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Sulfur I S O ~ O D ~  Fractionations in oxidation ( A  < 480 n m )  to produce carbon 

Carbon Disulfide 
Jonah J. Colman, Xianping Xu, Mark H. Thiemens," 

William C. Trogler* 

Irradiation of gaseous carbon disulfide [CS,(,,] at 31 3 nanometers produces a dark brown 
aerosol of (CS,),. Its thermal decomposition products include disulfur (S,), carbon 
monosulfide (CS), and (CS),. The photopolymerization process is accompanied by a 
large mass-independent isotopic fractionation of sulfur (a 5 to 10 per mil sulfur-33 excess 
and a 61 to 84 per mil sulfur-36 deficit). Excess sulfur-33 has been observed in several 
classes of meteorites. Photochemical production of (CS,), may be important in the origin 
and evolution of cosmochemical environments such as the presolar nebula, meteorites, 
asteroids, and planetary atmospheres. 

C a r b o l l  disulfide (CS,) is a nlolec~lle tliat, 
o n  the  basis of its thermochemical nroner- 
ties and redox state, could be present in 
several cosnlochemical environments. In  
July 1994, fraginents of conlet Shoeinaker- 
Levy 9 (SL9) collided with Jupiter. Obser- 
vations of this event provided a test for 
theoretical models of the  chemistry of the  
jovial1 atmosphere. There were many unex- 
pected results, including the  observatioil of 
CS2, large ainounts of disulf~lr (S2)  alnd 
carbon monos~~lf ide  (CS) ,  and tlie presence 
of dark aeroso1,particles in the  jovial1 atino- 
sphere (1 ,  2).  Several comets colltain CS2 
(3 )  a i d  it could contribute to their cheini- , , 

cal reaction network. It appears tliat CS, 
condenses as a nristine cometarv comno- 
nen t  and is released as a comet nears tlie 
sun. This observation suggests tliat substan- 
tial amounts of CS, exist in comet-forming 
regions. Meteoritic S isotopic measure- 
ments document tlie presence of excess 33S 
in S-bearing organic molecules (4), b~l lk  
ilreilites (5), and acid residues of Allende 
carbonaceous chondrites (6) .  T h e  latter 
measurements are intriguing, because they 
suggest a relation between noble gas isotop- 
ic anomalies in ureilites and carbonaceous 
chondrite acid-resistant residues 17). Be- 
cause these acid residues (phase Q) may be 
carriers of planetary lloble gases, there is 
interest in tlie chemical origins of tliese 
S-bearing carbonaceous phases. 

Carbon disulfide polymerizes into a 
black solid (CS , ) ,  a t  40 khar and 425 K (8). 
Recently, it was determined that aerosols of 
(CS2) ,  are also p r o d ~ ~ c e d  hy long-wave- 
length (280 to 370 n m )  ultraviolet (UV) 
irradiation of CS2(g, (9) .  B e c a ~ ~ s e  CS, is an  
important S-bearing inolecule under nebu- 
lar or cometary conditions (10)  and because 
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tlie volatile thermal fragmentation products 
of (CS2) ,  resenlble those observed durlng 
tlie collision of SL9 with tlie jovian atmo- 
sphere, \ve ~lndertook chemical and isotopic 
studies. T h e  addition of a n  atmosnhere of 
molecular lnitrogen ( N 2 )  or molec~~la r  liy- 
drogen (H,)  to CS2 does not affect the  
pl~otopolyinerization reaction. T h e  quan- 
tum yield for photopolylnerizatioi~ is first- 
order in CS2;  a t  0.2 torr (buffered to 1 a tm 
with N2 or H,) it is approximately lo-,. 
T h e  measurell~int was colnnlicated hv tlie 
formation of scattering aerosks and absorh- 
1ng films [for example, the  (CS,), film 
shown in Fig. 11 tliat reduce the radiation 
received hy tlie CS2(g,.  Particle production 
was observed at mixino ratios as lo\v as 300 
parts per million (ppm),  film gro\vth a t  
lnixlng ratios as low as 145 ppm, and photo- 
oxidation at mixing ratios as lo\v as 10 ppm. 

