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ABSTRACT A diverse set of observations from Archaean fossil-bearing rocks, modern submarine
hydrothermal systems, experimental and theoretical work on the abiotic synthesis of organic
molecules and primitive organized structures, and on water-rock interactions suggests that
submarine hot springs were the site for the synthesis of organic compounds leading to the first
living organisms on earth. These systems are characterized by high fluxes of thermal energy,
highly reducing conditions, abundant and appropriate catalytic surface areas (Fe Mg clay
minerals), significant concentrations of CH,, NH;, H,, metals, etc., and a continuous
convective flow which removes products from the site of reaction upward through a mixing
gradient of temperature and composition. We hypothesize that the sequence of reactions CH,,
NH,, H, — amino acids — proteins — complex polymers — metabolizing organized structu-
res — living organisms could occur within and/or adjacent to these systems. Microorganisms
found in carefully preserved samples of sulfide chimneys from the East Pacific Rise may be
modern counterparts of Archaean fossil organisms. This hypothesis suggests a number of
critical observations to be made, both in laboratory experimental systems and on active
submarine systems.

Oceanol. Acta, 1981. Proceedings 26™ International Geological Congress, Geology of oceans
symposium, Paris, July 7-17, 1980, 59-69.

RESUME Une hypothése portant sur la relation entre les sources hydrothermales
sous-marines et l'origine de la vie sur terre.

Une série tres variée d'observations faites sur les roches fossiliféres d'age Archéen et sur les
sources hydrothermales sous-marines contemporaines, a I'occasion de travaux expérimentaux
et théoriques concernant la synthése abiotique de molécules organiques et structures
organisées primitives, et les réactions roches-eaux, indique que les sources hydrothermales
sous-marines ont pu étre les sites de la synthése de composés organiques qui donnérent
naissance aux premiers organismes vivants de la terre. Ces systémes sous-marins sont
caractérisés par de hauts flux d'énergie thermale, de conditions fortement réductrices, des
surfaces catalytiques abondantes et appropriées (argiles de Fe et Mg), d'importantes
concentrations de CH,, NH,, H,, métaux, etc., aussi bien que par un courant continuel de
convection qui déplace les produits de leur site de réaction vers le haut, par |'intermédiaire
d'un gradient continu de température et de composés chimiques en état perpétuel de mélange.
Nous proposons que la chaine de réactions CH,, NH,, H,— acides aminés — protéi-
nes — polymeres complexes — structures  ordonnées et métabolisantes — organismes
vivants, ait pu prendre place a I'intérieur ou au voisinage de ces systémes sous-marins. Les
micro-organismes trouvés dans les échantillons soigneusement préservés des cheminées de
sulfures provenant de la Dorsale Est-Pacifique, pourraient bien étre les représentants
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modernes d’organismes fossiles trouvés dans les roches de I"Archéen. Cette hypothese
suggére un nombre trés important d'observations, qui pourraient étre effectuées a la fois en
laboratoire et sur les systemes hydrothermaux sous-marins contemporains.

Oceanol. Acta, 1981. Actes 26° Congrés International de Géologie, collogue Géologie des
océans, Paris, 7-17 juil. 1980. 59-69.

INTRODUCTION

We propose that submarine hot springs recently discovered
and explored along mid-oceanic rift systems (Corliss et al.,
1979 a) provide all of the conditions necessary for the
creation of life on Earth. There is a parallel between the
conditions in the vents and the conditions used in the
experimental abiotic synthesis of high molecular weight
organic polymers and primitive organized structures (Fox,
1971 ; Yanagawa erf al.. 1980) with many of the characteris-
tics of primitive living organisms. It appears from analysis
of the events of early Earth history that hydrothermal
activity connected with seafloor volcanism commenced
simultaneously with the formation of the primeval oceans
and that this followed soon after the final accretion of the
Earth ~ 3.9 billion years ago. In examining the earliest
Precambrian rock and fossil record it is notable that cell-like
structures and simple organisms have been found in rock
units from 3.5 to 3.8 billion years old which we and others
interpret as submarine hydrothermal assemblages. In this
paper, we synthesize the evidence from experimental bio-
chemistry, micropaleontology. microbiology, planetology.
marine geology, and chemistry to present a unified model
for the origin of life on Earth. Our argument is presented in
the following order :

1) early Earth history and the origin of the atmosphere.
oceans, and crust ;

2) the history and results of abiotic synthesis experiments ;

3) a description of submarine hydrothermal processes and a
discussion of their potential as sites for the abiotic synthesis
of complex organic molecules and cell-like structures ;

4) the rock and fossil record of the earliest Precambrian :

5) the evaluation of the hydrothermal vent hypothesis in
comparison with other hypotheses for the origin of life ;

6) a description of the postulated first organisms.

