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Due to the universality of chemical physics, planetary processes capable of
supporting chemical evolution on the early Earth will also be found (in
analogous hydrological cycles) on any terrestrial planetary body. For just as
the biochemistry of contemporary organisms can be viewed as a ‘fossil’ record
of biogenesis, so the geochemical physics of the contemporary earth as an
indicator of the self-organizing dynamic processes underlying prebiotic
chemistry on any Earth-like planet {Lerman 2010).

These insights flow from a more complete understanding of water at the scale
and perspective of its chemical physics in locally non-equilibrium geologically
realistic environments. The application of a mechanical disturbance results in
the Rayleigh-Taylor instability, which in turn is driven by surface free energy
considerations to be meta-stabilized by polar organic surfactants. This
combination at the micro-level leads directly to the creation of a complex
planetary-scale hydrological cycle: a generalization of the terrestrial
bubble-aerosol-droplet cycle modulated by the geological boundary conditions
of the extraterrestrial body in question {(Lerman and Teng 2004).

The fluid interfaces determined by these phase boundaries are regions where
the chemistry takes quite different pathways than in the bulk homogeneous
environment. It has been experimentally determined that at such interfaces:

« Organics, metals, and phosphates are selectively concentrated and
stabilized on entropically-driven surfaces

« Experience cycles of relatively anhydrous and short-lived non-equilibrium
energetics capable of driving condensation reactions

* These geophysical/geochemical microenvironments allow for new classes of
reactions to occur under a broad range of likely prebiotic conditions.

Hydrologically-based ‘weather cycles’ on
terrestrial-like planets could have supported
much of the organic chemical self-organization
necessary for an independent origin of life.
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Hydrological Cycles on a Terrestrial Planetary Body

“The experimental evidence obtained in this work support
the hypothesis...developed by Lerman, in which the aerosol
droplet behaves as a microscopic chemical reactor that
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Application to Prebiotic Terrestrial Planetary Environments

The hypothesis of the fundamental role played by the Bubble-Aerosol-Droplet
Cycle offers the potential to overcome a number of stumbling blocks in the current
field of prebiotic chemistry (Lerman 2010. Lerman and Teng 2004). In particular it
addresses the problems of selectivity, concentration, and stabilization of organic
products in prebiotic chemistry. The Bubble-Aerosol-Droplet Cycle offers the
possibility of non-equilibrium heterogeneous chemical processes different from
conventional solution chemistry, as well as the possibility of coupling a supply of
mechanical free energy to chemical processes and reactant concentration
mechanisms. Especially important is the enabling of condensation reactions
through the creation of relatively non-agueous chemical environments within an
agueous medium.

Cycling of hydration-dehydration conditions is easily produced, and with a high
surface area to volume ratio for the reactant substrates. A wide range of initial
conditions of 'chemical phase space’ are sampled, and just as importantly, once
organics enter into the bubblesol cycle, they tend to remain within it. All of the
above processes are spatially localized and temporally coincident, with the
Bubble-Aerosol-Droplet Cycle providing a natural macroscopic framework for the
microscopic realization of the majority of specific chemical model environments
developed by others.

Sherwood Chang has called the sea-surface microlayer/bubble-aerosol supercycle
one of the two most important new ideas when considering the geoclogical setting
of potential prebiotic processes (the other being the underwater
microenvironments of blacksmoker communities). Overall it is a new
methodological approach whose strong phenomenological basis in contemporary
geophysics and geochemistry underlies its importance in the reconstruction of
chemical evolution.

offers a number of potential advantages for prebiotic
synthesis.” (Ruiz-Bermejo et al, 2007)

The Concentration of Organics, Phosphates, and Metals

“The only substances having positive enrichments of more than a few percent in
the atmosphere that can be clearly ascribed to chemical fractionation occurring
during sea salt particle production (i.e. through the bubble transport and bursting
process) are |, PO,~, probably some organic nitrogen, and organic carbon, and
possibly some heavy metals and K in biologically productive waters.” (Duce and
Hoffman, 1976)

The heavy metals enriched in these bubble generated processes include Fe, Zn,
Mn, Mg, Cu, Ni. The concentrations of these metals can be greater than 10*
compared with those in the bulk solution. Phosphates which are often the limiting
factor in ecosystems can be enriched 1000-fold. Bubbles can scavenge out of
solution selected organic materials of less than 10° molar concentration. Organic
enhancements can be up to a factor of 10*. (See figures at left.)

Unique Non-Equilibrium Chemical Energetics

On an early terrestrial-like planet there will be great ranges of acoustic cavitation
energies: ranging from ocean waves to near-surface geophysically active regions
{submarine volcanoes) to meteoritic impacts on an ocean or sea; and of course
accompanying all will be the ubiquitous bubble. Acoustic cavitation creates
regimes of nonequiliorium energetics quite unlike any other in the prebiotic
environment.

The rapid contraction of bubbles is associated with adiabatic compression of the
internal gas and, therefore, with local heating of the inner surface. This heat will
accelerate any chemical reactions at the surface. These sonochemical hot spots,
existing in otherwise cold regimes, can have shock temperatures of 5000 K,
kilobar pressures, and heating and cooling rates of 10 billion °C/s (see figure).

“For a rough comparison, these are, respectively, the temperature of the sun, the
pressure at the bottom of the ocean, the lifetime of a lightning strike, and a million
times faster cooling than a red-hot iron rod plunged into water. Thus, cavitation
serves as a means of concentrating the diffuse energy of sound into a chemically
useful form.” (Suslick 1994)
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The unigue phase-space of sonochemical energetics. (Suslick 1989)

The Bubble-Aerosol-Droplet Cycle: A Global Weather Cycle of
Self-Organizing Organic Chemistry

ALL of this cycle results from a disturbed water surface (a Rayleigh-Taylor
instability) metastabilized by polar organic molecules (amphiphiles).

A Single Stage of this Cycle:

* Bubble formation,

» Adsorption of surface active materials,

* Bubble dissolution,

+ Non-equilibrium energetics of bubble bursting (leading to quenched
reactions at high P-T conditions)

+ Organic materials and selected metals, as well as clay particles are
preferentially adsorbed onto the surface of the bubble.

+ This stabilizes the bubble leading to a highly concentrated resultant
particulate, as the now organically 'dirty' bubble dissolves or bursts.

» A dissolving bubble yields an organic rich residue which can then nucleate
other bubble formation, or be adsorbed in turn by other bubbles.

» The bursting of bubbles injects into the atmosphere particulate matter also
rich in organics and minerals.

» These injected materials are then coupled to aerosol formation and the
subsequent nucleation of atmospheric condensation; leading to the
multi-phase chemistry and physics associated with rain and snow.

And for a given molecule all of the above is repeated billions to trillions of
times in the first billion years of the earth’s history. Throughout this supercycle
hydration-dehydration cycles exist, of unique importance to self-organizing
polymerization reactions. New classes or organic molecules are formed
which would otherwise not be made in bulk homogeneous media (whether
water or air). Additionally, these conditions promote the existence of
temporary membrane-like phase boundaries, which may well have played an
essential role in the transition from organic chemistry to biochemistry.

Since the essential chemical physics driving these
reactions exist solely at the surface (i.e. the
air-water interface), it does not matter if the water is
3 inches or 3 miles deep.
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Each arrow represents the principal mode of mass transfer between the
contemporary oceanic and atmospheric reservoirs and each node the principal
site of heterogeneous chemistry in its regime.

Organic Synthesis

Organic molecules of potential biochemical interest obtained in the
presence of an aqueous aerosol (se water droplet figure below) show
greater amounts and diversity than the material obtained using the same
conditions without aerosol. “The experimental evidence obtained in this
work support the hypothesis....developed by Lerman, in which the aerosol
droplet behaves as a microscopic chemical reactor that offers a number of
potential advantages for prebiotic synthesis.” (Ruiz-Bermejo et al, 2007, see
chemical yields figure below)
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In an experimental reproduction of a classic prebiotic synthesis experiment, but with the
addition of the air-water interface of aqueous aerosols.... the synthesis of purine bases
and other heterocycles and the formation of amino acids, hydroxy acids and dihydroxy
compounds is vastly enhanced in both yield and diversity. The energy source was spark
activation in an atmosphere of methane, nitrogen and hydrogen. (Ruiz Bermejo et al
2007)
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