Proc. Natl. Acad. Sci. USA
Vol. 95, pp. 7260-7263, June 1998
Geology

Oceanic protection of prebiotic organic compounds from

UV radiation

H. JAMES CLEAVES AND STANLEY L. MILLER*

Department of Chemistry and Biochemistry, University of California at San Diego, La Jolla, CA 92093-0506

Contributed by Stanley L. Miller, April 20, 1998

ABSTRACT It is frequently stated that UV light would
cause massive destruction of prebiotic organic compounds
because of the absence of an ozone layer. The elevated UV flux
of the early sun compounds this problem. This applies to
organic compounds of both terrestrial and extraterrestrial
origin. Attempts to deal with this problem generally involve
atmospheric absorbers. We show here that prebiotic organic
polymers as well as several inorganic compounds are suffi-
cient to protect oceanic organic molecules from UV degrada-
tion. This aqueous protection is in addition to any atmo-
spheric UV absorbers and should be a ubiquitous planetary
phenomenon serving to increase the size of planetary habit-
able zones.

It is widely held that there was no oxygen in the primitive
atmosphere and therefore no UV protective ozone layer,
although there are dissenting opinions (1-3). This is consid-
ered to be a serious problem for the accumulation of prebiotic
organic compounds on the earth (4—6) and on Mars (7). This
problem would have been worsened by the elevated UV
production of the early sun (8-10). Protection from UV
radiation is one of the motivations for proposing an origin of
life in the submarine vents (11), benthic regions (6, 12), and in
deep subsurface environments (13). Most attempts to deal
with this problem have involved atmospheric absorbers such as
HoS (6), SO, (14), Ss (14), and organic hazes (6, 15). We show
here that even in the absence of atmospheric shielding there
would have been sufficient UV absorbers in the ocean to allow
for the accumulation of organic material. These include or-
ganic polymers from electric discharges and HCN (hydrogen
cyanide) polymerizations, solubilized elemental sulfur, and
inorganics such as CI~, Br~, Mg?*, and SH™, or Fe?*. There
would have been complete UV protection if there were a
frozen ocean (16), an oil slick (17), or large amounts of organic
foams. Oceanic UV protectors increase the size of planetary
habitable zones and thereby increase the number of planets on
which life may have arisen.

MATERIALS AND METHODS

Spectrophotometry. Absorbance measurements were made
by a Hewlett Packard HP 89532A UV-Visible Spectropho-
tometer. All measurements were made by using 1-cm or 1-mm
path length quartz cuvettes. Samples were diluted to obtain
1-cm absorbance measurements between 0.1 and 1.

Reagents. Reagents were purchased from Fisher. Sea water
was collected from the Scripps Institute of Oceanography pier
(La Jolla, CA) and filtered through a 0.22-um filter.

Organic Polymer Synthesis. HCN polymer was obtained
from the polymerization of 0.1 M KCN brought to pH 8 at
room temperature. Spark discharge polymer was obtained
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from the action of a Tesla coil on a gas mixture of 200 mm CHy,
200 mm NH3, and 500 ml H,O in a 3-liter flask for 6 days (18).

Solubilization of Sulfur by Tholin Polymers. Various con-
centrations of polymer were stirred with elemental sulfur
overnight followed by filtration through a 0.22-um filter.

UV Destruction of Organic Polymers (Tholins). Solutions of
spark discharge polymer or HCN polymer were dissolved in
water in 2-cm diameter Vycor tubes and degassed by three
consecutive freeze-thaw cycles. These were placed in a Rayo-
net Photochemical Reactor (New England Ultraviolet, Bran-
ford, CT, 16 X 2.2 W, 2,537 A Hg lamps) at room temperature
along with a control tube containing an identical solution in
Pyrex. Samples were removed for absorbance measurements at
appropriate time intervals. UV flux was estimated at 1 X
1077E-em~2>s~! (where E = einstein) by potassium ferriox-
alate actinometry (19).

RESULTS AND DISCUSSION

In the absence of greenhouse gases the surface temperature of
the early Earth would have been —40°C, and there would have
been a frozen ocean 300-1,000 m thick (16). This would have
offered complete shielding of dissolved organic compounds
from damaging UV radiation by scattering of the UV light.
The ice layer on Europa offers similar protection.