We are aware of two papers which have previously propo-
sed significant parts of the model proposed here : Ingman-
son and Dowler (1977) and Degens (1979).

EARLY EARTH HISTORY

It is generally accepted that the Earth and the other
terrestrial planets accreted roughly 4.5 BYBP. The process
of accretion led to the differentiation of the core from the
mantle. This stage of accretion and core-formation procee-
ded from roughly 4.6 t0 4.2 BYBP (Smith, 1979 ; Ringwood,
1975 ;: Hartmann. 1978 ; Goodwin, 1976).

Evidence from the Moon indicates that the inner Solar
System was bombarded by large planetesimal objects
(10-100 km in diameter) from 4.2 until about 3.9 BYBP
(Tera et al., 1974 ; Wasserburg et al., 1977 : Kaula, 1979).
The impact of as many as 107 to 10" of these objects onto the
Earth would have led to major volcanic activity as well as

contributing significant mass to the early Earth. It is
possible that as much as one-fifth of the earth’s mass was
acquired in this period of giant impacting (Smith. 1976).

The enormous energies released through the processes of
giant impacting and the decay of short-lived radionuclides
would be sufficient to melt the surface of the planet,
covering it with a hot silicate magma (Shaw, 1976). The
magma would be convecting vigorously, degassing volatiles
to form a primeval secondary atmosphere (Fanale, 1971)
and radiating heat into that atmosphere. The atmosphere
itself would be convecting and radiating heat into space.
As impacts diminished over time and as heat radiated into
space, the surface of the planet eventually would have
cooled sufficiently to permit thin crustal fragments to form.
With continued cooling, rafts of solid silicates would
coalesce to form a continuous, though thin and brittle shell,
insulating the atmosphere from the magma. Continued
cooling by radiation into space would then allow liquid
water to condense from the atmosphere, and rains would
begin on the primitive Earth (Walker, 1976).

Shaw (1976) proposes that lateral inhomogeneities in the
composition of this early crust would be produced by
magmatic differentiation and convection. The less dense,
isostatically higher protocrust would form the primitive
continental areas while ocean basins would form in areas of
denser, isostatically lower protocrust. The thin suboceanic
crust would be subjected to both tidal and isostatic body
forces and to surface drag from the underlying convecting
magma, leading it to fracture, resulting in submaurine volca-
nism analogous to that at present day spreading centers.
Once ocean waters came into contact with ocean floor
volcanism, be it through individual volcanic centers or
through rift zone processes. hydrothermal activity would
commence. These hydrothermal systems extract both the
heat and dissolved gases from the magma and transport
them into the oceans : the flux of both was presumably
significantly greater in the first oceans.

The critical point for our model is that eruption of magma
into the oceans and the cooling of this magma by hydrother-
mal circulation is the process required for the origin of life
on Earth, and that this process has been a prominent feature
of the oceans since they first formed.

ABIOTIC SYNTHESIS EXPERIMENTS

Early research on the origin of life was initially done by
chemists and biochemists as experiments in closed labora-
tory systems (Calvin, 1969). The goal was synthesis of
simple organic compounds, such as amino acids, from
inorganic compounds under conditions considered to exist
on the early Earth. The typical procedure involved confi-
ning a mixture of gases believed to be present in a primeval
Earth atmosphere in some sort of distilling container,
providing an energy input, and analyzing the resulting
reaction products. It has been argued, e.g. Holland (1962).
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that the early atmosphere which resulted from volcanic
outgassing was a reducing one. The gases thought to have
been present, and often observed as the products of
volcanic outgassing, are H,, H,0, CO,, H,S, S, CH,, NH,,
and/or SO,. Various combinations of these gases have been
used in abiotic synthesis experiments.

