JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 88, NO. All, PAGES 8709-8715, NOVEMBER 1, 1983

CO2 on Titan
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A sharpstratosphericemissionfeature at 667 cm-• in the Voyager infrared spectraof Titan is
associatedwith the •'2 Q branch of CO2. A coupling of photochemical and radiative transfer theory
-o.8X
yieldsanaverage
molefraction
abovethe110mbarleveloffco2= 1.5+
2.5 10-9, with most of the
uncertainty being due to imprecise knowledge of the vertical distribution. CO2 is found to be in a
steady state, with its abundancebeing regulatedprincipally by the ---72K cold trap near the tropopause
and secondarily by the rate at which water-bearing meteoritic material enters the top of the
atmosphere. An influx of water about 0.4 times that at the top of the terrestrial atmosphere is
consistent with a combination of the observed CO2 abundance and a steady state CO mole fraction of

1.1 x 10-4;the theoreticalvaluefor CO is closeto the valueobservedby Lutz et al. (1983),although
there are large margins for error in both numbers. If steady state conditions for CO prevail, little
information is available regarding the evolution of Titan's atmosphere.

INTRODUCTION

It is equally improbable that the feature is the signatureof
a high abundance organic. Photochemical studies by Strobel
[1974] and Y. L. Yung et al. (unpublished manuscript, 1982)

Over sixteen separate molecular emission features have
been observed in the stratosphere of Titan from spectra
obtained by the Voyager 1 infrared spectrometer (IRIS) [cf.
Hanel et al., 1981; Maguire et al., 1981; Kunde et al., 1981].

do not predict any organic molecule with a feature at 667,

cm-•. Our own laboratoryspectraof hydrocarbons
and
nitriles have included all the identified species as well as
CH3CN (methyl cyanide), C3H6 (propene), C4H6 (bivinyl),
C4H8 (1-butene), and C4H10(butane). None exhibits a feature

ThegreatmajorityhavesharpQ branches
dssociated
with
the hydrocarbons CH4, C2H2, C2H4, C3H4, C3H8, C4H2, and
nitriles HCN, HC3N, C2N2. An exception is the broad •'9

band of C2H6 centeredat 821 cm-•. Of these organic near667 cm-•. Laboratorysimulationstudiesby Changet

al. [1978] and Gupta et al. [1981] have reproduced the
molecules identified in the IRIS spectra, but little else. The
latter group had the advantage of knowing the correct initial
conditions from the Voyager 1 results [Hanel et al., 1981;
Tyler et al., 1981; Broadfoot et al., 1981], enabling them to
restrict their simulated Titan atmospheres to 1-4% CH4,
with N2 comprisingthe remainder. They carried out experiments using UV radiation, electric discharges, an electron
beam, y ray radiation, and a proton beam as energy sources.
In addition to the molecular speciesidentified by IRIS, they
found only two other molecules in trace amounts' CH3CN

species, the five least abundant (C3H4, C4H2, HCN, HC3N,
C2N2) all show a rapid decreasein abundancein progressing
from high to mid-northern latitudes. HC3N and C2N2, in
fact, fall below detection limits by about latitude 60øN.
Emission features of HCN and the two hydrocarbons become steadily weaker down to about 60øS, beyond which
reliable

data are not available.

With one exception, the few remaining unidentified sharp
line features in the spectra also display the same decreasing
strengthfrom north to south. This is physically inevitable if
they are signaturesof products chemically derived from the
higher hydrocarbons and nitriles that exhibit the latitudinal
behavior described above. The single exception is a weak

and C3H6;neitherhas a featureat 667 cm-•.
IDENTIFICATION

but well-definedsharpfeatureat 667 cm-• (Figure 1), the
latitudinal variation of strengthof which closely mimics that

of the 1304cm-• •'4bandof CH4. BecauseCH4 shouldbe
uniformlymixed,the moleculeresponsible
for the 667cm-•
feature should also be uniformly distributed globally, and
any variation of appearance of the two bands with latitude
would be the result of latitudinal temperature variations.
This apparentuniformity acrossthe disk, implied by the 667

