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ABSTRACT

An organic haze layer in the upper atmosphere of Titan plays a crucial role in the atmospheric
composition and climate of that moon. Such a haze layer may also have existed on the early
Earth, providing an ultraviolet shield for greenhouse gases needed to warm the planet enough
for life to arise and evolve. Despite the implications of such a haze layer, little is known about
the organic material produced under early Earth conditions when both CO2 and CH4 may
have been abundant in the atmosphere. For the first time, we experimentally demonstrate that
organic haze can be generated in different CH4/CO2 ratios. Here, we show that haze aerosols
are able to form at CH4 mixing ratios of 1,000 ppmv, a level likely to be present on early Earth.
In addition, we find that organic hazes will form at C/O ratios as low as 0.6, which is lower
than the predicted value of unity. We also show that as the C/O ratio decreases, the organic
particles produced are more oxidized and contain biologically labile compounds. After life
arose, the haze may thus have provided food for biota. Key Words: Early Earth—Hydrocar-
bon aerosols—Atmospheric C/O ratio. Astrobiology 4, 409–419.
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INTRODUCTION

THE WARMTH OF EARLY EARTH (Sagan and
Mullen, 1972; Kasting, 1993) despite the faint

young sun (Newman and Rood, 1977) suggests
the primitive atmosphere contained potent green-
house gases, which allowed for surface tempera-
tures above the freezing point of water. Since the
early 1980s it has been thought that this primitive
atmosphere was oxidized, and contained large

quantities of carbon dioxide (CO2). Such an at-
mosphere would not be conducive to the forma-
tion of organic molecules, thus spurring an inter-
est in the origin of life in specialized environments
such as hot springs and the mid-ocean ridges, as
well as the delivery of organic compounds from
space. However, geologic evidence does not sup-
port high CO2 levels in the anoxic Archean at-
mosphere (Rye et al., 1995). Rather, it may have
been that the early atmosphere was warmed by
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methane (CH4) as well as CO2 (Kiehl and Dickin-
son, 1987; Pavlov et al., 2000). The presence of
global CH4 would be more favorable to the for-
mation of organic molecules and therefore the
evolution of life (Miller and Schlesinger, 1984).

Methanogenic bacteria were likely one of the
first microorganisms to have evolved on the
Archean Earth, and would have provided a bio-
logical source of methane into the atmosphere
(Woese, 1987). Photochemical simulations show
that in an anoxic environment CH4 can accumu-
late up to approximately 1,000 ppmv, provided
the CH4 source was close to present-day values
(Pavlov et al., 2001b). Even on the prebiotic Earth,
CH4 concentrations were likely to be quite high
(Kress and McKay, 2004). An atmosphere con-
taining moderate amounts of both CO2 and CH4
as greenhouse gases would have provided suffi-
cient surface warming (Pavlov et al., 2000) to raise
the surface temperature of Earth above the freez-
ing point of water.

With CH4 levels of this magnitude, photo-
chemical models suggest that photolysis of CH4
would lead to the formation of an organic haze
layer on the early Earth (Zahnle, 1986; Pavlov et
al., 2001a,b). On Saturn’s moon, Titan, a reddish-
brown haze layer, composed of solid organics, is
formed by CH4 photolysis as well as dissociation
of nitrogen (N2) and CH4 by magnetospheric elec-
trons and solar wind particles. Sagan and Chyba
(1997) suggested that a similar organic haze layer
on the early Earth would serve as an ultraviolet
(UV) shield for the atmospheric components be-
low, thus maintaining the CH4 concentrations.
However, the effectiveness of such a haze layer as
a UV shield and the intensity of the antigreenhouse
effect (which could negate any greenhouse effect
provided by the CH4) are highly dependent on the
chemical and physical properties of the haze
aerosol (McKay et al., 1999; Pavlov et al., 2000).

It is expected that on the early Earth, both the
rate of production and the chemical composition
of the haze would be affected by the oxidative ca-
pacity of the atmosphere. Models of haze forma-
tion in an early Earth context have focused on the
atmospheric C/O ratio (Zahnle, 1986; Kasting,
1997; Pavlov et al., 2000, 2001b). Because the pho-
tolysis of CO2 produces O atoms that may ter-
minate hydrocarbon chain production, the CO2
might inhibit the formation of the haze aerosols.
Figure 1 displays a reaction diagram that demon-
strates a few expected pathways leading to par-
ticle formation. The reaction pathways for CH4

and N2 are given from modeling studies of Titan,
and an expected effect of CO2 inclusion is shown.

With significant amounts of both CH4 and CO2,
the ratio of C/O should dictate the type of reac-
tions generated by photochemistry. Models typ-
ically conjecture that at C/O ratios exceeding
unity, the CH4 successfully polymerizes to form
higher-order hydrocarbons. At lower C/O ratios,
oxidation of CH4 will likely hinder the polymer-
ization process.

Although there has been recent modeling of
haze formation under the conditions thought to
have prevailed on early Earth, there has been lit-
tle laboratory work on the topic. The majority of
studies of planetary haze particles have been per-
formed in Titan-like gaseous mixtures of 10% CH4
in N2, although some have gone to lower CH4
concentrations (McDonald et al., 1994; Thompson
et al., 1994). Because of the poor knowledge of the
polymerization reactions for higher-order hydro-
carbons, Pavlov et al. (2001b) numerically simu-
lated production of C5 and C6 molecules only and
considered it as the rate of organic haze forma-
tion. However, under typical Earth conditions,
those molecules should have been present in the
gaseous phase. Therefore, the predicted rate of
haze formation can be inaccurate, and should be
verified by experiment. Here, we describe new
laboratory work to examine the formation and
chemical composition of organic haze particles
synthesized in an environment meant to simulate
aspects of the early Earth’s atmosphere, includ-
ing likely CH4 concentrations and variations in
the C/O ratio.

Previous studies on planetary haze aerosols
have typically involved collection and transfer of
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FIG. 1. Schematic diagram of a few suggested path-
ways for aerosol formation from N2 and CH4, with in-
terference from CO2 (Toublanc et al., 1995; Pavlov et al.,
2001b).
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the particles for later analysis. The aerosol prod-
ucts have then been studied with infrared spec-
troscopy, pyrolitic gas chromatography/mass
spectrometry, electron microscopy, or elemental
analysis (Sagan and Khare, 1979; Khare et al.,
1981, 1984; McDonald et al., 1994; Coll et al., 1995,
1999; McKay, 1996; de Vanssay et al., 1999; Clarke
et al., 2000). A review of many of these results can
be found in McKay et al. (2001). While in some
such studies the aerosol has been successfully
protected from exposure to laboratory air (Coll et
al., 1999; Khare et al., 2002; Ramirez et al., 2002),
the majority of studies have shown evidence of
significant oxidation and contamination of the
product due to transfer of the particles for analy-
sis. Experiments that involved in situ analysis
have usually been limited to studying gas-phase
products resulting from the synthesis (Thompson
et al., 1991; Coll et al., 1995). To avoid this prob-
lem in our study, we developed a method by
which we can analyze the aerosol products in real

time, eliminating the possibility of contamination
and removing the extensive times necessary for
sample collection. We use an aerosol mass spec-
trometer (AMS) to study the chemical composi-
tion and size of particles in real time as a func-
tion of trace gas composition. In addition, we use
a scanning mobility particle sizer (SMPS) as an
alternate size analyzer, from which we can extract
additional information about the physical prop-
erties of the aerosols.

MATERIALS AND METHODS

The experimental apparatus was based on pre-
vious designs for the production of Titan-like
haze aerosols (Thompson et al., 1991; Clarke et al.,
2000). A schematic of the flow system used is
given in Fig. 2a. In the first section of the flow
system, reactant gases (CH4, CO2) were intro-
duced into the mixing chamber at pressures from
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FIG. 2. a: A schematic diagram of the experimental setup used in all experiments. Particles are formed in the re-
action cell and then flowed into one of the two analyzers. b: A schematic diagram for the AMS. Particles are focused
into a tight particle beam using the aerodynamic focusing lens (A). A chopper (B) is used in time-of-flight mode to
set a time zero for measuring particle velocity through the chamber. The flash vaporization and electron ionization
region (C) produces ions that are sent into the quadrupole mass spectrometer (D) for analysis. c: A schematic dia-
gram of the SMPS. The DMA uses the application of an electric field to select a particle size based on the mobility of
a singly charged particle towards an electric rod and against the drag resistance of the sheath flow. The monodis-
persed particles are then flowed into the CPC, where they pass over a reservoir of butanol, which allows for particle
condensation and growth. The aerosols are then detected and counted using light scattering from a He-Ne laser.
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15.6 to 1,000 Torr as measured by an MKS (Wilm-
ington, MA) Baratron® model 626A capacitance
manometer. The mixing chamber was then pres-
surized with N2 to approximately 15,600 Torr (21
bar), allowing for final mixing ratios of CH4
and/or CO2 in N2 of 0.1–10% as monitored with
a regulator gauge. The concentrations of the re-
actant gases in the N2 were varied to simulate dif-
ferent possible atmospheric conditions. The var-
ious gas mixtures used in this study are outlined
in Table 1. Sufficient time (�12 h) was allowed to
ensure complete mixing of the gaseous species in
the chamber, as determined in similar studies
(Clarke et al., 2000). The AMS was used to mon-
itor the presence of the trace reactant gases dur-
ing the experiments to check for mixture homo-
geneity.

After mixing, the gas was continuously flowed
through the reaction cell using a Mykrolis (Bil-
lerica, MA) FC-2900 mass flow controller (MFC)
(0–100 standard cm3 min�1 capacity), providing
control over the operating pressure and flow rate
in the reaction cell. The reaction pressure in this
study was held constant at 600 Torr, to allow for
both proper instrument function and to ensure
sufficient signal for analysis.

The data discussed in this paper are from stud-
ies performed using an electrical discharge from
a Tesla coil. While the electrical discharge source
has been widely used in simulations of Titan haze
formation (for examples, see Khare et al., 1981;
McDonald et al., 1994; McKay, 1996; Coll et al.,
1999), UV radiation would have been the main
energy source for haze formation on the early
Earth. In designing our experiment, however, we
wished to take full advantage of the real-time
measurement capabilities of the AMS, which re-
quires a minimum of 0.1 �g m�3 of material for
detection. Studies utilizing a UV lamp to produce

haze aerosols have required lengthy experiment
times to accumulate usable amounts of haze ma-
terial (Clarke et al., 2000; Adamkovics and Boer-
ing, 2003), and we were concerned that we would
not be able to produce the abundance of signal
desired for the rapid analysis of the aerosols.
Therefore, we chose to use the electrical discharge
source, with which we have had prior experience,
to ensure that we would produce sufficient sig-
nal to execute this novel analysis technique. Us-
ing the discharge also allows us to compare our
results with most of the previous experiments,
mentioned above, that also used a spark source.

The aerosol haze particles were formed in the
reaction cell using the electrical discharge de-
scribed. Because there was a possibility that vary-
ing the gas composition would lead to a change
in the discharge energetics, temperature measure-
ments of the gas surrounding the discharge were
made for the gas mixtures to monitor the dis-
charge power (Navarro-Gonzalez et al., 1998). The
discharge temperatures measured were the same,
within error, and therefore we assumed the start-
ing gas mixture did not affect discharge power.
The haze particles, which were formed under
short time scales (�10 min), were then flowed into
the third section of the system for analysis.

The AMS, built by Aerodyne Research (Biller-
ica) (Jayne et al., 2000), obtains quantitative parti-
cle composition and size data without exposing
aerosols to laboratory air. A schematic of the in-
strument is provided in Fig. 2b. The AMS operates
in a mode that acquires averaged mass spectra of
the bulk aerosol composition, as well as a time-of-
flight mode in which individual particles are
counted and mass size distributions are measured.
The haze particles are directed into the AMS and
focused as a particle beam using an aerodynamic
focusing lens that transmits particles with aerody-
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TABLE 1. EXPERIMENTAL CONDITIONS FOR ALL DATA DISCUSSED IN THIS PAPER

Analysis
C/O ratio [CH4] (%) [CO2] (%) [N2] (%) instrument

— 1 0 99 AMS
5.5 1 0.1 98.9 AMS
1.5 1 0.5 98.5 AMS/SMPS
1 1 1 98 AMS/SMPS
0.95 1 1.1 97.9 AMS/SMPS
0.9 1 1.25 97.75 SMPS
0.8 1 1.67 97.33 SMPS
0.6 1 5 94 AMS/SMPS

All data shown are for experiments at 600 Torr total pressure.
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namic diameters between approximately 20 nm
and 1 �m. The beam is then expanded from ap-
proximately 2 mbar into a high vacuum time-of-
flight chamber, which uses the size-dependent ve-
locities to provide information on particle vacuum
aerodynamic diameter (Jimenez et al., 2003a,b).
The particle vacuum aerodynamic diameter (Dva)
is defined for the AMS as the diameter of a sphere
of unit density that will reach the same terminal
velocity in the AMS as the particle of interest. 
The particles are then flash-vaporized on a resis-
tively heated surface held at approximately 450°C,
and then ionized by bombardment of energetic
electrons (70 eV). The ions are analyzed using 
a quadrupole mass spectrometer, manufactured
by Balzers Instruments (Balzers, Liechtenstein).
We calibrated the ionization and detection effi-
ciency of the instrument using a known mass flux
of monodispersed ammonium nitrate (NH4NO3)
particles. The size calibration was performed at the
operating pressure using calibrated polystyrene la-
tex spheres. The calibration methods are discussed
in more detail in Jayne et al. (2000). The data analy-
sis program used for this instrument, including all
signal conversions, has been described in detail in
a previous publication (Allan et al., 2003).

Additional experiments were performed using
an SMPS in place of the AMS. This instrument
was used to provide an independent technique
with which to gather information regarding the
size distribution of the haze aerosols produced 
in our experiments. The SMPS comprises a TSI
(Shoreview, MN) model 3080 electrostatic classi-
fier with a model 3081 differential mobility ana-
lyzer (DMA) and a condensation particle counter
(CPC) (TSI 3022A). A schematic of this instrument
is provided in Fig. 2c. The DMA applies an elec-
tric field to a flow of charged, polydispersed
aerosols, and size-selects particles based on elec-
trical mobility against the drag force of the sheath
flow. The particle size measured by the DMA is
a mobility diameter. Since particle shape affects
the drag force of the aerosols, the mobility diam-
eter depends on particle morphology rather than
material density. The monodispersed particles
are then flowed into the CPC, which counts each
particle by light scattering. The DMA sheath flow
was maintained at 3 L/min, and data points were
taken over a particle diameter range of 14.3 to 673
nm. Because of experimental constraints, such as
the gas flow rate and particle formation rate, we
were unable to run the AMS and SMPS instru-
ments simultaneously.

RESULTS

Figure 3 shows the aerosol mass spectra from
experiments in which haze aerosols were synthe-
sized in mixtures of various concentrations of CO2
with 1% CH4 in N2 at 600 Torr. The mass spec-
trum shown in Fig. 3a contains no CO2, and is rep-
resentative of the signature for non-oxidized or-
ganic aerosols. This spectrum contains a large
number of peaks with evenly spaced mass/charge
(m/z) values, indicating long hydrocarbon chains,
consistent with organics that comprise a variety
of “families”: branched and unbranched alkanes,
alkenes, aromatics, and aliphatic nitriles and
amines (McLafferty and Turecek, 1993). For com-
plicated mixtures of organic molecules there are
analysis techniques that group m/z values into se-
ries, separated by 14 amu (CH2) units, to identify
fragments of different functional groups from the
mass spectrum (Dromey, 1976; McLafferty and
Turecek, 1993). Applying this method to the mass
spectrum in Fig. 3a, we find that the mass peaks
for 27, 41, 55 and 29, 43, 57 are characteristic 
of alkyl chains. The mass peaks at 39, 53, 67 are
representative of an alkene series, and the peaks
seen at 77, 91, 105 are consistent with an aro-
matic series. These fragments are pieces of the
larger, higher-mass chains that eventually form
the aerosols. Particles are produced down to val-
ues as low as 1,000 ppmv of CH4, a relevant mix-
ing ratio for the early Earth (Pavlov et al., 2000).

Figure 3b–d shows spectra for which increas-
ing amounts of CO2 in the reaction mixture alter
the composition of the haze aerosols produced.
As CO2 was added, the total mass of particles de-
creased, and the chemical nature of the particles
changed. Specifically, at C/O ratios �1, long-
chain hydrocarbon formation decreased dramat-
ically. This trend was observed in the region of
the spectrum between 48 and 120 amu, where the
intensity of fragments of long hydrocarbon
chains decreased as CO2 was increased.

In addition to total mass decreasing as CO2
concentration is increased, the chemical compo-
sition of the aerosol changes. In particular, the ion
peak at m/z 44 becomes a dominant peak in the
spectra as the C/O ratio drops below unity. The
m/z 44 peak may correspond to a carboxylic acid
or other oxidized organic being produced at low
C/O ratios. Other workers have found that for
di- and polycarboxylic acids, the m/z 44 signal is
more substantial in the AMS spectra than in the
National Institute of Standards and Technology
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standard library of mass spectra (Alfarra et al.,
2004). This is probably due to thermal decompo-
sition of the molecules upon impact on the va-
porizer, leading to an enhancement of the COO�

fragment. The results obtained by Alfarra et al.
(2004) for these substances are comparable to our
data, indicating that the m/z 44 peak is a good
marker for oxidized organics. As the C/O value
decreases, this peak rises in prominence in the
spectra, illustrating that the product molecules in 
the particle synthesis are becoming increasingly
more oxidized. The mass peak at m/z 44 is also
consistent with the CH2NO� fragment, but in any
case the peak is an indicator for oxygen incorpo-
ration. Particle size distributions from the AMS
for m/z 44 signal are shown in Fig. 3. It can be
seen that for all the C/O ratios studied, there is
a distinct distribution mode at approximately 60
nm. This is too large a diameter to be the signal
for a gas molecule, and therefore we conclude
that the m/z 44 peak is not from gaseous CO2, but

rather is a fragment of a molecule in the haze
aerosols. The mass peak at m/z � 30 has a simi-
lar observable effect within the mass spectra. The
increasing prominence of this mass peak with
CO2 indicates that it is also an oxidized organic
species, and it is consistent with the formation of
an NO� fragment. Therefore, this peak may also
be an indicator of the formation of nitrogen
species.

Experiments in which the aerosol production
was studied as a function of C/O ratio were also
performed with the SMPS, and the volume size
distributions are shown in Fig. 4. The data from
the two techniques are compared in Fig. 5. Both
data sets display a similar decrease in particle
mass as the C/O ratio drops. It should be noted,
however, that despite this decrease there is still
significant particle production down to the lower
limit of our C/O ratios at 0.6. Therefore, the par-
ticle production may be more ubiquitous than
previously calculated by photochemical models,
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FIG. 3. Mass spectra of haze aerosols produced in various mixtures of increasing CO2, as outlined in Table 1.
Data to the right of the 48 amu marker are shown at 4� magnification of the scale to the left. a: No CO2 incorpora-
tion. The mass fragment pattern is typical of non-oxidized organic aerosols. b: C/O ratio is 1.5. c: C/O ratio is 0.95.
d: C/O ratio is 0.6. Particle size distributions for the mass peak at 44 amu, highlighted with black dashed lines, are
shown to the right of the spectra. The particle signals, reported as lognormal mass distributions as a function of vac-
uum aerodynamic diameter (Dva), show that the 44 amu signal is derived from aerosols with diameters of approxi-
mately 60 nm. These distributions confirm that the fragment peak seen in the spectra is from molecules within the
particles and not solely from gaseous CO2.

5375_01_p409-419  11/29/04  8:49 AM  Page 414



which had assumed a cessation of polymerization
below a C/O of unity (Zahnle, 1986; Pavlov et al.,
2001b).

DISCUSSION

Examination of the compositional evolution of
the aerosols as a function of C/O ratio is explored
in Fig. 6. In this figure, both the mass fragments
at m/z 44 and 30 are compared with the total or-
ganic signal. The value for the total organic sig-
nal is calculated by integrating all of the product
mass peaks in each mass spectrum, having made
corrections for the gas background signals. Be-
cause m/z 44 is typically attributed to a COO�

fragment for oxidized organics, we have used it
as a marker for the degree of oxidation. Figure 6a
is a plot of the ratio of (m/z 44)/total organics
showing that adding CO2 increases the ratio of
(m/z 44)/total organics, consistent with the oxi-
dation of the organic species in the particles. The
change in the (m/z 44)/total organics ratio cor-
responds to a shift in the product formation from
polymerization to oxidation, and correlates well
to the decline in haze production with increasing

CO2. Figure 6b shows a plot of m/z 30 correlated
to the total organic signal, which shows the same
behavior as the plot in Fig. 6a. This indicates that
the product peak at m/z 30 is likely that of an ox-
idized species, possibly NO� as previously men-
tioned.

In addition to information on the chemical com-
position of the aerosols, our experiment also pro-
vides insight into the particle morphology. The
AMS and SMPS each measure the particle diam-
eter in a different way, and by comparing these
diameters we can obtain additional information
about the physical characteristics of the aero-
sols. The SMPS measures mobility diameter (Dm),
while the AMS measures the size of the aerosols
as a vacuum aerodynamic diameter (Dva). Jimenez
et al. (2003a,b) have shown that an effective par-
ticle density, �eff, for spherical particles can be
found by relating these two diameters:

�eff � �0 � (1)

where �0 is the unit density (1 g cm�3), �p is the
material density of the particle, and � is the di-
mensionless shape factor. Since the AMS and
SMPS experiments were not done simultane-
ously, we cannot calculate an exact value for the

�p
�
�

Dva
�
Dm
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FIG. 4. Volume size distributions for particles mea-
sured in the SMPS as a function of mobility diameter
(Dm). a: C/O ratio is 1.5. b: C/O ratio is 0.95. c: C/O ra-
tio is 0.6.

FIG. 5. Comparison of the haze aerosol mass produced
as measured by both the AMS and the SMPS tech-
niques. The dotted line shows an empirical kinetic fit to
the AMS data of Product Mass (�g m�3) � 250[C/O]1.5.
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effective density from these data sets. However,
taking into account the mode diameters of the
particles as measured by both instruments shown
in Figs. 3 and 4, we have determined approximate
effective particle densities between 0.2 and 0.5 g
cm�3. A separate check was done using the com-
parison between total mass and total volume as
shown in Fig. 5, yielding an effective density of
approximately 0.5 g cm�3.

These density values are very low compared
with the material density for the organics be-
lieved to compose the aerosols, which are all
around 0.8 g cm�3, and models of Titan haze
aerosols that have typically used a particle den-
sity of 1 g cm�3 (Toon et al., 1992). Equation 1

shows that the �eff is proportional to the material
density but also depends on �, which is equal to
1 for spherical particles, but is greater than 1 for
non-spherical aerosols. A low effective density is
characteristic of particles in which coagulation
has led to the formation of non-spherical, lower-
density structures (Jimenez et al., 2003a,b). In re-
gards to the haze layer on Titan, microphysical
models matched to the optical properties of Ti-
tan’s atmosphere have suggested that the parti-
cles are non-spherical aggregates of spherical
monomers, and they are characterized as fractal
particles (McKay et al., 2001). Our results suggest
that haze aerosols formed on the early Earth may
also be fractal particles. Optical properties are
largely dependent on shape; thus it would be ex-
tremely important to include the fractal shape in-
formation into a climate model that examines the
properties of a haze layer on early Earth (Pavlov
et al., 2001a). Such a particle shape would explain
the large discrepancy between the particle size
measured by the AMS and the SMPS systems,
and therefore the very low effective particle den-
sity reported above.

Here we would like to briefly discuss the effect
that our choice of electrical discharge as the ex-
perimental energy source may have on the prop-
erties of the observed haze aerosols. A recent
study by Tran et al. (2003) compared the optical
and compositional properties of Titan analog par-
ticles produced using a UV source in their labo-
ratory with those of previously mentioned ex-
periments with discharge sources (see McKay,
1996). They found that the C/N ratio derived
from elemental analysis was the most significant
difference between these two types of aerosol
particles, being much higher for particles formed
with a UV source. This is most likely due to the
higher energy input of the electrical discharge,
which allows for the breaking of the N2 bond, and
thus a higher N incorporation into the haze mol-
ecules. The majority of UV light available in the
Earth’s atmosphere would not be of sufficient en-
ergy to break the N2 bond, and therefore we ex-
pect the experiments described here to overesti-
mate the amount of N in the aerosols.

Therefore, rather than focus on analysis of the
N content of the aerosols, the main objective of
this work has been to detect a particle formation
threshold in atmospheres with mixtures of CO2
and CH4. We feel that this study has provided a
satisfactory identification of the C/O ratios at
which organic particle formation is still possible.
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FIG. 6. Peak intensities of m/z values in the mass spec-
tra of haze aerosols are compared with the total organic
signal, colored as a function of the C/O ratio. a: Total
mass produced at m/z � 44 compared with the total 
organic signal. The peak intensities for m/z � 44 have
been corrected to remove the contribution from gaseous
CO2 in the starting gas mixture. b: The total mass pro-
duced at m/z � 30 compared with the total organic sig-
nal. Both mass peaks show a correlation between the rel-
ative peak intensity and the ratio of C/O, implying that
the fragments are from oxidized species. The slopes of
these ratios, shown with colored lines, increase with 
increasing CO2. If these slopes are plotted as a func-
tion of C/O ratio, they show an exponential dependence
with the equations of Slope (44/total organics) � 0.05 �
(0.15)e(�1.35[C/O ratio]), and Slope (30/total organics) �
0.04 � (2.65)e(�5.35[C/O ratio]).

a

b
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Since the discharge source is more energetic than
UV, we may be observing an extreme for parti-
cle formation that will provide experimental
boundaries for experiments using a UV source.
Future experiments using this analytical method
with UV light as the energy source will provide
a systematic analysis of the C/O particle forma-
tion threshold on early Earth, and also of the ef-
fects of energy source on the chemical properties
of the aerosols.

CONCLUSIONS

We have shown that particles are produced in
a simulated atmosphere with CH4 concentrations
as low as 1,000 ppmv. This CH4 level is sufficient
to provide an early Earth greenhouse effect
(Pavlov et al., 2000), and thus haze particles might
have formed on early Earth. We have also shown
that a haze may still be produced in atmospheres
with CO2 in addition to CH4. We have found that
the decrease in haze production is directly pro-
portional to the CO2 concentration. Since there is
no strict constraint on the average temperatures in
the Archean, it is hard to estimate the exact CO2
abundance in the ancient atmosphere and there-
fore the exact amount of haze produced. However,
we have observed particle production even at the
lowest C/O ratio reached in this study, which cor-
relates to a CH4/CO2 ratio of 0.2. This suggests
that a haze layer could still be maintained even if
the Archean CO2 concentration was as high as
5,000 ppmv. Fluctuations in the ancient climate
would cause fluctuations in CH4/CO2 ratio (Pav-
lov et al., 2001a), thus greatly affecting the level 
of haze production. However, our experiments
suggest that some amount of haze should have
been present over broad ranges of the possible
CH4 and CO2 concentrations throughout most of
the Archean. We have also observed that the
aerosol particles produced appear to be fractal in
nature, which is expected to have a large effect 
on the optical properties of the haze. Depending
on the shielding capabilities of the aerosols, the
haze layer may behave according to the feedback
scheme proposed in Pavlov et al. (2001a).

In addition to the effects such a haze layer may
have had on climate, it is also interesting to con-
sider its interactions with the biosphere. Life, if
present by the beginning of the Archean (Mojz-
sis et al., 1996), would likely have influenced the
evolution of the atmosphere (Kasting and Siefert,

2002). It has been suggested that microorganisms
in the current atmosphere may contribute to the
degradation of organic aerosols (Ariya et al.,
2002). Ariya et al. (2002) showed that airborne mi-
croorganisms are able to digest various dicar-
boxylic acids. These acids have functional groups
and structural arrangements that are similar to
the types of compounds we believe make up the
haze aerosols when the environmental C/O ratio
is low. Therefore, it is possible that the organic
aerosols present in a haze layer on early Earth
may have served as a source of food for some of
the early biota. Microorganisms present during
this time include anaerobic methanogens and
cyanobacteria (Woese, 1987; Brocks et al., 1999).
These microorganisms contribute to the cycling
of organic matter through a combined effort of
fermentation and methanogenesis, thus produc-
ing methane (Zinder, 1993). While the hydrocar-
bon species produced at high C/O ratios may not
be as edible, it is possible that if the haze aerosols
were sufficiently oxidized, then the particles
would have been able to serve as food for the fer-
menters (Ferry, 1993).
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