
fro111 Mars ill one event about 2.8 inillion The 1 8 0 / 1 6 0  and 1 7 0 / 1 6 0  Ratios in Atmospheric 
years ago ( I d ) ,  they must come from one 
liication and ~ n i q l ~ t  represent relateL1 ilolvs Nit rous Oxide: A Mass-1 ndependen t Anomaly 
derlved from a c o ~ n ~ n o i l  source, coiltailling 
increasi~lg portions of cumulus pyri>senes 
and illcreasille concentratii>ns of elements 
\\-it11 large ionic radii like K or La, inverselr 
ci>rrelated lvitll their A1 content.  

Finally, in ci>mparing the compositii>n of 
rocks and soils, it IS apparent that the inartian 
soil canilot be i l~ade from Barl~acle Bill-type 
rocks directly, even if \veatl-iering anii the 
addltion of SO1 and HCl from -volcanic gases 
are taken into account. iiddition of inaterial 
richer in hlg and Fe as observed in lnartiail 
meteorites inight be the lnost straightfornard 
way to explain the soil colnposltion (Fig. 5) .  
This inight also he accomplished lf ferri>mag- 
nesian lnlnerals 111 the local rocks are prefer- 
entially weathered and concentrated in the 
soil. Hc>\\lel~er, the '41 contents of Pathfinder 
soils miinic those of the nearby rocks, perhaps 
suggestiiig an  adinist~lre of lixally derived so11 
wit11 colnpoilellts of ~ve,~tl-iered lnafic rocks 
that nere globally distributed by the n-lnd 
(15).  
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Steven S. Cliff and Mark H. Thiemens* 

Measurements of the oxygen isotope ratios (180/ '60 and 170 / '60 )  in atmospheric nitrous 
oxide (N20) from La Jolla, Pasadena, and the White Mountain Research Station (ele- 
vation, 3801 meters) in California and the White Sands Missile Range in New Mexico 
show that N,O has a mass-independent composition. These data suggest the presence 
of a previously undefined atmospheric process. The La Jolla samples can be explained 
by a mixing between an a.tmospherically derived source of mass-independent N,O and 
biologically derived mass-dependent N20.  Possible origins of the mass-independent 
anomaly in N,O are discussed. 

Nitrous oxide is a greenhouse gas and is 
involved in stratospheric ozone ( 0 , )  deple- 
tion. O n  a per molecule basis, N,O has 
more than 200 times the  greenhouse forcing 
of carbon dioxide (CO,) .  In  the atmo- 
sphere, N ,O is lost through pllotolysis 
(90%) and  phi>ti>oxidation in the  strato- 
sphere hy 

N 2 0  + O ( I D )  + N O  + N O  (6%)  ( 1 )  

Reactioil 1 accounts for the  major sixlrce 
of nitric oxide ( N O ) ,  which is kno\vn to 
catalytically destroy O, ,  to the  strato- 
sphere ( 1 ,  2) .  

T h e  global budget of atmospheric N I O  
remains ambiguous, \vith a n  in-hala~lce of 
about 30% bet\veen sources anii sinks (3 ) .  
Stable isotope analysis has proven useful in  
budgetary analysis of many atmi>spheric 
species (4) .  Previous isi>ti>pic studies have 
focused o n  l'O/lQ a11d "N/"K ratios in  
N ,O (5-9). Here,  \ye present simultaneous 
measureme~lts of all three stable oxygen 
isotopes in  atmospheric N , O .  

Most reactions and pLysical processes 
involving isotope fractionatii>n ~11tirnatel~- 
depend o n  mass and are ternled mass-de- 
pendent. In  a small hut gro~ving il~llnber of 
reactions, fractionations arise that do not  
follo\\l this dependence. These latter pro- 
cesses are termed mass-independent. T h e  
quantum-level mechanisln responsible for 
mass-independent fractii>natio~l has yet ti> 
he determmed, but it is kni>wn ti> he related 
to mi>lecular symmetry (10, 1 1 ) .  Ohserva- 
tions of mass-independent isotope fraction- 
ations delnoi~strate that these processes 
generally occur in  the gas phase in ni>nther- 
modynamic eijuillhrlum. W h e n  found 111 

nature, mass-independe~lt compositii>ns 
contribute specific information about 

D e p a 3 ~ e n t  of Chemstr)/. Clnversit!! 3f Caforna, San 
Decjo. La Jolla, CA 92093-,2356, USA. 