Irradiation of (CS,), with an  unfiltered, 
high-pressure, 250-W Hg-Xe arc lamp 
(wavelength A > 230 nm)  in vacuum or 
under a n  atmosphere of N 2  or  Hz did not 
generate any new infrared (IR) active gas- 
phase species or change tlie IR spectrum of 
tlie (CS2), .  Tliis behavior contrasts with 

lnoi~oxide ( C O ) ,  carbony1 sulfide ( O C S ) ,  
sulfur dioxide (SO,) .  elelnental S. and a 

i I 

polyiner tliat has incorporated 0 (9) .  T h e  
(CS2) ,  polyiner is stable in strong acids alnd 
bases, and it is in so l~~b le  in common labo- 
ratory solvents. 

W e  investieated the  thermal stabilltv of u 

(CS,), by direct port-injection mass spec- 
trometry. Decompositioil begins a t  428 K, 
and it is relatively fast a t  473 K. T h e  pre- 
dominant mass peaks observed in tliese ex- 
periments were attributable to  disulf~lr (SL)  
and lesser amounts of CS. Trace amounts of 
CS, and higher molecular weight S species 
(S,  through S8) were also observed. T h e  
extr~lded S2 fragment agrees \\.it11 tlie struc- 
ture postulated for (CS:),, which is based 
o n  chains of CS cross-linked with disulfide 
bridges (9).  A black residue typically re- 
inains after tliermolysis. Heating (CS2),  in 
a suhlimator (543 to 563 K) for 4 hours 
~ lnder  vacuum yields a black r e s i d ~ ~ e  with 
the approximate composition of (CS) ,  (1 1 ). 

Carbon disulfide exhibits a sliort-wave- 
length absorption (155 to 21 5 nin) that 
causes pliotoitissociatio~n and a long-wave- 
length (280 to 370 n m )  feature. T h e  ratio of 
short-wavelength excitation (185 to 215 
n m )  to long-u~avelength excitation (280 to  
370 nm)  of CS2 is a h o ~ ~ t  100. Tliis estimate 
is based o n  recent CS, extinction coeffi- 
cient measurements (1 2 ,  13) ,  treats the  sun 
as a blackbody at 5780 K, and assulues that 
tliere are no other absorbing snecies. How- - A 

ever, in a planetary atmosphere, the optical 
opacity is typically much greater in the  
shorter wavelength region than a t  250 to 
370 11111. Thus, tliere \\.ill be a greater pro- 
portion of 313-nm electronic excitation in 
a n  at~nosplieric environlnent than in free 
space. For example, the  pliotodissociati~~e 
lifetime estimated for CS2 at  5.2 astronom- 
ical units ( the  distance between Jupiter and 
tlie sun) is 4.4 hours (3). In the  jovial1 
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Fig. 1. Ultraviolet-visible 
spectra of thin films of (CS,), 
and (CS), (values given on 
the left) and the maginary 
part of the refractive index of 
the particles observed in the 8 0.8 -- 
jovian atmosphere (values 5 
given in logarithmic scale on 
the right) as modeled by ' 
West et a/. (2). The horizontal ' 
location and size of the sym- 
bols indicate the filter wave- 
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atmosphere, the llfetlme \vould be 8.2 ho~lrs  
at lo-' inhar 114) and -1 \veek a t  1 inhar , , 

(15).  In  the  terrestrial atmosphere, photo- 
dissociation of CS, is negligible helon~ 5 to  
6 km ( I  6) .  Thus, the  lifetime of CS, hefore 
dissociation is long eno l~gh  in many plane- 
tary atmospheres to allow photopolymeriza- 
ti011 to occur. 