There were at least five different sources of energy availa-
ble on a primitive Earth: high energy particles from
radioactive decay. solar radiation (UV and visible), electri-
cal discharges from the atmosphere. shock waves from
planetesimal impacts, and thermal energy from volcanism.
Miller (1955) first demonstrated the abiotic synthesis of
amino acids in a presumed early Earth environment by
spark discharge in a continuously recycled low temperature
mixture of reduced gases and water (CH,, NH,, H,, H,0),
simulating lightning discharge in a primitive atmosphere.
Subsequent experiments have shown that these reactions
can be driven by a variety of energy sources (Calvin, 1969).

The next steps in the abiotic synthesis sequence are the
condensation reactions such as those necessary to polyme-
rize amino acids to form complex proteins by extraction of
water and formation of peptide bonds. Ultimately, the
process must lead to the formation of individual entities
which can carry out the processes which define a living
organism : the ability to metabolize, reproduce identically,
and adapt. Fox and his colleagues pioneered the use of
thermal energy for abiotic synthesis, and developed a model
sequence of events : primordial gases — amino acids — pri-
mitive protein — a primitive organized structure. They used
heat to drive off water and produce condensation reactions,
forming ‘‘proteinoid’’ mixtures, which, on addition of
water, produced *‘protocells’ which had **a cellular type of
ultrastructure, double layers, abilities to metabolize, to
grow in size, to proliferate, to undergo selection, to bind
polynucleotides, and to retain some macromolecules selecti-
vely” (Fox, 1971).

It is important to point out that these condensation reactions
have been shown to occur, without drying, in agueous
solutions such as those in hydrothermal systems, if the
reactions are coupled with the hydrolysis of condensing
agents such as cyanimide or cyanoacetylene derived from
hydrogen cyanide. HCN should be readily synthesized
under hydrothermal conditions, thiocyanate presumably
derived from HCN and H,S, has been detected in the
hydrothermally produced Red Sea brines (Dowler, Ingman-
son, 1979). Montmorillonite clays, abundant in hydrother-
mal systems, have also been shown to catalyze these
condensation reactions, serving as templates for protein
synthesis (Degens, 1979 ; Lahav, Chang, 1976 ; Paecht-
Horowitz, 1970 ; 1978). Recently, Yanagami et al. (1980)
have succeeded in synthesizing “*Fox-like'" protocell struc-
tures by holding a mixture of amino acids in modified sea
water (with added Fe, Mn, Zn, Ni, Co and Mo) under warm,
acid conditions (105°C, pH 5.2). Polymers containing pep-
tide bonds, with molecular weights from 1,800 to
82,000 daltons, were produced in the interiors of these
structures.

The physical and chemical conditions of those experiments
are found in a natural environment which has been present
in the oceans since they first formed, in hot springs
associated with submarine volcanism.

SUBMARINE HYDROTHERMAL SYSTEMS

The quenching of newly injected crust on the sea floor by
circulating seawater, which we believe is clearly recorded in

the Earth's oldest rocks (see below), continues today. The
first direct observations of these hydrothermal systems
along mid-oceanic spreading centers was carried out in early
1977 along the Galapagos Rift (Corliss er al., 1979 a) using
the deep diving submersible, Alvin. Research on the exten-
sive set of data and samples collected on this expedition has
allowed us to characterize the behavior of the interaction of
seawater with newly erupted crust in great detail. More
recent observations from the East Pacific Rise at 21°N
provide additional significant information (Spiess et al.,
1980 : Hekinian et al., 1980).

Sites of submarine volcanism bring together in a single
system a unique combination of rocks, gases, heat, and
water. The relevant features of a hydrothermal system are
summarized in Figure 1. These sites of eruption occur when
crustal plates are spreading apart, allowing magma to rise in
the crust, approaching closer to the sea floor and producing
a strong thermal gradient across the layer of previously
erupted and cooled rock. This layer of rock has undergone
thermal contraction and fracturing and is subject to tensio-
nal cracking resulting from the spreading of crustal plates.
As a result, the crust is permeable and becomes saturated
with seawater.

