a t m o s p h e r i c h y d r o g e n was a b o u t 1 0 3 t imes 
that f o u n d in a t m o s p h e r i c m o i s t u r e . A c c o r d i n g to 
H A R T E C K 1 7 this fact c a n b e e x p l a i n e d in the f o l l o w -
ing w a y : T h e c o s m i c ray p r o d u c e d a t o m i c tr i t ium 
has essential ly two poss ib i l i t i es to r e a c t : 

r e a c t i o n constants , and the c oncent ra t i ons o f the 
reactants i n v o l v e d , the H T / H T O - r a t i o ar r ived at is 
l o w e r b y several o rders o f m a g n i t u d e than w h a t h a s 
been f o u n d exper imenta l l y . H e n c e the T 0 2 - r a d i c a l 
must b e d e c o m p o s e d p h o t o c h e m i c a l l y b e f o r e it un -
d e r g o e s fur ther react ions and thus enab le the tr i t ium 
a g a i n to f o r m m o r e H T a c c o r d i n g to reac t i on ( 2 ) . 

a n d 

T + 0 2 + M 

T + H 2 

TO2 + M 
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(1) 
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R e a c t i o n ( 1 ) is the m o s t p r o b a b l e one , the f o r m a -
t ion o f the f r ee rad i ca l T 0 2 in a three b o d y c o l l i s i o n . 
T h e T 0 2 wi l l u n d e r g o fur ther reac t i ons a n d f inal ly 
e n d up as H T O . H o w e v e r , w h e n inser t ing the k n o w n 

JFMAMJ JAS OND'JFM AM JJASOND'JF MAM J JASONS 
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Fig. 2. Tritium content and relative deuterium concentration 
of atmospheric hydrogen [<5 (D/H) Lake Michigan = 0]. 

X T-content; crossed dot <3 (D/H) Buffalo, N.Y., U.S.A. 
O T-content; • 6(D/H) Hamburg. Germany 
• T-content; • 6 (D/H) Nürnberg. Germany 

17 P. H A R T E C K , J . Chem. Phys. 2 2 , 1 7 4 6 [ 1 9 5 4 ] . 
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Fig. 3. Correlation between tritium and deuterium content of 
atmospheric hydrogen. X Buffalo. N.Y., U.S.A.; • Hamburg. 

Germany; • Nürnberg. Germany. 

A n o t h e r poss ib i l i ty f o r the tr i t ium to f o r m H T 
has been po in ted out b y R O W L A N D 1 8 

that the hot a tom react ion 
H e suggests 

T* + H.,0 ^ HT + OH ( 3 ) 

m a y be partly respons ib le f o r the f o r m a t i o n of H T . 
H o w e v e r , this react ion has not yet been detec ted . 

In F ig . 2 and 3 the results o f the tr i t ium and 
deuter ium analyses are p lotted together . T h e data 
s h o w a def inite c o r re la t i on , which is espec ia l ly g o o d 
f o r the Bu f fa l o samples f r o m D e c e m b e r 1 9 5 4 to 
D e c e m b e r 1 9 5 5 ( F i g . 2 ) . W h e n e v e r the tr i t ium c o n -
tent is h igh the deuter ium c o n c e n t r a t i o n is a l so h igh , 
and v i ce versa. T h e c o n c l u s i o n s to be d r a w n f r o m 
this c o r r e l a t i o n a r e : 

1. T h e var iat ions in the tr it ium content are not 
caused b y l o ca l l y a d d i n g n o t i c e a b l e quant i t ies o f 
H T to the natural reservo i r , a poss ib i l i ty which 
o therwise c a n n o t be e x c l u d e d a l together in v i ew of 
the w i d e s p r e a d use of tr it ium in s o l v i n g techno-
log i ca l as well as sc ienti f ic p r o b l e m s . 

