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[1] We present a study of the formation and distribution of benzene (C6H6) on Titan.
Analysis of the Cassini Mass Spectrometer (INMS) measurements of benzene densities on
12 Titan passes shows that the benzene signal exhibits an unusual time dependence,
peaking �20 s after closest approach, rather than at closest approach. We show that
this behavior can be explained by recombination of phenyl radicals (C6H5) with H atoms
on the walls of the instrument and that the measured signal is a combination of (1) C6H6

from the atmosphere and (2) C6H6 formed within the instrument. In parallel, we
investigate Titan benzene chemistry with a set of photochemical models. A model for the
ionosphere predicts that the globally averaged production rate of benzene by ion-molecule
reactions is �107 cm�2 s�1, of the same order of magnitude as the production rate by
neutral reactions of �4 � 106 cm�2 s�1. We show that benzene is quickly photolyzed in
the thermosphere, and that C6H5 radicals, the main photodissociation products, are
�3 times as abundant as benzene. This result is consistent with the phenyl/benzene ratio
required to match the INMS observations. Loss of benzene occurs primarily through
reaction of phenyl with other radicals, leading to the formation of complex aromatic
species. These species, along with benzene, diffuse downward, eventually condensing near
the tropopause. We find a total production rate of solid aromatics of �10�15 g cm�2 s�1,
corresponding to an accumulated surface layer of �3 m.
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1. Introduction

[2] One of the more surprising results from the Cassini
mission is the existence of remarkably complex molecules
in the upper atmosphere of Titan [Vuitton et al., 2006a;
Waite et al., 2007]. Although the existence of a robust
chemistry on Titan was established by results from the
Voyager mission [Hunten et al., 1984], subsequent inves-
tigations tended to focus on the chemistry of the strato-
sphere rather than the thermosphere and ionosphere. For
example, the seminal study by Yung et al. [1984], which
served as a model for all subsequent photochemical models,
considered the ionosphere as only a source of N atoms. The
synthesis of complex molecules in the Yung et al. [1984]
and subsequent models occurs primarily (sequentially) in
the stratosphere. Some later work attempted to include
coupling between the chemistry of the ionosphere and
neutral atmosphere, but only in a simplified way and
without the benefit of strong observational constraints
[Banaszkiewicz et al., 2000; Wilson and Atreya, 2004].
[3] It came as a surprise then, if not a shock, that Titan’s

upper thermosphere and ionosphere contained some very
heavy molecules [Vuitton et al., 2006a; Waite et al., 2007].
The general rule in planetary atmospheres is that lighter

species become more abundant at high altitudes because of
diffusive separation and photo- and electron-dissociation
processes, which operate primarily in the upper atmosphere.
Titan goes against this trend with ions as heavy as several
hundred amu [Coates et al., 2007] and neutrals up to 91 amu
[Vuitton et al., 2007]. It is likely that even heavier neutrals
are present but are beyond the mass range of Cassini
instruments.
[4] The most abundant heavy molecule in Titan’s ther-

mosphere is the aromatic ring benzene (C6H6) [Waite et al.,
2005]. The first evidence for the presence of benzene in the
atmosphere of Titan was found with the Infrared Space
Observatory (ISO). A column density of 2.4 � 1015 cm2