“*Active” hydrothermal circulation is driven by the rapid
transfer of heat from the magma to the water at the
“*cracking front™ (Lister, 1974). The water which saturates

Figure 1

Hypothetical model of the submarine hydrothermal system as a
continuous flow, and mixing gradient packed-bed reactor for the
abiotic synthesis of living organisms or their immediate precursors.
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appropriate components are introduced during the water/rock
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catalytic surfaces, entraining and mixing with the cool sea water
saturating the surrounding cold rocks. As the fluids reach the sea
floor and mix rapidly with bottom water, the supersaturated
components of the fluids which are saturated in the bottom water
precipitate, forming chemical sediments around the vents.
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b. The proposed sequence of chemical and biochemical events
leading to the formation and development of “protocells’ would
occur along the thermal and the chemical substrate concentration
gradients which exist within the upwelling fluids of these hvdrother-
mal vents. Amino acids and other reactive compounds such as
hydrogen cyanide and its derivatives and formaldehyde could be
synthesized from the dissolved gases, initially at high temperatures.
At lower temperatures additional amino acids and peptides could be
synthesized, catalyzed by reactive compounds and clay minerals.
“Protocell”” formation could occur within this gradient under the
appropriate temperature, pH and other chemical and physical
conditions (for example, Yanagawa et al., 1980). These “proto-
cells'" provide a protected microenvironment bathed in cooling
hydrothermal fluids and/or bottom waters containing reduced
transition metals, dissolved reactive gases and other components
which have been shown to be appropriate for the abiotic synthesis of
polypeptides and polynucleotides. The “protocells™ could be depo-
sited along with silica precipitated from the supersaturated hvdro-
thermal fluids to form carbonaceous cherts, containing organized
organic structures such as found in the Isua rocks.

The asterik components have been detected in modern hvdrothermal
svstems (Gordon, Lilley, pers. comm.), the starred components
have been reported in Red Sea brines (Ingmanson, Dowler, 1979 ;
and Dowler, Ingmanson, 1980).

the cold, permeable rock ““attacks™ the magma body in a
continuous cycle :

cooling — crack propagation — water penetration —
convection — cooling.

Within the magma body, removal of heat from the upper
surface leads to plating of the crystallizing mineral phases
onto the roof of the magma chamber, forming a zone of
crystalline mush which grades upward into solid rock. Heat
from the magma is conducted across this interface up to the
“‘cracking front™ where it is extracted by circulating water.

This interface is the site where a significant fraction of the
cooling and degassing of the Earth has occurred. Gordon
and Lilley (pers. comm.) have shown that significant
quantities of CO,, NH,, and H, are present in the hydrother-
mal fluids at the Galapagos Rift. O'Neil (pers. comm.) has
analyzed the carbon isotope composition of CO, in these
samples and found 8C"" values of —5.1to —5.3, establishing
it as primordial carbon. Primordial He’ is also present in the
Galapagos fluids (Jenkins et al..1978). The constancy of the

He'/heat ratio in several individual vents suggests that the
gases and heat are extracted from the rock in the same
process (Corliss er al., 1979 b). In addition to these gases,
the magma contains all of the naturally occurring elements.

As the magma crystallizes, the gases and the “‘incompiti-
ble’* elements (those not entering the growing crystal
lattices) are fractionated into the intercrystalline fluid, and
when crystallization is complete, they occupy the intergra-
nular spaces. As the rock cools below the solidus, the
differential thermal contraction of the individual grains will
tend to open an interconnecting network. As a fracture
propagates into the vicinity, it introduces water into the
network. The water extracts both the gases and ““incompati-
ble'’ elements in the intergranular spaces, and reacts with
solid phases altering them and extracting additional ele-
ments, including transition metals.

It is difficult to estimate the maximum temperatures this
water can attain. The magma solidifies at ~ 980°C. Lachen-
bruch (1962) has suggested that such fractures, once initia-
ted, could propagate past the solidus boundary into the area
where residual fluids are not entirely crystallized. It is not
unreasonable to believe that water could attain temperatu-
res close to the solidus temperature of the magma. Evidence
from the Galapagos Rift and the East Pacific Rise indicates
that the water reaches temperatures greater than 350°C
(Spiess et al., 1980). Water at these temperatures and sea
floor depths has low density and viscosity, leading to very
rapid convection and the ability to readily penetrate into the
rocks. As the fluids rise, they enter an anastomosing and
expanding set of fractures and fissures, all the while
incorporating cooler water which is drawn into the rising
plume from the adjacent cool, permeable rocks. Hot seawa-
ter interacts with the basalt, forming saponite, a magne-
sium-rich smectite clay which incorporates magnesium from
the seawater. This process lowers the pH of the seawater by
removing OH ™ and lowers the Eh by oxidizing ferrous iron
in the rocks through the reduction of SO,_ and/or oxygen
from the dissociation of water (Bischoff, Dickson, 1975 ;
Hajash, 1975 ; Seyfried ef al., 1978 : Seyfried. Bischoff,
1977). The fluids emerging out of the sea floor from vents on
the Galapagos Rift and from most vents on the East Pacific
Rise (21°N) had temperatures in the range of 10-30°C as a
result of the mixing process. However, at some of the 21°N
vents, water emerged at temperatures of ~ 350°C. Presuma-
bly. there was a direct vertical channel to some depth in the
rock. These high-temperature vents precipitate dissolved
metals forming large sulfide chimneys (Hekinian efal.,
1980).

