
u n d grav imetr i s chen 2 4 : 

Z ) n = 1 , 0 - 1 0 ~ 6 c m 2 s _ 1 

M e s s u n g e n m i t le i chtem W a s s e r s t o f f . S o w o h l d ie 
M e s s u n g e n mit T r i t i u m als auch d ie r ö n t g e n o g r a -
ph ischen u n d grav imetr i s chen M e t h o d e n s ind v o n 
D u r c h t r i t t s h e m m u n g e n u n a b h ä n g i g . D i e Ü b e r e i n -

24 E. WICKE U. A. OBERMANN, Z. Physik. Chem. N.F. (im 
Drude). — A. OBERMANN, Diplomarbeit, Münster 1970. 

Stimmung der E r g e b n i s s e macht deutl ich, d a ß f r ü h e r 
f ü r 2 5 ° C verö f fent l i chte W e r t e v o n 1 0 ~ 9 o d e r g a r 
1 0 ~ 2 0 c m 2 s - 1 auf den E i n f l u ß v o n Grenzf lächen-
reakt ionen z u r ü c k z u f ü h r e n s ind . 
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The abundance and isotopic composition of all noble gases are reported in the Wellman chon-
drite, and the abundance and isotopic composition of xenon and krypton are reported in the gases 
released by stepwise heating of the Tell and Scurry chondrites. Major changes in the isotopic com-
position of Xe result from radiogenic Xe129 and from variations in the isotopic mass fractionation 
pattern in the different temperature fractions. The isotopic composition of trapped krypton in the 
different temperature fractions of the Tell and Scurry chondrites displays smaller fractional changes 
than xenon, but the isotopic composition of these two gases covary in the manner expected from 
mass dependent fractionation. 

M a n y c lues o f ear ly g e o l o g i c events h a v e b e e n 
r e c o r d e d in the stable n o b l e gases , H e , N e , A r , K r 
and X e . T h e chemica l inertness and vo lat i l e nature , 
even at re lat ive ly l o w t emperatures , resul ted in al-
m o s t c o m p l e t e l oss o f these e lements f r o m m o r e 
c o n d e n s a b l e mater ia l w h e n so l id p l a n e t a r y matter 
f o r m e d in o u r so lar sys tem. M a n y i s o t o p i c a n o m a -
lies o f these e lements h a v e b e e n generated in so l id 
p lanetary mater ia l s u b s e q u e n t t o this separat ion , b y 
i n d u c e d nuc l ear r eac t i ons a n d b y natural r a d i o -
ac t ive d e c a y o f m o r e a b u n d a n t e lements . 

A l t h o u g h the g e n e r a t i o n o f i s o t o p i c a n o m a l i e s o f 
all the stable n o b l e gases b y nuc lear p r o c e s s e s is 
well d o c u m e n t e d , there i s also e v i d e n c e f o r the p r o -
d u c t i o n o f i s o t o p i c a n o m a l i e s o f n o b l e gases b y 
s i m p l e i s o t o p i c masä f r a c t i o n a t i o n at the t ime o f 
the separat i on o f these f r o m m o r e c o n d e n s a b l e ele-
ments . In 1 9 4 9 SUESS 1 and BROWN 2 i n d e p e n d e n t l y 

Reprint requests to Prof. Dr. O. K. MANUEL, Department 
of Chemistry, University of Missouri-Rolla, Rolla/Missouri 
65401, USA. 
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University of Chicago Press, Chicago 1949. 
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noted that a c o m p a r i s o n o f the earth ' s i n v e n t o r y o f 
n o b l e gases with the so la r a b u n d a n c e s o f these ele-
ments s h o w s pre ferent ia l l o s s f r o m terrestr ial mate-
rial o f the gases l ighter than k r y p t o n . S u b s e q u e n t 
w o r k o n n o b l e gases in terrestr ial sed iments 3 f o u n d 
h igh concent ra t i ons of x e n o n which , w h e n a d d e d to 
the a t m o s p h e r i c i n v e n t o r y o f n o b l e gases , s h o w that 
the earth 's f r a c t i o n a t i o n o f n o b l e gases ex tends to 
the heaviest stable gas , x e n o n . T h e t r a p p e d n o b l e 
gases in s t o n e meteor i t es d i s p l a y a s i m i l a r f rac t i o -
nat i on pattern 4 ' 5 w i th the x e n o n p r e f e r e n t i a l l y re-
tained o v e r n e o n b y a f a c t o r 1 0 4 — 1 0 5 . 

SIGNER and SUESS 6 d i s c u s s e d the r o l e o f mass 
f r a c t i o n a t i o n i n g e n e r a t i n g i s o t o p i c a n o m a l i e s o f 
n e o n and a r g o n in p l a n e t a r y mater ia l . T h e y no ted 
a c o v a r i a n c e o f A r 3 6 / A r 3 8 , N e 2 0 / N e 2 2 a n d N e 2 0 / A r 3 6 

rat ios in a t m o s p h e r i c and m e t e o r i t i c gases . MA-
NUEL 7 r e p o r t e d v a r i a t i o n s in the t r a p p e d N e 2 0 / N e 2 2 
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and N e 2 1 / N e 2 2 rat ios in the d i f f e rent t empera ture 
f rac t i ons of the Fayettevi l le meteor i t e a n d s u g g e s t e d 
that these var ia t i ons result f r o m i s o t o p i c m a s s f r a c -
t i onat ion . H o w e v e r , PEPIN and c o w o r k e r s 8 - 1 0 re-
p o r t e d that there is n o s ign that d i f fus ive f r a c t i o n a -
t ion is r e spons ib l e f o r a n y o f the i s o t o p i c v a r i a t i o n s 
o f meteor i t i c n e o n . R e c e n t results o n the i s o t o p i c 
c o m p o s i t i o n o f t r a p p e d meteor i t i c H e , N e and A r in 
the l abora tor i e s at M i n n e s o t a , C h i c a g o a n d R i c e 
have been attr ibuted to nuc lear r eac t i ons 1 0 ~ 1 4 , b u t 
other a u t h o r s 1 5 - 1 7 h a v e m a i n t a i n e d that the o b -
served var ia t i ons result f r o m s imple i s o t o p i c f r a c -
t i onat i on . 

F o r the h e a v y n o b l e gases , a s imi lar d i v e r g e n c e 
o f o p i n i o n s h a s d e v e l o p e d . SRINIVASAN et a l . 1 8 first 
suggested that s p o n t a n e o u s fission o f s u p e r h e a v y 
e lements m a y b e r e s p o n s i b l e f o r the enr i chment o f 
h e a v y x e n o n i so topes in c a r b o n a c e o u s chondr i tes . 
ANDERS and HEYMANN 1 9 have a r r i ved at a s imi lar 
c o n c l u s i o n b y c o m p a r i n g the e x c e s s h e a v y x e n o n 
i so topes wi th the c o n t e n t o f vo la t i l e e l ements in 
c a r b o n a c e o u s chondr i tes , and EBERHARDT et al . 2 0 

have interpreted the i s o t o p i c c o m p o s i t i o n o f so lar -
type x e n o n as e v i d e n c e f o r l a rge a m o u n t s o f fissio-
gen i c x e n o n in c a r b o n a c e o u s chondr i tes . H o w e v e r , 
KURODA and MANUEL 1 5 recent ly p o i n t e d o u t that 
the enr ichment o f h e a v y x e n o n i s o t o p e s in c a r b o n -
a c e o u s and gas-r ich meteor i tes is para l l e l ed b y an 
enr ichment o f h e a v y n e o n i s o t o p e s . T h e s e authors 
c o n c l u d e d that the enr i chment o f the h e a v i e r i so to -
pes o f b o t h gases result f r o m i s o t o p i c mass f r a c t i o -
nat i on . A d d i t i o n a l e v i d e n c e f o r the p r o d u c t i o n o f 
i s o t o p i c anomal i e s o f meteor i t i c x e n o n and k r y p t o n 
b y f r a c t i o n a t i o n have b e e n r e p o r t e d f r o m n o b l e gas 
analyses o f the LEOVILLE 2 1 a n d POTTER 2 2 chon-
dr i tes . 

T h i s study o f the i s o t o p i c c o m p o s i t i o n o f n o b l e 
gases in o r d i n a r y chondr i tes w a s under taken in o r -

8 R. 0 . PEPIN, Earth Planet. Sei. Letters 2 , 1 3 [1967] . 
9 R. 0 . PEPIN, Origin and Distribution of the Elements, Per-

gamon Press, Oxford and New York 1968. 
10 D. C. BLACK and R. 0 . PEPIN, Earth Planet. Sei. Letters 6, 

395 [1969]. 
1 1 D . C. BLACK, Meteorit ics 4 , 2 6 0 [ 1 9 6 9 ] . 
1 2 D. C. BLACK, Geochim. Cosmochim. Acta 34, 132 [1970] . 
1 3 E . ANDERS, D . HEYMANN, and E . MAZOR, Geochim. C o s m o -

chim. Acta 34,127 [1970]. 
1 4 E . MAZOR, D . HEYMANN, and E . ANDERS, Geochim. Cosmo-

chim. Acta 34, 781 [1970]. 
1 5 P . K . KURODA and 0 . K . MANUEL, Nature L o n d o n 2 2 7 , 

1113 [1970]. 
16 0 . K. MANUEL, Meteoritics 5, 207 [1970]. 

d e r to ob ta in add i t i ona l data wi th w h i c h to e x a m i n e 
the c u r r e n t f r a m e w o r k o f ideas o n the o r i g i n o f 
n o b l e gas a n o m a l i e s in meteor i tes . S a m p l e s o f three 
o r d i n a r y chondr i tes w e r e used f o r this inves t igat i on . 

Measurements 

Relatively large meteorite samples, weighing about 
10 grams each, were used in this study. These were 
purchased f rom the American Meteorite Laboratory 
( A M L ) . The name and type of each meteorite, the 
sample weight and the A M L catalogue number of the 
specimen f rom which our samples were taken are as 
f o l l ows : The Wel lman, Texas olivine bronzite chon-
drite, 10.888 grams f rom specimen # H 1 2 . 5 6 ; the 
Tel l , Texas olivinie hypersthene chondrite, 8 .474 grams, 
f r om specimen # H 2 4 . 6 7 ; and the Scurry, Texas oli-
vine bronzite chondrite, 7 .909 grams, f rom specimen 
# H 65.25. 

The samples were mounted in side-arm chambers of 
a quartz extraction bottle. The samples were heated to 
~ 60 ° C overnight to remove surface contamination, 
the molybdenum crucible was degassed at 1800 ° C and 
the pressure of the system reduced to 5 x 1 0 - 8 Torr . 
T h e extraction bottle and preliminary "ge t ters " were 
then isolated f rom the rest of the system by metal bel-
lows valves, the sample to be analyzed was then drop-
ped magnetically into the molybdenum crucible which 
was heated by a radiofrequency induction heater. A n 
optical pyrometer was used to estimate the extraction 
temperatures. Each extraction temperature was main-
tained for 30 minutes, and the evolved gases were 
c leaned in the extraction system by titanium at 850 ° C 
and by copper -ox ide at 550 ° C . After these prel iminary 
"ge t ters " were cooled to room temperature, the gases 
were then pumped through the metal valve into a sec-
ond clean-up system by adsorption on charcoal coo led 
witl l iquid N 2 or solid C 0 2 . After isolating the gases 
in the second clean-up system, they were driven f rom 
the charcoal at 200 ° C and exposed to a second surface 
of titanium sponge at 850 ° C . 

In the case of Wel lman, the noble gases were se-
parated into four fractions for analysis by adsorption 
on charcoal ; the boi l ing temperature of N 2 released 
H e and Ne, the sublimation temperature of C 0 2 re-

1 7 B . SRINIVASAN and O. K . MANUEL, O n the Isotopic C o m -
position of Trapped Helium and Neon in Carbonaceous 
Chondrites, Earth Planet. Sei. Letters, in press [1971]. 

1 8 B . SRINIVASAN, E . C . ALEXANDER, JR., O . K . MANUEL, and 
D. E. TROUTNER, Phys. Rev. 179,1166 [1969]. 

1 9 E . ANDERS and D . HEYMANN, Science 1 6 4 , 8 2 1 [ 1 9 6 9 ] . 
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HENBÜHL, H . SCHWALLER, J. SCHWARZMÜLLER, and A . 
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leased Ar , the freezing point of Hg released Kr , and 
finally the X e was released from the charcoal at 150 ° C . 
For Tell and Scurry the noble gases were pumped into 
the second clean-up system by adsorption on charcoal 
cooled with solid C 0 2 , and those gases not retained 
on charcoal at this temperature (He , Ne and A r ) were 
pumped f rom the second clean-up system prior to the 
final scrubbing on hot titanium (850 ° C ) . The krypton 
and xenon weTe let into the mass spectrometer as se-
parate fractions by selective adsorption of the xenon 
on charcoal at the freezing point of mercury. 

The gases were analyzed statically in a Reynolds ' 
type 4.5 inch 6 0 ° sector mass spectrometer 23 . The mass 
spectrometer was calibrated before and after each 
sample by analyzing small volumes of air ( ~ 0 . 0 1 cc 
S T P ) by the same procedure of analysis as used for 
the sample. The sensitivity of the spectrometer for 
each noble gas and the mass discrimination across the 
isotopes of each gas were calculated by comparing the 
peak heights with the atmospheric abundances of 
noble g a s e s 2 4 and the isotopic composit ion of atmo-
spheric neon 2 5 , argon 26 , krypton 27 and xenon 28 . No 
correction for mass discrimination was applied to he-
lium. The errors reported in the isotope ratios are one 
standard deviation (a) f rom the least squares line 
thorugh the observed ratios as a function of residence 
time in the mass spectrometer. Results f rom blank 

analyses, where the identical procedures were fol lowed 
for gases evolved f rom a hot molybdenum crucible , 
showed no significant contamination except at mass 78. 
Due to variations in the sensitivity of the mass spectro-
meter the gas content has much larger errors than the 
isotope ratios, such that the content of each noble gas 
has an estimated error of + 20%. 

Results and Discussion 

1. Noble Gases in Wellman 

T h e a b u n d a n c e s and i s o t o p i c c o m p o s i t i o n o f the 
n o b l e gases in W e l l m a n are s h o w n in T a b l e 1 to-
ge ther wi th the i s o t o p i c c o m p o s i t i o n o f t rapped 
n o b l e gases in c a r b o n a c e o u s chondr i tes a n d the 
so la r - type n o b l e gases o b s e r v e d in gas-r ich m e t e o r i -
tes and in the m o o n . T h e i s o t o p i c c o m p o s i t i o n o f 
t r a p p e d H e , N e a n d A r in c a r b o n a c e o u s chondr i tes 
are the r a n g e o f va lues r e p o r t e d in a c o m p r e h e n s i v e 
s tudy 1 3 ' 1 4 and the t r a p p e d K r and X e are the aver-
a g e va lues 2 9 ' 3 0 o b s e r v e d in c a r b o n a c e o u s chondr i -
tes. T h e i s o t o p i c c o m p o s i t i o n o f so lar - type H e , N e 
a n d A r are f r o m the Fayettevi l le gas-r ich meteor i te 7 , 

Table 1. Concentration and isotope composition of noble gases in the Wellman chondrite. 

Noble gases Wellman Trapped gas in car- Solar gas 
observed trapped bonaceous chondrites 

He3/He4 0.0253 ±0.0004 0 .88x10 - 4 (1 .25-4 .20) x 10~4 < 3.1 x 1 0 " ' i 
He4 6.04 x 10~7 cc STP/gm 5 .25x10 - 7 cc STP/gm 3.08x10« per 106 atoms Si 

Ne20/Ne22 1.415 ±0.003 7.3 7 .77 -13 .10 > 12.6 
Ne21/Ne22 0.876 ±0.003 0.025 0 .025 -0 .036 > 0.033 
Ne22 5.39 x 1 0 - 8 cc STP/gm 4 .35x10 - 9 cc STP/gm 8.36 xlO5 per 10® atoms Si 

Ar38/Ar36 0.450 ±0.001 0.23 0 .172 -0 .200 <: 0.177 
Ar40/Ar36 3143 ± 2 6 
Ar36 3.96 x IO" 9 cc STP/gm 3 .27x10- 9 cc STP/gm 1.26 xlO5 per 10® atoms Si 

Kr80/Kr84 0.0423 ±0.002 <0.0423 0.0392 0.0427 
Kr82/Kr84 0.2048 ±0.0007 0.2048 0.2012 0.2065 
Kr83/Kr84 0.2045 ±0.0006 0.2045 0.2016 0.2055 
Kr88/Kr84 0.3058 ±0.0007 0.3058 0.3097 0.297 
Kr84 1.41 x l O - 1 0 cc STP/gm 1 .41x10- 10 cc STP/gm 2.93 xlO1 per 10® atoms Si 

Xe124/Xe130 0.0296 ±0.0002 0.0296 0.0283 0.0299 
Xe126/Xe130 0.0268 ±0.0002 0.0268 0.0253 0.0288 
Xe128/Xe130 0.508 ±0.003 0.508 0.506 0.512 
Xe129/Xe130 8.18 ±0 .05 (6.37) (6.35) 6.38 
Xe131/Xe130 4.97 ±0 .03 4.97 5.07 5.00 
Xe132/Xe130 6.09 ±0 .03 6.09 6.21 6.05 
Xe134/Xe130 2.36 ±0 .01 2.36 2.37 2.23 
Xe136/Xe130 1.95 ±0.01 1.95 1.99 1.81 
Xe130 1 . 1 7 x 1 0 - " cc STP/gm 1.17x10- -11 cc STP/gm 1.62 x 10" per 106 atoms Si 

23 J. H. REYNOLDS. Rev. Sei. Instrum. 27, 928 [1956]. 
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the Kr is from a lunar 31 breccia # 10021 and the 
solar Xe is that released from lunar32 fines at 
800 °C. The solar abundance of each rare gas is 
from the abundance tables of SUESS and UREY 3 3 . 

The isotopic composition of xenon and krypton 
in Wellman is intermediate between the isotopic 
composition of these gases in carbonaceous chon-
drites and in the moon. Except for the obvious ex-
cess of Xe129, we interpret these two gases to repre-
sent the isotopic composition trapped in Wellman. 
The isotopic composition of the trapped component 
of the three light weight noble gases in Wellman is 
masked by a cosmogenic component. For helium 
and argon it is not possible to unambiguously se-
parate the trapped and the cosmogenic components. 
However, these two components of neon can be 
separated by the method of MANUEL 7. The concen-
tration of trapped neon and its isotopic composition 
as calculated by this method are shown in Table 1. 
Since MANUEL 34 and SRINIVASAN and MANUEL 1 7 

have shown that the He3/He4, Ne20/Ne22 and 
Ar36/Ar38 ratios in carbonaceous chondrites covary 
in the manner expected from a common mass-depen-
dent fractionation process, we have shown in Table 1 
the isotopic composition of trapped He and Ar ob-
tained by assuming that the trapped He, Ne and Ar 
in Wellman have undergone a common fractiona-
tion process. 

To compare the abundance of trapped noble gases 
in Wellman with the cosmic abundance of noble 
gases, we employ the equation of CANALAS et al. 3 

pm = (XOT/Xe130) sample/(X^/Xe139) cosmic , (1) 
where X w is any trapped noble gas isotope with 
mass number m. Using the abundances of trapped 
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Fig. 1. Abundance pattern of noble gases in the Wellman 
chondrite relative to the cosmic abundances of these gases. 

3 1 J. G . FUNKHOUSER, O . A . SCHAEFFER, D . D . BOGARD, and 
J. ZÄHRINGER, preprint submitted to J. Geophys. Res. 
[ 1 9 7 1 ] . 

gases in Wellman from Table 1 and the cosmic 
abundances from SUESS and UREY3 3 , the fractiona-
tion pattern obtained for trapped noble gases in 
Wellman is shown in Fig. 1. Although the fractio-
nation across the isotopes of a given noble gas can-
not be quantitatively related to the separation of 
one gas from another since the latter may not de-
pend on atomic mass alone 6, we note that the abun-
dances of noble gases fit a smooth fractionation pat-
tern and that this correlates with the difference be-
tween the isotopic composition of solar gases and 
the isotopic composition calculated for the trapped 
He, Ne and Ar in Wellman. 

The fractionation pattern across the isotopes of 
trapped Kr and Xe in Wellman are shown in Fig. 2 
and Fig. 3. The isotopic composition of Kr and Xe 
from average carbonaceous chondrites 29' 30 is shown 
for comparison. For these two plots Eq. (1) was 
modified to show the fractionation across trapped 
Kr and Xe by normalizing the mass spectrum to 
the heaviest isotope, 

F i t = (Krm/Kr86) sample/ (Krm/Kr86) s0]ar (2) 
and 

Ffe = (Xe"/Xe136) sample/(Xe-/Xe136)solar. (3) 
In these equations the krypton from lunar breccia 31 

# 10021 and the xenon released at 800 °C from 
lunar fines 32 # 10084 were used to represent solar 
gases. It has been noted earlier 22 that the possibility 
of gas loss and isotopic fractionation effects of the 
solar-type gases implanted on the lunar surface may 
correlate with long exposure ages and with a deple-
tion of the light weight gases (He, Ne and Ar) rela-
tive to the heavier gases (Kr and Xe) . These two 
analyses of lunar material were chosen to minimize 
these effects. 

From Fig. 2 and Fig. 3 it can be seen that the 
preferential depletion of the lighter weight noble 
gases from Wellman, as shown in Fig. 1, has caused 
a selective depletion of the light isotopes of the 
heaviest noble gases, krypton and xenon. Further-
more, there is a correlation between the fractiona-
tion observed across the isotopes of these two noble 
gases: For both Kr and Xe the selective loss of the 
light isotopes is greater in average carbonaceous 
chondrites (AVCC) 29, 30 than in Wellman. The re-

3 2 K . MARTI, G . W . LAUGMAIR, and H . C . UREY, S c i e n c e 1 6 7 , 
5 4 8 [ 1 9 7 0 ] . 

3 3 H . E . SUESS and H . C. UREY, R e v . M o d . P h y s . 2 8 , 5 3 [ 1 9 5 6 ] . 
3 4 O . K . MANUEL, Meteori t ics 5 , 2 0 7 [ 1 9 7 0 ] . 



suits o f this s tudy o n the i s o t o p i c c o m p o s i t i o n o f 
t r a p p e d x e n o n a n d k r y p t o n in W e l l m a n t h e r e f o r e 
s h o w e v i d e n c e o f a c o m m o n f r a c t i o n a t i o n p r o c e s s , 
as has b e e n r e p o r t e d ear l i e r in the Leov i l l e c a r b o n -
a c e o u s c h o n d r i t e 2 1 . 

T h e fine s tructure features o f the f r a c t i o n a t i o n 
c u r v e s h o w n in F i g . 3 is i n t r i g u i n g . KURODA 3 5 has 
c o n s i d e r e d this p r o b l e m in detai l and c o n c l u d e d 
that nuc l ear r eac t i ons which h a v e o c c u r r e d in the 
sun o v e r g e o l o g i c t ime m a y b e r e s p o n s i b l e f o r s o m e 
o f these e f fects . Re la t ive to s o la r x e n o n the min i -
m u m at X e 1 2 6 a n d the excess at X e 1 2 4 over that ex-
pec ted f r o m f r a c t i o n a t i o n c o u l d arise f r o m a def i -
c i e n c y o f X e 1 2 4 a n d an excess o f X e 1 2 6 in the x e n o n 
current ly i m p l a n t e d o n the lunar sur fa ce f r o m the 
so la r w i n d . It is n o t un l ike ly that the a b u n d a n c e 
o f these t w o x e n o n i so topes h a v e been altered b y 
nuc l ear r e a c t i o n s in the s u n ; X e 1 2 4 has the largest 
thermal n e u t r o n - c a p t u r e c r o s s sec t ion o f any stable 
x e n o n i s o t o p e and the p r o d u c t i o n o f X e 1 2 6 f r o m I 1 2 7 

via the ( y , n ) r e a c t i o n is b a r n s f o r h igh en-

e r g y p h o t o n s 3 6 . 

2. Krypton and Xenon in Tell and Scurry 

T h e a b u n d a n c e and i s o t o p i c c o m p o s i t i o n o f x e n o n 
and k r y p t o n f r o m the s tepwise heat ing of Te l l and 
S c u r r y are s h o w n in T a b l e 2 a n d T a b l e 3 , respec -
t ively . 

In Te l l the a t o m i c w e i g h t o f b o t h x e n o n and 
k r y p t o n is l ightest in the gases re leased at the h ighest 
ex t rac t i on temperature . A l t h o u g h there is e v i d e n c e 

Table 2. Concentration and isotopic composition of krypton and xenon released by stepwise heating of the Tell chondrite. 

Noble gas Extraction Temperature Solar gas 
600° 900° Melt 

Kr80/Kr84 0.0384 + 0.0004 0.0400 ±0.0009 0.0452 ± 0.0006 0.0427 
Kr82/Kr84 0.199 ±0.001 0.202 ±0.002 0.204 ±0.001 0.2065 
Kr83/Kr84 0.199 ±0.001 0.200 ±0.002 0.205 ±0.001 0.2055 
Kr86/Kr84 0.306 ±0.001 0.306 ±0.002 0.307 ±0.001 0.297 
Kr84 x 10—10 cc STP/gm 0.80 0.35 0.33 

Xe124/Xe130 0.0242 ±0.0004 0.0229 ±0.0006 0.0292 ±0.0003 0.0299 
Xe126/Xe130 0.0227 ±0.0004 0.0236 ±0.0005 0.0275 ±0.0004 0.0288 
Xe128/Xe130 0.477 ±0.004 0.473 ±0 .006 0.509 ±0.005 0.512 
Xe129/Xe130 6.50 ±0 .06 6.62 ±0 .04 7.68 ±0 .07 6.38 
Xe131/Xe130 5.19 ±0 .04 5.21 ±0 .04 5.03 ±0 .03 5.00 
Xe132/Xe130 6.57 ±0 .05 6.62 ±0 .03 6.16 ±0 .03 6.05 
Xe134/Xe130 2.53 ±0 .01 2.57 ±0 .01 2.38 ±0 .02 2.23 
Xe136/Xe130 2.16 ±0 .01 2.19 ±0 .02 2.00 ±0 .02 1.81 
Xe130 x 10~12 cc STP/gm 5.3 1.2 7.8 

3 5 P . K . KURODA, T e m p e r a t u r e of the S u n in the Early His - 3 6 I . C . NASCIMENTO, G . MOSCATI, a n d J. GOLDENBERG, N u c l . 
tory of the Solar System, Nature London, in press [1971]. Phys. 22, 484 [1961]. 
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Fig. 2. Abundance pattern of krypton isotopes in the Wellman 
chondrite and in average carbonaceous chondrites relative to 

solar krypton in lunar breccia $ 10021. 
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Fig. 3. Abundance pattern of xenon isotopes in the Wellman 
chondrite and in average carbonaceous chondrites relative to 

solar xenon released at 800 °C from lunar fines $ 10084. 



Table 3. Concentration and isotopic composition of krypton and xenon released by stepwise heating of the Scurry chondrite 

Noble gas 

Kr80/Kr84 

Kr82/Kr84 

Kr^/Kr84 

Kr86/Kr84 

Kr8 4x 1 0 - 1 0 cc STP/gm 

Xe124 /Xe130 

Xe126 /Xe130 

Xe128/Xe130 

Xe129 /Xe130 

Xe131 /Xe130 

Xe132/Xe130 

Xe134 /Xe130 

Xe136 /Xe130 

Xe130 x 10~1 2 cc STP/gm 

Extraction Temperature Solar ga< 
600° 900° Melt 

0.0396 ±0 .0005 0.0397 ±0 .0003 0.0420 ±0 .0003 0.0427 
0.201 ± 0 . 0 0 1 0.198 ±0 .001 0.204 ±0 .001 0.2065 
0.200 ± 0 . 0 0 2 0.198 ±0 .001 0.204 ±0 .001 0.2055 
0.306 ± 0 . 0 0 1 0.306 ±0 .001 0.306 ±0 .001 0.297 
0.48 0.79 2.2 

0.0256 ±0 .0005 0.0244 ±0 .0002 0.0251 ±0 .0002 0.0299 
0.0226 ±0 .0005 0.0234 ±0 .0004 0.0242 ±0 .0003 0.0288 
0.479 ± 0 . 0 0 3 0.488 ±0 .003 0.493 ±0 .004 0.512 
6.58 ± 0 . 0 4 6.69 ± 0 . 0 3 6.69 ± 0 . 0 3 6.38 
5.17 ± 0 . 0 4 5.19 ± 0 . 0 3 5.11 ± 0 . 0 2 5.00 
6.53 ± 0 . 0 5 6.59 ± 0 . 0 5 6.40 ± 0 . 0 2 6.05 
2.51 ± 0 . 0 1 2.55 ± 0 . 0 2 2.46 ±0 .01 2.23 
2.14 ± 0 . 0 1 2.14 ± 0 . 0 1 2.07 ±0 .01 1.81 
2.4 3.6 7.6 
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Fig. 4. Abundance pattern of krypton isotopes in the different 
temperature fractions of the Tell chondrite relative to solar 

krypton. 
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Fig. 6. Abundance pattern of krypton isotopes observed by 
stepwise heating of the Scurry chondrite normalized to solar 

krypton. 
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Fig. 5. Abundance pattern of xenon isotopes in the different 
temperature fractions of the Tell chondrite relative to solar 

xenon. 
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Fig. 7. Abundance pattern of xenon isotopes observed by step-
wise heating of the Scurry chondrite normalized to solar 

xenon. 



f o r smal l excesses o f K r 8 0 , X e 1 2 4 and X e 1 2 6 f r o m 
spa l la t i on i n the m e l t f r a c t i o n o f Te l l , i s o t o p i c f r a c -
t i onat i on p lus the in situ d e c a y o f I 1 2 9 s eem to b e 
the two d o m i n a n t ef fects in genera t ing v a r i a t i o n s 
in the i s o t o p i c c o m p o s i t i o n o f K r and X e . T h i s is 
s h o w n in F i g . 4 a n d F i g . 5 , w h e r e the K r a n d X e 
i s o t o p e ra t i o s f r o m the stepwise heat ing of Tel l are 
s h o w n in the m a n n e r e m p l o y e d f o r W e l l m a n . 