AND RATIONALE

By this process of elimination we have been led to

considerseriouslythe identificationof the 667 cm-l feature
as the v2 Q branch of CO2. The position of the feature is
correct to within the accuracy of reading the data (see Figure
2). The band is very strong and readily observable for

concentrations
as low as 10-9 (molefraction).On the other

chemically derived from either the higher hydrocarbons or

hand, CO2 cannot be vertically homogeneousthroughout the
atmosphere with an abundance regulated solely by the -72
K cold trap at the tropopause. Radiative transfer calcula-

nitriles.Thusthe 667cm-• featurecannotcorrespond
to an

tionsindicatethatthe strengthof the 667cm-• featurewould

cm-• feature,is inexplicable
if the associated
moleculeis

be below the detection

organic molecule of low abundance.

•Laboratoryfor ExtraterrestrialPhysics,Code 693, Goddard
Space Flight Center, Greenbelt, MD 20771.

2Divisionof Geologicaland PlanetarySciences,CaliforniaInstitute of Technology, Pasadena, CA 91125.

3Laboratoryfor PlanetaryAtmospheres,Code 964, Goddard
Space Flight Center, Greenbelt, MD 20771.
This paper is not subject to U.S. copyright. Published in 1983 by
the American Geophysical Union.
Paper number 3A0453.

threshold

under these conditions.

If

the cold trap does operate to condenseCO2, there must also
be a relatively effective meansof chemically producingCO2
in the stratosphereor above. The resulting stratospheric
enhancement of CO2 requires a source of oxygen in a
basically reducing atmosphere.
Two plausible sourcessuggestthemselves. One is primordial CO trapped in the lattice structure of a water ice
clathrate as it formed from the solar nebula. According to
Prinn and Fegley [1981], the primordial CO/N2 ratio predicted for such a clathrate

87O9

at Jovian distances from the sun is
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and partly from
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CO + e--> C + O(1D) + e

(R18b)

O(ID) + CH4--> OH + CH3

(R18a)
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In order to test these ideas quantitatively it is necessaryto
adopt an iterative procedure: first, guessingthe abundance
of CO (and the H20 influx rate) and then calculating the
vertical distribution of CO2 with the aid of a photochemical
model. This distribution is then used in conjunction with the
IRIS data and a radiative transfer model to infer a total CO2
abundance, after which the photochemical model is iterated
to derive the correspondingabundancesof CO and H20.
Fortunately, the CO2 vertical distribution is not particularly
sensitive to its total abundance, and further iteration is not
required.
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DETERMINATION

the P and R branches

blend

into the observed

continuum,only that part of the Q branchof the v2band that
projects above the tops of the P and R branchesis available
for a radiative transfer analysis. Synthetic spectra were
generatedfrom a line-by-line program for isothermal atmospheres of 140 K and 170 K, with an underlying base at 75 K
to provide contrast. About 85% of the Q branch projected

Fig. 1. Averages of (a) 346 low latitude, (b) 30 north polar
region, and (c) three north limb spectra, showing the various

above the P and R branch 'continuum.'

identificationsof stratosphericemissionfeatures. The 667 cm-1
feature can be seen as a minor shoulderto the 663 cm-1 HC3N

about 23% greater at 170 K.
A model atmosphere was then constructed by using the
temperature profile shown in Figure 3 and the shape of the
CO2 abundanceprofile derived from our photochemicalmodel, discussedin the following section. The weak line approximation formulated by Maguire et al. [1981] was adoptedfor
preliminary radiative transfer calculations. An iterative procedure for repeated solution of the transfer equation was
constructed along lines developed by Samuelson et al.
[1981]; each iteration produces a multiplier by which the
assumedvertical distribution of CO2 is adjusted until convergence to the observed band intensity is reached. The weak

feature in the lower two panels, although it is completely unblended
in the disk average because of the low abundance of HC3N at low
latitudes.

