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Primordial Oil Slick 

Abstract. Calculations and some preliminary experiments suggest that an early 
methane atmosphere would have been polymerized by solar ultraviolet radiation 
in geologically short periods of time. An oil slick 1 to 10 meters thick could have 
been produced in this way and might well have been of considerable importance 
in the development of life. 
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Numerous experiments have shown 
that amino acids and a large variety 
of the other building blocks of living 
organisms can be synthesized in elec- 
trical discharges if free oxygen is ab- 
sent and if some reducing gases are 
present. These experiments suggest that 
the earliest terrestrial atmosphere was 
reducing. Methane and nitrogen may 
well have been its major components; 
water vapor, hydrogen, carbon mon- 
oxide, and ammonia were probably 
present in small quantities. A simplified 
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Fig. 1. Locale of some important processes 
in the primitive atmosphere-ocean system. 
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model is presented in Fig. 1. Such an 
atmosphere would have responded to 
solar ultraviolet radiation and to light- 
ning discharges quite differently than 
our present atmosphere. The effects of 
both energy sources on the chemistry 
of the present-day atmosphere are rela- 
tively small; on the other hand the 
rather drastic polymerizing effects of 
electrical discharges on mixtures of 
reducing gases have been amply dem- 
onstrated in a variety of experiments. 
Measurements suggest (1) that an in- 
put of electrical energy at the present 
rate would polymerize a methane at- 
mosphere with an initial pressure of 1 
atmosphere in 107 to 108 years. 

The effect of solar ultraviolet radia- 
tion on the present-day atmosphere is 
largely confined to dissociation and 
ionization reactions. In a predomi- 
nantly methane-nitrogen atmosphere, 
methyl and methylene radicals are 
produced by ultraviolet light of wave- 
length less than 1450 A. These radicals 
can combine to form heavier hydro- 
carbons. We propose that this process 
was rapid, that it was followed in the 
early atmosphere by the downward re- 
moval of 'the reaction products, and 
that these accumulated in an oil slick 
which could have been 1 to 10 m thick. 

In the primitive atmosphere illus- 
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trated in Fig. 1, short-wavelength ul- 
traviolet radiation would be primarily 
absorbed by methane at an elevation 
of 100 to 300 km; here methane and 
hydrogen will be the main reactive 
species. Figure 2 shows a partial reac- 
tion scheme for methane in the pres- 
ence of ultraviolet light of 1200 to 
1800 A. Methyl and methylene radicals 
are produced from methane, and 
ethane is produced most efficiently by 
the combination of two methyl radicals. 
The reaction of a C2H5 radical with a 
CH3 radical leads to the formation of 
propane, and two C2H5 radicals can 
combine to form butane. As their con- 
centration increases, the photodissocia- 
tion of the heavier hydrocarbons be- 
comes important. At shorter wave- 
lengths (<1018 A) photoionization 
also occurs, but is expected to play a 
minor role. Ultimately, a steady-state 
distribution of species is reached in a 
closed one-phase system. A set of 
equations was developed to describe the 
time variation in the composition of 
such hydrocarbon gas mixtures, and 
the gas composition was then followed 
on a computer until a steady state was 
approached. 

The parameters in our theory require 
a knowledge of the hydrocarbon photo- 
dissociation cross sections, Pi, as a 
function of carbon number, i, as well 
as the recombination rates, kj, and the 
branching matrix, aij. The rate con- 
stant for the recombination of the 
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Fig. 2. Partial reaction scheme for polym- 
erization of methane in the presence of 
1200 to 1800 A ultraviolet light (4, 5, 13). 
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Table 1. Reaction rate constants. 

k 
Reaction (liter mole-' Refs. 

min-1) 

CH, + H CH, 6.3 X 1011 (10) 
CH ,+ H, CH, +- H 1.0 X 109 (11, 12) 
CH, + H, CH, + H 1.0 X 106 (10) 
CH, + CH3 =? C,H 4.0 X 101 (2) 
C,H5 +- H = C.,H, 6.0 X 1011 (11) 
C,H, +- H ? C,H 1.0 X 108 (11) 
C,H, + C,H, C,H,l 3.6 X 1011 (2) 
C,H5 + C2H,5 C,H 4 4.0 X 1010 (2, 5) 

+ C,oH 
C,H, + CH, = C,H8 4.0 X 1011 (2) 
C,H, + H C,H8 1.0 X 1011 
CHa + CH, H C4H,, 4.0 X 10"1 (2) 
CH, + CH, = C,H, 1.0 X 1010 (11) 
C,H9 + H C,H,o 1.0 X 10' 
* Inferred from similar reactions. 