It appears to us that submarine hydrothermal systems are
ideal reactors for abiotic synthesis. The stages of the
process which we are proposing are shown in Figure 1 b.
The raw materials are extracted from the magma in the
vicinity of the cracking front. Low molecular weight organic
compounds could be synthesized at high temperatures and
then rapidly moved upward along a gradient of continuously
decreasing temperature and concentration. The exposed
surface area in the fractures and interstices is coated with
alteration minerals, dominantly saponite. a Mg-montmoril-
lonite. Montmorillonites have been demonstrated to be
effective catalysts for abiotic synthesis reactions. Through
clay catalysis and condensing agents the low molecular
weight organic compounds could be polymerized into more
complex compounds and plate out onto the walls of the
fractures. eventually forming protocells. These interiors of
these protocells form a protected microenvironment in
which further abiotic synthesis could proceed. The rising
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fluids would wash the protocells off the surfaces and
transport them upward, depositing them in cooler environ-
ments in the vent system or on the adjacent sea floor.
Continuous supply in a limited area could result in signifi-
cant accumulations of these protocells.

EVIDENCE FROM THE OLDEST ROCKS

The evidence for this statement can be found in the three
oldest dated series of rocks on the Earth (Table 1). They are
Archaean greenstone belts containing sequences of rock
that have all the major characteristics of modern sea floor
hydrothermal environments and/or of preserved sea floor
hydrothermal environments found throughout the geologi-
cal record younger than the Archaean. They contain
sequences of hydrothermally metamorphosed tholeiitic
mafic and ultramafic rocks including pillow basalt sequen-
ces, overlain by and overlying bedded sediments (silicate,
carbonate, sulfide, oxide and reduced carbon facies). Ridler
(1970 ; 1976) has named these hydrothermal chemical sedi-
ments, common in Archaean greenstone belts, the *‘exha-
lite’" facies.

The Onverwacht Series is a 3.5 billion year old (Hamilton
et al., 1979) rock assemblage in the Barberton Mountain
land of South Africa. The Onverwacht Series forms the
base of the Swaziland System. Directly above the Onverwa-
cht Series is the Fig Tree Series. A synthesis and review of
the earlier field work in this area was presented by
Anhaeusser et al. (1968). Recently, de Wit ef al. (1980) have
reinterpreted the entire Swaziland System in light of pre-
sent-day knowledge of submarine hydrothermal processes.

Table 1

Anhaeusser et al. described a sequence of metamorphosed
basic lavas with interlayered siliceous sediments, occasional
thin carbonaceous chert horizons, and bands and lenses of
serpentinized ultramafic rocks. De Wit and Stern noted the
similarities in metamorphic textures and mineralogies to the
sheeted dike complexes and flanking pillow lavas of Phane-
rozoic ophiolites. The extensive hydration of the Onverwa-
cht minerals they feel is best explained by metamorphism at
a spreading ridge. Evidence for this interpretation is also
found in the presence of banded iron formation, rich
metallogenic sediments, barite, carbonates, and cherts. Si,
Ba, Ca, and Fe are dominent components of greenschist belt
chemical sediments (Ridler, 1976) and submarine hydrother-
mal systems are a significant or dominant source of these
elements into the ocean today (Corliss etal., 1979 a .
Edmond et al., 1979 a, b). Si, Ba and Ca are presently
maintained near saturation by biological mediated precipita-
tion. In the Archaean ocean, hydrothermal input must have
saturated the oceans in these components, leading to rapid
precipitation in areas of submarine volcanism, Vezeir (1979)
describes chemical and isotopic data for Archaean sedi-
ments, all of which are consistent with a single assumption
that the seawater-oceanic crust exchange was exceptionally
high during the Archaean. Fe-oxides are the dominant
component of metalliferous sediments associated with
hydrothermal activity along modern mid-ocean ridges
(Dymond, 1981).