between 0.007 and 0.3, dependingupon whether there was,
respectively, negligible or extensive radial mixing of the
circumplanetary nebula at the time of clathrate formation.
Comparable ratios should be valid at Saturnian distances. If
a significant fraction of the N2 presently found in Titan's
atmosphere is primordial in origin [Owen, 1982; Strobel,
1982] (as opposed to photochemically derived from NH3, for
example, Atreya et al. [1978]), it is probable that significant
amounts of CO would also be contained in the present
atmosphere, even after allowing for photochemical and
charged-particle destruction of both N2 and CO over geologic time. Because of the high vapor pressure, a CO mole
fraction as large as 0.2 could exist, despite the cold trap at
the tropopause,and the gas would become uniformly mixed
throughout the atmosphere. The recent detection of CO on
Titan by Lutz et al. [1983] demonstrates its availability and
provides further support for our identification of CO2.
A second potential source of oxygen is associated with a
steady state water influx from outside the atmosphere. In
addition to the water contained in chondritic meteorites, a

certain amount might also be available from sputtering and
collisions connected with the icy satellites and rings.
These two sources are expected to contribute to the
production of CO2, mainly through the reaction
CO + OH--> CO2 + H

(R5)

The inferred reduced

bandstrengthwasSQ -- 3.4 x 10-18cm mol-l at 140K and

line solution

was then corrected

to the exact

solution

with

the complete line-by-line program [Kunde and Maguire,
1974]. The mole fraction derived for CO2 is

fco2-- 1.5+_•:• x 10-9 (estimated
error)
wherefco2is averaged
overa columnextending
fromthe
tropopauseat about 110 mbar (cf. Figure 3) to the top of the
atmosphere.The correspondingcolumn densityof CO2 is 2.9
x 10•6moleculescm-2. Most of the error is due to uncertain-
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where the OH radical is producedin part from

Fig. 2. Positioncomparisonof observed667-cm-1 feature and
H20 + hv--> H + OH

(R26)

computed v2 Q branch of CO2.
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but these reactions have high activation energies and are
exceedingly slow at temperatures appropriate for Titan.
Abstraction of a hydrogen atom by oxygen from the alkenes
and alkynes is endothermic. The oxygen atom, however,
reacts rapidly with the hydrocarbon radicals via

Ib-!O,',•8
I(•-6 ' ,, 1'0
-2 'C02'MOI'E....

\ '•// \ I0-" \

FRACTION

.I

/ .,•1•-
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O + CH2--> CO + 2H

(R12)

O + CH3---> H2CO + H

(R13)

Formaldehyde is not stable and dissociatesby absorption of
visible sunlight in accordance with the reactions

TEMPERATURE

I00 • • PHOTOCHEMICAL
PROFILE

H2CO + hv---> H2 + CO

(R3a)

--> H + HCO

(R3b)

HCO + hv--> H + CO

(R4)

5•
I000
1600

A search for a pathway to convert O to OH via reactions
with the hydrocarbons and their radicals has been made (see
the more extended table of reactions in Y. L. Yung et al.,
Fig. 3. CO2 abundance profile (dashed curve) and temperature
unpublished manuscript, 1982), but no simple and convincprofile (solid curve) of Titan's atmosphere. The CO2 mole fraction
fco2 at anypressure
levelcanbe inferredby interpolating
among ing reaction has been discovered. This conclusion is in
curves of constant mole fraction. The weighted average above 110
essential agreement with those of Herron and Huie [1973],
mbarisfco2'-- 1.5x 10-9, obtained
bydividing
thecolumn
number Strobel and Yung [1979], and Prather et al. [1978].
density of CO2 above that level by the correspondingatmospheric
The chemistry of OH is crucial for restoring CO2. The
column density. Tangency of the temperature and abundancecurves
radical reacts readily with CO to form CO2 via
near the tropopause implies a CO2 steady state regulated by (1)
180

TPRATUR

chemical production and (2) loss through condensation and attendant precipitation.

ties in the vertical

distribution

and cannot

be determined

with precision.