It has been suggested that the primitive ocean could have
been covered with an oil slick some 1-10 m thick (17) if the
C/O0 ratio of early atmospheric constituents (CH4, CO, CO,)
exceeded unity (20, 21). This oil slick could have been pro-
duced from the photopolymerization of methane or from
meteorites containing hydrocarbons similar to those found in
the Murchison meteorite (22). Such oil slicks would have
provided strong protection because of absorbance and scat-
tering of UV light.

A layer of foam over the entire ocean also would protect the
organic compounds. It is not clear whether there was sufficient
prebiotic synthesis of surfactants. However, the action of UV
light on pyrene and hexadecane readily forms surface active
compounds (22). These would be very effective UV protectors
because of scattering effects.

It is sometimes stated that UV destruction of dissolved
organic material would result from the UV transparency of
pure water (23). Ocean water, however, is opaque to UV in the
200- to 220-nm region (24) (absorbance = 0.22 cm~! at 218
nm), mainly because of dissolved species such as NaCl, NaBr,
and Mn?* and dissolved organic material. It should be noted
that although bromide ion is present in 1/450 the concentra-
tion of chloride ion, its molar absorbtivity at 218 nm is 7,800 X
higher. Together these compounds would offer essentially
complete protection for aliphatic amino acids (25).

Sea water, however, does not afford protection to the
nucleobases (adenine, uracil, guanine, and cytosine) of RNA,
central to an RNA world, which absorb near 260 nm. The
following discussion will focus mainly on protection at 260 nm,

*To whom reprint requests should be addressed. e-mail: smiller@
ucsd.edu.
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the region in which nucleic acid bases and aromatic amino
acids absorb (25).

In the modern ocean the concentration of UV-absorbing
organic matter is small (24, 26), with a 1-cm absorbance of 0.01
at 218 nm. These organics are of biological or industrial origins,
and their low steady-state concentrations are governed by
biodegradation and photooxidation processes (26). The pre-
biotic ocean would not have had these loss channels, and the
concentration of organics would have been able to build up.

Prebiotic syntheses usually produce large amounts of or-
ganic polymers (18) called “tholins” (27) that often are ignored
because they are difficult to analyze. They do, however, absorb
strongly in the UV region. The yield of polymer varies with the
details of the experiment but usually is between 5% and 60%
of the input carbon. We will include polycyclic aromatic
hydrocarbons (22) with these tholins for the purposes of this
discussion. Prebiotic cyanide polymerizations produce a very
insoluble and intractable polymer in large yield (60-90% of the
input carbon) along with soluble polymers (28). Polymers of
this type as well as more carbon-rich polymers occur in
carbonaceous chondrites and would be expected in interstellar
dust and cometary material, as well as on other planets (27,
29). We have examined the UV absorbance of the product of
a spark discharge experiment and of an HCN polymerization.
These results are shown in Fig. 1 and expressed as the
absorbance of a solution containing 330 mg-liter~! of reactant
carbon. This represents an amount equivalent to 1% of the
Earth’s crustal carbon (100 g-cm~2) dissolved in an ocean of
the present size (300 liter-em~2). The choice of this concen-
tration is discussed below. It can be seen that both processes
produce strong UV absorbers.

We measured the loss of absorbance of HCN polymer and
the spark discharge polymer by UV light. The cyanide polymer
is rapidly photolyzed, but the spark discharge polymer is more
stable to photolysis. Approximately 10% of the spark discharge
polymer’s absorbance at 260 nm is resistant to photodestruc-
tion under anaerobic conditions.

