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Creationism



The earth





An earthlike planet

• History of earth:
o <4.6 GA: proto-earth à coalescence of various sized

planetesimals
o 4.567 GA: Mars-sized object crashed into the earth à Ni-Fe core

+ moon from silicon-vapor atomsphere
o Severe meteor bombardment à energy sufficient to keep rocks

in a molten state
o 4.56 GA: segregation into different, density dependent layers

(core, mantel, atmosphere)
o Water and other volatiles bubbled upwards and heavier ones

sank.
o - 3.8GA: Late Havey Bombardment meteor impact; cooling

down, earth day 10 h: early atmosphere (CO2, H2S, H2O, CH4)
o Sky color: orange to brick red, oceans: muddy brown (gas, liquid 

water, minerals )



An earthlike planet

• Rare Earth Hypothesis:
microbial life à common in the universe
animal equivalents: systems with planetary environmental stability for
a certain time à are rare

• Many potentially habitable planets à only one
many possible chemical recipes

• What are the needs?



An earthlike planet

• Life as we know it:
Temperature and atmosphere, which allows liquid water 
to form on the surface à picture of modern earth

• Earth has changed greatly in the last 4.567 billion years:
half of its history complex life (animals, higher plants) was  
impossible



An earthlike planet



An earthlike planet –the atmosphere-



Element cycles control global temperature
e.g. C cycle (transfer between ocean, atmosphere and life)



Necessary life support systems

Coccolithophorids,
Planktonic plants

•Dominated by plants (photosynthesis)
•High energy carbon (reduced carbon)
•Uptake into other living organisms
•Oxidizing (energy will be free)
•Carbon buried without being consumed à cycle closes

Short 
term

•Different kinds of transformations (between rocks, 
oceans and atmopshere

•Duration: millions of years
•Plenetary thermostat: Controls temperature via 
greenhouse effect

•Subduction controlled process (CO2 houshold)

Long 
term



Necessary life support systems



Life – Complex chemical experiments

• Conditions and materials were correct (4 billion
years ago

• Interplay and concentrations of various
componenets

• Kinetic vs. Thermodynamic products



atmospheric gases reducing enough to permit the building block of life à
prebiotic molecules



What is life?



Definition of Life

• Physically:
• Every process that is going on in nature

increases entropy à Life an entropical
effect?

• Schrödinger:“Living matter evades the
decay to equilibrium“ and life is maintained
by extracting order from the environment
(negative entropy)

• Life: device by which large numbers of
molecules maintain themselves at fairly
high levels of order by continually sucking
orderliness from their environment



Definition of Life

• Life metabolizes: chemicals à energy to harvest
negative entropy and maintain internal order

• Life has complexity and organization: complex self-
assembled macromolecules

• Life reproduces: copy of itself, copy of the
mechnaism, copy of the replication apparatus

• Life develops: copy is made à life continues to
change (un-machinelike).

• Life evolves: possibility to adapt
• Life is autonomous: self-determination; can proceed

without constant input from other organisms. 



• Energy acquisition and energy dumping
• Self maintaining requires states of

nonequilibrium order
• Role of Energy: overcoming thermodynamics
• What is the simplest assemblage of atoms that

is alive?
• What is the simplest life form on earth? What

does it need to stay alive?

Definition of Life



Nonliving Building Block of Life

lipids

Carbonhydrates –
Building blocks for larger molecules

Nucleic acids –
genetic
information
Build up from
nucleotides

DNA/RNA
DNA double helix
RNA single
strand (DNA´s
slave) à
translates
information into
action

Proteins:
Building other larege molecules
Repairing other molecules
Transporting materials
Securing energy supply

Liquid phase water
(neither solid nor gas) –

the bath tube of life



The tree of life



requirements

• 3.4 -3.5 GA oldest fossiles based on sulfur (sulfur
bacteria

• Synthesis and accumulation of small organic
molecules (amino acids, nucleotides, phosphates)

• Joining of the small molecules into larger molecules
(proteins, nucleic acids)

• Aggregation of proteins and nucleic acids into
droplets with different chemical characteristics
compared to their enivronment (cell)

• Ability to replicate



How did it work?



Miller-Urey-Experiment

mean that the atmosphere was neces-
sarily composed of CO2 and CO. The
thermodynamic considerations discussed
above would still apply. The carbon
dioxide would dissolve in the ocean to
form bicarbonate, and CaCO3 would be
deposited, and the CO would be un-
stable, as is demonstrated above.
Many writers quote "authorities" in re-

gard to these questions without under-
standing what is fact and what is opinion.
The thermodynamic properties of C,
CO, CO2, CH4, N2, NH3, 02, H20, and
other similar substances are all well
known, and the equilibrium mixtures can
be calculated for any given composition
without question. The only point open
to argument is whether equilibrium was
approximated or whether a nonequi-
librium mixture was present. A mixture
of hydrogen and carbon monoxide or
hydrogen and carbon dioxide is very un-
stable at 250C, but does not explode or
react detectably in years. But would
such mixtures remain in an atmosphere
for millions of years subject to energetic
radiation in the higlh-atmosphere? We
believe the answer is "No." These mix-
tures would react even without such
radiation in geologic times. Hydrogen
and oxygen will remain together at low
temperatures for long times without de-
tectable reaction by ordinary methods.
The use of radioactive tracers shows
that a reaction is proceeding at ordinary
temperatures nonetheless.
The buffer systems of the ocean and

the calcium silicate-calcium carbonate
equilibrium were of sufficient capacity
to keep the partial pressure of the car-
bon dioxide in the atmosphere at a low
value; hence, the principal species of car-
bon in the atmosphere would have been
methane, even though the fraction of sur-
face carbon in the oxidation state of car-
bon dioxide was continuously increasing.
This would have been true until the pres-
sure of H2 fell below about 10-6 atm. It
is likely that shortly after this, signifi-
cant quantities of molecular oxygen
would have appeared in the atmosphere.

Equilibria of Nitrogen Compounds

The equilibrium concentrations of am-
monia can be discussed by considering
the reaction

1 3Nz +H2+16-NHs K,,= 7.6 x1022 2

Using PH2 = 1.5 x 10-3, we have PNH3/
PN2 = 0-04.
Ammonia is very soluble in water and

31 JULY 1959

Table 1. Present sources of energy aver-
aged over the earth.

Source Energy(cal cm7" yrl)

Total radiation from sun 260,000
Ultraviolet light
X<2500A 570
A < 2000A 85
X < 1500 A 3.5*

Electric discharges 4 t
Cosmic rays 0.0015
Radioactivity
(to 1.0 km depth) 0.8t

Volcanoes 0. 13§
* Includes the 1.9 cal cm-2 yr-1 from the Lyman
a at 1216 A (39). t Includes 0.9 cal cm yr-' from
lightning and about 3 cal cm-2 yr-1 due to corona
discharges from pointed objects (40). t The value,
4 x 109 years ago, was 2.8 cal cm-' yr-1 (41).
§ Calculated on the assumption of an emission of
lava of 1 km8 (Cp = 0.25 cal/g, P = 3.0 g/cm5)
per year at 1000C.

therefore would displace the above re-
action toward the right, giving

2N2 + 3H2+ H+ -> NH4+2 2
(NH4+)/PN21/1Pa2'1 = 8.0 x lO(H+)

which is valid for pH's less than 9. At
pH = 8 and PH2 = 1.5 x 10-3, we have

(NH4+) /PN21' = 47

which shows that most of the ammonia
would have been in the ocean instead of
in the atmosphere. The ammonia in the
ocean would have been largely decom-
posed when the pressure of hydrogen fell
below 10-5 atm, assuming that the pH of
the ocean was 8, its present value. A
higher -pH would have made the am-
monia less stable; the converse is true for
a lower pH.

All the oxides of nitrogen would have
been unstable and therefore rare. Hydro-
gen sulfide would have been present in
the atmosphere only as a trace constitu-
ent because it would have precipitated as
ferrous and other sulfides. Sulfur would
have been reduced to hydrogen sulfide
by the reaction

H2+S-H2S K=6x 104

It is evident that the calculations do
not have a quantitative validity because
of many uncertainties with respect to
temperature, the processes by which
equilibrium could be approached, the-
atmospheric level at which such proc-
esses would be effective, and the partial
pressure of hydrogen required to provide
the necessary rate of escape. In view of
these uncertainties, further calculations
are unprofitable at the present time.
However, we can conclude from this dis-

cussion that a reducing atmosphere con-
taining low partial pressures of hydrogen
and ammonia and a moderate pressure
of methane and nitrogen constitutes a
reasonable atmosphere for the primitive
earth. That this was the case is not
proved by our arguments, but we main-
tain that atmospheres containing large
quantities of carbon monoxide and car-
bon dioxide are not stable and cannot
account for the loss of hydrogen from
the earth.

Synthesis of Organic Compounds

At the present time the direct or indi-
rect source of free energy for all living
organisms is the sunlight utilized by pho-
tosynthetic organisms. But before the
evolution of photosynthesis other sources
of free energy must have been used. It is
of interest to consider the sources of such
free energy as well as the origin of the
appropriate chemical compounds con-
taining excess free energy which supplied
the energy for chemical evolution prior
to the existence of what should be called
living organisms, and before the evolu-
tion of photosynthesis.
Table 1 gives a summary of the sources

of energy in the terrestrial surface 're-
gions. It is evident that sunlight is the
principal source of energy, but only a
small fraction of this is in the wave-
lengths below 2000 A which can be ab-
sorbed by CH4, H20, NH3, C02, and
so on. If more complex molecules are
formed, the absorption can move to the
2500-A region or to longer wavelengths
where a substantial amount of energy is
available. With the appearance of por-
phyrins and other pigments, absorption
in the visible spectrum becomes possible.

Although it is probable, it is not cer-
tain that the large amount of energy
from ultraviolet light would have made
the principal contribution to the synthe-
sis of organic compounds. Most of the
photochemical reactions at these low
wavelengths would have taken place in
the upper atmosphere. The compounds
so formed would have absorbed at longer
wavelengths and therefore might have
been decomposed by this ultraviolet light
before reaching the oceans. The ques-
tion is whether the rate of decomposi-
tion in the atmosphere was greater or
less than the rate of transport to the
oceans.

Next in importance as a source of
energy are electric discharges, such as
lightning and corona discharges from
pointed objects, which occur closer to
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1295-A lines of xenon were used. The
1849-A line produced amines and amino
acids with a mixture of ethane, ammo-
nia, and water. The mechanism of this
synthesis was not determined. Terenin
(18) has also obtained amino acids by
the action of the xenon lines on methane,
ammonia, and water.
We can expect that a considerable

amount of ultraviolet light of wave-
lengths greater than 2000 A would be
absorbed in the oceans, even though
there would be considerable absorption
of this radiation by the small quantities
of organic compounds in the atmos-
phere. Only a few experiments have
been performed which simulate these
conditions.

In a most promising experiment,
Ellenbogen (19) used a suspension of
ferrous sulfide in aqueous ammonium
chloride through which methane was
bubbled. The action of ultraviolet light
from a mercury lamp gave small quan-
tities of a substance with peptide fre-
quencies in the infrared. Paper chroma-
tography of a hydrolyzate of this
substance gave a number of spots with
Ninhydrin, of which phenylalanine,
methionine, and valine were tentatively
identified.
Bahadur (20) has reported the syn-

thesis of serine, aspartic acid, asparagine,
and several other amino acids by the
action of sunlight on paraformaldehyde
solutions containing ferric chloride and
nitrate or ammonia. Pavlovskaya and
Passynsky (21) have also synthesized a
number of amino acids by the action of
ultraviolet light on a 2.5-percent solu-
tion of formaldehyde containing ammo-
nium chloride or nitrate. These high
concentrations of formaldehyde would
not have occurred on the primitive earth.
It would be interesting to see if similar
results could be obtained with 10-4M or
10-5M formaldehyde. This type of ex-
periment deserves further investigation.

Radioactivity and Cosmic Rays

Because of the small amount of energy
available, it is highly unlikely that high-
energy radiation could have been very
important in the synthesis of organic
compounds on the primitive earth. How-
ever, a good deal of work has been done
in which this type of energy has been
used, and some of it has been interpreted
as bearing on the problem of the origin
of life.

Dose and Rajewsky (22) produced

Table 2. Yields from sparking a mixture
of CH4, NHs, HO, and H2; 710 mg of
carbon was added as CH,.

Compound

Glycine
Glycolic acid
Sarcosine
Alanine
Lactic acid
N-Methylalanine
a-Amino-n-butyric acid
a-Aminoisobutyric acid
a-Hydroxybutyric acid

0-Alanine
Succinic acid
Aspartic acid
Glutamic acid
Iminodiacetic acid
Iminoacetic-propionic acid
Formic acid
Acetic acid
Propionic acid
Urea
N-Methyl urea

Yield
[moles (x 10')]

63.
56.
5.

34.
31.

1.
5.
0.1
5.

15.
4.
0.4
0.6
5.5
1.5

233.
15.
13.
2.0
1.5

amines and amino acids through the ac-
tion of x-rays on various mixtures of
CH4, C02, NH8, N2, H20, and H2. A
small yield of amino acids was obtained
through the action of 2 Mev electrons
on a mixture of CH4, NH3, and H20
(23).
The formation of formic acid and

formaldehyde from carbon dioxide and
water by 40 Mev helium ions was men-
tioned previously. These experiments
were extended by using aqueous formic
acid (24). The yield per ion pair was
only 6 x 10-4 for formaldehyde and 0.03
for oxalic acid. Higher yields of oxalic
acid were obtained from Ca(HCO3)2
and NH4HCO3 by Hasselstrom and
Henry (25). The helium ion irradiation
of aqueous acetic acid solutions gave
succinic and tricarbolic acid along with
some malonic, malic, and citric acids
(26).
The irradiation of 0.1- and 0.25-per-

cent aqueous ammonium acetate by 2
Mev electrons gave glycine and aspartic
acid (27). The yields were very small.
Massive doses of gamma rays on solid
ammonium carbonate yielded formic
acid and very small quantities of glycine
and possibly some alanine (28).

The. concentrations of carbon com-
pounds and the dose rates used in these
experiments are, in all probability, very
much larger than could be expected on
the primitive earth, and the products
and yields may depend markedly on

these factors, as well as on the effect of
radical scavengers such as HS- and
Fe2+. It is difficult to exclude highenergy
radiations entirely, but if one is to make
any interpretations from laboratory
work, the experiments should be per-
formed with much lower dose rates and
concentrations of carbon sources.

Thermal Energy

The older theories of the formation of
the earth involved a molten earth during
its formation and early stages. These
theories have been largely abandoned,
since the available evidence indicates
that the solar system was formed from
a cold cloud of cosmic dust. The mecha-
nisms for heating the earth are the
gravitational energy released during the
condensation of the dust to form the
earth and the energy released from the
decay of the radioactive elements. It is
not known whether the earth was molten
at any period during its formation, but
it is clear that the crust of the earth
would not have remained molten for any
length of time.

Studies on the concentration of some
elements in the crust of the earth indi-
cate that the temperature was less than
1500C during this lengthy fractionation,
and that it was probably close to present
terrestrial temperatures (29).
Fox (30) has maintained that organic

compounds were synthesized on the earth
by heat. When heated to 1500C, malic
acid and urea were converted to aspartic
acid and ureidosuccinic acid, and some

of the aspartic acid was decarboxylated
to a- and 0-alanine. The difficulty with
these experiments is the source of the
malic acid and urea on the primitive
earth-a question not discussed by Fox.
Fox has also synthesized peptides by the
well-known reaction (31) of heating
amino acids at 1500 to 1800C, and the
yield of peptides has been increased by
using an excess of aspartic or glutamic
acid (32). There is a difficulty connected
with heating amino acids and other or-

ganic compounds to high temperatures.
Geological conditions can heat amino
acids to temperatures above 10OCC over

long periods of time, but it is not likely
that this could occur over short periods.
Abelson (33) has shown that alanine,
one of the more stable amino acids, de-
carboxylates to methylamine and carbon
dioxide. The mean life of alanine is .1011
years at 250C but only 30 years at

1500C. Therefore, any extensive heating

31 JULY 1959
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ties of the comiipounds manometrically (5). In the
other, the material is applied to the paper along 8 cm
of the base line rather than as a spot and, after resolu-
tion, areas 8 x 5 cm containing the various compounds
are cut from the paper and rolled in shell vials. Ten
anesthetized houseflies are then introduced into each
vial, and the toxicity of the compounds is character-
ized by rate of knockdown and 24-hr mlortality.
The paper chromatographic method is useful in

studying the metabolism of phosphorus insecticides in
plants, mamimals, and insects. With it, for example,
we have been able to demonstrate the conversion of
parathion and its methyl analog to. the corresponding
phosphates by an enzyme system found in Periplaneta
americana (L.) (2). Further studies are in progress.
The method has also been of value in studying the
action of heat on purified parathion -and methyl para-
thion and in isolating the compounds formed and in
studying their biological properties (1).

References
1. METCALF, R. L., and MARCH, R. B. To be published.
2. . Ann. Entomol. Soc. Amer. (in press).
3. KRITCHEVSKY, T. H., and TISELIUS, A. Science, 114, 299

(1951).
4. HAXES, C. S., and ISHERWOOD, F. A. Nature, 164, 1107

(1949).
5. METCALF, R. L., and MARCH, R. B. J. Econ. Entomtiol., 42,

721 (1949).

Manuscript received September 15, 1952.

A Production of Amino Acids Under
Possible Primitive Earth Conditions

Stanley L. Miller1' 2
G. H. Jones Chemical Laboratory,
University of Chicago, Chicago, Illinois

The idea that the organic coiimpounds that serve as
the basis of life were formed when the earth had an
atmosphere of methane, ammonia, water, and hydro-
gen instead of carbon dioxide, nitrogen, oxygen, and
water was suggested by Oparin (1) and has been given
emphasis recently by Urey (2) and Bernal (3).

In order to test this hypothesis, an apparatus was
built to circulate CH,, NH3, H20, and H2 past an
electric discharge. The resulting miixture has been
tested for amino acids by paper chromiatography.
Electrical discharge was used to form free radicals
instead of ultraviolet light, because quartz absorbs
wavelengths short enough to cause photo-dissociation
of the gases. Electrical discharge may have played a
significant role in the formnation of compounds in the
primitive atnmosphere.
The apparatus used is shown in Fig. 1. Water is

boiled in the flask, mixes with the gases in the 5-1
flask, circulates past the electrodes, condenses and
empties back into the boiling flask. The U-tube pre-
vents circulation in the opposite direction. The acids

1 National Science Foundation Fellow, 1952-53.
2 Thanks are duie Harold C. Urey for many helpful sugges-

tions and guidance in the course of this investigation.

and amino acids forined in the discharge, not being
volatile, accuiimulate in the water phase. The circula-
tion of the gases is quite slow, but this seems to be
an asset, because production was less in a different
apparatus with an aspirator arrangement to promote
eirculatioln. The discharge, a snmall corona, was pro-
vided by an induction coil designed for detection of
leaks in vacuum apparatus.
The experiniental procedure was to seal off the open-

ing in the boiling flask after adding 200 ml of water,
evacuate the air, add 10 em pressure of Hz, 20 cm of
CH4, and 20 cm of NH3. The water in the flask was
boiled, and the discharge was run continuously for a
week.

5cm

Flu;. 1.

During the run the water in the flask becamne niotice-
ably pink after the first day, and by the end of the
week the solution was deep red and turbid. Most of
the turbidity was due to colloidal silica from the glass.
The red color is due to organic compounds adsorbed
on the silica. Also present are yellow organic com-
pounds, of which only a small fraction can be ex-
tracted with ether, and which form a continuous streak
tapering off at the bottom on a one-dimensional chro-
matograni run in butanol-acetic acid. These substances
are being investigated further.
At the end of the run the solution in the boiling

flask was removed and 1 ml of saturated HgCl2 was
added to preveint the growth of living organisms. The
ampholytes were separated from the rest of the con-
stituents by adding Ba(OH)2 and evaporating in
vacuo to remove amines, adding H2SO0 and evaporat-
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FIG. 2.

ing to remnove the acids, neutralizing with Ba(OH),
filtering and concentratitg in vacuo.

The aminio acids are not due to living organisms
because their growth would be prevented by the boil-
ing water durisigi the run, and by the HgCl2, Ba(OH)2,
H,SO4 during the analvsis.

In Fig. 2 is shown a paper chroinatogramii run in
n-butanol-acetie acid-water miiixture followed by water-
saturated phenol, and spraying with ninhydrin. Iden-
tification of an amiiino acid was imiade when the Rf value
(the ratio of the distance traveled by the amino acid
to the distance travelcd by the solvent front), the
shape, aand the color of the spot were the same on a
known, unknown, and mlixtuire of the known and uIn-
known; and when consistent results were obtained
with ehromatogramis using phenol and 77% ethanol.
On this basis glycine, a-alanine and 0-alanine are

identified. The identification of the aspartic acid and
a-amino-n-butyric acid is less certain because the spots
are quite weak. The spots mnaIked A and B are uniden-
tified as vet, but may be beta and gammna amiino acids.
These are the main amino acids present, and others
are undoubtedly presenit but in smnaller amounts. It is
estimated that the total yield of aminio acids was in
the milligrami range.

In this apparatus ani attemipt was made to dupli-
cate a plrimnitive atmosphere of the earth, and not to
obtaini the optimllumti conditions for the formation of
amino acids. Although in this case the total yield was
small for the energy exp,ended, it is poesible that, with
more efficient apparatus (such as mixing of the free
radicals in a flow svstemli. use of higher hvdroearbons
from natural gas or petroleum, carbon dioxide, etc.,
and optimum ratios of gases), this type of process
would be a way of commiiiiercially produfing amino
acids.
A imore complete analysis of the amlino acids and

other products of the discharge is now being per-
formed and will be reported in detail shortly.
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A Vacuum Microsublimation Apparatus

John R. Maher1
Chemistry Brancb, Sixth Army Area Medical Laboratory,
Fort Baker, California

The analytical biochemist is frequently confronted
with the task of isolating inicroquantities of sub-
stances in a chemiically pure state from small quan-
tities of tissues or biological fluids. Kofler (1) edited
a book covering the use of imicrosubliination, melting
point, eutecties, etc., in identifying microquantities of
organic material. The advantages of sublimiation over
other methods of purification have been discussed by
Hubaeher (2). Many types of vacuum sublimation
apparatus have been described (1-3). The equipmiient
described here is inexpensive and can be assembled
readily by any laboratorv worker with a modicum of
glassblowing skill.
To a thick-walled, round-bottom, Pyrex test tube,

30 x 200 mm, is attached a glass side arm about one
in. from the bottom. Using a suspension of very fine
emiiery in glycerin or finie -alve-grinding compound,
the open end of the test tube is ground against the
aluminum block of a Fisher-Johnis mnelting point ap-
paratus (Fisher Scientific Co., St. Louis, Mo.) until
it makes a vacuum-tight seal when dry. This is the
vaeuum hood. Microbeakers are prepared from flat-

'-The author is indebted to Robert Puckett, of this labora-
tor-, for technic3l assistance in preparing- this apparatus.
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Reaction pathway to educts

• biologically relevant compound: HCN
• reaction network requires: cyanamide, cyanoacetylene, 

phosphate and hydrogen sulfide



guanidinylation, we treated β-aminopropionitrile (34) with
cyanamide (2) and observed that it is converted into the
guaninylated derivative 35, but the reaction is relatively inefficient
with the result that 35 is generated in an admixture with residual
34 and cyanamide (2). Photoreduction of β-aminopropionitrile
(34) by hydrogen sulfide (12) smoothly furnishes
β-aminopropionaldehyde (36), and we thus expected the
corresponding reduction of the mixture of 34 and 35 to give a
mixture of 36 and its guanidinylated analogue. When we subjected
the mixture to immediate photoreduction, however, we observed
only the guanidinylated analogue (in its hemiaminal form (37))
and no 36. It appears that the reduction of 34 in the mixture does
occur, but that residual cyanamide (2) then reacts rapidly with 36

to give 37. If, however, there was a delay before the onset of
photoreduction, the amount of 2 would drop through dimerization
and hydrolysis, and 37 would be formed along with 36 from the
mixture of 34 and 35. Mechanistically, the extraordinarily efficient
reaction of β-aminopropionaldehyde (36) and cyanamide (2) to give
37 is thought to proceed via the rapid, reversible addition of 2 to the
carbonyl group of 36 followed by intramolecular guanidinylation.
We next subjected aldehyde 36 and hemiaminal 37 to our Kiliani–
Fischer-type homologation chemistry, and used the variant in which
reduction by hydrogen sulfide (12) follows a dark reaction of the
cyanohydrin with 12, simply because it is the most efficient. In the
first step of the homologation, the addition of hydrogen cyanide
(11) gives cyanohydrins 38 and 39 from 36 and 37, respectively.
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Figure 2 | Chemistry in a post-meteoritic-impact scenario. A series of post-impact environmental events are shown along with the chemistry (boxed)
proposed to occur as a consequence of these events. a, Dissolution of atmospherically produced hydrogen cyanide results in the conversion of vivianite (the
anoxic corrosion product of the meteoritic inclusion schreibersite) into mixed ferrocyanide salts and phosphate salts, with counter cations being provided
through neutralization and ion-exchange reactions with bedrock and other meteoritic oxides and salts. b, Partial evaporation results in the deposition of the
least-soluble salts over a wide area, and further evaporation deposits the most-soluble salts in smaller, lower-lying areas. c, After complete evaporation,
impact or geothermal heating results in thermal metamorphosis of the evaporite layer, and the generation of feedstock precursor salts (in bold). d, Rainfall
on higher ground (left) leads to rivulets or streams that flow downhill, sequentially leaching feedstocks from the thermally metamorphosed evaporite layer.
Solar irradiation drives photoredox chemistry in the streams. Convergent synthesis can result when streams with different reaction histories merge (right), as
illustrated here for the potential synthesis of arabinose aminooxazoline (5) at the confluence of two streams that contained glycolaldehyde (1), and leached
different feedstocks before merging.

ARTICLES NATURE CHEMISTRY DOI: 10.1038/NCHEM.2202

NATURE CHEMISTRY | VOL 7 | APRIL 2015 | www.nature.com/naturechemistry304



Educt formation

• HCN: high-temperature à carbonaceous meteors + atmospheric
nitrogen

• Phosphate: schreibersite ((Fe,Ni)3P) + surface water
• gaseous HCN dissolved in surface water; coordinated by ferrous ions

à ferrocyanide
• Group I salts of ferrocyanide + high temperatures à sodium or

potassium cyanide + iron carbide and carbon. 
• group II ferrocyanide salts: magnesium ferrocyanide à magnesium

nitride (Mg3N2), calcium ferrocyanide à calcium cyanamide
(CaNCN) à calcium carbide (CaC2) + nitrogen

• hydrolysis of calcium cyanamide à cyanamide à 2-aminooxazole 
• hydrolysis of calcium carbide à acetylene; oxidatively coupled with

hydrogen cyanide à cyanoacetylene
• Hydrolysis of magnesium nitride à ammonia + HCN à Strecker 

synthesis of α-aminonitriles from aldehydes
• sodium or potassium cyanide solution + metal sulfides à

hydrosulfide, the stoichiometric reductant (photochemistry)
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Figure 1 | Reaction network that leads to RNA, protein and lipid precursors. The degree to which the syntheses of ribonucleotides, amino acids and lipid
precursors are interconnected is apparent in this ‘big picture’. The network does not produce a plethora of other compounds, however, which suggests that
biology did not select all of its building blocks, but was simply presented with a specific set as a consequence of the (photo)chemistry of hydrogen cyanide
(11) and hydrogen sulfide (12), and that set turned out to work. To facilitate the description of the chemistry in the text, the picture is divided into four parts.
a, Reductive homologation of hydrogen cyanide (11) (bold green arrows) provides the C2 and C3 sugars—glycolaldehyde (1) and glyceraldehyde (4)—needed
for subsequent ribonucleotide assembly (bold blue arrows), but also leads to precursors of Gly, Ala, Ser and Thr. b, Reduction of dihydroxyacetone (17)
(the more stable isomer of glyceraldehyde (4)) gives two major products, acetone (18) and glycerol (19). Reductive homologation of acetone (18) leads to
precursors of Val and Leu, whereas phosphorylation of glycerol (19) leads to the lipid precursor glycerol-1-phosphate (21). c, Copper(I)-catalysed
cross-coupling of hydrogen cyanide (11) and acetylene (32) gives acrylonitrile (33), reductive homologation of which gives precursors of Pro and Arg.
d, Copper(II)-driven oxidative cross-coupling of hydrogen cyanide (11) and acetylene (32) gives cyanoacetylene (6), which serves as a precursor to Asn,
Asp, Gln and Glu. Pi, inorganic phosphate.
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Origin of life

• Oparin + Haldane: prebiotic soup or primeval broth that covered the
Earth; 

• Miller + Urey: simulated lightning on H2O, CH4, NH3 and H2 à
organic compounds (aldehydes + amino acids) + HCN 

• Strecker synthesis: amino acids through the hydrolysis of the
reaction products of HCN, ammonium chloride and aldehydes

• polymerization of HCN produced the nucleic acid bases adenine and
guanine

• further condensation and polymerization of organic precursor
requires concentration (evaporation of tidal pools, adsorption to
clays, concentration in ice through eutectic melts and giant oil slicks, 
temperature cycling)

• Chiral surfaces: seperation of enanotiomers

catalysis, such small modifications to the reaction pathway can be amplified to make
significant changes in selectivity. Attard, with an elegant series of cyclic voltammetry
experiments, displayed not only a difference between the behavior of D- and L-glucose
at the (R)-Pt{6 4 3} surface but also an equivalence between the behavior of D-glucose/
(R)-Pt{6 4 3} and L-glucose/(S)-Pt{6 4 3} [42]. Temperature-programmed desorption
(TPD) has been used to identify subtle differences in adsorption energy for
enantiomers at chiral surfaces. For example, Gellman and coworkers reported
enantiospecific behavior of (R)- and (S)-propylene oxide on Cu{6 4 3} [43]. However,
the adsorption of (R)- and (S)-butanol (the simplest chiral alcohols) produced TPD
data that were indistinguishable on Ag{6 4 3} [38].
STM studies of the adsorption of chiral molecules on chiral surfaces are surpris-

ingly sparse. Zhao and Perry showed that (R)-3-methylcyclohexanone forms ordered
structures onCu{6 4 3}with amolecular spacing consistent with the spacing of kinks
on the ideal Cu{6 4 3} surface [39]. Kuhnle et al. were able to probe, with atomic
resolution, the interaction of chiral molecules with kink sites in the case of cysteine
onAu{1 1 0} [44]. Although the surface is achiral, it displays both (S)- and (R)-kinks in
approximately equal numbers. Kuhnle et al. showed that dimers formed from (R)-
cysteine adopt different adsorption geometries at (S)-kinks from (S)-cysteine dimers,
demonstrating enantiospecific adsorption at these chiral centers. Furthermore,
dense, homochiral cysteine islands are found to preferentially grow from kink sites
of a specific chirality [44].

1.2.5
Chiral Etching

For an fcc crystal, the low-index faces (e.g., {1 1 1}, {1 0 0}, and {1 1 0}) are
thermodynamically the most stable, having the lowest surface free energies.

Figure 1.12 Schematic diagram showing the mirror equivalent
step–kink arrangements of the fcc {6 4 3}R and fcc{6 4 3}S surfaces
(Adapted with permission from Ref. [37]. Copyright 1996,
American Chemical Society.)

16j 1 Chirality at Metal Surfaces



Origin of Life

• The concepts:
• information first’ (or RNA world) versus a ‘metabolism first’ (or

autotrophic origins) 
• information-first: evolutionary transition occurred from peptide, 

nucleic acids to tetrose nucleic acids and to RNA 
• tetrose was derived from formaldehyde condensations and bases

were derived from HCN condensations
• essential building blocks of life were synthesized in space and

reached early Earth by comets. 
• à organic soup, but without the help of lightning



Vents
• Metabloism first: H2-dependent chemistry of transition-metal

sulphide catalysis in a hydrothermal-vent
• Chemical conversion similar to biochemical CO2 reduction

biochemistry of modern microorganisms à Wood–Ljungdahl acetyl-
coenzyme A (acetyl-CoA) pathway à plausible starting point for
biochemical evolution

• Evidence: acetyl-CoA, an energy-rich thioester, most central carbon
backbone in microbial metabolism

• Synthesis of acetate and CH4 from H2 and CO2 releases energy à
energy need not derived from lightning or conditions in space

• Reactions take place readily on the Earth
• thermodynamics of CH4 and acetate formation support synthesis of

more complicated biomolecules



Coacteyl-A pathway



Distribution of vents
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alkaline pH is an important property of vents that should 
be considered when contemplating the biochemical  
origins of life.

Mixing of warm, high-pH fluids with sea-water results 
in carbonate precipitation and the growth of chimneys 
that tower up to 60 metres above the surrounding sea-
floor. 14C radioisotopic dating indicates that hydrother-
mal activity has been ongoing for at least 30,000 years19, 
whereas recent uranium–thorium dating indicates that 
venting has been active for ~100,000 years23. A substan-
tial proportion of the exposed sea-floor that is on, and 
near to, slow- and ultra-slow spreading ridges consists 
of ultramafic rocks that are similar to those that host the 
LCHF24–26. These rocks are sites of an important set of 
geochemical reactions named serpentinization (BOX 2), 
and have been producing geological H2 for as long as 
there has been water on the Earth.

What grows at Lost City, and how?
Metagenomics and environmental sequencing of ribos-
omal RNA have shown that microbial communities 
in actively venting carbonate chimneys in the LCHF 
(FIG. 2c–e) are dominated by a novel phylotype of anaero-
bic methanogens from the Methanosarcinales order5,27,28. 
These methanogens can use several organic compounds, 
some of which have been implicated in anaerobic meth-
ane oxidation (AMO) in both hydrothermal sediments29,30 
and methane seeps31,32. In chimneys that have little or no 
active venting, the Lost City Methanosarcinales (LCMS) 
group is replaced by a single phylotype of the anaerobic 
methanotrophic clade ANME-1. A diverse bacterial 
assemblage populates the chimney exteriors, where sul-
phur-oxidizing and methane-oxidizing bacteria use the 
interface of oxygenated sea-water with H2- and CH4-rich  

hydrothermal fluid. Sulphate-reducing Firmicutes have 
also been identified; these organisms might serve as a 
link between the high-temperature, anaerobic chimney 
interiors and the sea-water-bathed chimney exteriors. 
Some of the relevant core metabolic reactions that 
underlie microbial growth at the LCHF are summarized 
in TABLE 1. The vent effluent is devoid of oxygen and 
harbours only anaerobes, although aerobes occur where 
there is contact with ocean water.

Where the LCHF carbonate chimneys are bathed 
in >80 C hydrothermal fluid, the LCMS group forms 
dense biofilms that are tens of micrometres thick and 
comprise ~100% of the archaeal community28. Recently, 
methyl-coenzyme M reductase (mcrA) gene sequences 
that correspond to both LCMS and ANME-1 have also 
been recovered from LCHF carbonate chimneys28. 
ANME-1 has been identified in numerous environ-
ments, including CH4 seeps in anoxic marine sediments, 
CH4 hydrates, carbonate reefs in the Black Sea and 
mud volcanoes31–35. Genomic evidence indicates that 
anaerobic, methane-oxidizing archaea harbour nearly 
all of the genes necessary for methanogenesis, including 
mcrA36,37, but it has been unclear whether LCMS and 
ANME-1 are sources or sinks of CH4 within the Lost 
City system.

In all marine environments in which AMO is known 
to occur, anaerobic, methanotrophic archaebacteria co-
occur with sulphate-reducing eubacteria, commonly in 
tightly coupled consortia32, although cells are not always 
in direct physical contact with each other29. However, 
a recent report has also linked AMO with denitrifica-
tion in a freshwater canal38. Incubation experiments 
show that the marine consortia represent a syntrophic 
metabolic relationship between CH4-oxidizing archaea 

Figure 1 | Global distribution of known hydrothermal vents. Temperature and chemical anomalies hint that many 
more sites exist throughout the world’s oceans. Data courtesy of D. Fornari and T. Shank, Woods Hole Oceanographic 
Institute, Massachusetts, USA.
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Black smokers
• directly above magma chambers (1–3 kilometres beneath the sea-

floor)
• emit hot (up to 405°C) chemically modified sea-water
• sea-water comes into close contact with the magma chamber
• Water moves through the crust to reemerge at the vents
• acidic (pH 2–3) effluent and rich in dissolved transition metals (Fe(II) 

and Mn(II))
• fueled by volcanoes, fluids contain high concentrations of magmatic

CO2 (4–215 mmol per kg), H2S (3–110 mmol per kg) and dissolved
H2 (0.1–50 mmol per kg), with varying amounts of CH4 (0.05–4.5 
mmol per kg) 



• Temperature gradient from the hot interior to the cold (2°C), 
oxygenated sea-water

• dissolved gases and metals in black smokers fuel the microbial
communities à base of the food chain in these ecosystems

• some of the archaea can replicate at temperatures up to 121°C, 
(upper limit of temperature to form life) 

• Example of fossilized black smokers: 3,235-million-year-old sulphide
deposits in Western Australia that contained filamentous microfossils

Black smokers



Other vents

• Lost city hydrothermal fields à Several kilometers away from
vulcanic origin

• effluent circulated through the crust (~200°C) à no contact to
magma chamber

• Fluid circulation: convection that dissipates heat from the underlying
mantle rocks + exothermic chemical reactions between the
circulating fluids and host rocks

• rocks have different compositions compared to black smokers
(dominated by the magnesium- and iron-rich mineral olivine). 

• highly alkaline (pH 9–11) effluent and high concentrations of
dissolved H2, CH4 and other low-molecular-mass hydrocarbons, but 
almost no dissolved CO2

• Carbonate precipitation à growth of chimneys (60 metres) 
• alkaline pH is important for the origins of life. 



Lost City Hydrothermal fieldIn format provided by Martin et al. (NOVEMBER 2008)
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What grows at Lost City?

• anaerobic methanogens from the Lost City Methanosarcinales (LCM) 
order

• methanogens use several organic compounds, for anaerobic methane
oxidation (AMO) 

• LCM possess nearly all of the genes necessary for methanogenesis, 
• little or no active venting: phylotype of the anaerobic methanotrophic

clade AnME-1. 
• T>80°C: LCMs group à dense biofilms (>10 µm thickness) 
• chimney exteriors: sulphur-oxidizing + methane-oxidizing bacteria

(oxygenated sea-water) Interface: sulphate-reducing Firmicutes
• Effluent: no oxygen à only anaerobes; contact to sea water: aerobes
• LCMs and AnME-1 can be sources or sinks of CH4 



• sulphate-reducing eubacteria cooccur in tightly coupled consortia
• Consortia: syntrophic metabolic relationship
• Thermodynamically: AMO is not energetically feasible unless

sulphate-reducing bacteria are present to use H2 that is generated
from the anaerobic oxidation of CH4 

• AMO has been shown to occur at cold, sediment-hosted
environments that are supported by CH4 hydrates, CH4 seeps

• CH4 and associated short hydrocarbons in the effluent of LCHF are
not formed by biological activity, but instead are of geochemical
origin

• LCMs and AnME-1 can oxidize CH4 at LCHF in the presence of
abundant environmental H2 

• methyl sulphide was inhibitory à important role methyl sulphide

What grows at Lost City?



Table 1 | Anaerobic and aerobic microbial metabolic reactions and potential energy yields in hydrothermal vent environments

Metabolism Reaction G0  (kJ 
per mole)*

Examples in vent environments

Anaerobic 

Methanogenesis 4 H
2
 + CO

2
  CH

4
 + 2 H

2
O  

CH
3
CO

2
– + H

2
O CH

4
 + H CO

3
–  

4 HCOO– + H+ 3 HCO
3

– + CH
4

–131  
–36  
–106

Methanococcus spp. common in magma-hosted vents; 
Methanosarcinales at Lost City

S° reduction S° + H
2
 H

2
S –45 Lithotrophic and heterotrophic; hyperthermophilic 

archaea

Anaerobic CH
4 

oxidation
CH

4
 + SO

4
2–  HS– + HCO

3
– + H

2
O –21 Methanosarcina spp. and epsilonproteobacteria at mud 

volcanoes and methane seeps

Sulfate reduction SO
4

2– + H+ + 4 H
2
 HS– + 4 H

2
0 –170 Deltaproteobacteria

Fe reduction 8 Fe3+ + CH
3
CO

2
– + 4 H

2
O 2 HCO

3
– + 8 Fe2+ + 

9 H+

Not 
calculated‡

Epsilonproteobacteria, thermophilic bacteria and 
hyperthermophilic Crenarchaeota

Fermentation C
6
H

12
O

6
 2 C

2
H

6
O + 2 CO

2
–300 Many genera of bacteria and archaea

Aerobic

Sulfide 
oxidation§

HS– + 2 O
2
 SO

4
2– + H+ –750 Many genera of bacteria; common vent animal symbionts

CH
4
 oxidation CH

4
 + 2 O

2
 HCO

3
– + H+ + H

2
O –750 Common in hydrothermal systems; vent animal 

symbionts

H
2
 oxidation H

2
 + 0.5 O

2
 H

2
O –230 Common in hydrothermal systems; vent animal 

symbionts

Fe oxidation Fe2+ + 0.5 O
2
 + H+ Fe3+ + 0.5 H

2
0 –65 Common in low-temperature vent fluids; rock-hosted 

microbial mats

Mn oxidation Mn2+ + 0.5 O
2
 + H

2
O MnO

2
 + 2 H+ –50 Common in low-temperature vent fluids; rock-hosted 

microbial mats; hydrothermal plumes

Respiration C
6
H

12
O

6
 + 6 O

2
 6 CO

2
 + 6 H

2
O –2,870 Many genera of bacteria

*From REFS 73,103 and W.J. Brazelton (personal communication). ‡Some hyperthermophiles from the Archaea and Bacteria domains can couple the reduction of Fe with 
the oxidation of H

2 
(REFS 104,105). §Some epsilonproteobacteria from subsea-floor hydrothermal vents, including newly erupted vents, can oxidize H

2
S to S° (REF. 106).

Chemiosmotic coupling
The coupling of endergonic and 
exergonic reactions through a 
proton motive force. 
Chemiosmotic coupling results 
in the conservation of chemical 
energy. In its most familiar 
form, chemiosmotic coupling 
entails the pumping of protons 
from the inside of the cell to 
the outside of the cell as 
electrons are passed from a 
donor to an acceptor through 
an electron transport chain in 
the prokaryotic plasma 
membrane. This generates a 
pH and electrical-potential 
gradient across the plasma 
membrane known as  
the proton motive force. The 
proton motif force represents 
electrochemical energy that 
can be harnessed in various 
ways, but the best-known of 
these involves ATPases, also 
called coupling factors, which 
synthesize ATP from ADP and 
inorganic phosphate as 
protons pass through them to 
re-enter the cytoplasm.

provides a source of carbon, but is  also the source of 
ATP. During the reduction of CO2 with electrons from 
H2, acetogens and methanogens use the acetyl-CoA 
pathway to generate an ion gradient that can be har-
nessed by chemiosmotic coupling53–55. Using CO for either 
methanogenesis or acetogenesis instead of H2 and CO2 
provides more energy56, and thus might be of interest in 
the context of the origins of life.

Such considerations bring C1 metabolism into focus 
and have drawn attention to the thermodynamic equi-
libria of carbon species that result from the H2–CO2 
couple at hydrothermal vents (FIG. 3). In the hot (>350°C) 
conditions of black smokers, carbon that is in equilibrium 
with water, even in the presence of significant levels of H2, 
usually occurs as CO2. As temperatures decrease to 150°C 
or lower, as at the LCHF, reduced-carbon species are 
favoured57,58. McCollom and Seewald59,60 investigated the 
equilibria that are present between H2, CO2 and reduced 
C1 species in conditions that mimicked serpentinization-
driven reactions in off-axis vents. They found that, perhaps 
surprisingly, there are no substantial kinetic barriers in the 
reduction of CO2 to formate (and CO), formaldehyde and 
methanol (the reactions proceed quickly), but that kinetic 
barriers in the reduction to CH4 were appreciable60. In 
particular, the reaction HCO3

– + H2 HCOO– + H2O 
was found to be “rapid on geologic timescales at temperatures 
as low as 100°C.” (REF. 59)

If these experimental conditions approximate Lost City 
conditions in the subsurface, which seems likely, CH4-rich 
Lost City effluents should contain reduced carbon species 
in addition to CH4. Indeed, the Lost City fluids contain 
dissolved organic carbon at 95 M, which is more than 
twice the concentration of local background (non-vent) 
water, and both formate and acetate are present in signifi-
cantly higher concentrations than in deep sea-water61,62. 
The presence of acetate and formate (in addition to CH4) 
fits well with the hypothesis that the types of chemical 
reactions which are catalysed by minerals in the mantle at 
Lost City are inorganic analogues, and even the possible 
evolutionary precursors, of the energy-releasing reactions 
that predated microbial metabolism63. If life started from 
CO2, and life began in hydrothermal vents, then a better 
understanding of the reduction of CO2 to CH4, formate 
and acetate during serpentinization, and a better under-
standing of the catalysts and the chemical intermediates 
in that process, might allow new insights into the initial 
reactions that provided reduced carbon for life. Simple 
chemical compounds that could focus some of our cur-
rent thinking on primordial biochemistry in the context of 
hydrothermal origins include transition metals and transi-
tion metal sulphides64,65, methyl sulphide63,66, thioesters67, 
CO68, acetyl phosphate69 and carbonyl sulphide70, as well 
as carbamyl phosphate, carboxy phosphate and formyl 
phosphate63. Theoretically, it would seem that CO and 
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Stable isotope study
The use or analysis of stable 
isotopes, such as 2H, 13C or 15N, 
that do not undergo radioactive 
decay. Isotope discrimination 
properties of an enzymatically 
catalysed process can produce 
characteristic isotope ratios, 
for example13C or 12C, that 
differ from those generated by 
various non-enzymatic 
processes. This provides 
insights into the partitioning of 
elements during microbial 
metabolism, and in 
geochemistry, can provide 
insights into the biological and 
geological source of substances 
such as CH4.

and sulphate-reducing bacteria39–42. AMO is not ener-
getically feasible unless sulphate-reducing bacteria or 
some other metabolic group of bacteria or archaea are 
present to use H2 that is generated from the anaerobic 
oxidation of CH4.

Almost all marine sites where AMO has been shown 
to occur are cold, sediment-hosted environments that 
are supported by CH4 hydrates, CH4 seeps or mud 
volcanoes. The only two exceptions are the Guaymas 
Basin, where warm sediments overlie a hydrothermal 
system and AMO can occur at temperatures as high as 
85 C30,43,44, and the LCHF, where biofilms that are com-
posed of organisms related to the ANME-3 group are 
in direct contact with serpentinization-derived CH4 at 
temperatures in excess of 90 C5,28. The results from ear-
lier phylogenetic and natural stable isotope studies5,27,28,45  

were unable to determine whether actively venting 
carbonate chimneys at Lost City are sites of methano-
genesis or AMO. Newer data, however, indicate that 
CH4 and associated short hydrocarbons in the efflu-
ent of LCHF are not formed by biological activity, 
but instead are of geochemical origin22. This, in turn, 
suggests that LCMS and ANME-1 are probably oxidiz-
ing CH4 at LCHF, and that they are doing so in the 
presence of abundant environmental H2. This interpre-
tation would be consistent with the recent intriguing 
results of Moran et al.46, who showed that high partial 
pressures of H2 did not significantly inhibit AMO in 
active sediments, but that methyl sulphide was inhibi-
tory, which indicated an important role for methyl 
sulphide and only a peripheral role, if any, for H2 in 
AMO in this sediment system.

Figure 2 | Hydrothermal vents. There are two main types of hydrothermal vent: the black smoker type (a,b) and the Lost 
City type (c–e). a | A black smoker in the Faulty Towers complex in the Mothra hydrothermal field on the Endeavour Segment 
of the Juan de Fuca Ridge. The tallest chimney rises 22 metres above the sea-floor. The ‘furry’ appearance of the chimneys 
reflects the fact that the chimney walls are encrusted in dense communities of tube worms, scale worms, palm worms, 
sulphide worms and limpets. The two-pronged chimney in the middle with an active plume is a 300°C chimney called Finn, 
from which a 121°C organism was cultured that uses Fe(III) as an electron acceptor in the presence of N

2
 and CO

2 
(REF. 15).  

b | The outer surface of black smoker chimneys is bathed in a mixture of 2°C, oxygenated sea-water and warm vent fluid that 
escapes from within the structure. The inner walls that form the boundary of the central up-flow conduits commonly 
exceed 300°C, and temperatures are fixed by a steady supply of rapidly rising, strongly reducing vent fluid. Intermediate 
conditions exist as gradients between these extremes. Changes in microbial abundance, diversity and community structure 
have been associated with inferred environmental gradients in the chimney walls99,100. c | Microbial sampling at the Lost City 
hydrothermal field. The robotic vehicle Hercules is shown hovering near the summit of the 60-metres-tall Poseidon 
complex. White areas are active or recently active sites of venting. d | The top left part of the Nature Tower. Wreck-fish, 
which are ~1 metre in length and are commonly found at a water depth of 750 metres, routinely investigated the vehicles. 
The Poseidon complex has four pinnacles, two of which are shown here. Actively venting edifices are composed of 
aragonite (CaCO

3
) and brucite (Mg(OH)

2
). The grey–brown material also contains carbonate, but is richer in calcite that has 

recrystallized from aragonite. e | A close up of a 75°C, diffusely venting carbonate chimney showing a titanium water 
sampler. Dense colonies of filamentous bacteria thrive in the high pH,  CH

4
- and H

2
-rich fluids. The insides of the chimneys 

are dominated by a single phylotype of archaea from the Methanosarcinales order that grow at 80°C. A phylotype of 
anaerobic methanotrophic archaea are restricted to lower-temperature chimneys. Bacterial 16S ribosomal RNA gene 
sequences correspond to a diverse community that includes species of Methylobacter (or Methylomonas), species of 
Thiomicrospira, members of the Firmicutes phylum and Desulfotomaculum alkaliphilus28. Parts a,b courtesy of D. Kelley and 
J. Deloney, University of Washington, USA. Images c–e courtesy of D. Kelley, Institute for Exploration, University of Rhode 
Island, USA, and the National Ocean and Atmospheric Administration Office of Ocean Exploration.
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CH4 and H2 as energy source

• mM concentrations of CH4 in the Lost City effluent do not originate
from marine CO2 

• Originate from leached inorganic carbon in the mantle
• H2 from serpentinization is the reductant for CH4 synthesis
• the overall reaction that produces CH4 in the subsea-floor

hydrothermal system is the same as that used by methanogens to
fuel carbon and energy metabolism

• all living systems exhibit a main chemical reaction at the core of
energy metabolism — the chemical reaction that cells use to synthe-
size ATP 



Autotrophic
• Life had autotrophic origins and started from CO2
• reduced carbon from CO2 and other simple C1 compounds, H2 as

main electron donor
• Central to the autotrophic origins hypothesis is the view that the

acetyl-coenzyme A (acetyl-CoA) pathway of CO2 fixation is the most
ancient among the 4 CO2-fixing pathways

• acetyl-CoA pathway provides a source of carbon and the source of
ATP

• During the reduction of CO2 with electrons from H2, acetogens and
methanogens use the acetyl-CoA pathway to generate an ion
gradient

• CO for methanogenesis or acetogenesis instead of CO2 provides
more energy

• C1 metabolism for origin of life



Autotrophic

• Black smokers (T>350°C): carbon that is in equilibrium with water, 
even in the presence of significant levels of H2 usually occurs as
CO2. 

• LCHF (T<150°C): reduced-carbon species are favoured
• no substantial kinetic barriers in the reduction of CO2 to formate

formaldehyde and methanol (the reactions proceed quickly), but 
that kinetic barriers in the reduction to CH4 were appreciable

• simple carbon and energy metabolism at an alkaline hydrothermal 
vent might have been capable of supporting the origin of microbial
life

• alkaline vents offer a possible solution even for this mechanism, 
because they provide a geochemically generated electrochemical
gradient of protons at the vent–ocean interface àchemiosmotic
coupling to synthesis ATP



Serpentization

Clues from Lost City effluent CH4
The millimolar concentrations of abiogenic CH4 present 
in the Lost City effluent do not seem to originate from 
marine CO2 in down-draft waters, but instead seem to 
originate from CO2 that has leached from an inorganic 
carbon source in the mantle22. Provided that H2 from 
serpentinization is the reductant for CH4 synthesis at 
LCHF, the overall reaction that produces CH4 in the 
subsea-floor hydrothermal system is the same as that 
used by methanogens to fuel carbon and energy metabo-
lism (TABLE 1). This thought-provoking finding raises an 
important question: is the geochemical synthesis of CH4 
at Lost City a model for the simple types of core chemical 
reactions from which biological CH4 production arose?

Keeping in mind that the answer might be no, the 
idea is worth pursuing. It should be noted that propo-
nents of the idea that life started from prebiotic soup 
(BOX 1) would certainly disagree with this view47, but 
we will not argue their case here. Hypotheses about 
the origin-of-life chemistry have long been couched in 
terms of chemical equilibria48. However, life is far from 
an equilibrium process. In all living systems, there is a 

main chemical reaction at the core of energy metabo-
lism — the chemical reaction that cells use to synthe-
size their ATP — and a few examples of core chemical 
reactions that generate ATP in the bacteria and archaea 
that inhabit the Lost City are listed in TABLE 1.

Hydrothermal vents have breathed fresh life into a 
century-old concept regarding the origin of life. This 
concept is known today as autotrophic origins and posits 
that life started from CO2, that the first organisms were 
autotrophs and that these autotrophs obtained their 
reduced carbon from CO2 and other simple C1 com-
pounds, using H2 as the main electron donor3. Central 
to some versions of the autotrophic origins hypothesis is 
the view that the acetyl-coenzyme A (acetyl-CoA) path-
way of CO2 fixation is the most ancient among modern 
CO2-fixing pathways49,50 and that the biochemistry of 
this pathway might parallel a simpler abiotic chemistry 
at the origin of metabolism. The acetyl-CoA pathway 
that is found in modern acetogens and methanogens is 
particularly relevant to this hypothesis. This is because, 
in contrast to the other four pathways of CO2-fixation 
that are known51,52, the acetyl-CoA pathway not only 

Box 2 | Serpentinization: the source of H2 and CH4 at Lost City

Hydrothermal vents, and Lost City in particular, have sparked interest in a geochemical process known as 
serpentinization90. At off-axis vents, sea-water invades the warm (100°C) to hot (400°C) oceanic crust through cracks and 
crevasses where the chemical reactions of serpentinization take place. The relevant sea-water constituents for the 
serpentinization reaction are H

2
O and CO

2
 (dissolved as HCO

3
–). The relevant crustal constituents are Fe2+-containing 

rocks91. At Lost City, this rock consists mainly of the mineral olivine (~Mg
1.6

Fe
0.4

SiO
4
). Seismic data indicate that the fluids 

beneath Lost City percolate to depths of 500 metres (or deeper) beneath the sea-floor at moderately high temperatures 
(150–200°C) The crust beneath Lost City is 1–2 million years old based on magnetic anomaly information, and it is likely 
that the rocks which are ~500 metres to 1 kilometre beneath the sea-floor reach temperatures of ~300°C. Under these 
conditions, Fe2+ in the rocks reduces H

2
O to produce Fe3+, H

2
 and hydrocarbons according roughly to Equation 1.
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Unaltered and hydrothermally altered mantle rocks contain various carbon compounds, including graphite, CH
4
 and CO

2
. 

Work by Proskurowski et al.22 indicates that beneath Lost City, hydrocarbons can be generated according to Equation 2.
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The resulting minerals are magnetite (Fe
3
O

4
), which contains Fe3+ as a product of Fe2+ oxidation, brucite (Mg(OH)

2
) and a 

hydroxylated magnesium–iron silicate called serpentine (Mg
2.85

Fe
0.15

Si
2
O

5
(OH)

4
), after which the process is named.

Serpentinization has probably been ongoing since there were oceans on the Earth92. One cubic metre of olivine can 
deliver approximately 500 moles of H

2
 during serpentinization93. Most of the Earth’s oceanic crust consists of olivine (or 

pyroxene, which can also participate in serpentinization reactions), and the total volume of the Earth’s ocean is estimated 
to circulate through hydrothermal vents every ~100,000 years93. Thus, the vast amounts of Fe2+, the Earth’s electron 
reservoir for H

2
 production via serpentinization, in the mantle is nowhere near exhaustion92. Serpentinization delivers, and 

has always delivered, a substantial amount of H
2
 as a source of electrons for primary production in submarine ecosystems. 

At the Lost City hydrothermal field (LCHF), serpentinization produces H
2
 that can reduce CO

2
 to CH

4
 geochemically22. The 

same geochemical process might have given rise to the energy-releasing chemical reactions at the core of carbon and 
energy metabolism in methanogens and acetogens, reactions that were eventually augmented by cofactors and 
enzymes63.

Serpentinization occurs both beneath the hot and acidic (pH 2–3) black smokers and within the cooler and alkaline  
(pH 9–11) off-axis vent systems, such as Lost City12. Therefore, although both types of vent would have offered a pH 
gradient that was similar to the Hadean ocean (see the main text), the lower temperatures found at off-ridge vents would 
provide more favourable conditions for sustained abiotic synthesis and accumulation of reduced carbon compounds58. 
The chimneys at the LCHF are mainly composed of carbonates, rather than of iron monosulphide (FeS) minerals, which 
because of their catalytic properties play a central part in our thinking about biochemical origins63–65. However, the 
Hadean ocean was replete with Fe(II), and therefore FeS chimneys would have been abundant at that time. Thus, although 
the chemistry of the serpentinization process in the Hadean was perhaps not much different than that observed today, the  
specific geochemical conditions at the vent–ocean interface in the Hadean would have differed markedly from those 
observed in today’s oxic oceans64.
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• ultramafic rocks
• produce geological H2
• Sea-water penetrates crust (500m-1000m, 100°C-400°C) through cracks

à place for serpentinization
• Reactants for serpentinization: CO2 + H2O, olvine (Mg1.6Fe0.4SiO4)
• At ca. 300°C Fe2+ reduces H2O

• 1m3 olivine porduces 500 mol H2
• Oceans volume circulate through hydrothermal vents ever 100000 years
• Fe2+ earth electron reservoir for H2 production
• Energy releasing reactions
• Serpentenization: Acidic and alkaline conditions

Clues from Lost City effluent CH4
The millimolar concentrations of abiogenic CH4 present 
in the Lost City effluent do not seem to originate from 
marine CO2 in down-draft waters, but instead seem to 
originate from CO2 that has leached from an inorganic 
carbon source in the mantle22. Provided that H2 from 
serpentinization is the reductant for CH4 synthesis at 
LCHF, the overall reaction that produces CH4 in the 
subsea-floor hydrothermal system is the same as that 
used by methanogens to fuel carbon and energy metabo-
lism (TABLE 1). This thought-provoking finding raises an 
important question: is the geochemical synthesis of CH4 
at Lost City a model for the simple types of core chemical 
reactions from which biological CH4 production arose?

Keeping in mind that the answer might be no, the 
idea is worth pursuing. It should be noted that propo-
nents of the idea that life started from prebiotic soup 
(BOX 1) would certainly disagree with this view47, but 
we will not argue their case here. Hypotheses about 
the origin-of-life chemistry have long been couched in 
terms of chemical equilibria48. However, life is far from 
an equilibrium process. In all living systems, there is a 

main chemical reaction at the core of energy metabo-
lism — the chemical reaction that cells use to synthe-
size their ATP — and a few examples of core chemical 
reactions that generate ATP in the bacteria and archaea 
that inhabit the Lost City are listed in TABLE 1.

Hydrothermal vents have breathed fresh life into a 
century-old concept regarding the origin of life. This 
concept is known today as autotrophic origins and posits 
that life started from CO2, that the first organisms were 
autotrophs and that these autotrophs obtained their 
reduced carbon from CO2 and other simple C1 com-
pounds, using H2 as the main electron donor3. Central 
to some versions of the autotrophic origins hypothesis is 
the view that the acetyl-coenzyme A (acetyl-CoA) path-
way of CO2 fixation is the most ancient among modern 
CO2-fixing pathways49,50 and that the biochemistry of 
this pathway might parallel a simpler abiotic chemistry 
at the origin of metabolism. The acetyl-CoA pathway 
that is found in modern acetogens and methanogens is 
particularly relevant to this hypothesis. This is because, 
in contrast to the other four pathways of CO2-fixation 
that are known51,52, the acetyl-CoA pathway not only 
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Serpentinization has probably been ongoing since there were oceans on the Earth92. One cubic metre of olivine can 
deliver approximately 500 moles of H
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 during serpentinization93. Most of the Earth’s oceanic crust consists of olivine (or 

pyroxene, which can also participate in serpentinization reactions), and the total volume of the Earth’s ocean is estimated 
to circulate through hydrothermal vents every ~100,000 years93. Thus, the vast amounts of Fe2+, the Earth’s electron 
reservoir for H
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 production via serpentinization, in the mantle is nowhere near exhaustion92. Serpentinization delivers, and 

has always delivered, a substantial amount of H
2
 as a source of electrons for primary production in submarine ecosystems. 

At the Lost City hydrothermal field (LCHF), serpentinization produces H
2
 that can reduce CO

2
 to CH

4
 geochemically22. The 

same geochemical process might have given rise to the energy-releasing chemical reactions at the core of carbon and 
energy metabolism in methanogens and acetogens, reactions that were eventually augmented by cofactors and 
enzymes63.

Serpentinization occurs both beneath the hot and acidic (pH 2–3) black smokers and within the cooler and alkaline  
(pH 9–11) off-axis vent systems, such as Lost City12. Therefore, although both types of vent would have offered a pH 
gradient that was similar to the Hadean ocean (see the main text), the lower temperatures found at off-ridge vents would 
provide more favourable conditions for sustained abiotic synthesis and accumulation of reduced carbon compounds58. 
The chimneys at the LCHF are mainly composed of carbonates, rather than of iron monosulphide (FeS) minerals, which 
because of their catalytic properties play a central part in our thinking about biochemical origins63–65. However, the 
Hadean ocean was replete with Fe(II), and therefore FeS chimneys would have been abundant at that time. Thus, although 
the chemistry of the serpentinization process in the Hadean was perhaps not much different than that observed today, the  
specific geochemical conditions at the vent–ocean interface in the Hadean would have differed markedly from those 
observed in today’s oxic oceans64.
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Serpentinzation

• 1 m3 of peridotite composed of 70% olivine (10% Fe), (density of
4.4 g/cm3)

• 755 mol of fayalite (the iron end-member of olivine) would have
been consumed

• 3 mol of fayalite produce 2 mol of H2 
• 3Fe2SiO4 2H2O à 2Fe3O4 3SiO2 2H2
• à 500 mol H2 are formed. 
• Transformation duration: 150 million years à hydrogen production

of 8.6 nmol/day/m3 of rock. 
• Hydrogen: electron donor and energy source
• H2 flux delivers 15–345 J/day/m3 of rock (minimally)
• Lab: maintenance energy for anaerobic microorganisms is about

1,300 J/g of biomass (dry weight)/day at 15°C
• Nature: maintenance energy value of 1.3 J/g of biomass (dry 

weight)/day, 
• each cubic meter of rock could potentially support 12–265 g of

biomass (dry weight)



How did it continue

• 3.5 GA old fossils



• Archean à Proterozoic: photosynthesis à
oxygen occured

• Banded iron formations

How did it continue



Oxygen Atmosphere

» UV 
• UV: H2O + CO2 --> O2 +...
• Precambarian galciation: 0.1% ice was made of H2O2 à O2 + 

water (no ozone layer) before 2.4 GA ago
• First organism with oxygen „protection“... Evolve in a trial and error

approach
• Takes 100s of millions years before atmosphere became significantly

oxygenated
• 1.9 billion years à last common ancestor of all eukaryotes
• 200 million years of evolution to response to the intrinsically

poisonous oxygen



Boring billion

• Great oxygenation à first appearance of
common multicellular life (2.0-1.0 GA)

• Overabundance of single-celled sulfur-using
bacteria competing with the oxygen releasing
forms (sulfur-requiring microobes (green and
purble sulfur bacteria) photosynthesis does not 
split water



• Where new and/or more amino acids required?
• Did oxygen promote their formatin?
• If yes how?



• Thank you very much for your attention





• The discovery of hydrothermal vent systems profoundly
changed how we view the geological, geochemical and
ecological history of the Earth. undersea vents are abundant 
on the floor of the world’s oceans and are important sources
of many ele- ments and organic compounds that are
transferred into the hydrosphere.

• support life without input from photosynthesis
• harbour fascinating life with symbiotic relationships that

involve lithoautotrophic microorganisms that use chemical
energy to support metazoans. 

• geochemical processes of carbon reduction in hydrothermal 
systems represent the same kind of energy-releasing
chemistry that gave rise to the first biochemical pathways. 