It is a very intriguing fact that a number of workers have
isolated fossil forms from the Onverwacht Series. Engel
et al. (1968) ‘‘isolated both siliceous and carbonaceous
particles and carbonaceous filaments' from cherts, argilli-
tes and carbonate beds in the Onverwacht. Furthermore,
**the spheroids within the carbonaceous Onverwacht sedi-

A comparison of Isua, Onverwacht, Warrawoona and Modern Mid-Ocean ridge environmenis

WARRAWOONA
ISUA ONVERWACHT ~ 3.5 b.y.b.p. MODERN
Age ~ 3.8 b.y.n.p. ~ 3.5 b.y.b.p. [Sangster and  Brook, MID-OCEAN
[Moorbath, 1973] [Jahn and Shih, 1974] 1977 5 [RIDGE]

Pidgeon, 1977]

Igncous and Mctamor- — amphibolites (layered,

— ophiolite

complex — “basalt lavas, com- — tholeiitic pillow basalts

phic massive and dikes) (Brid- consisting of sheeted fee-  monly pillowed with inter- and  intrusives, hydro-

Petrology gewater, 1973) ; der dike complex, extru- calated chert horizons” thermally metamorphosed
— metabasalts with sive units fed by dikes, (Lipple, 1974). crust, greenschist  and
major element distribu-  magmatic cumulates amphibolite facics.

tion in good accord with...
modern ocean-ridge

spreading ridge metamor-
phism (deWit et al., 1980).

basalts (Appel, 1979).

Chemical — cherts, banded iron — banded forma- — concordant bedded —  metalliferous  sedi-
Scdiments formation, tion, manganese rich sedi- chert-barite  within ~ a ments, massive sulfides,
— “submarinc exhaltive ments, clastic and chemi- sequence of carbonated biogenic silica and carbo-

sulfides in iron forma-
tions” (Appel, 1979).

cal cherts barite (deWit er
al., 1980),
— carbonaccous cherts.

and silicified mctabasalts
(Dunlop etal., 1978).

nate  sediments,
thermal sulfides.

hydro-

Organic Compounds,
Structures and Fossils

— carbonized organic
matter and esters in fossil

cells  (Pflug, Jaeschke-
Boyer, 1979),

— unicells, filaments,
and cell colonics with
laminar  walls  (Pflug,
1978),

— “fluid inclusions™

(Bridgewater er al., 1981).

— kerogen beaving sphe-
riods and filaments in car-
bonaccous chert (Engel
etal., 1968),

— "fossil microorganisms
arrested and preserved in
the midst of biological
activitey” (Knoll  Bar-
ghoorn, 1977).

— “microfossils with a
wide range of morpholo-
gies, including solitary
spheroids, spheroids with
splits, paired spheroids
and rarc chains of sphe-
roids"  (Dunlop eral.,
1978),

— stromatolitic fabric
(Walter eral., 1980).

— complex chemosynthe-
tic bateriological and ani-
mal communities (Corliss
etal., 1979 a; Karl etal.,
1980),

— filaments, organic
debris, sulfide chimneys
(Fig. 2 and 3).
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ments not only have the morphologies of fossils, but also
are intimately associated with the kerogen-bearing carbona-
ceous substances which appear to form parts of their walls
and interiors. They are also closely associated with kerogen-
bearing, filamentous forms which have the appearance of
microfossils’.

Knoll and Barghoorn (1977) have also described populations
of organic walled microstructures from the Swartkoppie
which they conclude are fossil organisms, in which **various
stages of binary division are clearly recorded’’. They also
conclude that the fossil-bearing cherts were deposited in
shallow water, citing the presence of oolites, cross-bedding
and flat-pebble conglomerates.

Engel et al. commented upon the difficulties of interpreta-
tion of the carbonaceous filaments, reporting that the
filamentous layers in the carbonaceous argillic chert are of a
diverse morphology and remarkably lifelike. They conclu-
ded that “‘many appear to be true fossils, although less
well-preserved than those found in younger Precambrian
sediments’’. There is an interesting correlation between
these fossil descriptions from 3.5 billion years old hydro-
thermal sediments and the appearance of complex filamen-
tous organic structures in scanning electronmicrographs of
chimney rock samples from 21°N. One of these micrographs
is reproduced here as Figure 2.