CO + OH--> CO2 + H

(R5)

If the OH radical in (R5) is derived from (Rla) followed by
(R8a), the net result of (R5) is to mitigate the impact of CO2
photolysis. However, for (R5) to be important, CO must be
abundant enough to compete with reactions such as

PHOTOCHEMISTRYOF CO 2

OH + CH4---> H20 + CH3

(R14)

In the presence of ultraviolet radiation, carbon dioxide
readily dissociates,accordingto the reactions [Okabe, 1978;
Yung and DeMore, 1982]

OH + C2H2 ---->CH2CO + H

(R15)

OH + CH2--> CO + H2 + H

(R16)

(Rla)

OH + CH3--> CO + 2H2

(R17)

(Rlb)

Note that reaction (R5) offers a simple schemefor generating
CO2 if an independent source of oxygen is provided in the

CO2+ hv-->CO + O(ID)
-->CO + O

k < 1670•

1670fi• < k < 2060•

whereO(ID) andO denotethe excited(ID) andground(3p)
states of oxygen, respectively. In addition to photolysis,
CO2 can also be removed by reaction with the ground-state
methylene radical
CO2 + CH2--> H2CO + CO

(R19)

[Laufer,1981].The primaryfateof O(ID) producedin (Rla)
is either quenchingby N2

O(ID) + N2--> O + N2

O + H2--> OH + H

above

discussion

shows that carbon

dioxide

is not

CO2 + hydrocarbon--> 2CO + products
The oxygen atom derived from CO2 photolysis ultimately
ends up in CO, an extremely stable molecule. In the absence
of a comparable chemical source, the observed CO2 on Titan

(R8a)

would be destroyedin as short as 5 x 104 years, an

Thus the oxygen atom derived from CO2 photolysis either
remains as an oxygen atom (in the ground state) or is
converted into a hydroxyl radical OH.
The most likely fate of an oxygen atom in the upper
atmosphereof Titan is to participate in the formation of CO.
Abstraction of a hydrogenatom from either H2 or an alkane
by an oxygenatom is possiblein principle, as is illustratedby
O + CH4--> OH + CH3

The

stable in the atmosphereof Titan. There is a strongtendency
for the molecule to lose an oxygen atom. Reactions (Rla),
(Rlb), (R10), (R12), (R13), (R16), (R17), and (R19) can be
summarized by the overall reaction

(R17)

or reaction with a hydrocarbon

O(ID) + CH4--> OH + CH3

form of OH.

(R10)
(Rll)

insignificantperiod of time comparedto the age of the solar
system. For initially large amounts of CO2 the depletion rate
would only be exacerbated by continuous condensation at
the tropopause, leading to even shorter depletion times.
Thus to maintain the observed abundance of CO2 in steady
state, a photochemical source must be invoked. Production
of CO2 by (1) requires two conditions: (a) the abundance of
CO in the atmosphere must be sufficiently high, and (b) a
source of oxygen in the form of OH must be provided. We
shall defer the question of the origin of CO until later and
briefly address the source of OH.
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Destruction of CO by electron impact could lead to the
production of OH by
CO+e-->C+O+e

--->C q- O(1D) q- e
O(1D) + N2--> O + N2

general decline in the flux of micrometeoroidsas the spacecraft left the inner solar system, except at times of close
encounter with Jupiter and Saturn. If the environment near
Saturn is typical of the interplanetary medium at 10 AU, the

(R8a)

surface).The rate of destructionof CO in relation to that of
N2 in a dominantly N2 atmosphere is 1.2 (J. Fox, private

communication,
1982).The quantumyield for O(1D) is
unknown, but based on analogy with dissociationof N2
[Strobel and Shemansky, 1982; Lee and McKoy, 1982], we
The flux of OH

The choicefor Fm_oappropriate
for Titan is uncertain.

(R18b)

be 1 x 109moleculescm-2 s-1 (referredto the planetary

the value to be 50%.

_

case.

Pioneer 10 and 11 measurements [Humes, 1980] showed a

Accordingto Strobeland Shemansky[ 1982],electronimpact
dissociation of N2 occurs readily in the thermosphere of
Titan, the energeticelectronsbeingmostprobablyof magnetosphericorigin. The rate of N2 destructionwas estimatedto

estimate

eter to be varied in the model; Fmo = 1 correspondsto the
terrestrial

(R18a)

(R7)

O(1D) + CH4--> OH + CH3

CO2 ON TITAN

can be

expressed by

0OH= ql X q2X fco X 1.2 X 1 X 109molecules
cm-2 S-1
whereql is the quantumyieldof O(ID) in (R18)(0.50in the

properchoicefor F.2o is 0.1. However,if there is a
componentof meteoroid flux dominated by contributions
from the ring particles, the value of Fmo could be significantly higher. For reasonsto be discussedbelow we choose
_

F.2o = 0.42for our standard
model.
RESULTS AND DISCUSSION

A qualitative overview is useful for revealing the essential
physics. Meteoritic H20 provides OH through photolysis,
which in turn reacts with the CO available to produce CO2.
Some CO2 is destroyed, principally by photolysis and by
reaction with the methylene radical, but at a combined rate
that is insufficient to overcome CO2 production. However,
once the CO2 vapor pressure reaches saturation near the

tropopause,condensationand attendant precipitationwill
occur, effectively halting a further CO2 buildup.

standardmodel); fco is the mixing ratio of CO relative to N2
in the bulk atmosphere; and q2, the quantum yield of

Meteoritic
Source

derivingan OH radicalfromO(ID), is givenby
q2 =

k8a[CH4]
+ k9[H2]
(k8a q-k8b)[CH4]
+ k9[H2]+ k7[N2]

where the numerator consists of reactions that produce OH

from O(lD), and the denominatorincludesall the major
reactionsthat destroyO(1D). The numericalvalueof q2 is
---0.47. Because the atmosphere is mostly N2, we shall
henceforth treat fco as the mole fraction of CO with little
loss of accuracy.

Another potential sourceof OH is H20 derived from the
abrasion of micrometeoroidsin the upper atmosphere. Dissociationof H20 yields OH radicals from the reaction
H20 + hr--> H + OH

(R2b)

CH2

Meteorites have been postulated to be an important source
of oxygenon Jupiter[Prather et al., 1978].On Titan there is
no direct observation

of the flux of meteoritic

CH3

material.

However, the Saturnian system aboundsin icy bodies and
particles, and the limited observationsby Pioneer 11 suggestedthat the Saturnian environment is quite dusty, especially near the E ring [Humes, 1980]. Visual evidencesfor
impact craterson the surfaceof smaller satellitestestify to
the high probability and frequency of impacting events
[Smith eta!., 1982]. The mean flux of meteoritic material

lCO

CO

intotheearth'satmosphere
is 44metrictonsday-1 [Hunten
et al., 1980]. Assuminga H20 content of 20% by weight,
typicalof C1 chondrites[Mason, 1971],we arrive at a flux of
6.8 x 105moleculescm-2 s-1 for the terrestrialmesosphere.
It is convenientto parameterizethe flux of H20 (referred to
the surface)into the upper atmosphereof Titan by

t•.t20
'- FH20X g x 6.8x 105molecules
cm-2 S-1
where g is a geometric correction factor caused by the
extendedatmosphere(•-2), and Fmo is an adjustableparam-

C02

Condensation
Fig. 4. Schematic diagram showing the reaction pathways and
ultimate fate of the oxygen atom derived from meteoritic H20.
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TABLE 1. Simplified List of Reactions Related to Photochemistryof CO2 on Titan
Reaction

(Rla)

(Rlb)
(R2a)
(R2b)
(R3a)
(R3b)
(R4)
(R5)
(R6)
(R7)
(R8a)
(R8b)
(R9)
(R10)
(gll)
(Rl2)

Rate Coefficient

CO2+ hv--->
CO + O(1D)
--->CO + O
H20 + by-->H2+ O(1D)
--->H + OH
H2CO+ hv--•H2+ CO
• H + HCO

Jla= 5.5 X 10-9
Jl•,= 7.4 x 10-ll
J2,,= 2.0 x 10-8
J2•,= 5.1 x 10-8
J3a= 2.5x 10-7
J3t,= 1.8x 10-7

O(1D)+ CH4--'>OH + CH3
--'>H2CO+ H2

k8,= 1.4x 10-1ø
k8b= 1.4x 10-11

HCO+he•H
+ CO
CO + OH--• CO2 + H
H + HCO--->H2 + CO
O(1D)+ N2--'>O + N2

O(1D) + H2 '-->OH + H
O + CH4--'>OH + CH3
O + H 2 --->OH + H
O + CH2--->GO + 2H

J4k5 =
k6 =
k7 =

k9 =
klo =
kll =
k!2 =

1.0 x
1.4 x
3.0 x
1.8 X

1.0 x
3.5 x
1.6 x
8.3 x

Reference

Shemansky
[1972]
Allen et al. [1981]
Pinto et al. [1980]

10-4
10-13
10-1ø
10-11 e107/t

Pinto et
DeMote
Pinto et
DeMote
DeMote

10-1ø
10-11 e-455ø/T
10-11 e-457ø/T
10-11

(R13)
(R14)
(R15)

O + CH3 --->H2CO + H
OH + CH4--'>H20 + CH3
OH + C2H2'-> CH2CO + H

kl3 = 1.3 x 10-lø
k14= 2.4 x 10-12 e-171ø/T
k15= 1.2 x 10-12e-164/Tf*

(R16)
(R17)

OH + CH2--->CO + H2 + H
OH + CH3 --->CO + 2H2

k16= 5.0 X 10-12
k17= 6.7 x 10-12

(R18a)

CO + e --> C + O e

see text

(R18b)
(R19)

--> C + O(1D) + e
CO2 + CH2--> CO + H2CO

see text
k19= 3.9 x 10-14

al. [1980]
et al. [1982]
al. [1980]
et al. [1982]
et al. [1982]

DeMore et al. [1982]
Hampson [ 1980]
Baulch et al. [1980]
Hornann

and

Schweinfurth [ 1981]
Baulch et al. [1980]
Baulch et al. [1980]
Perry and
Williamson [ 1982]
estimated

Fenimore [ 1968]

Laufer [1981]

Taken from a more complete compilation in Y.L. Yung et al. (unpublishedmanuscript 1982). The

unitsfor meanphotolysis
rates(J) andtwo-bodyratecoefficients
(k) ares-1 andcm3s-! , respectively.
Photolysisrates are computed by using the solar flux of Mount et al. [1980]. The numerical values
quoted in this table refer to optically thin regions of the atmosphere.
M

*f =

M + 1.7 x 1018'

whereM = numberdensity(cm-3) of ambientatmosphere.

These ideas appear to be borne out by the observed
abundance of CO2. According to Figure 3 the CO2 abundancecurve is very nearly tangentto the temperatureprofile
at the point where condensationshouldoccur. This suggests
the CO2 abundanceis in a steady state. Any increasein CO2
would lead immediately to supersaturationand removal by
condensation,the major sink under these circumstances.On
the other hand a decrease in CO2 would lead to undersaturation and eliminate condensationas a sink altogether. In this
case our photochemical model predicts a net increase in CO2
production. Thus, as long as the meteoritic influx rate is
constant, the CO2 abundance will return to its steady state

value.The response
timefor the systemis about4 x 103yr.
The situation with respect to the evolution of CO is
somewhat different. Because CO does not condense, it
shouldbe uniformly mixed throughout the troposphereand
lower stratospherewhere photochemistryis relatively unimportant. In the absence of a steady state the influx of
meteoritic H20 could be either a source or sink of CO,

depending on the relative magnitudes of the production
(Pco) and loss (Lco) rates. Explicitly,

d-• [CO]
dz= Pco- Lco

(1)

where

and

Lco
"•f•k5
[CO]
[OH]
dz

where [x] denotes the concentration of species x in mole-

culescm-3, and the approximate
expressions
for P½oand
Leo are valid for Fmo > 0.3. These relations are illustrated
schematically in Figure 4.
From the above equations it is seen that the CO production rate is independentof the abundanceof CO, whereas the
CO loss rate is proportional to it. As a result the systemacts
as a negative feedback loop, with P½o remaining constant
(for a given H20 influx rate) and Lco increasingor decreasing as [CO] increasesor decreases,respectively. The system
tendstoward a steady state (P½o"- Leo) with f½o approaching an asymptotic limit.
On the other hand both P½o and Leo are proportional to
_

[OH] (andhenceto FH2O)
as longasFi42o> 0.3. It follows
from (1)-(3) that the rate at which f½o approachesits limit is
porportional to the influx rate of H20, whereas the limiting
value itself is essentially independent of this latter rate.
These ideas can be quantified by using our photochemical

model.A simplifiedset of reactionsrelatedto the chemistry
of carbon dioxide in the atmosphereof Titan is summarized
in Table 1, and a schematic diagram showing the fate of
oxygen derived from H20 is shown in Figure 4. The concentrations of the hydrocarbonshave been calculatedin a more
detailed model described by Y. L. Yung et al. (unpublished
manuscript, 1982). Because the concentrations of the active

Pco
- f•[OH]
{kl6[CH2]
+kl7[CH3])
dz
(2)

(3)
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Fig. 5. Altitude profilesfor the mixing ratios of the mostimportant oxygencontainingcompounds(CO2 and H20) computedin the

standardmodel,for whichq• = 0.50, q2 = 0.47,Fm_o= 0.42, and
fco = 1.1 x 10-4.

oxygenspeciesO, O(•D), and OH are low it shouldnot be
necessary to modify the hydrocarbon abundances.
The discussion here is limited to the most important
oxygen species:CO, CO2, and H20. The emphasisis on the

Fig. ?. Major reaction rates leading to the destruction and
production oœCO2 and CO. Destruction oœCO2: curve A = (Rla) +
(Rib), CO2 + h•,; curve B = (R19), CO2 + CH2. Production of CO2:
curve C = (R5), CO + OH. The source of OH in (R5) is electron
impact dissociation of CO at high altitude (as shown by the small
secondary peak in curve C) and by photolysis of meteoritic H20 at
lower altitudes. Note that curve C also represents the primary loss
mechanism for CO. Production of CO: curve D = (R16) + (R17),
OH + CH2, OH + CH3. The principal loss of CO2 (and hence of
oxygen) in the model is downward transport at the tropopause,

wherean eddy velocityof 6.5 x 10-• cm s-• is assumed.

overallbudgetand evolutionof CO and CO2 in the atmosphere. A discussion of the detailed photochemical model
and the chemistry of H2CO and CH2CO is deferred to Yung
et al.

Requiring CO to be in a steady state yields leo = 1.1 x

10-4, a value which, as previouslyindicated,is largely
independent of the H20 influx rate. Once the CO mole
fraction is established the observed value for f½o, determines this rate unambiguously.In particular a value f½o, =

atomscm-2 s-• (referredto the surface).The atmosphere
losesoxygen through downward transport of CO2 and H2CO
at the tropopauseand escapeof oxygen from the exosphere,

withratesequivalent
to 5.8 x 105,0.1 x 105,and0.2 x 105O
atoms cm -2 s-•.

An important check of the model is provided by comparing the steady state calculation of leo with the observed
1.5X 10-9 yields
FI-i:o= 0.42.Thisdefines
ourstandhrdvalue. Lutz et al. [1983] have inferred a value between 6 x
model. Figure 5 presents altitude profiles for the important
10-5 and 1.5 x 10-4 that brackets our theoretical value of 1.1
oxygen-containingspeciesCO2 and H20 in this steady state
X 10-4. The good agreementis probablyfortuitous,as
model. The concentrationsof the important radicals O, OH,
neither the model nor the observations are certain to within a
CH2, and CH3 are shown in Figure 6, while the production
factor of 3. Furthermore, we must entertain the possibility
and loss rates relevant to the chemistry of CO2 are indicated
that CO is not in a steady state on Titan, as its doubling time
in Figure 7. As noted earlier, the production of CO, mainly
in themodelis --•109years.We wouldalsolike to adda word
by (R16) and (R17), roughly balancesthe major lossof CO by
of caution about the preliminary results of the hydrocarbon
(R5), leading to the formation of CO2. The net source of
model used in the calculations. There are indications that the
_

oxygenis meteoriticwater,with an inputrate -6.1 x 105

concentration of CH3 radicals shown in Figure 6 are proba-

bly too highby a factor of 2-3. A downwardrevisionof CH3
would result in a lower concentration of CO in the steady

1250

state model.
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--• 1.1 x 10-4. On the otherhand,if the conversion
of CO to
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Fig. 6. Altitude profiles of the •umber densities of the most
impo•am radical speciesi• the model. Note that CR: a•d CR• are
assumed to be fixed i• this model.

imatelyconstant(FI-i2o- 0.4) overa substantial
fractionof
the age of the solar system, an initial CO abundance of zero
would have increased by now to its steady state value, leo

•_E•6501
/ •'/'•'H2
50

Our current understandingimplies that there may be little
information available regarding the original CO content of
Titan's atmosphere.If the water influx rate has been approx-

CH4 and N2 to NH3 was inhibited during the time of formation of Saturn's circumplanetary nebula [as is true for certain
of Prinn and Fegley's [1981] models for the Jovian system],
Titan might have accreted substantial quantities of CO and
N2. Thus, if most of the present N2 in Titan's atmosphereis
primordial in origin, large amounts of CO should also have
been in the initial atmosphere [Owen, 1982].
This initially large amount would have been depletedover
geologictime, however. For example, a CO mole fraction of
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0.2 impliesa CO destructionrate of--•108 moleculescm-2

s-•. This would generatea CO2 vapor pressureat the
tropopausegreatly in excessof saturation, and rapid removal by condensationwould result. Depletion to the present
steady state value would be accomplishedwell within the
time frame available. A tenth of a Titan atmosphereof CO
could be irreversibly destroyed over the age of the solar
system, converted to about a meter of CO2 ice on the
surface. This compares with about a kilometer of heavy
hydrocarbonsdeposited on the surface over the same time
scale.

The identificationof CO2 on Titan opensup a new vista in
the chemistry of reducing atmospheres.A complete understandingof this chemistry may ultimately be as significantas
the chemistryof reducedcompoundssuchas CH4 and H2 in
an oxidizing atmosphere[cf. Logan et al., 1978, 1981;Aikin
et al., 1982]. Abundance determinations of such gases as
H20, CH2CO, and H2CO will provide crucial tests in further
developmentsof the theory. Additionally, if the large influx
of water postulatedfor Titan is borne out by further observation, H20 vapor would have to be considereda potentially
importantsourceof oxygenfor Saturn as well. Thus a search
for CO in Saturn's upper atmospheremight yield positive
results.
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