2 . At least f r o m the end o f 1 9 5 4 to the e n d of 
1 9 5 5 the excess H T must have been d i s t r ibuted 
rather h o m o g e n e o u s l y in the a t m o s p h e r e . T h e e n e r g y 
released b y even the largest test series is b y far not 
suf f i c ient to cause any n o t i c e a b l e change in the 
a m o u n t of H D present in the a t m o s p h e r e . H e n c e , 
as far as the H D is c o n c e r n e d , o n e is still d e a l i n g 
with the natural inventory . If the excess H T , then, 
w o u l d not have been d i s t r ibuted h o m o g e n e o u s l y 
t h r o u g h o u t the a tmosphere , o n e s h o u l d find var ia -

18 F. S. R O W L A N D , J . Chem. Phys. 3 0 , 1098 [1959]. 
18 See e. g. J. W. CHAMBERLAIN and A. B. M E I N E L in "The Earth 

as a Planet," Editor G . P. K U I P E R , Univ. of Chicago Press, 
Chicago 1954. 

t ions in the trit ium content of the samples , d u e to 
genera l m e t e o r o l o g i c a l c o n d i t i o n s , wi thout hav ing 
c o r r e s p o n d i n g changes in the deuter ium concent ra -
t ion. T h i s , f o r e x a m p l e , appears to be the case f o r 
the N ü r n b e r g samples which w e r e co l l e c ted d u r i n g 
the latter part o f 1 9 5 6 at which t ime there was al-
r e a d y s o m e m o r e m a n - m a d e H T released into the 
a t m o s p h e r e . 

T h e ques t i on , then, is h o w to exp la in the var ia -
t ions . First , there is the trivial exp lanat i on that the 
water ava i lab le f o r i s o t o p i c analys is w a s a mix ture 
o f water o b t a i n e d b y the o x y d a t i o n of a t m o s p h e r i c 
h y d r o g e n and of a t m o s p h e r i c m o i s t u r e o r tap water . 
In this case the var ia t i ons m i g h t be caused b y a 
change in the relative a m o u n t s of the t w o c o m p o -
nents. For tunate ly , the tr i t ium content of a t m o -
spher i c m o i s t u r e as well as that o f tap water is negl i -
g i b l e c o m p a r e d to that o f a t m o s p h e r i c h y d r o g e n 
(see a b o v e ) . H e n c e , this e x p l a n a t i o n w o u l d requ i re 
the samples with l o w trit ium content to conta in at 
least 10% o r d i n a r y water . A c c o r d i n g to L i n d e , 
h o w e v e r , all samples conta in n o m o r e than 2% o f 
water f o r e i g n to water ob ta ined b y the o x i d a t i o n o f 
a t m o s p h e r i c h y d r o g e n , thus e x c l u d i n g this poss i -
b i l i ty . 

A s e c o n d e x p l a n a t i o n might a p p e a r to be f o l l o w -
i n g : T h e samples co l l e c ted are representat ive of the 
a t m o s p h e r e as a w h o l e rather than o n l y o f its l ower -
mos t layer . T h e a t m o s p h e r i c h y d r o g e n is c o n t i n u -
ous ly used up b y chemica l reac t ions , the reac t i on 
rate v a r y i n g r a p i d l y and / o r the c o n c e n t r a t i o n ( s ) 
o f the r e a c t a n t ( s ) in ques t i on c h a n g i n g rap id ly . 
S i m u l t a n e o u s l y , the h y d r o g e n p r o d u c t i o n rate var ies 
in such a w a y that the total a m o u n t of a t m o s p h e r i c 
h y d r o g e n r e m a i n s constant . A s the h y d r o g e n p r o -
d u c e d will have a D / H - and T / H - r a t i o d i f ferent f r o m 
that of a t m o s p h e r i c h y d r o g e n this m e c h a n i s m might 
exp la in the var ia t i ons f o u n d . H o w e v e r , the changes 
in the tr i t ium and deuter ium content are rather 
rap id , ind i ca t ing a mean l i fe t ime o f the h y d r o g e n 
of o n l y a b o u t 2 m o n t h s . Th i s . then, p o s e s the d i f f i -
culty that all r eac t i ons which are k n o w n to p r o d u c e 
h y d r o g e n in s ign i f i cant quanti t ies ( p h o t o d i s s o c i a t i o n 
of water v a p o r , p r o d u c t i o n f r o m o r g a n i c matter, de-
c o m p o s i t i o n o f methane , p r o d u c t i o n b y v o l c a n o e s ) 
w h e n a d d e d together are b y far not suf f i c ient to p r o -
d u c e this m u c h h y d r o g e n . A l t h o u g h it is k n o w n f r o m 
a u r o r a b o r e a l i s d a t a 1 9 that a p p r e c i a b l e quantit ies 
o f h y d r o g e n are b o m b a r d i n g the earth 's a t m o s p h e r e , 
this c a n n o t p lay a m a j o r ro l e in the h y d r o g e n 



b a l a n c e o f the earth as the presence of o x y g e n in the 
terrestrial a t m o s p h e r e is r e g a r d e d as an ind i ca t i on 
that h y d r o g e n is l eav ing the earth into space ( see 
e. g . H A R T E C K and J E N S E N 2 0 ) and is no t b e i n g ac-
cre ted . 

A t first s ight the e x c h a n g e between h y d r o g e n and 
water v a p o r a c c o r d i n g to 

H D + H 2 O ^ H 2 + H D O ( 4 ) 
and H T + H 2 0 ^ H 2 + H T O ( 5 ) 

appears to o f f e r an e x p l a n a t i o n f o r the var ia t i ons 
in the deuter ium and tr i t ium content o f a t m o s p h e r i c 
h y d r o g e n . In this case there w o u l d b e n o d i f f i cu l ty 
with the p r o d u c t i o n rate, as these exchange react ions 
will l eave the total a m o u n t o f h y d r o g e n unchanged . 
F u r t h e r m o r e , the a t m o s p h e r i c mo i s ture content 
s h o w s a rather g o o d ant i cor re la t i on with the tr it ium 
c o n c e n t r a t i o n o f a t m o s p h e r i c h y d r o g e n , i . e. h igh 
m o i s t u r e content w h e n the tr i t ium c o n c e n t r a t i o n is 
l o w a n d v i c e versa . But a g a i n there are t w o m a i n 
o b j e c t i o n s . First ly , a c c o r d i n g to F A R K A S 2 1 , the ex-
change p r o b a b i l i t y f o r reac t ion ( 4 ) at r o o m tem-
perature is a b o u t 1 0 - 4 5 per c o l l i s i o n . T h i s w o u l d 
m e a n that a b o u t 1 0 2 9 years are r equ i red f o r half 
o f the h y d r o g e n in the a t m o s p h e r e to exchange with 
a t m o s p h e r i c m o i s t u r e , c o m p a r e d to a b o u t 2 m o n t h s 
as r e q u i r e d b y the exper imenta l results. S e c o n d l y , 
even if there w o u l d b e a catalyst present in the 
a t m o s p h e r e to speed u p this reac t i on b y 3 0 o r d e r s 
o f m a g n i t u d e , the d e u t e r i u m results s h o w that a tmo-
s p h e r i c h y d r o g e n a n d a t m o s p h e r i c m o i s t u r e are de-
f initely not in t h e r m o d y n a m i c e q u i l i b r i u m , as has 
been p o i n t e d out a l r eady b y H A R T E C K a n d S U E S S 

A m o d e l which d o e s e x p l a i n the exper imenta l re-
sults v e r y n i ce ly wil l b e presented b e l o w . T h e b a s i c 
a s s u m p t i o n s a r e : 

1 ) T h e samples a n a l y z e d are not representat ive 
o f the a t m o s p h e r e as a w h o l e but o n l y of its l ower -
m o s t layer near the s u r f a c e of the earth. 

2 ) T h e h y d r o g e n cons is ts o f a relat ive f rac t i on Xj 
o f " m e a n a t m o s p h e r i c h y d r o g e n " ' a n d a relative 
f r a c t i o n 1 — x ( o f l o c a l l y p r o d u c e d h y d r o g e n , the 
a m o u n t s o f each b e i n g d i f ferent f o r the di f ferent 
samples as is ind i ca ted b y the runn ing index i . 

T h e D / H - a n d T / H - r a t i o s o f the two f rac t i ons are 
( D / H ) 0 , ( T / H ) 0 , ( D / H ) p r , and ( T / H ) p r , respec-
t ively . w h e r e ( D / H ) 0 and ( T / H ) o are constant b y 

2 0 P . HARTECK and J . H . D . JENSEN, Z. Naturforschg. 3 a, 5 9 1 

[1948]. 
21 A. FARKAS and L. FARKAS, quoted by E. K. Rideal, Proc. 

Roy. Soc., Lond. A 144. 1 [1934]. 

de f in i t i on . ( D / H ) p r a n d ( T / H ) p r o n l y constant at 
any g iven l o c a t i o n . 

T h e var ia t i ons in the i s o t o p i c rat ios of the 
samples are then c a u s e d b y a change o f the relative 
a m o u n t s o f the t w o c o m p o n e n t s . T h i s w o u l d , f o r 
e x a m p l e , b e the c a s e if the l o ca l l y p r o d u c e d h y d r o -
g e n h a d its o r i g i n in the d e c o m p o s i t i o n o f o r g a n i c 
matter , wh i ch f o r v a r i o u s r e a s o n s cer ta in ly w o u l d 
d e p e n d o n the s e a s o n 1 0 , o r if it w o u l d b e p r o d u c e d 
b y industr ia l p lants near the s a m p l i n g site and b e 
d e p e n d e n t o n w i n d speed a n d w i n d d i re c t i on . ( A l -
t h o u g h these a s s u m p t i o n s m i g h t a p p e a r to be very 
c o m p l i c a t i n g f a c t o r s as f a r as a n y statements with 
r e g a r d to the i s o t o p i c c o m p o s i t i o n of the " m e a n 
a t m o s p h e r i c h y d r o g e n " are c o n c e r n e d these ap-
parent c o m p l i c a t i o n s will b e s h o w n b e l o w to be ad-
v a n t a g e o u s . ) A c c o r d i n g to this m o d e l the i s o t o p i c 
rat ios o f s a m p l e n u m b e r i wil l then b e 

( T / H ) ; = ( T / H ) 0 x, + ( T / H ) p r ( 1 - * , ) ( 6 ) 

a n d ( D / H ) , = ( D / H ) 0 x / + ( D / H ) p r ( l - x,). ( 7 ) 

E x p r e s s i n g the D / H - r a t i o s b y their d i f f e r e n c e f r o m 
that of a s tandard with (D /H )L .M . . i. e. 

( D / H ) 0 = ( D / H ) L . * . ( 1 + < $ 0 ) , 

( D / H ) pr = ( D / H ) L.M. ( 1 + <5pr) , 

a n d ( D / H ) i = ( D / H ) L . M . ( l + <5/) y ie lds 

X i ( ö p r - d 0 ) = ö p T - ö i . ( 7 a) 

T a k i n g into a c c o u n t that, w h a t e v e r the s o u r c e of the 
l o ca l l y p r o d u c e d h y d r o g e n m i g h t b e its T / H - r a t i o 
cer ta in ly will b e n e g l i g i b l e c o m p a r e d to that o f 
a t m o s p h e r i c h y d r o g e n ( i f the h y d r o g e n is p r o d u c e d 
in t h e r m o d y n a m i c e q u i l i b r i u m with water v a p o r the 
s i tuat ion b e c o m e s even m o r e f a v o r a b l e ) , e q u a t i o n 
( 6 ) c a n b e writ ten as 

( T / H ) i = ( T / H ) o X j . ( 6 a ) 

C o m b i n i n g ( 6 a ) and ( 7 a ) results in 

( T / H ) , - = ( d p r - d j ) . ( 8 ) 
Opr — O0 

H e n c e , if this m o d e l is c o r r e c t a p lo t o f the measur -
ed ( T / H ) - r a t i o s vs . the (3,-values wil l have to y ie ld 
a straight l ine, in tercept ing the o r d i n a t e at <5pr 

( F i g . 4 ) . If all the s a m p l e s f r o m B u f f a l o are taken 
into c o n s i d e r a t i o n the result is 

( 3 p r = - ( 1 9 . 3 ± 5 ) % , 

if o n l y those are c o n s i d e r e d w h e r e the c o r r e l a t i o n 
be tween the d e u t e r i u m and tr i t ium results appears 



to b e m o s t o b v i o u s ( D e c . 5 4 to D e c . 5 5 , see F i g . 2 ) 

<3pr = - ( 2 8 . 9 ± 2 ) % . 

T h i s result m e a n s , that the l o ca l l y p r o d u c e d h y d r o -
g e n is dep le ted in its d e u t e r i u m content b y 2 0 — 3 0 % 
c o m p a r e d to that o f L a k e M i c h i g a n water . A s the 
d e u t e r i u m c o n c e n t r a t i o n o f the h y d r o g e n c o m p o u n d s 
which are the potent ia l s o u r c e s o f the h y d r o g e n wil l , 
o n the a v e r a g e , h a v e a D / H rat io b y several percent 
smal ler than that o f L a k e M i c h i g a n water u ' 12 ( see 
F i g . 4 ) . the h y d r o g e n p r o d u c e d is a b o u t 15 — 2 0 % 
depleted in its d e u t e r i u m content c o m p a r e d to that 
o f the c o m p o u n d s which are the s o u r c e of this 
h y d r o g e n . 

Fig. 4. Correlation between tritium and deuterium content of 
atmospheric hydrogen. X Buffalo, N.Y. , U.S .A . ; • Hamburg. 
Germany; • Nürnberg, Germany. The two straight lines 
(equation 8) give the best fit for the data if a.) all samples 
from Buffalo are considered [ Ö p r = — (19.3 ± 5 ) % ] ; b.) only 
the samples collected at Buffalo between December 1954 and 
December 1955 are used [ ö p r = - (28.9 ± 2) %]. On the left 
side the deuterium content of some of the potential sources of 
atmospheric hydrogen is indicated for comparison (ref. n - 1 2 ) . 

T h e r e are essential ly two poss ib i l i t i es to exp la in 
this resul t : 

1. T h e h y d r o g e n is p r o d u c e d in t h e r m o d y n a m i c 
e q u i l i b r i u m with its m o t h e r c o m p o u n d . T h e tem-
perature at which the p r o d u c t i o n takes p lace must 
then be 4 0 0 - 7 0 0 ° C , d e p e n d i n g o n the D / H - r a t i o 
o f the m o t h e r c o m p o u n d . ( T h e e q u i l i b r i u m c o n -
stants used f o r this c a l c u l a t i o n are those o f water 
as g iven b y L I B B Y 2 2 a n d B L A C K and T A Y L O R 2 3 . ) 

2 . T h e h y d r o g e n is p r o d u c e d at o r d i n a r y tem-
peratures , but not in e q u i l i b r i u m with its m o t h e r 
c o m p o u n d . 

In b o t h cases the poss ib i l i t y that the h y d r o g e n is 
p r o d u c e d b y bac ter ia s eems to b e ru led out as all 
h y d r o g e n p r o d u c i n g bac ter ia whi ch have been in-
vest igated so f a r d o p r o d u c e the h y d r o g e n in thermo-
d y n a m i c e q u i l i b r i u m o r deplete the h y d r o g e n even 
m o r e in deuter ium 2 4 ' 2 5 . 

A s was m e n t i o n e d a b o v e there is the poss ib i l i ty 
that the l o ca l l y p r o d u c e d h y d r o g e n has its o r i g i n 
in h y d r o g e n p r o d u c i n g industr ia l plants in the v ic i -
nity of the s a m p l i n g site. T h e d i f ferent a m o u n t s of 
this h y d r o g e n present in the s a m p l e s ana lyzed will 
then be d e p e n d e n t o n the w i n d speed and w i n d 
d i rec t i on at the t ime the samples w e r e co l l e c ted . A s 
there is n o e v i d e n c e that any o f the samples c o n -
sisted o n l y of " m e a n a t m o s p h e r i c h y d r o g e n " and 
hence d id not c o n t a i n a n y o f the l o c a l l y p r o d u c e d 
h y d r o g e n , f r o m these data, n o t h i n g can be said 
a b o u t the i s o t o p i c rat ios ( D / H ) 0 a n d ( T / H ) 0 of the 
" m e a n a t m o s p h e r i c h y d r o g e n , " e x c e p t that they 
have to b e c o r r e l a t e d in such a w a y as to fulfi l l 
equat i on ( 8 ) . In o r d e r to f ind out w h a t these rat ios 
( D / H ) 0 and ( T / H ) 0 are , the f o l l o w i n g a p p r o a c h ap-
pears to b e p r o m i s i n g : S a m p l e s f r o m at least two 
d i f ferent s a m p l i n g sites have to b e ana lyzed f o r 
their deuter ium a n d tr i t ium content . A s the l o ca l l y 
a d d e d h y d r o g e n f o r the d i f ferent s a m p l i n g sites wil l 
p r o b a b l y have d i f ferent rat ios ( D / H ) p r a n d ( T / H ) p r , 
the result ing straight l ines o f the p lo ts ( T / H ) j vs . dj 
will no t c o i n c i d e , but wil l have to intercept o n e an-
other at ( T / H ) 0 . ( D / H ) 0 , thus g i v i n g the desired 
i n f o r m a t i o n . 

If it w o u l d b e p o s s i b l e to co l l e c t s a m p l e s of a tmo-
spher i c h y d r o g e n at a n y l o c a t i o n w h e r e the cont -
a m i n a t i o n b y l o ca l l y p r o d u c e d h y d r o g e n can be ex-
c l u d e d with cer ta inty , the i s o t o p i c rat ios o f this 
h y d r o g e n s h o u l d be the s a m e as those arr ived at b y 
the a p p r o a c h sugges ted here . A t the s a m e t ime such 
measurements m i g h t p r o v e o r d i s p r o v e the val id i ty 
of the m o d e l sugges ted h e r e to a c c o u n t f o r the var ia -
t ions of the i s o t o p i c rat ios . It must b e p o i n t e d out . 
h o w e v e r , that at the present t ime such measurements 
must b e expec ted to b e very d i f f i cu l t d u e to the 

2 2 W . F . LIBBY, J . C h e m . P h y s . 1 1 , 1 0 1 [ 1 9 4 3 J . 
2 3 J . F . B L A C K a n d H . S . T A Y L O R , J . C h e m . P h y s . 1 1 . 3 9 5 [ 1 9 4 3 ] . 
2 4 A . FARKAS , L . FARKAS a n d J . YUDKIX , P r o c . R o y . S o c . . L o n d . 
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large a m o u n t s o f m a n - m a d e H T recent ly re leased 
into the a t m o s p h e r e ( F i g . 1 ) . O n l y w h e n this m a n -
m a d e H T is d is tr ibuted h o m o g e n e o u s l y in the a t m o -
sphere wil l such m e a s u r e m e n t s b e c o m e f e a s i b l e 
aga in . A s this, o b v i o u s l y , w a s n o t the case d u r i n g 
1 9 5 6 ( see F i g . 1 a n d F i g . 2 ) w e d o not c o n s i d e r it 
to be a p p r o p r i a t e to use the results o b t a i n e d o n the 
samples co l l e c ted at H a m b u r g a n d N ü r n b e r g (Ger -
m a n y ) f o r the c a l c u l a t i o n sugges ted a b o v e . 

T h e results as presented in F i g . 4 c l ear ly d e m o n -
strate that whatever the exac t va lue o f the rat io 
( D / H ) 0 is, the d e u t e r i u m content o f " m e a n a t m o -
spher i c h y d r o g e n " is at least as h i g h as, if n o t 
h igher than that o f water f r o m all m a j o r s o u r c e s . 
H o w e v e r , all p r o c e s s e s whi ch are k n o w n to p r o d u c e 
substantial quanti t ies o f h y d r o g e n ( see a b o v e ) tend 
to deplete the h y d r o g e n in d e u t e r i u m rather than 
enrich it, the d e g r e e of dep le t i on d e p e n d i n g o n the 
temperature at whi ch the p r o d u c t i o n takes p l a c e . 
H e n c e , the c o n c l u s i o n seems to b e inev i tab le that 
s o m e kinet ic e f f e c t must b e r e s p o n s i b l e f o r the 

h i g h deuter ium c o n c e n t r a t i o n o f " m e a n a t m o s p h e r i c 
h y d r o g e n . " It has b e e n suggested b e f o r e 5 that the 
pre ferent ia l e s c a p e o f p r o t i u m f r o m the e x o s p h e r e 
into space will cause such an e n r i c h m e n t o f deu-
ter ium. W h e t h e r o r no t this is su f f i c i ent to e x p l a i n 
the exper imenta l result wil l d e p e n d o n the re lat ive 
c o n t r i b u t i o n s o f the v a r i o u s h y d r o g e n p r o d u c i n g 
processes to the total p r o d u c t i o n rate, a b o u t w h i c h 
apparent ly very little is k n o w n . Certa in ly , m o r e ex-
per imenta l w o r k o n this s u b j e c t is r e q u i r e d . 
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Uber die Diffusion in Germaniumkristallen, die eine Korngrenze enthalten 
V o n F . K A R S T E N S E N * 

Aus dem Zentrallaboratorium der Allgemeinen Deutschen Philips Industrie GmbH. Hamburg 
(Z. Naturforschg. 14 a, 1031—1039 [1959]; eingegangen am 27. Juli 1959) 

Die Diffusion von Donatoren und Akzeptoren längs Kleinwinkelkorngrenzen in Germanium wurde 
untersucht, indem die Wanderung eines p-n-Uberganges, der eine Linie gleicher Konzentration mar-
kiert. verfolgt wurde. 

Eine schnellere Diffusion in der Korngrenze gegenüber derjenigen im Volumen wurde gefunden, 
falls die Dislokationsröhren (Dislocation-pipes), die die Korngrenze aufbauen, in Richtung der 
Diffusion liegen. Liegen die Röhren senkrecht zur Diffusionsrichtung, so findet keine bevorzugte 
Diffusion statt. 

In Korngrenzen mit Dislokationsröhren in Richtung der Diffusion wurde die Diffusion von As und 
Sb für verschiedene Zeiten und Temperaturen untersucht. Es zeigte sich, daß sich der Vorgang nicht 
mit einem konstanten Diffusionskoeffizienten der Korngrenze beschreiben läßt. 

Eine grobe Auswertung der Messungen nach den Formeln von WHIPPLE ergibt, daß der Diffusions-
koeffizient in der Korngrenze 105 — 106-mal größer ist als im Volumen, wobei die Annahme gemacht 
wird, daß der Durchmesser der Dislokationsröhren etwa sechs Gitterkonstanten ist. 

Ü b e r d i e D i f f u s i o n in K o r n g r e n z e n s ind in d e n 
letzten Jahren e ine R e i h e v o n V e r ö f f e n t l i c h u n g e n er-
schienen 1 - 5 . Bei d iesen U n t e r s u c h u n g e n w u r d e i m 
a l l geme inen f ü r den d i f f u n d i e r e n d e n Stof f e in r a d i o -
aktives Mater ia l ve rwendet , dessen V o r r ü c k e n ge-
messen w u r d e . M a n f indet , d a ß d i e D i f f u s i o n l ä n g s 
der K o r n g r e n z e schnel ler ver läu f t als i m unges tör ten 
Mater ia l , u n d z w a r u m so schneller , j e g r ö ß e r der 
W i n k e l zwischen den O r i e n t i e r u n g e n d e r b e i d e n 
Kristal l i te ist. d ie d ie K o r n g r e n z e b i l d e n . 

D i e v o r l i e g e n d e A r b e i t b e f a ß t sich mit der D i f f u -

s ion v o n A s , Sb . P , In u n d Ga in G e r m a n i u m längs 
K o r n g r e n z e n , w o b e i das V o r r ü c k e n des d i f f u n d i e -
renden Sto f fes durch d ie W a n d e r u n g e ines p - n - U b e r -
g a n g e s v e r f o l g t w i r d . 
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