It is difficult to estimate the percentage of terrestrial carbon
that was dissolved as polymer in the primitive ocean. If it is
assumed that the majority of the organic material produced in
the atmosphere had a relatively short residence time and
ultimately became dissolved in the ocean, then it is possible to
derive the absorbance of the primitive ocean based on the
polymer yield over time. Estimates of the carbon outgassing
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Fic. 1. The absorbance spectra of aqueous prebiotic organic
polymers produced by the action of a spark discharge on a mixture of
methane, water, and ammonia for 6 days and a 0.1 M KCN (brought
to pH 8 with HCI) polymerization, each dissolved as 330 mg of carbon
per liter solutions.
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rates from hydrothermal vents 3 billion years ago (15) range
between 3.3 X 1012 mol C per yr to 5 X 10! mol C per year.
Because the oceans pass through the midocean ridge hydro-
thermal vents every 10 million years, where the intense heat
would result in the destruction of organic compounds, we will
take this as the upper limit for organic accumulation (30). If
this outgassed carbon was released in the form of methane,
rather than the present form of CO, because of a more reduced
mantle (21), and was photoreacted every year, and the con-
centration was allowed to build up to a steady state over 10
million years then carbon concentrations of 0.2-3.0 g-liter ™!
are obtained. Assuming the polymer is similar to the product
of a spark discharge, this gives 1-cm absorbances of 3.1-46.5 at
260 nm. It follows that given efficient atmospheric syntheses,
a steady state will arise quickly on a geologic time scale, which
will result in a self-shielding buildup of dissolved organic
compounds.

The UV-absorbing organic material found in the Murchison
meteorite (31) supports this calculation. A kilogram of mete-
orite contains 18 g of carbon, which has an absorbance of 1.3
cm~! at 260 nm when dissolved in 1 liter (31). If the 10,000
g-cm 2 of carbon in the Earth’s crust contained soluble UV
absorbers in the same proportions as in the Murchison mete-
orite and were dissolved in the oceans (300 litercm~2) the
absorbance at 260 nm would be 2.4 cm™ . This is close to the
absorbance obtained from cyanide polymer (4260 cm™! = 6.72
for 330 mg-liter—!) and spark polymer (4260 cm~! = 3.93 for
330 mg-liter 1), assuming 1% of the Earth’s crustal carbon was
dissolved in these forms in the ocean.

It is clear that percentages this high or higher will be very
protective of the dissolved organic material. Much lower
percentages give inadequate protective coverage, and the
inorganic species would assume greater importance. This may
pose a problem for the survival of the small amounts of organic
material delivered by extraterrestrial infall if this were the only
source of prebiotic organic compounds (32). In other words,
the UV protection of organic compounds requires efficient
prebiotic syntheses, unless there is efficient inorganic protec-
tion.

The most important inorganic UV absorbers appear to be
Fe?™ and H,S. There would either be an excess of Fe?* or of
SH™ because of the insolubility of FeS (33). We consider first
the case in which HsS is in excess. For an ocean of the present
pH (=8.2) most of the dissolved H,S would be present as SH™
as the pK; of H,S is 6.9. The uncertainty is in the concentration
of SH™. Archaen concentrations of H,S have been estimated
(33, 34) between 0 and 5 mM.

Any reasonable model with SH™ in excess would have
substantial absorbance in the region of A < 270 nm (Amax ~
235 nm, & 260 nm ~ 231). For 1 mM SH™ concentrations a
1-cm absorbance of 0.23 at 260 nm is obtained, thereby
protecting the nucleic acid bases and other organic com-
pounds. Although submarine vents and other sources of H,S
could have established millimolar concentrations of SH™, the
escape of H,S into the atmosphere would be a major sink
because of UV photolysis,

hv <254 nm

H,S—— 1/8 Sg + H,,

although the photochemistry is much more complex than
indicated in the equation (35, 36). The quantum yield (37) for
the above reaction is approximately 1. The elemental sulfur
(Sg) produced in this reaction can react with SH™ to give
polysulfides. These are formed easily under dilute oceanic
conditions (38), are fairly stable in aqueous solution at mod-
erate temperatures (39), and also absorb strongly in the
260-nm region.