T h e  collision of colnet SL9 with Jupiter 
provided indirect evidence that (CS,)* may 
be present either in the  jovian atlnosphere 
or in the  colnet itself. Large amoullts of 
(CS,)I thermal fragmentation products (S,, 
CS, and CS,) were observed near the  iin- 
pact sites. These were not predicted by cur- 
rent models of the  jovian atmosphere. Early 
reports suggested that the  q~lantity of S 
species observed implies a jovian origin for 
the  S,, but this result is still uncertain. 
Carbon rnonos~~lfide \\.as not observed out- 
gassing from colnet SL9 hefore the collision 
(1 7) .  However, CS has heen ohserved in 
the  atmospheres of other comets (18) ,  and 
it is thought to  arise from CS, photodisso- 
ciation a t  185 to 215 nm ( 3 ,  19). Free CS, 
was not observed in the  jovian atmosphere 
by the  recent Galileo probe (20).  

W e  produced a (CS,), film by irradiat- 
ing CS, vapor a t  20 torr and allo\\~ing it to 
deposit o n  the  quartz cell window. T h e  
(CS) ,  film was produced by thermolysis of a 
(CS,), film (4 hours a t  550 K, under vacu- 
~ l i n ) .  T h e  spectra show that both (CS,), 
and (CS) ,  ahsorh strongly over the entire 
visible spectrum (Fig. 1).  Reflectance inea- 
surements shou. that (CS,), reflects rela- 
tively inore than (CS) ,  above 600 nm. This 
result is consistent with the  observed dark 
red-brown color of (CS2) ,  and the  black 
appearance of (CS),. Reflectance spectra of 
the  jovian atmosphere share some of these 
characteristics. 

T h e  observed dark brown imvact debris 
particles froin SL9 have been investigated 
for their reflectivity (2) .  T h e  calculated 
imaginary refractive index is about 0.008 
hetween 1000 and 550 nm, then slopes up- 
ward to a h o ~ ~ t  0.02 at 250 nm (Fig. 1) .  T h e  
iinaginary refractive indices (directly propor- 
tional to the extinction coefficients) of H,O, 
ammonia (NH,), and carbon dioxide (CO,) 
are too small to account for such absorption 
over the entire spectral range of observa- 
tions. Molecular S is not sufficiently absorb- 
ing over the spectral range to account for the 
results. T h e  shapes of ratio spectra taken of 
the  SL9 impact region at different times 
r e y ~ ~ i r e  the presence of a postimpact contin- 
uum absorber (1 ). T h e  data could he ex- 
plained if some of the aerosol in the jovial1 
atmosphere were (CS,), and it underwent 
thermal decomposition to polymeric (CS), 
residue, free CS, and S2 near the site of 
impact. T h e  (CS2),  aerosol could have 
formed initially in the reducing jovial1 atmo- 

sphere through long-wavelength ~lltraviolet 
(UV)  photopolyineriiatiol1 of CS,. 

A n  isotopic study of (CS,), provides 
further evidence that this species may be 
important in cosmocheinical environments. 
There is an  enormous heavy-isotope enrich- 
ment,  ranging froin 6% = 45 per inil for 
UV lainp irradiation to 8'" = 56.5 per mil 
for solar photolysis (21,  22). More impor- 
tant,  the isotonic fractionation nattertl is 
mass-independent. For S, a conventional 
mass-dependent isotopic fractionation pro- 
cess yields S3'S = 0.5 S34S and S34S = 0.5 1 
S3% (22) (Fig. 2, A and B).  By convention, 
deviations from the  mass-dependent frac- 
tionation are reported as 33A = S33S - 0.5 
S34S and 36A = Sj6S - 1.97 S3% (22).  T h e  
33S excess ranges froin a 33rl of 5.3 per mil 
in the laboratory photolysis experiments to 
10.8 per mil for the  solar experiments. For 
3%5, 36A = 6 1  per mil and 8 2 . 5  per nlil 
for the laboratory photolysis and solar irra- 
diation, respectively. 

T h e  experiments sho\v that anomalous 
33S enrichments and 36S iieficiencies can he 
produced hy long-wavelength U V  photoly- 
sis of CS,. This may be an  ilnportant pro- 
cess in a nebular environinent hecause i i )  
CS2 is a dominant S-bearing molecule in 
nebulae ( l o ) ,  ( i i)  photopolylnerization by 
solar irradiation produces the greatest iso- 
topic fractionation, and (iii) the  isotopic 
anolnalv is similar to that found in meteor- 
ites (4-6). T h e  actinic radiation occurs in a 
spectral region where few other simple gas- 
eous lnolec~lles absorb and co~l ld  be provid- 
ed by early solar irradiation or background 
stellar photolysis. T h e  magnitude of the 
observed ,'S excess is small enough that a 
concoinitant 36S deficiencv mav have es- , , 
caped detection (a t  the  decreased isotopic 
sensitivity for the  low-abundance '% inea- 
surements). In the  ureilites, s~llfides are 
commonly found intergrown with euhedral 
graphite crystals (23) .  This result suggests a 
potential chemical association hetween C 
and S in ureilites, where 33S anonlalies are 
found at hulk levels. If the (CS,), material 
were produced under nebular conditions 
and incorporated into the  ureilite parent 
body, the  33S enrichment and a C-S rela- 
tion \vould result. Secondary planetary dif- 
ferentiation, such as might occur o n  the 
ureilite parent body (24) ,  could produce the  
graphite-metal-sulfide assemblage. 

A11 ano~nalous black polymeric material, 
kno\vn to be the carrier of noble gases (phase 
Q )  and 33S excesses in Allende, also resides 
in ureilites (7).  Phase Q has chemical char- 
acteristics similar to those of the (CS2),  ma- 
terial, including its insolubility and chemical 
resistance to acid treatment. T h e  physical- 
chemical characteristics of Q and (CS2),, 
and the  presence of Q in the two meteorite 
classes containing "S excesses, suggest that 

the  process reported here could be responsi- 
ble in part for the generation of Q. 

A n  environinent that includes CS, and 
313-nm radiation \\.ill eventually produce 
(CS,),. A limitation in the chemistry is the  
lifetime of the  initiating electronic state. 
T h e  lifetimes 125. 26) of the  known fluo- 
rescent states of CS, are insufficient to  
allow them to  cause pl~otopolymerization a t  
mixing ratios below 1%; ho\\~ever, (CS,),  . . 

aerosols are seen at mixing ratios as low as 
300 vvm. Formation of OCS in mixtures of 

& 

CS, alld molecular oxygen (0,) occurs 
largely by secondary photolysis of (CS,),, 
and this is observed a t  rnixine ratios as low 
as 10 ppm. Photopolylnerization must 
therefore arise from a longer llved electron- 
ic state. There  is telltative evidence that 
the  fluorescent states are strongly coupled 
to nearhv nonradiative states 127. 28). , ,  , 

There is no  kno\vn physical-chemical 
mechanism that readily accounts for the si- 
lnultaneous enrichment and depletion of S 
isotopes observed in (CS,),. T h e  results are 
inconsistent with a svmmetrv-devendent iso- , & 

tope effect, as has heen ohserved in several 
other reactions (23).  A symmetry depen- 
dence would predict equal enrichlnents in 
33S, 34S, anii 36S. T h e  ohserved S33S/S34S 
ratios range from 0.62 to 0.7 rather than 
having a value of 1.0, and the '3 nnuclide is 
depleted. Nuclear spin effects do not appear 
to he involved. hecause onlv "S has a svin 
moment. T h e  mechanism may involve dif- 
fering rates of nonradiative transfer from the 

634S (per mil) 

-- 

0 10 20 30 40 50 60 
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Fig. 2. Three-isotope plots for the (CS,), pro- 
duced by near-UV (A) and solar radiation photo- 
ysis (*). The mass fractionation lines are included 
in each plot. Data are normalized to a stariing CS, 
isotopic composition of 633S = fi34S = fi3% = 0, 
(A) 633S versus Z3"S, (B) fi3% versus 834S. The 
slope of the line in (A) IS 1/2. The slope of the line In 
(B) IS 2. 