between 0.2 and 20 mbar and a mole fraction of 6.1 � 10�10

at 110 km averaged over all latitudes was retrieved [Coustenis
et al., 2003]. The Composite InfraRed Spectrometer (CIRS)
onboard Cassini recently provided a firm detection of
benzene in Titan’s atmosphere and discovered strong ben-
zene latitude variations in the stratosphere, with an increase
of about an order of magnitude from south to north, reach-
ing a maximum abundance of about 3.5 � 10�9 around
70�N [Coustenis et al., 2007]. Limb scans reveal that the
mixing ratio profile is mainly constant with altitude from
168 to 307 km at 80�N [Vinatier et al., 2007]. These mid-IR
observations are not sensitive to the high altitude benzene
discovered by the INMS. Solid benzene has been tentatively
identified on the surface by the Gas Chromatograph Mass
Spectrometer (GCMS) [Niemann et al., 2005]. Upon the
impact of the Huygens probe, the GCMS inlet line heater
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warmed the Titan surface, leading to the evaporation of
liquid/solid materials and rendering their detection possible.
The Visual Infrared Mapping Spectrometer (VIMS) onboard
Cassini also reported a tentative detection of solid benzene
on the surface (R. N. Clark, manuscript in preparation,
2008). These observations suggest that a substantial quan-
tity of benzene is either produced by heterogeneous chem-
istry on the surface or through gas-phase chemistry in the
atmosphere followed by condensation.
[5] The abundance of benzene detected by the Ion Neu-

tral Mass Spectrometer (INMS) on the Cassini spacecraft
[Waite et al., 2007] is far greater than found in the
stratosphere and far greater than predicted by pre-Cassini
models of the composition of the upper atmosphere. The
data from the closed ionization source indicate a mole
fraction of a few ppm at an altitude of 1000 km, whereas
photochemical models predicted a mole fraction of a few
ppb. This suggests that the source of benzene is in the upper
atmosphere.
[6] In order to investigate the complex chemistry in

Titan’s thermosphere and ionosphere further and understand
its larger role in chemical cycles on Titan we present here an
in-depth study of the formation and distribution of benzene
on Titan. In section 2 we describe the INMS observations
and data reduction in more detail than presented previously.
In section 3, we analyze the response of the INMS to a gas
mixture containing benzene, phenyl (C6H5), methyl (CH3),
and H. We explain the signal at m/z = 77 and 78 by a
combination of atmospheric C6H6 and recombination of
C6H5 radicals with H atoms on the walls of the closed
source and the signal at m/z = 92 with the recombination of
C6H5 with CH3 radicals. We demonstrate that the benzene
and phenyl densities required to fit the data are consistent
with the results of the photochemical models discussed in
section 4. The models show that benzene is efficiently
produced by ion chemistry in the upper atmosphere. How-
ever, benzene is quickly photolyzed and phenyl radicals, the
main photodissociation products, are �3 times as abundant
as benzene in the upper atmosphere. Loss of benzene occurs
primarily through reaction of phenyl with other radicals,
producing more complex aromatic species. Section 5 dis-
cusses these results and section 6 presents some concluding
thoughts.

2. Observations and Data Reduction

2.1. Identification of C6H6 and C7H8

[7] Benzene has been observed in all of Cassini’s low-
altitude passes through Titan’s atmosphere [Waite et al.,
2007]. Here we consider only measurements obtained with
the Closed Source Neutral (CSN) channel of the INMS.
This operational mode utilizes an enhancement chamber in
front of the mass spectrometer that concentrates atmospheric
molecules resulting in higher sensitivity for inert molecules
that do not react with chamber walls [Waite et al., 2005].
Observations in the Open Source Neutral mode have lower
sensitivity and have not resulted in detection of benzene.
[8] CSN spectra obtained at low altitudes show a clear

signal in the m/z = 73–79 region that we interpret as
evidence for C6H6. Figures 1a–1b show spectra from the
inbound and outbound legs of T16. The spectra represent
averages over the 960–980 km region. Also shown are

models for the benzene spectrum based on the INMS
calibration (J. Cui, manuscript in preparation, 2008). The
fit is excellent, confirming the identification of benzene.
The high quality of the match between models and obser-
vations implies that C6H6 is likely benzene rather than any
of the other (numerous) isomers. Figures 2a–2f show the
benzene cracking pattern from the INMS calibration and the
cracking patterns from the NIST database for benzene
(Figure 2b) and several other isomers of C6H6 (Figures 2c–
2f). The NIST data for benzene is quite similar to the INMS
calibration data but both differ markedly from the cracking
patterns for other isomers. In particular the signal at m/z =
60–62 is strong in most isomers, but weaker in benzene and
in the INMS observations of Titan. This, along with the fact
that it is the most stable isomer, strongly suggests that the
signal is due to benzene.
[9] The count rates at m/z = 78 in the outbound measure-

ments are complicated by a time shift discussed below;
however, the inbound data are organized quite well as a
function of altitude. Figures 3a–3b show the density at
m/z = 78 for T16 and T23. Here, and in the following
analysis, we concentrate on data from T16 because this pass
penetrated the deepest into Titan’s atmosphere and the
benzene signal is strongest. Also shown are simple diffusive
equilibrium models for a species of mass 78 amu assuming
a constant temperature determined from analysis of the N2

density distribution [Müller-Wodarg et al., 2008]. These
simple models provide an excellent fit to the data implying
that the measured signal is due to an atmospheric species
with a mass close to 78 amu. The benzene density distri-
bution should only reflect the scale height for a mass of 78
amu if benzene is close to diffusive equilibrium. Analysis of
INMS argon measurements indicates that the homopause on
Titan is near 800 km [Yelle et al., 2008] and that molecular
diffusion should dominate over eddy mixing at the altitudes
under consideration here. For the benzene distribution to be
in diffusive equilibrium however, also requires that diffu-
sion be faster than chemical production or loss processes.
We will return to this in section 5.
[10] Aside from the benzene peaks at m/z = 62–63 and

73–79, there are no clear signatures at m/z > 60 for the
inbound T16 spectrum shown in Figure 1a. However, the
outbound T16 spectrum, shown in Figure 1b, has sizable
peaks at m/z = 64–66 and m/z = 91–92. The first feature
around m/z = 65 belongs to an unaccounted species. The
signal around m/z = 91 is not much higher than the signal at
the surrounding m/z but is statistically significant because of
the much smaller associated error bars. The molecular
weight suggests the chemical formula is C7H8 and the
feature is well fit by an INMS calibration spectrum for
toluene. We therefore consider this to be detection
of toluene in the INMS closed source chamber. Struc-
turally toluene is a benzene ring with a methyl radical
substituted for an H atom, so given the detection of
benzene, the presence of toluene is not surprising. In
addition to the presence of the toluene signature, the
outbound data has a much stronger benzene signature
than the inbound data.
[11] Results from spectral analysis for the inbound data

from INMS measurements to date are summarized in Table 1
along with geometrical data for each encounter. We do not
include results from T17 or T20 because little neutral data
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were obtained. Included in Table 1 are the derived mole
fractions for the lowest altitudes sampled (z1) and the
predicted abundance at a constant pressure level of p0 =
1.45� 10�5 Pa, which corresponds to an altitude of 1000 km
at a latitude of 60�N. The latter values are calculated by
fitting the altitude variation of the mole fraction for each
pass to an exponential to predict the value at the altitude
(z0) corresponding to p0. The mapping from altitude to
pressure is based on the empirical model described by
Müller-Wodarg et al. [2008].
[12] The derived mole fractions are roughly consistent

with the preliminary results presented by Waite et al.
[2007]. For reasons to be explained shortly, we believe that
the derived densities do not represent the abundance of
benzene in Titan’s upper atmosphere, but rather a combina-
tion of the benzene and phenyl abundance that wewill refer to
as C6Hx. To derive estimates of the benzene and phenyl mole
fractions, it is necessary to examine the time behavior of the
signals in more detail.

2.2. Time Variation of Signal

[13] Neutral species in Titan’s upper atmosphere decrease
rapidly with altitude and the temporal response of the INMS
is extremely fast (tens of microseconds), implying that the
measured signal should increase with time up to closest
approach (C/A) and decrease thereafter. For example,
Figure 4a shows that measurements of ethane (C2H6) at
m/z = 30 during T16 have a maximum at C/A and are fairly
symmetric about this time. The time dependence of the
benzene and toluene signals, shown in Figures 4b–4d, is
quite different. The signals peak �20 s after C/A, rather
than at C/A. Using the data shown in Figures 4b–4d, we
calculate a time shift relative to C/A for m/z = 78, 77, and
92 of 27.0 ± 0.7, 22.5 ± 1.9, and 22.2 ± 6.6 s. The three time
shifts are consistent within the uncertainties and the average
shift is quite large.

[14] In principle, an asymmetry about C/A could be
caused by large horizontal variations in the atmosphere.
We consider this unlikely for two reasons. First, there is no
evidence that the time shift varies from pass to pass, as
would be expected if it were due to horizontal variations.
This is shown in Figures 5a–5c where data from three Titan
passes are plotted versus time from C/A. Despite the gaps in
the measurements near C/A for T18 and T21 (due to other
INMS observations being conducted at these times) the time
behavior of all three encounters appear similar. The geom-
etry of the 3 encounters is quite different however. T21, for
example, has a C/A at 43.3� latitude and the sub-spacecraft
latitude increases monotonically with time during the en-
counter [Müller-Wodarg et al., 2008] while for T16 the
maximum latitude of 85.5� is reached near C/A, as sum-
marized in Table 1. Second, horizontal variations would
have to be extremely large to cause the observed asymme-
try. The data in Figures 5a–5c show that the INMS count
rate in channel 78 is relatively constant from 0 to 50 s after
C/A. The altitude changes by 12 km during that time (for
T16), corresponding to a density decrease by a factor of 2,
assuming that benzene has a diffusive equilibrium distribu-
tion. A constant signal implies that the horizontal variation
in density must be of the same order over a latitudinal
distance of 0.4�. This large a horizontal variation is unlikely
and is inconsistent with the observed horizontal variations
presented in Table 1. Thus we conclude that the anomalous
time behavior of the signals is due to an internal process in
the instrument rather than a property of the atmosphere.
[15] The low densities in Titan’s upper atmosphere permit

the development of relatively large densities of radicals. The
photochemical calculations to be discussed in section 4
show that C6H5 is, in fact, more abundant than C6H6. This
is a consequence of the extremely large C6H6 photolysis
rate. Therefore we argue that the benzene and toluene are
produced partly by radical recombination on the walls of the

Figure 1. Data points represent a closed source neutral spectrum in the m/z = 60–99 region obtained
during T16 and averaged over the 960–980 km range. The solid line is a model for the benzene and
toluene spectra based on the INMS calibration. (a) Inbound leg. (b) Outbound leg.

E05007 VUITTON ET AL.: BENZENE ON TITAN

3 of 18

E05007



INMS. This hypothesis is tested with a surface chemistry
model in the next section.

3. Surface Chemistry Model

[16] The time delays in the C6H6 and C7H8 signals
discussed in the previous section and the large abundance
of H, CH3, and C6H5 radicals discussed in section 4
suggest that these species are created by recombination of
radicals adsorbed on the chamber walls. This hypothesis
explains the time delay observed for these species be-
cause surface-diffusion limited reactions may require a
significant amount of time. It explains the presence of
both C6H6 and C7H8 because these are the products
produced by reaction of the main radicals in the upper
atmosphere. Methane should also be produced by reaction
of CH3 and H on the surface, but at a negligible rate near
C/A because the density of atmospheric CH4 is much
greater than that of CH3. The wall reaction hypothesis
helps to reconcile the photochemical models with the
measured C6H6 signal because, as discussed in the
previous section, the phenyl abundance in the upper
atmosphere is predicted to be larger than the benzene
abundance. The INMS is really measuring the sum of
benzene and phenyl and so the required production rate
of benzene is significantly reduced compared with what is
required if it were to be assumed that the signal were due
to benzene alone.
[17] Recombination of radicals on chamber walls is a

common phenomenon in spaceflight mass spectrometers
and has on occasion been used to good advantage. For
example, Kasprzak et al. [1980] determined the density of
N in the Venusian upper atmosphere through analysis of
the NO signal in the Pioneer Venus mass spectrometer
under the assumption that NO was produced by desorption
of NO, created by recombination of adsorbed N and O on
the walls of the instrument. Other aspects of adsorption/
desorption effects on spacecraft mass spectrometers are
discussed in the work of Hedin et al. [1973]. Here we
construct our own model for this process in order to
interpret the INMS measurements in terms of atmospheric
densities and the time constant for surface chemistry within
the instrument.
[18] For simplicity of discussion we first consider forma-

tion of benzene. The time constants describing gas flow
inside the instrument, equilibration of the walls and gas
within the instrument, and the ionization and detection
systems are all very small and we assume that the only
significant time constant is for the rate of radical recombi-
nation on the walls of the closed-source enhancement
chamber. In this case, the benzene density in the closed-
source chamber is determined by the instantaneous balance
between outflow from the entrance aperture to the chamber
and the combination of the flow of benzene into the
chamber from Titan atmosphere and desorption of benzene
from the chamber walls. The desorption rate of benzene is
assumed to be proportional to the triple product of phenyl
surface density, H surface density, and the inverse of an
empirical time constant. This time constant is determined by
rate of diffusion over the surface of the chamber and the
intrinsic reaction rate for adsorbed phenyl and H. To solve
for the density of the adsorbed species in the chamber we

Figure 2. C6H6 isomers mass cracking patterns for an
electron energy of 70 eV. (a) INMS calibration data for
benzene. (b) NIST data for benzene. (c) NIST data for
2,4-Hexadiyne. (d) NIST data for 1,5-Hexadiyne. (e) NIST
data for 1,3-Hexadien-5-yne. (f) NIST data for 1,5
Hexadien-3-yne.
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Figure 3. The variation of density with altitude for C6H6 (m/z = 78) and N2 (m/z = 28, 14) measured by
INMS. The solid lines indicate isothermal models to the altitude profile. (a) T16. Both C6H6 and N2 are
well fit by a temperature of 138 K. (b) T23. Both C6H6 and N2 are well fit by a temperature of 154 K.

Table 1. Geometrical Parameters at C/A (Latitude, Longitude and Solar Zenith Angle) and C6Hx Mole

Fractions for 12 Titan Passesa

Pass Latitude, deg Longitude, deg SZA, deg z1, km X1 z0, km X0

T5 75.3 98.9 128.9 1038.6 2.2 � 10�7 987.4 1.4 � 10�6

T16 87.7 152.3 108.4 953.2 4.0 � 10�6 968.8 2.2 � 10�6

T18 76.6 12.6 92.9 972.3 3.8 � 10�6 988.6 2.7 � 10�6

T19 66.4 4.8 83.9 1021.4 9.6 � 10�7 994.8 2.4 � 10�6

T21 46.4 99.2 127.0 1020.8 8.9 � 10�7 1004.4 1.5 � 10�6

T23 33.9 1.0 54.8 1019.8 4.5 � 10�6 1006.0 6.7 � 10�6

T25 27.6 17.4 164.2 1004.7 1.0 � 10�6 1006.3 9.9 � 10�7

T26 25.7 1.8 155.4 991.9 3.5 � 10�6 1006.3 2.8 � 10�6

T27 39.0 0.4 146.3 1025.7 2.6 � 10�6 1005.9 4.7 � 10�6

T28 46.8 1.3 141.1 994.8 5.4 � 10�6 1004.3 4.5 � 10�6

T29 54.7 2.8 135.1 985.3 5.5 � 10�6 1001.4 3.9 � 10�6

T30 62.3 5.7 128.6 974.1 7.0 � 10�6 997.2 4.2 � 10�6

aX1 is the derived mole fraction for the lowest altitude sampled (z1) and X0 is the predicted abundance at a constant pressure
level of p0 = 1.45 � 10�5 Pa, which corresponds to an altitude z0 of 1000 km at a latitude of 60�N. X1 and X0 represent a
combination of the benzene and phenyl mole fractions (see section 3), they are not the real benzene atmospheric mole fraction.
Uncertainties mostly come from calibration and are estimated to be about 20%.
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