Figure 2

Scanning electronmicrograph showing thin unraveling strands of
organic or possibly inorganic sheaths which were frequently found
on hot chimney rock surfaces from 21°N. These structures resemble,
to some extent, the fossil structures observed in ancient rocks (see
text). Bar is 10 um. The samples were fixed in sterile artificial
seawater containing 2 % gluteraldehyde within minutes after the
Alvin surfaced. Sterile techniques were used with all specimens. The
Jixed samples were dried by the critical method, then mounted on
aluminum stubs and coated under a vacuum with a layer of gold
10-20 nm in thickness. The samples were viewed using an internatio-
nal scientific instruments mini-SEM, model MSM-2, scanning
electron microscope.

Recently, a new suite of Archaean microfossils has been
found in a 3.5 billion year old terrain in Western Australia,
the Warrawoona Group of the eastern Pilbara Block (Dun-
lop et al., 1978). The organisms were discovered in stroma-
tolitic structures (Lowe, 1980 ; Walter et al.. 1980) which
form a part of the North Pole dome, a major greenstone
dome consisting of pillow basalts, cherts, and felsic volca-
nics (Hickman, 1972 ; Lipple, 1974). A remarkable simila-
rity between the Onverwacht succession and the Warra-
woona Group has already been noted (Barley et al., 1979).

Figure 3

Scanning electronmicrograph showing the surfaces of inorganic
crystals covered with deposits of organic debris and microorga-
nisms which have been emitted from ** black smoker ** chimnevs at
21°N and have settled on the surfaces of the chimneys and the
surrounding rocks and animals. The samples were prepared as
described in Figure 2. Photo magnified 400 x.

Once again, there is a sequence of mafic and ultramafic
extrusives, pillow basalts, cherts, and other volcanic rocks
intercalated with pyroclastics and probable turbidite depo-
sits, which indicates extensive submarine volcanism and
consequent hydrothermal activity and evidence of a high
energy depositional environment interpreted as indicative of
shallow water.

Even more interesting in terms of our model is a group of
rocks which outcrop in southwest Greenland at the edge of
the Greenland ice cap. This is the Isua supracrustal succes-
sion, which includes the oldest sedimentary rocks yet dated.
The stratigraphy and petrology of the Isua succession are
described by Bridgwater et al. (1976) and Allaart (1976). The
rocks are basic and ultrabasic greenschist, metamorphosed
sediments and quartz feldspathic rocks with many similari-
ties to younger greenschist belts. They have been metamor-
phosed to the amphibolite facies, and some units have
retrogressed to the greenschist facies. The rocks form a
layered series. Included in the succession is the lsua
ironstone, a finely banded sequence of magnetite and
quartz-rich layers. The ironstones have been dated by
Pb—-Pb at 3.76 = .07 BYBP (Moorbath, 1973). Bridgwater
et al. interpret these siliceous rocks as chemical sediments.
They are interlayered with chlorite-rich basic rocks inter-
preted as sills. We interpret this sequence of rocks as
submarine lava flows and related hydrothermally-derived
silica and iron oxides.

Appel (1979) has noted that the major element distribution
of the Isua metabasalts is in good accordance with the
patterns of modern ocean ridge basalts and that the massive
amphibolites in the Isua succession probably represent
basaltic lava flows and intrusive sills. Appel concludes that
“‘a submarine exalitive source of the copper and iron
seems... more plausible’ because of the occurrence of the
sulfides in distinct layers concordant with the banding of the
iron formation and the layering of the amphibolites. Overall,
the stratigraphic relationships of the sulfide layers to the
ironstones and the amphibolites, Appel believes, exclude
the possibility of a replacement process. We believe that
Appel's observations suggest that the Isua sediments were
precipitated from the hydrothermal solutions which cooled
and metamorphosed the basaltic precursors of the amphibo-
lites.
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In the cherty layers of the Isua quartzite, Pflug (1978) found
cell-like inclusions occurring as individual unicells, fila-
ments, or cell colonies. He describes the structures as
surrounded by multilaminate sheaths enclosing a more or
less globular hollow partially filled with organic matter.
Raman laser molecular microprobe analyses of these
objects (Pflug, Jaeschke-Boyer. 1979) produced two kinds
of spectra : the cell walls and fillings consist of carbonized
and graphitized organic material while cell vacuoles contai-
ned esters and aliphatic hydrocarbons. They point out the
similarities with Fox’s protocells but assert that the Isua
objects are fossils of living organisms.