The elemental sulfur produced in the above reaction is itself
astrong UV absorber (&269 approximately 5,500), but is limited
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Fi1G. 2. The absorbance spectrum of a model Archaen marine
environment composed of 330 mg of carbon per liter HCN polymer,
1 mM SH-, 0.5 M NaCl, 1 mM NaBr, and 50 mM MgCl,. The
contribution from NaCl, NaBr, and MgCl. is approximately equivalent
to the absorbance of modern seawater.

by its low solubility in water (1.8 X 1077 M). However,
elemental sulfur is solubilized by anionic and cationic organic
micelles (40), increasing solubility by factors of up to 4,000. We
measured an increase by a factor of 15 in Sg solubility in a 100
mg-liter~! solution of electric discharge polymer. The cyanide
polymer exhibited no measurable ability to solubilize sulfur. A
significant fraction of the organic material of the Murchison
meteorite is composed of amphiphilic micelle-forming species
(31), which are likely to solubilize Sg. A prebiotic oil slick also
would dissolve large amounts of Sg. Using mineral oil, a
mixture of high molecular weight hydrocarbons, as a model we
found absorbtivities at 260 nm of 0.7 cm ! for mineral oil itself
and 5.5 cm ™! for Sg-saturated mineral oil.

If Fe?™" is in excess then its absorbance replaces that of HS™
in importance (33, 41, 42). Again, there is uncertainty in the
concentration of Fe?* in the primitive ocean assuming Fe?*+ >>
H>S. Archaen oceanic concentrations between 0 and 50 mM
have been estimated (33, 34, 42-44) for Fe?*. The Archaen
banded iron formations (45) provide some evidence for sig-
nificant concentrations of Fe?*. Assuming a rate of weathering
of 1 km? of rock per yr, a mean rock density of 3 grem =3, and
a 10% average iron content, 3 X 10'* g of Fe?" per yr (5.4 X
102 mol-yr~!) would have been added to the ocean. This is
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FiG. 3. The absorbance spectrum of a model Archaen marine
environment composed of 330 mg of carbon per liter spark polymer,
1 mM Fe?*, 0.5 M NaCl, 1 mM NaBr, and 50 mM MgCl,.
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equal to adding 1.1 X 107 mol-cm~2yr~!. Disregarding loss
channels this would lead to millimolar oceanic concentrations
in as little as 2.5 X 10° yr. The molar absorbtivity of iron(II)
at 260 nm is approximately 1,630, giving a 1-cm absorbance at
260 nm of 1.63 for 1 mM concentrations.

It may be difficult to achieve significant concentrations of
Fe?" in surface waters because of photooxidation (45). De-
pending on the rate of mixing of surface waters, the rate of
upwelling, and the pH of the early ocean, this could have been
a significant sink for oceanic iron(II). A half-life of surface
Fe?™ from 2 days to 1 week at pH 8.5 and 25°C has been
estimated (44). Estimated values for HyS-rich and Fe?*-rich
models are shown in Figs. 2 and 3.

CONCLUSIONS

This analysis shows that there would have been a wide variety
of both organic and inorganic UV absorbers in the primitive
ocean that would have protected the UV-sensitive organic
compounds such as the purines and pyrimidines, with amino
acids being protected effectively by aqueous salts. Our models
suggest that it is entirely possible that incident UV flux could
have been attenuated to minimal intensities after passage
through as little as 2 mm of ocean water (<1% T at 218 nm and
260 nm).

We recognize that any one of these concentration estimates
may be in considerable error. However, entirely removing any
one of the absorbers still leaves a variety of alternative
absorbers that still would offer adequate protection.

It is likely that some of these oceanic UV absorbers would
have persisted well after the origin of life. When this UV shield
disappeared, organisms would have needed to develop mech-
anisms to protect themselves from UV radiation, such as
nucleic acid repair enzymes, pigmentation, or by living at
sufficient depth to avoid UV damage.

These results have considerable bearing on discussions of
extrasolar planetary habitable zones (46, 47). Concern has
been expressed that the origin and evolution of life may not be
possible around some stars because of the intense UV envi-
ronment (48-50), especially in the late T-Tauri phase of stellar
evolution (8-10). It is clear that dissolved organics and inor-
ganics, which are likely to be present in an aqueous environ-
ment, can offer sufficient protection against this radiation.
This is in addition to any protection offered by atmospheric
absorbers. It therefore is probable that planets providing
suitable havens for the accumulation of prebiotic compounds,
and presumably for the origin of life, are more common than
previously thought.
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