free radical CiH2,i+l with the radical 

C/H2j+ is kij, and aij is the branch- 
ing ratio of the photochemical produc- 
tion of CjH,2+? radicals from the hy- 
drocarbon CiH2 +2. When plotted 
against carbon number, the cross sec- 
tions, Pi, approximate a straight line 
in the wavelength region of principal 
interest. Recombination rates of the 
various free radicals appear to be simi- 
lar, 4 X1013 to 6 X1013 cm3 mole-l 
sec-l at 300?K, because steric effects 
are minimized by a long C-C bond in 
the transition state of the free radicals 
(2). This similarity decouples many of 
the simultaneous equations, and sim- 

plifies the computational scheme so that 
the constant k' can be used for all the 
various ko1. It can be shown (3) that 
at steady state the ratio of the con- 
centration of C,,H2f+2 to that of CH4 
is given by the expression: 

k'K E K,,.- 
[C.H 21.+2] _ 

[CH ] e P, 

where 

Z cer+, r Pr+j D,.+j 
Kr -_ - - 

Z ac, PiD, 

D [Ck H2,k+2 
[CH4] 

and 0-=[H]2/2[CH4]. The value of 0 
is defined by the initial ratio of ethane 
to methane. 

The rate of attainment of a steady 
state was studied by obtaining numeri- 
cal solutions with the aid of the Runge- 
Kutta method for the differential equa- 
tions describing the behavior of the 
concentration of each of the compo- 
nents in Fig. 2, as well as for C2H4 
and C2H2. The flux of solar ultraviolet 
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was assumed to be identical to the 
present flux. The photodissociation con- 
stants, Pi, are known 1(4, 5) for CH4, 
C2H6, C3H8, and C4H,1; values of 
Pi for heavier hydrocarbons were 
obtained by extrapolation. Three-body 
effects, which lower the recombina- 
tion coefficients by approximately two 
orders !of magnitude, were taken into 
account (6). The rate constants used 
to define the reaction kinetics are 
shown in Table 1. The aij matrix was 
based on the assumption that all C-C 
bonds were equally likely to break, and 
that all C-H bonds were equally likely 
to break. The probability of C-H bond 
rupture is less than that of C-C bond 
rupture (5, 7). 

Our computations indicate that the 
atmosphere in the 100- to 300-km re- 
gion will reach a steady state under the 
influence of the solar ultraviolet flux 
in 1 to 50 years. Saturated hydrocar- 
bons are the dominant products; their 
abundance decreases with increasing 
carbon number (Fig. 3). Surprisingly, 
the decrease in steady-state abundance 
relative to methane is relatively slow for 
hydrocarbons beyond butane. The ratio 
of ihexane to methane, for example, is 
predicted to be ~2 X 10-4. 

Some preliminary experiments were 
done to check the results of our cal- 
culations (Fig. 3). We irradiated meth- 
ane at a pressure of 5 mm-Hg in an 84- 
cm-long glass container fitted with 
MgFs windows 4 mm thick. Our source 
of high-intensity short wavelength ul- 
traviolet light-approximating the solar 
flux at wavelengths shorter than 1200 
A-was the 17-kw argon plasma vortex 
at the Ames Research Center. The ir- 
radiation products were collected in 
both gas expansion bulbs and an N2 
cold trap, and were then analyzed by 
gas chromatography. The products of 
a first run of 4 hours differed only 
slightly from those of a second run of 
42 'hours. The composition of the gases 
in the second run was determined after 
6, 22, and 34 hours of irradiation as 
well as at the end of the run. The ob- 
served changes with time are probably 
within the uncertainties in the mea- 
surements; this suggests that a steady 
state was reached within the first few 
hours of irradiation. The error bars 
cover the entire range of the abundance 
ratios found in our experiments. We 
therefore believe that the results of 
our calculations are reliable. The argon 
lamp had not been calibrated for some 
time, and transmission through our 
4-mm MgF2 window is known only 
approximately. We estimate that 1 hour 
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Fig. 3. Calculated and observed variations 
in the ratio of the pressure, P, of the 
lighter n-alkanes to the pressure of methane 
in a photochemical steady state. The limi- 
tations of our analytical scheme prevented 
the detection of hydrocarbons beyond C6. 

of irradiation in our experiments cor- 
responds to approximately 1 year of 
solar ultraviolet radiation (assuming a 
10 percent window transmission). The 
rather rapid approach to radiative equi- 
librium is therefore consistent with the 
results of our calculations. However, the 
effects of wall reactions are not known; 
and a window polymer was formed, 
which outweighed the other products 
by a factor of 4 or 5 after an irradia- 
tion time of 42 hours. A method of 
drastically reducing polymer formation 
has been devised, and we are planning 
experiments to clarify the matter. Ex- 
periments employing different pressures 
of methane, nitrogen, and hydrogen 
and different ultraviolet intensities are 
also planned to confirm other assump- 
tions implicit in our calulations. 

It is likely, then, that rather large 
hydrocarbons were produced in the 
early atmosphere by the solar flux if 
methane and hydrogen were major 
atmospheric constituents. Short-wave- 
length ultraviolet radiation probably 
penetrated the atmosphere to a level 
at which the pressure of methane was 
10-5 atmosphere. Transport processes 
and transport rates in the early at- 
mosphere are not well known but 
should have been fast below the meso- 
pause. A small fraction of the hydro- 
carbon products may also have been 
subjected to further reactions while 
passing through the lower atmosphere. 
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Condensation probably occurred near 
ground level and ultimately led to the 
development of an oil slick. Ultra- 
violet absorption calculations were re- 
lated to the temperature and transport 
model of McGovern (8); the calcula- 
tions indicate that the important forma- 
tion of hydrocarbons would occur any- 
where from just above the mesopause 
to tens of kilometers below it. If we 
assume that a steady state is reached 
in about 10 years and that the irradia- 
tion products are transported into the 
lower atmosphere within a few years, 
the methane atmosphere could have 
been polymerized by solar ultraviolet 
radiation in 106 to 107 years. 

If 1 atmosphere -of methane is 
polymerized, a universal oil slick some 
1 to 10 m thick would be produced. 
It is not known whether or how fast 
this material would be removed from 
the surface of the early oceans by ad- 
hering to mineral or rock particles, but 
the continued presence of an oil slick 
would have had some rather intriguing 
consequences. The dilute "prebiotic 
soup" would have been covered with a 
very rich hydrocarbon layer that could 
have acted as a host for prebiotic com- 
pounds. These would have been ex- 
posed to longer wavelength solar ultra- 
violet light and lightning discharges as 
well as to solvent extraction processes 
at the water-oil interface. Thus the 
effects of an oil slick on the chemistry 
of the prebiologic and earliest biologic 
periods could well have been important 
and deserve careful evaluation. 

The photodissociation rate of molec- 
ular nitrogen is negligible at wave- 
lengths longer than 1000 A. Only a 
very small fraction of the energy of 
the solar ultraviolet spectrum is there- 
:fore available for N2 dissociation, and 
the photochemistry of an early CH4- 
H2-N2 atmosphere was probably quite 
similar to that of a CH4-H2 atmo- 
sphere. The photochemistry of a more 
oxidizing atmosphere would probably 
have been quite different. 

If the temperature structure of the 
early atmosphere was similar to that 
of ,the present day, water vapor would 
have been a rare constituent of the 
upper atmosphere, but CO and CO2 
may have been present, and were surely 
there during tihe transition from an 
early reducing to a later, more oxidiz- 
ing atmosphere. The effects of these 
gases on the appearance and composi- 
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Polymerization reactions similar to 
those discussed above are surely in pro- 
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gress on the major planets. However, 
comparable oil slicks are probably not 
formed, because the large excess of hy- 
drogen and the high temperatures 
(~ 900?K) at the base of the atmo- 
spheres of these planets favor the ther- 
mal decomposition reactions of larger 
hydrocarbons with hydrogen to form 
methane (9). 
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may be responsible for the general un- 
dersaturation of seawater with silica 
(3), because the rate at which they 
deposit silica exceeds the influx of dis- 
solved silica. The excess supply of silica 
demanded by diatom frustules neces- 
sitates re-solution of sedimented dia- 
tom frustules to maintain the geo- 
chemical balance of silica in the water 
column (4). Evidence for dissolution 
in the upper centimeters of sediment 
has been presented (5-7). In addition 
to their important role in the modern 
ocean, diatoms are a diversified group 
of shelled plankton potentially useful 
in the reconstruction of ancient ocean 
conditions (8). 

In discussions of the biochemical and 
geological aspects of diatom sedimenta- 
tion, the role of fecal pellets, although 
occasionally mentioned (9-11), until 
recently has not received the attention 
it deserves (12-14). Membranes sur- 
rounding the fecal pellets of planktonic 
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Fecal Pellets: Role in Sedimentation of Pelagic Diatoms 

Abstract. Membrane-enclosed fecal pellets of planktonic herbivores were 
sampled at several depths in the Baltic Sea (459 meters deep) and off Portugal 
(4000 meters deep) by means of a Simonsen multinet. Pellets contained mainly 
empty shells of planktonic diatoms and silicoflagellates. Two kinds of fecal pellets 
were found, those with the remains of one species (for example, Thalassiosira 
baltica) and those with the remains of several species (for example, Chaetoceros, 
Achnanthes, and Thalassiosira). Siliceous skeletons were protected from dissolu- 
tion during settling by a membrane around the pellet. 
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