-To ivho~n correspondence sh3uld be addressed. E-?la: 
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source, sink, and trai~sformatioi~ mecha- 
nislns of the species. For example, measure- 
nlent of all three oxygen isotopes 111 strato- 
spheric C02 has revealed a s~lhstantlal pho- 
ti>cl-iernical ci>upling to 0 ; .  T h e  C02-0, 
interactloll is onlv detectable Ivith measure- 
ineilt of all three oxygen isotopes ( 1  2 ) .  

LWe analyzed atmospheric N 2 0  samples 
from ~ O L I S  sites (13):  ( i )  La Jolla, California 
132. i0N.  117.2"LW). sit~lated about 1 kin , , 

from the ocean and 16 km fri>m di>\\~nti>\vn 
San  Diego; (i i)  the campus of the Califorllia 
Institute of Technology (CIT)  ill Pasadena 
(34.Z0N, 118.2"W); (iii) the  White  bloun- 
tail1 Research Station (LWMRS) a t  hlount 
Barcri>ft (37.S0N, 118.2"LW) at  an  elevatii>n 
of 3.8 kin, east of Bishop, California; and 
(iv) the  LWhlte Sands Missile Ra~ lge  
(WSblR)  (32.4"N, 106.3"LY1), at Las Cruc- 
es and Alamagordi>, New Mexico, at a n  
elevation of 1.2 km, ahout 70 km ni>rtheajt 
of El Paso, Texas. 

O n  a three-isi>ti>pe plot wit11 S " 0  i>n 
the  ordinate and 6''O i>n the  abscissa (Fig. 
1 and Fig. 2 ) ,  a mass-dependent enrichment 
is indicated by S " 0  .= (0 .5)S1 '0  and a 
mass-independent one by 6 " 0  f 
(O.S)Ei1'0. Mass-dependent N I O  samples 
iilclude N,O from nylon production (14) ,  
NH+NO,  decomposition, aquei>us N O  dis- 
proportionation, and tank N,O standards 
(blatheson Gas, hli>ntgomeryville, Pennsyl- 
vania).  T h e  error associated with purifica- 
tion and analysis of 6 IhO and 6"O in N I O  
is i 0 . 1  per inil ( I  5). T h e  deviatioil fri>m a 
purely mass-dependent fracrii>nation is ~ l e -  
fined hy the vahle ''1, where "A = 

S 1 ' 0  - 10.5 13 (SlhO)] .  T h e  mass-depen- 
dent  coefficient (0 .515)  was determined 
from replicate analysis of a range of corn- 
illercial N z O  gases (Fig. 1 ) .  T h e  data rep- 
resented in  Fig. 1 have "A 5 0.1 per mil. 
Any isotopic fract~onatii>n associateii wi th  
the  extraction, purification, and analysis 
of N ,O produces a purely mass-dependent 
fractii>nation ("A = 0 ) .  

All samples of atmospheric N , O  are 
inass independently fractioi~ated ( "3  + 0 )  
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(Fig. 2) .  T h e  mass i~~depende~nce  does not 
represent a sampling, estractii>n, or purifi- 
cation artifact because all of these processes 
were measured to he strictly mass-depen- 
dent. It is unlikely that the scatter in Fig. 2 
was derived from extraction of atnlospheric 
N,O, because nearly all of the N1O was 
collected as deter~niiled from the measure- 
ment of air \-i>lume ( 1  6) .  T h e  variation in 
61S0  in tri>pospl-ieric N z O  is consistent 
~ v i t h  tlhe variation seen by other researchers 
(5) .  Furthermore, there is ni> isi>ti>pic ex- 
change bet~veen H1O at-id N z O  (5, 17).  A n  
average "1 value of about 1 per mil was 
calculated for all atmi>spheric N 2 0 .  Data 
from La Jolla talcen routinely from January 
1993 through Febnlary 1997 sho~v  that n o  
seasonal trend exists in the 6 I h 0 .  