Bridgwater et al. (1981) cite evidence that the rocks have
been exposed to high temperatures in post-depositional
metamorphic events which they suggest the fossils could
not have survived. They also present the results of their
microscopic studies of these objects and conclude that the
Pflug microstructures are non-biogenic. They acknowledge
the presence of graphitic carbonaceous matter in the Isua
metasediments, but assert that “*it remains to be established
whether this is biogenic or abiogenic in nature and to what
extent it may be post-depositional rather than solely synge-
netic in origin.

Our model suggests that carbonaceous microstructures such
as those described by Pflug could be readily produced
abiogenically within the submarine hydrothermal systems
which produced the silica in which these microstructures
are found. In the Onverwacht and Warrawoona rocks, the
carbonaceous microstructures. in what we interpret as
hydrothermally deposited cherts, have been widely accep-
ted as fossil living organisms. The question of the origin of
the Isua microstructures requires further clarification.

A COMPARISON OF HYPOTHESES FOR THE ORIGIN
OF LIFE

All of the other currently favored models for the origin of
life lack one or many of the conditions necessary to make
the transition from the synthesis of simple organic
compounds to the formation of **protocell’” structures and
complex biopolymers. Table 2 offers a comparison of our
model with the model of Oparin (1957 ; 1977), the theory of
panspermia (Crick, Orgel, 1973). Many models, including
Oparin’s, picture an aquatic environment which contains
high concentrations of organic compounds formed through

Table 2

the input of UV radiation or lightning discharges which
somehow react to form larger molecules. Eventually these
larger molecules are formed into *‘coacervates’ or *'proto-
cells™ that acquire the capacity to ‘‘transport’” organic
compounds through a highly organized membrane and to
carry on oxidation/reduction and synthetic reactions. These
quasi-heterotrophs, as a result of continued exposure to
ultraviolet light, develop other structures, including photon-
absorbing porphyrins.

This “*organic soup” hypothesis predicts that, before the
formation of biochemically active **protocells’, a protoen-
vironment would have to be formed which contained a high
concentration of amino acids and other organic compounds.
If such an environment had existed, very ancient sediments
should contain significant levels of these amino acids and
organic compounds. This is not the case. Instead, in the
oldest rocks known to exist, which formed shortly after the
cessation of giant impacting, structures have been found
which strongly resemble the budding *‘protocells’™ descri-
bed as resulting from experiments using thermal energy.
There is no detectable sedimentary evidence for a pre-exis-
ting organic soup’’. It is also important to point out that, in
an oceanic environment, the concentrations of organic
compounds would be quite dilute except at the site of
synthesis, and heterotrophic organisms could not survive
under these conditions. Consequently, the suggestion that
the first protist was heterotrophic does not seem to be
supportable.

Another problem with the “*organic soup’ model is that it is
known that the conditions necessary for the formation of
amino acids and of low molecular weight reactive organic
compounds are different from the conditions required for
the formation of macromolecules and “‘protocells’™. The
“*organic soup’ hypothesis has all these processes taking
place in the same vat under the same conditions. However,
in our model for the origin of life in submarine hydrothermal
systems, the rapid and continuous upward flow of fluids
creates gradients of temperature, pH, and chemical concen-
tration in which all of the synthetic reactions needed for the
creation of life could take place.

Many biochemically active macromolecules contain various
metals, particularly iron, molybdenum, manganese, cop-
per, etc., as part of their structure. Molybdenum, for
example, is important in various biochemical processes
including the fixation of nitrogen and the reduction of
nitrate. It has been hypothesized that early in the evolution

Comparison of the properties inherent in the various hypotheses for the origin of life.

Hypothesis Early Environment Energy Kinds of Early Time to
Atmosphere Gradients Microorganism Evolve Active
“Protocells”
Oparin model. Reducing “Terrestrial” soup. UV, clectric dis- None. Anaerobic  hetero- > 107 year.
(gascs). charges. trophs.
Panspermia. Directed or non- Moot. T only, Anaerobic  hetero- Preformed.
directed cosmic trophs or photo-
source, trophs.
Hydrothermal model. Oxidizing, Hydrothermal gra- