
The Chemical Composition of Martian Soil and Rocks pei~ils 011 the sample, and i s  typically- of t11e 

Returned by the Mobile Alpha Proton X-ray 
order of a few to sollie tens of micrometers. 
Analysis is perforilieii o n  sailiples of 5L1-mm 

Spectrometer: Preliminary Results f ram the X-ray Mode diameter Tlie t e c l i i ~ i q ~ ~ e  is relatively imeii- 
sltive to surface rouehness of the  sample - 

R. Rieder, T. Economou, H. Wanke," A. Turkevich, J. Crisp, analy-red (6 ,  7), anti the measurement ge- 

J. Bruckner, G. Dreibus, H. Y. McSween Jr. ometry does not have to be k1ion.n preclse- 
11.. All relevant elelnelits were ineasured 
and the sum of their coiiceiltratloiis was 

The alpha proton x-ray spectrometer (APXS) on board the rover of the Mars Pathfinder normallred to 10L196. T h e  APXS has been 
mission measured the chemical composition of six soils and five rocks at the Ares Vallis described in Lietall elsewhere (8). Tlie rover 
landing site. The soil analyses show similarity to those determined by theViking missions. pro~ lde i l  inohility to tlie APXS and eliableii 
The analyzed rocks were partially covered by dust but otherwise compositionally similar it to analyze a variety- of samples selected 
to each other. They are unexpectedly high in silica and potassium, but low in magnesium from images taken hy tlie Illlager for Mars 
compared to martian soils and martian meteorites. The analyzed rocks are similar in Pathfinder (IkIP) o n  the laniler. 
composition to terrestrial andesites and close to the mean composition of Earth's crust. '4s o i  sol 58 (31 August 199'i), the 
Addition of a mafic component and reaction products of volcanic gases to the local rock APXS lias ailalyied a total of six soil sites 
material is necessary to explain the soil composition. and five rocks (Table 1 ) .  Two circumstanc- 

es have prevented full exploitatioil of tlie 
data returned for analy-sis: Atmospheric 
CO: significantly- influenced tlie measured 

Before  Pathfinder there were two major tions tliree differei~t energy spectra are ob- spectra in  tlie alpha mode, nliile tlie data 
sources of informarlon on the cliemlstry- of the taineii, eacli one recorded in 256 cliannels, obtained in tlie x-ray iliode during the mar- 
lnartlan surface: First, tlie XRF-analy-ses of the Data from tliese tliree inodes are partly tian day- time are noisy-. Correctiolis for the 
tr\,o Viking laiiders ( 1 )  and, second, the ana- complementary aiid partly redundant: I11 interference of C O z  in  tlie alpha inode re- 
lytlcal data of inartla11 ineteorites (Z), assum- tlie alpha-mode the  APXS measures all el- quires careful recalibratlon of the instru- 
ing that they are rocks from the lnartlall sur- emeilts heavier than lielium. Sensltivlty inent at tlie same coliditions ( C O z  pressure 
face ejected into space by large impacts. '41- and resolution 1s escelleiit for the light and temperature) encountered on Xlars dur- 
tliougli tlie two lalldilig sites of \'lking 1 and elelneiits C, N,  and 0. However, resolut~on liig salliple measuremeiits. This recalibra- 
\llkiiig 2 were ahout 6500 kin apart from eacli hecolnes poor for elelnents lieavier than SI .  tion lnay take up to several months. Proton 
other, tlie colnpositloii of the soils alialyzed at In  the  x-ray mode, the APXS measures all spectra are not  affected by CO,, hut they 
both sites was rather similar alid n.as interpret- eleinents heavier t l~a i l  Na,  wit11 increasing call only be useii together \\'it11 the alpha 
ed to represent the \\reathering products of resolution c;ipabillties for heavier elelnents, data. X-ray spectra are also not affected by 
lilafic igneous roclts ('3). I11 particular, it n.as I11 the proto11-mode complemelltary data the COz atmospliere and measurements 
suggested tl-iat su l f~~r  and clilorine were intro- are obtaineci for the  elellleiits 111 the  transi- during the  lnai-tiali niglittlme yielded low 
duced by the interaction of volcan~c gases tion reglons, that is for Na, Mg, A1, and Si. noise data with good energy resolution. 
rvltli tlie inafic surface material, forming sul- LVitli the  colnbinatioii of alplia, proton, Therefore, rve analyzed x-ray data predom- 
fates and clilorliies (4, 5).  Tlie question of a and x-ray modes, it 1s possible, in p r ~ n c ~ p l e ,  ~iiantly collected at i i ~ ~ h t .  T h e  x-ray spec- 
possible preseiice of other salts like carboiiates to measure the ahundances of all eleilieilts trum of rock A-3, Earilacle E d ,  obtained 
and l~itrates in addltion to sulfates and clilo- 111 the  salnple except H and H e ,  at iletec- o n  6 July- 1997 (sol 3)-the flrst rock ever 
rides remained unresolved. The  inartiaii me- tioil llinits of ty-pically several teiitlis of a analyzed o n  tlie surface of Mars-and the 
teorites are inore variable tliali the Vikllig rveiglit percent. Tlie depth of analysis de- x-ray- spectrum of a typical inartian soil- 
analyses, but generally- also of lnafic to ultra- 
iliaflc composition. 

T h e  APXS was designed to obtain tlie 1000 

clieinical cornpositloll of martlali rocks as 
well as soils. Tlie technique of the APXS is 
based o n  three kiiids of il~teractioils of alplia 
particles from a radioactive source with mat- 
ter: Rutherford hackscatterillg (alpha mode),  $ 100 - 

( a , p )  nuclear reactioiis of alpha particles L rn 

3 

VI 
P 

wltli aolne light elelnents (proton mode),  + 
and gel~erat io~i  of characteristic x-rays in the 

S sample through ioliizatioll by alpha particles 
(x-ray mode). As a result of these ~nterac-  
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Fig. 1. (A) X-ray spectrum of rock A-3. Barnacle B11, meast~red oil s o  3 for a perod of 13.780 s at (night 

-echnolog:!, Pasadena CA 31 1 C3, USA. t~me  A normazed count rate per 1000 s is shown as functon of x-ray eiiergy. The Ar peak in the 
h Y, Iv lcS~~een Jr , Depart~nent of Geooglca Sce ices spectrum is from 1.6'0 Ar n the rmarian atlnosprere and IS lnore pronounced n the cases when the 
Unversty of Tennessee, Knox\!~lle, TN 3799E, USA APXS sensor was not iii ~rn~nediate contact with the salnpe. The energy resouton of the x-ray deiectng 
'-o correspol-delce be addressed. ~+,~~ l :  system was 254 eV (full wdth at half maxmum) at 6.4 keV Fe n e  (6) X-ray spectrurn froln A-1 5 .  i re  dark 
~!:ae~-~ke~~rrpeh-rra~iz.npg.de so11 at t re  Mer~nad Dune site, It was acqc~~red at nghtil~re on s o  28 for a per~od of 10,510 s .  
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Table 1. Cornpos~t~on of the target s tes ,  expressed as oxides in weght percent, normalized to a sulr of 98%. Org, sum 1s the original scllr of the oxides before 
nor~nal~zat~o~i. 

Na~re  Na,O MgO A1,0, SiO, so, Cl K2° CaO TIO, 

S01ls 
A-2 After 2.3k0.9 7 . 9 ~ 1 . 2  7 . 4 ~ 0 . 7  5 1 . 0 ~ 2 . 5  4.010.8 0.5=0.1 0 .2 t0 .1  6 . 9 ~ 1 . 0  1.210.2 1 6 . 6 ~ 1 . 7  68.6 

deploy 
A-4 Nextto 3 . 8 ~ 1 . 5  8 . 3 ~ 1 . 2  9,120.9 4 8 . 0 ~ 2 . 4  6 . 5 ~ 1 . 3  0 . 6 ~ 0 . 2  0 . 2 ~ 0 . 1  5 . 6 ~ 0 . 8  1.4+-0.2 14.421.4 78.2 

Yogi 
A-5 Dark 2 8 2 1 1  7 . 5 ~ 1 . 1  8 . 7 ~ 0 . 9  47.9k2.1 5.621.1 0.620.2 0.320.1 6.521.0 0 . 9 ~ 0 . 1  17.321.7 89.1 

next to 
Yog1 

A-8 Scooby 2 . 0 ~ 0 . 8  7 . 1 ~ 1 . 1  9.1k0.9 5 1 . 6 ~ 2 . 6  5.3=1.1 0 . 7 ~ 0 . 2  0 . 5 ~ 0 . 1  7.311.1 1 . 1 ~ 0 . 2  13.4k1.3 99.2 
Do0 

A-10 Nextto 1 . 5 ~ 0 . 6  7.9k1.2 8 . 3 ~ 0 . 8  48.2k2.4 6.221.2 0 . 7 ~ 0 . 2  0 . 2 ~ 0 . 1  6.4k1.0 1 . 1 ~ 0 . 2  17.4k1.7 92.9 
Lamb 

A-15 Mermad 1.3+-0.7 7.3+-1.1 8 . 4 ~ 0 . 8  50.2+-2.5 5 . 2 ~ 1 . 0  0.6k0.2 0 . 5 ~ 0 . 1  6.0k0.9 1.320.2 17.1k1.7 98.9 
Dt~ne 

Rocks 
A-3 Barnacle 3.2+-1.3 3 . 0 ~ 0 . 5  10.8k1.1 5 8 . 6 ~ 2 . 9  2.210.4 0 . 5 ~ 0 . 1  0.7k0.1 5.320.8 0.820.2 12.911.3 92.7 

Bill 
A-7 Yogi 1 . 7 ~ 0 . 7  5 . 9 ~ 0 . 9  9.1+-0.9 55.5+-2.8 3 . 9 ~ 0 . 8  0.620.2 0.5k0.1 6 . 6 ~ 1 . 0  0.920.1 1 3 . 1 ~ 1 . 3  85.9 
A-16 Wedge 3.111.2 4.920.7 10.021.0 52.222.6 2.820.6 0.5+-0.2 0.7=0.1 7.421.1 1.020.1 15.421.5 97.1 
A-17 Shark 2 . 0 ~ 0 . 8  3 . 0 ~ 0 . 5  9 . 9 ~ 1 . 0  61.2+-3.1 0 . 7 ~ 0 . 3  0 .3k0.2 0.520.1 7.8k1.2 0 . 7 ~ 0 . 1  1 1 . 9 ~ 1 . 2  78.3 
A-1 8 Half 2.4k1.0 4.920.7 10.621.1 55.312.8 2.610.5 0.620.2 0.8=0.1 6.020.9 0.920.1 1 3 . 9 ~ 1 . 4  92.6 

Dome 
Calct~lated 2.621.5 2 . 0 ~ 0 . 7  1 0 . 6 ~ 0 . 7  62.012.7 0 0 . 2 ~ 0 . 2  0.720.2 7 . 3 ~ 1 . 1  0.720.1 12.021.3 

"soil-free rock" 

Mermaid Dune, '4- 1 5-are slionn in Fig. 1. 
Because the  results from tlie alpha and 

proton inodes are not  yet available, for the  
sake of siinpllcity- in analy-zing the  x-ray 
data we assumed tliat tliere were no  carbon- 
ates. nitrates. or hydrates 111 the  inartlan 
samples, aiid tliat oxygen is assigned to tlie 
otlier rock-forming eleineiits stoicliioinetri- 
cally (Fe as FeO, S as SO,).  T h e  al~aly-ses 
(Table I ) ,  expressed as oxides, liave been 
norina1l:ed to 98% for tlie following rea- 
sons: First, mainly due to variations in tlie 
measurement geometry, the sums of tlie 

Fig. 2. Comparison between the chemical com- 
position of five measured Pathfinder soils A-2. A- 
4. A-5, A-10, and A-15, normalized to an SiO, 
content of 4a0/o by weight, and the Viking soil data. 
The box for the Viking data reflects the range of 
the individual element concentrations, which were 
normalized to an SiO, content of 4a3/o after being 
recalculated to by weight. 

primary analyses added up to between 68.6 
and 99.29'6, with a mean value of 88.5%. 
Second, data for P, Cr ,  and M n  have large 
errors and \\,ere not  included in our aiialysls. 
For the sum of P 2 0 j ,  C r 2 0 3 ,  and XlnO a 
value of 2% has been assumed, leaving 98% 
for the  reina~ning oxides. Data for N a z O  
have large errors (about 49% relative), be- 
cause the  N a  x-ray- line is of low intensity 
and buried in the spectral lines of Xlg and 
even Al.  This low intensity is due to a low 
concentration of Na  in the  sample, but is 
also due to significant absorption of its low 
energy photons (1.C4 keV) in the  saniple 
itself, the  CO, atlnosphere between sample 
and detector, aiid the  Be entrance window 
of the  x-ray detector. Uncertainties (Table 
1) were derived from the  ranee in differenc- 

L 

es found between certified and measured 
values for eight reference standards. 

T o  denionstrate tlie accuracy acliievahle 
with APXS in  the x-ray Inode alone, we 
obtained cheinical analvses of a slice of the 
lnartian ineteorite Zagami aiid a po\\dered 
sainrle of the  C 2  chondrite Murchisoii sub- 
ject to the  same procedures as applied to the  
Patlifinder salnples durlng our laboratory 
calibratioiis (Table 2) .  Five individual chips 
of ahout 9.5 g each of Zagaml were analyzed 
with conr,entional technlilues and the  mea- 
sured compositions were variable, indicat- 
ing that the Zagaini sample is chemically 
heterogeneous (9 ) .  For Murchison a pol\,- 
dered sample \\,as analyzed. 

T h e  soils a t  the  Pathfinder site ha\-e 
siiililar coinvositions to those measured a t  
the  Viking sites , but they also show sollie 
differences. For the purpose of comparison, 
all soils have been iiormalired to 4304 by 
weight of silica (Fig. 2) .  Pathfinder soils are 

Table 2. Compositional data in weight percent of mariian meteorite Zagami and the C2 chondrite 
Murchison performed by APXS and (9). 

Zagami Murchison Murchison 
APXS Zagami APXS APXS Murchison 

counting time: 19) counting time: counting time: 19) 
127,470 s 242,030 s 20,360 s 

Na,O 
MgO 
AI20, 
SiO, 
SO3 
K;O 
CaO 
TiO, 
FeO 
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Fig. 3. Lnear regresson lhnes for S I ,  Ti, Mg, and A1 
versus S of Pathfinder rocks only (filled circles). 
The linear correlation coefficients for each element 
are asfollows: Si, 0.76; Ti, 0.85: Mg. 0.88; and Al, 
0.38. The extrapolated values at zero S give the 
calculated S-free rock composition. As soils (open 
circles) were not included in the regression, but 
plot on the regresslon line, the zero S values rep- 
resent a "so-free rock" com~osltlon too. 

generally l o ~ e r  in  S and higher in  T i  than 
the Viking soils. T h e  C1 values, although 
still subiect to considerable uncertaintv for 
both sites, agree within their error bounds. 
As is evident from IMP images, but also 
from APXS sulf~lr data, the  surfaces of the  
rocks are covered to varying degrees with 
adhering dust or a n.eatliering rind silnilar 
in coinpositioli to the dust. 

When  plotted on two-component dia- 
grams, the compositions of Pathfinder rocks 
form roughly linear arrays for most elements. 
Soil analyses lie at one end of these trends, 
indicating that the rock analyses prijbably 
represent ~ n i x t ~ r e s  of rock and adhering soil or 
a ~veathering rind. Because the rock analyses 
contain appreciably nore  S than is normally 
accijinmijdated in magmas or igneous rijclis, 
the approxilnate coinposition of the unaltered 
rock can be estimated by as sum in^ that it 
cijntains no S. Lyle l-iave calculated linear 
regressions for plots of each elelnent versus S, 
and estrapolated these dara to zero S content 
(Fig. 3) (Table 1) .  T h e  rijclis that mijst closely 
lnatcli this cijmpcjsltiijii are Sliark and Bama- 
cle Bill. High-resijlution IhlP images of these 
two rijcks suggest lniiiill~al containiliation by 
dust relative to other analyzed rijclis, which 

Fig. 4. Mg/Si versus Al! 
Si diagram of mariian 
meteorites (filled trian- 
gles), mean values of Vi- 
king soils (open dia- 
mond), and Pathfinder 
soils (labeled as MPF 
soils). as ~ve l  as Barna- 
cle Bill and calculated 
"soil-free rock" composi- 
tion (filled diamonds) in 
comparison with terres- 
trial s am~les .  

- AALH 84001 Continental basalts 

Ocean floor 

" 
0 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 

A l lS i  (weight ratio) 

exhibit higher red to blue reflecta~lce ratios. I I 
u 

T h e  coinpositions of tlie calculated "soil- 
free rock," Shark, and Baniacle Bill corre- 
spond to a n  andesite (1C). Their CIPLW 
norlns are dominated by feldspars, orthopy- 
roxenes, and cjuarti, with ininor Fe-Ti ou- 
ides. However, we cannot be certain that 
these rocks are igneous. Sollie rocks appear 
to show vesicular textures, but the textures 
of other rocks are difficult to intemret and 
might be sedimentary or me tamol~h ic .  Al- 
ternatively, the  high normative feldspar con- 
tents suggest that they could also be impact 
melts, although there is little evidence for 
depletion of volatile alkalis. 

In the MgO-S plot (Fig. 3) the soil data 
points fall close to the regression line of the 
rocks if oiie neglects tlie oiie lowest in S (soil 
A-2). This could indicate that big was intro- 
duced in tlie for111 of magnesium sulfate. How- 
ever, only about one-third of tlie measured 
b1gO could be accounted for in this way. 

Kfe have listed A-8, Scooby Doo, as a soil 
salnple in spite of its coi-isolidated appear- 
ance l~ecause of its high SO,  content. How- 
ever, as is evident from Table l ,  Scoo1.y 
Doe-xcept for SO3, C1, and MgO-falls 
nrithin the compositional range of the ana- 
lyzed rock samples. This observation suggests 
that sedimentary rocks could form from soils 
a t  the Pathfinder landing site. 

Geologic obserl~ations (1 1 ) suggest that 
the Pathfinder landing site may contain rijcks 
carried by floods from the southern highlands, 
a heavily cratered terrain thought to represent 
the ancient 1nartiai-i crust. The  colnpositions 
of the "soil-free rijcli." Shark, and Barnacle 
Bill may provide a inore representative sam- 
pling of this crust tliai-i does the only ancient 
inartian meteorite, the ALH84001 pyrijxen- 
ite. With  their high Al,O,, SiO,, and alkali 
contents relative to lnartran meteorites, these 
andesite cijinoositiijns are similar to the mean 
colnposltion of Eartli's crust. The primary dif- 
ference is tl-ie high Fe contents of all the 
ll~artiaii samples, which probably reflects a 
high FeO content of the martian mantle rel- 

fl Barnacle Bill 
I Soil, A-5 

Martian meteorites 

Fig. 5. H~stogram of some element concentra- 
tons In Barnacle Bill (hatched bar), Pathfinder soil 
A-5 (fled bar), and marilan meteorites (open bar) 
For Mg, K,  and Fe the marian s o  could be Inter- 
preted as a mixture of rocks and a more maflc 
component represented by the marilan meteor- 
tes .  The bars for the marian meteorltes ndicate 
the mean value of 1 1  marilan meteorltes, w!th the 
lowest and the hlghest value given by the arrows. 
All data are normalzed to SO2 content of Barna- 
cle B = 58.4% by weght. 

ative to Earth's lnaiitle (12).  Tlie high A1 
content of tlie Pathfinder rocks may indicate 
derivation of their parent lnagmas from an  
early melt of the primitive inartian mantle, 
with the parent inaginas for shergottites and 
naklilites (nvo subgroups of inartian meteor- 
ites) derived later from already depleted sourc- 
es (13). 

Barl~acle Bill's comnositiijn 1s taken as 
the  Al-rich elidpoint of the inartiali man- 
tle-crust fractionation line, with the mar- 
tian lherrolitl-ies A L H A  77005 and LEW 
885 16 and the  duinite Cliassigny o n  the  
Al-poor side (Fig. 4 ) .  Tlie basaltic sliergot- 
tites (QUE 94201, Sliergijtty, and Zagami), 
which form a second hactionation line (Fig. 
4 ) ,  cijuld be rocks derlved from younger 
intrusions into the older 1nartial-i cnlst. As 
the\ a11 ale assumeii to have been ejected 
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fro111 M a n  ill one event about 2.8 lnillion The 1 8 0 / 1 6 0  and 1 7 0 / 1 6 0  Ratios in Atmospheric 
years ago (1 4 ) ,  they must c a n e  fro111 one 
liication and iniqlit represetit relateL1 ilolvs Nit rous Oxide: A Mass-1 ndependen t Anomaly 
derived from a co~ntnoi l  source, coiltai~litlg 
itlcreasi~lg portions of cumulus pyri>senes 
and itlcreasille concentratii>ns of elemelits 
\\-it11 large ionic radii like K or La, inverselr 
ci>rrelated \vith their A1 content.  

Finally, in ci>mparing the compositii>n of 
rocks and soils, it is apparent that the lnartian 
soil canilot be l l~ade fro111 Barl~acle Bill-type 
rocks directly, even if \veatliering aiiii the 
addttion of SO1 aiid HCl from -volcanic gases 
are taken into account. iiddition of material 
riclier in hlg and Fe as observed in lnartiall 
meteorites might be the lnost straightfornard 
way to explain the soil colnposltion (Fig. 5).  
This might also he accomplished if ferri>mag- 
nesian ininerals in the local roclis are prefer- 
entially weathered and concelitrated in the 
sod. Hc>\\lel~er, tlie '41 coiiteiits of Patlifinder 
soils milnic those of tlie nearby rocks, perhaps 
suggestiiig an  adlnixt~lre of lixally derived soil 
wit11 coinpollellts of ~ve,~tliered inafic rocks 
that \?ere 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. 

N i t r o u s  oxide is a greenhouse gas and is 
involved in stratosplieric ozone ( 0 , )  deple- 
tion. O n  a per molecule basis, N,O has 
more than 200 times the  greenhouse forciilg 
of carbon dioxide (CO,) .  In  the atmo- 
sphere, N ,O is lost through photolysis 
(90%) and  phi>ti>oxidation in tlie strato- 
sphere hy 

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

Reactioil 1 accounts for the  maji>r sixlrce 
of nitric oxide ( N O ) ,  which is kiio\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  iinhala~lce of 
about 30% bet\veen sources aliii sinks (3 ) .  
Stable isotope analysis has proven useful in  
budgetary analysis of many atmi>spheric 
species (4) .  Previous ~si>ti>pic studies have 
focused o n  l'O/lQ a11d "N/"K ratios in  
N ,O (5-9). Here,  \ve presetit simultaneous 
measureme~lts of all three stable oxygen 
isotopes in  atmospheric N , O .  

Most reactions and pLysical processes 
involving isotope fractionation ~11tirnatel~- 
depend o n  mass and are ternled mass-de- 
pendent. In  a small hut gro~ving il~llnber of 
reactions, fractiotlations 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 f ract i i>nat io~~ has yet ti> 
he determmed, but ~t is l<ni>wn ti> he related 
to ini>lecular symmetry (1 0, 1 1 ) .  Ohserva- 
tions of mass-independent isotope fraction- 
ations demolistrate that these processes 
generally occur in  the gas phase in tii>tither- 
modynamic equillhrlum. W h e n  found 111 

nature, mass-independe~lt compositii>ns 
co~ltribute specific infortnatlon about 
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source, sink, and traiisformatioii mecha- 
nislns of the species. For example, measure- 
lnent of all three oxygen isotopes in strato- 
spheric C02 has revealed a s~lhstantial plio- 
ti>cliemical ci>upling ti> 0;. T h e  C02-0, 
interactio~l 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 litn fro111 di>\\~llti>\vtl 
San Diego; (i i)  the campus of the Califorllia 
Institute of Technology (CIT)  ill Pasadena 
(34.Z0N, 118.2"W); (iii) the  White  blouti- 
tail1 Research Station (LWMRS) a t  hloulit 
Barcri>ft (37.S0N, 118.2"LW) at  an  elevatii>n 
of 3.8 km,  east of Bishop, California; and 
(iv) the  LWhite Satlds 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 litn, ahout 70 kin ni>rtheast 
of El Paso, Texas. 

O n  a three-isi>ti>pe plot wit11 S " 0  i>n 
the  ordinate and 6''O o 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 lnil (15) .  Tlie deviatioil fri>m a 
purely mass-dependent f ract i i>nat~oi~ is de- 
fined hy the vahle li-!., where "1 = 

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- 
inercial N z O  gases (Fig. 1 ) .  T h e  data rep- 
resented ill Fig. 1 have "-!. 5 0.1 per mil. 
Any isotopic fract~onatii>n associateii \vith 
the  extraction, purification, and analysis 
of N ,O produces a purely mass-dependent 
fractii>nation ( " 1  = 0 ) .  

All samples of atmospheric N , O  are 
inass independently fractioiiated ( "3  + 0 )  