SCIENCE VOL. 273 9 AUGUST 1996 



initial absorbing state to the reactive state. 
Such rates c o ~ ~ l d  depend o n  the Franck- 
Condon factors between specific rotational- 
vibrational levels in tlie two states. 
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A Statistical Model of the Fluctuations in 
the Geomagnetic Field from Paleosecular 

Variation to Reversal 
Pierre Camps* and Michel Prevot 

The statistical characteristics of the local magnetic field of Earth during paleosecular 
variation, excursions, and reversals are described on the basis of a database that gathers 
the cleaned mean direction and average remanent intensity of 2741 lava flows that have 
erupted over the last 20 million years. A model consisting of a normally distributed axial 
dipole component plus an independent isotropic set of vectors with a Maxwellian dis- 
tribution that simulates secular variation fits the range of geomagnetic fluctuations, in 
terms of both direction and intensity. This result suggests that the magnitude of secular 
variation vectors is independent of the magnitude of Earth's axial dipole moment and that 
the amplitude of secular variation is unchanged during reversals. 

T h e  way the  geomagnetic field reverses 
itself remains poorly understood, because of 
the  scarcitv of reliable alnd sufficientlv com- 
plete pale~magnet ic  records of tlie' same 
reversal from widely distant sites a t  Earth's 
surface. Two main uuestions are still unan- 
s\\~ered. First, are field reversals and excur- 
sions specific phenomena unrelated to  pa- 
leosecular variation? Although excursions 
and reversals are sometimes considered as 
extrema of secular variation ( I ) ,  all the  
statistical field models produced thus far by 
the  paleomagnetic comlllunity are restrict- 
ed to the  description of paleosec~~lar varia- 
tion, which implies that the  paleosecular 
regime (2 )  is physically distinct from the  
reversing regime. However, we know of no  
observation that has confirmed this view. 

T h e  second main question regards the  
composition (ideally, In terms of spherical 
harmonic coefficients) of the  reversine field 
as compared with tha; of the  so-callei "sta- 
ble" field. Absolute paleoi~itensitr data 
show unambiguously that the  field strength 
is considerably reduced during reversals and 
excursions (3-6):  therefore, a large reduc- , , 

tion of the  'dipole moment is needed. Ob-  
viously, the  axial dipole ( A D )  has to  pass 
through zero as the  field reverses. Our  cer- 
tainties stop here. T h e  behavior of the 
euuatorial diuole is not known, nor do we 

know whether the  destiny of the  nondipole 
terms is correlated with that of the  dipole. 
Does the  energy of the  dipole transfer into 
that of some otlier terms (7), or does ~t 
reduce \\~itliout any correlated change in 
tlie otlier terms (8): 

Paleolnagnetic data allon. an  examina- 
tion of these y~~es t ions  from a statistical 
standpoint, provided that the paleofield 
strength is taken into account. For this 
purpose, we compiled a paleornagnetic data- 
base from volcanic rocks that,  in contrast to  
earlier databases (9, l o ) ,  includes rema- 
nence intensity and covers the entire range 
of geomagnetic fluctuations, from paleo- 
secular variation to reversal. T h e  use of 
remanence intensity instead of paleofield 
strength was forced by the  present scarce- 
ness of paleoi~itensity data that precludes, 
in any region of Earth, a proper statistical 
description of paleofield strength. Assum- 
ing that the  average rernanence intensity is 
proportional to the average paleofield 
strength, we propose a statistical model of 
the  local geomagnetic fluctuations. T h e  
agreement between our observations and 
the predictions of this model suggests that 
the  magnitude of secular variation is not 
connected to the  longer term variation of 
the A D  moment. 

Geomagnetic field fluctuations are een- - 
erally analyzed after the  local field vector is 
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