T h e  C I T  data are   so topically light in 
comparison \ v ~ t h  the rest of the data. These 
samples are lilcely ti> be di>minated by pri- 
mary sources, including both natural and 
anthropogenic N1O. T h e  data from LWSbIR 
il-idicate a n  enrichment in both 6l" a11d 
6170  compared n.ith the sanlples from CIT.  
Air at WSMR n-as di>minated by industrial 
p o l l ~ ~ t i o ~ l  trai-ispi>rted from El Paso a ~ l d  
Ciudad J~lare:, Mesico, a i d  free tropospher- 
IC air as d e t e r ~ n ~ n e d  by meteorological and 
trace species ci>ncentratii>n data (1 8). Sam- 
ples froin LY1hlRS sllo~v the greatest ei-irich- 
lnent in heavy osygetl isotopes of all tropo- 
spheric N 2 0  samples. T h e  WblRS samples 
have higher 6"0  and 6170  values than 
nearly all the La Jolla data. Air masses at 
LY1hlRS Ivere dominated by free tropospher- 

-1 5 
-30  -20  -10  0 1 0  20 

Eii80mM (per mil) 

Fig. 1, Mass-dependent nitrous oxide sotope 
data. A three-isotope plot showing mass-depen- 
dent N 2 0  from a number of laboratory and indus- 
trlaly produced N 2 0 .  The units are per mil relatlve 
to alr 0, (S'30,,iv,~. The mass-dependent fraction- 
ation n e  is deflned by these data and has a slope 
of 0.515. Mass-dependent fractionations in N 2 0  
will have a S'70,:S130 rato of 0.51 5. Uncertainty in 
each sample is Indicated by the slze of the data 
point. Data that do not plot on the mass-depen- 
dent fractonation Ine are termed mass ndepen- 
dent. SMOW 1s plotted for reference (open clrcej. 

ic air and some air from the Central Valley 
of California and poss~bly the stratosphere. 
T h e  WSMR and LYIMRS data suggest that 
mass-independei-it compositions increase 
wit11 altitude or distance from primary N1O 
SoLlrCeS. 

Mass-dependent processes seein to be 
consistet-it \\it11 low 6"0  values. T h e  S1'O 
values of soil N,O are variable and ~rnifor~n-  
1y li>\v ~vitl l  respect ti> tropospheric N,O (5, 
9 ) .  It is espected that isotopic values of soil 
N,O will show mass-depe~ldent character, 
as all biological reactions ~neas~lred are mass 
denendent, A linear trend in a three-isi>- 
tope plot (Fig. 2) requires a ~nixillg of two 
compi>nents. In our data, it is likely that 
these t ~ v o  coinpol-ients are air frc~m soil or 
biologically derived N1O and a n  atmo- 
spheric source of mass-independent N1O. 
Deviation from a straight line is presumably 
due to other minor mass-dependent sources. 
All l tno~vn mass-it-idey7eildei-it reactions are 
in the gas phase; thus, an at~nospheric pro- 
cess involving K 2 0  is required to explain 
the observations. T h e  observed altitudi~lal 
trend is co~ls is te~l t  with this explanatii>n. 
Reactions 1 and 2 are t l lo~~gl l t  to pri>duce a 
mass-dependent fractionatii>n ( 1  9 ) ;  thus, a 
new atmospheric process-a source, sink, or 
escl-iange reaction-must exist for atmo- 
spheric N,O. 