T h e i s o t o p i c c o m p o s i t i o n o f K r and X e re leased 
b y s t epwise heat ing o f S c u r r y s h o w s the same gen -
eral trend as the gases in Tel l . T h i s is s h o w n in 
F i g . 6 a n d F i g . 7 , w h e r e aga in w e o b s e r v e a c o -
v a r i a n c e in the f r a c t i o n a t i o n a c r o s s the i s o topes o f 
K r a n d X e . In b o t h Te l l and S c u r r y there is a smal l 
excess o f K r 8 0 , w h i c h w e attribute to spal lat ion re-
ac t i ons 3 7 i n d u c e d b y c o s m i c rays . T h e less p r o -
n o u n c e d m i n i m u m at X e 1 2 6 in Te l l a n d S c u r r y 
( F i g . 5 a n d F i g . 7 ) than in W e l l m a n a n d A V C C 
( F i g . 3 ) is a lso sugges t ive o f a small c o m p o n e n t 
of s p a l l a t i o n - p r o d u c e d 3 7 X e 1 2 6 in the x e n o n o f Tel l 
and S c u r r y . 

S i n c e the x e n o n and k r y p t o n re leased in d i f ferent 
t emperature f r a c t i o n s o f the S c u r r y and Tel l chon -
drites s h o w v a r i a t i o n s due t o mass f r a c t i o n a t i o n , 
it seems l ike ly that mass f r a c t i o n a t i o n has also p lay -
ed a r o l e in g e n e r a t i n g s o m e o f the i s o t o p i c var ia -
t ions o f n o b l e gases r e p o r t e d in the d i f ferent tem-
perature f r a c t i o n s o f c a r b o n a c e o u s and gas-r ich 
chondr i tes 7 ' 1 0 ' n > 2 1 , 3 8 . E v i d e n c e f o r this p r o c e s s is 
c o m p e l l i n g in v i e w o f ( a ) the c o v a r i a n c e o f the 

3 7 K . MARTI, P. EBERHARDT, and J. GEISS, Z . Naturforsch. 
2 1 A , 3 9 8 [ 1 9 6 6 ] . 

38 M. W . ROWE, Geochim. Cosmochim. Acta 32, 1317 [1968] . 

i s o t o p i c c o m p o s i t i o n o f x e n o n with k r y p t o n in the 
o r d i n a r y c h o n d r i t e s s tud ied here a n d in c a r b o n -
a c e o u s chondr i tes 2 1 , ( b ) the c o v a r i a n c e o f t rapped 
x e n o n wi th t r a p p e d n e o n in the d i f f erent t empera -
ture f r a c t i o n s o f c a r b o n a c e o u s a n d gas-r ich meteo -
r ites 1 5 , ( c ) the c o v a r i a n c e o f H e 3 / H e 4 , N e 2 0 / N e 2 2 

a n d A r 3 C / A r 3 8 f o r the total t r a p p e d g a s in c a r b o n -
a c e o u s chondr i t e s 1 7 , and ( d ) the genera l agreement 
o f the i s o t o p i c f r a c t i o n a t i o n pattern o b s e r v e d a c r o s s 
each n o b l e gas wi th the f r a c t i o n a t i o n pattern observ -
ed a c r o s s the a b u n d a n c e s o f all the t r a p p e d n o b l e 
gases . 

T h u s , there is c o g e n t e v i d e n c e o f a mass depen-
dent f r a c t i o n a t i n g p r o c e s s whi ch altered b o t h the 
a b u n d a n c e pattern o f n o b l e gases and their i s o t o p i c 
c o m p o s i t i o n in p l a n e t a r y mater ia l . It s h o u l d b e 
e m p h a s i z e d that the i s o t o p i c f r a c t i o n a t i o n o f n o b l e 
gases has b e e n k n o w n f o r years . In 1 9 1 3 ASTON 3 9 

o b t a i n e d e v i d e n c e f o r i s o t o p e s b y a l ter ing the den-
sity o f n e o n b y d i f f u s i o n t h r o u g h c lay p i p e stems. 
It a p p e a r s that s o l i d p lanetary mater ia l has b e h a v e d 
as the c l a y stems i n se lect ive ly r e ta in ing the heavier 
i s o t o p e s o f the n o b l e gases . 
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