T h e  S1'O value of strati>spher~c N 2 0  is 
high (9 ,  26). T h e  isotopic fractii>nation for 
N Z O  is E = 1-0.3 per mil for photolysis a ~ l d  
E = 6 per mil ( a  = 0.994) for reactii>n with 
O ( ' D )  (19, 21 ). T h e  N,O photoosidation 
reaction accouilts for i>nly 10% of the  N,O 
sink. This analysis implies that a = 0.9994 
or about 1/20 of the measured fractiollation 
in the stratosphere (20, 22). Although un- 
likely, it is possible that there is a Ivave- 

Fi80mM (per mil) 

Fig. 2. Atmospheric ntrous oxde oxygen isotope 
data. An enlargement of Fig 1 in the 14 to 21 per 
mil (S130,,,3j region with tropospherc N 2 0  data 
plotted. The mass-dependent fractionation line is 
as defined In Fig. 1 .  La Jola data were taken 
between January 1993 and February 1997; other 
data were taken as ndcated In the  lot. 

length dependency in isotopic fractionation 
in N,O photolysis (23).  However, on  the 
basis of the stratospheric sainples (9 ,  20) 
and measurements 119). a nrocess other , , ,  & 

than pllotolys~s or photi>i>sidatii>n inr~olv- 
ille N - 0  must occur in the strati>svhere. 

L .  

Recently, a number of novel reactii>n 
mecl-ianisms that may oroduce or destroy , L 

K 2 0  in the atmi>sphere have been suggest- 
ed 124-26). Four decades of research 127. , , 

213) ' have  iocused on the pri>ductii>n and 
destruct~on of N,O in reaction chambers 
w ~ t h  N,, O,, 0,) and ultraviolet ( U V )  
light. T h e  availability of U V  light and high 
0, conceiltratiolls in these studies require 
that reactii>ns involvine 0, occur in the - .> 

stratosphere, although the pi>ssibility of a 
t r o ~ o s ~ h e r i c  nrocess is not  n ~ l e d  i>ut. Isoto- 

A A 

pically, 0, as a source molecule is ideal. In 
laboratory experiments, O 3  production is 
acci>tnpanie~l by a large mass-independent 
fractionatii>n with 6170  - 6 1 h 0  - 85 per 
mil (29) .  Both stratospheric 0, (10) and 
tri>pc~spheric (30) are kni>\vn to have a 
mass-independenr e i l r ich~ne~l t  of 6 1 h 0  - 
100 per mil. A n  atlonlalous isi>topic signa- 
ture may result without a substantial change 
in conceiltration of atmospheric NzO.  For 
instance, an N 2 0  process with a 100 per  nil 
mass-independent fractii>nation derived 
from atmospheric 0, would acci>Lunt for 
only 1% of the N 2 0  budget, on  the basis of 
the average "1 value of 1 per mil in Fig. 2. 
Reactions that produce even greater frac- 
tionatii>ns in atmi>snheric N , O  co~l ld  affect 
the budget less. In ion-molecule reactions of 
the type described by Griftith and Gellene 
(31) ,  fractionations of greater than 10,000 
ner inil have been observed. Althoueh the 
nlecha~l is~n respi>nsible for p r o d ~ ~ c t i o n  of 
the mass-independent colnponent in atmo- 
spheric N 2 0  is yet unknown, its isotopic 
signature is defined by Fig. 2. T h e  pi>ssibil- 
ity of both n e ~ v  sources and sinlcs (25) 
makes 61 i0  and 6'" the definitive mea- 
surements of atinospheric N1O. 
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Stable Isotope Enrichment in 
Stratospheric Nitrous Oxide 

Thorn Rahn* and Martin Wahlen 

Nitrous oxide is a greenhouse gas that also plays a role in the cycling of stratospheric 
ozone. Air samples from the lower stratosphere exhibit '5N/'4N and 180/160 enrichment 
in nitrous oxide, which can be accounted for with a simple model describing an irre- 
versible destruction process. The observed enrichments are quite large and incompatible 
with those determined for the main stratospheric nitrous oxide loss processes of pho- 
tolysis and reaction with excited atomic oxygen. Thus, although no stratospheric source 
needs to be invoked, the data indicate that present understanding of stratospheric 
nitrous oxide chemistry is incomplete. 

Nit rous  oxide (N,O) is an atmospheric 
trace gas that coiltributes to the greenhouse 
effect. I t  is also involved in the catalytic 
destruction of ozone 111 the stratosphere and 
is Increasing in co~lceiltratioil by about 
0.25% per year (1) .  T h e  Increase is believed 
to result from fertilizer use, emissions from 
internal combustion engines, biomass burm 
ing, and industrial processes (2).  It is natu- 
rally produced by ~lltrificatioil and denitrlfi- 
cation in soils and in the oceans, and is 
destroyed in the stratosphere via photolysis 
(90%) and reaction with excited atomic ox- 
ygen [O('D)] (10%). Its at~nospherlc life- 
tiIne 1s between 100 and 150 years (1).  h l -  
though the major sources and 'slnks o f  N,O 
are known, they are poorly quailtifled and 
inadequately balanced, both in terms of mass 
exchange and in their N and O isotopic 
colnpositioil (1 -3). 

Stable isotopes have been used in the  
past to  constrain sources and sinks of other 
atmospheric trace gases (4)  but have yet to  
be successf~~lly applied to  N,O. T h e  isoto- 
pic approach to  a global N,O budget is 
hindered by the  \vide range of observed 
isotopic values for each of the  major nat-  
ural sources, making it difficult to  assign a 
uillque value to  each of the  source terms. 
So11 flux samules have been s l ~ o w n  to  be 
variable but consistently depleted in both 
"N and "0 relative to  atmospheric N 2 0  
( 3 ) .  Oceanic samples have exhibited a 
trend similar to  typical nutrient profiles, 
~ v i t h  slightly depleted surface waters be- 
conling progressively enriched along the 
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nutricline and stabilizing with depth ( 5 ,  
6 ) .  Early analytical methods employed in- 
frared absorption techniques (7) or re- 
quired decomposition of N,O with subse- 
quent  analyses of N, and CO, ( 5 ,  8, 9 ) .  
T h e  use of dlrect injection techniques was 
introduced in 1993 when Kiln and C r a g  
( 3 )  reported heavy enrichment in  both the  
N and O isotopes in two samples of strato- 
spheric air. They proposed that  a strato- 
sphere to  troposphere return flux of heavy 
N,O could balance the  observed isotopi- 
cally light source terms, although a s i~nple  
mass-balance model showed that  this led 
to  a co~lsiderable overcorrection. Direct 
iiljectioil of N,O was subsequently shown 
to  result in erroneous enrichlnent of S1'N 
and S1'O (10)  when contaminated by 
trace amounts of CO, (1 1 ). 

W e  present results for S1jN and SISO of 
N,O obtained from samples collected in the 
lower stratosphere (Table 1)  (1 2) .  Five Sam- 
ples were collected at rnidnortherl~ latitudes 
on  board NASA's \VB-57 aircraft (1 3 ) ,  and 
two samples were collected at high northern 
latitude during the 1988 Juelich balloo~l 
campaign (14).  W e  also measured, for com- 
parison, the isotopic composition of tropo- 
spheric N,O sampled in La Jolla, California, 
~ lnder  clean air conditions. Nitrous oxide 
mixing ratios decreased nrith height above 
the tropopause, whereas the heavy-isotope 
co~nposition of the  remnant N,O was 
found to  be increasingly enriched. If the  
process responsible for this enrichment is 
a n  irreversible sink and if the  fraction- 
ation factor remains constant,  the  data 
should obey what is known as a Rayleigh 
distillation, in which the  resulting isotopic 
enrichment is related to  the  fraction re- 
maining by the  equation 

1776 SCIEYCE kOL 278 5 DLCEMBER 1997 wr\J\\r.sclencemag.org 




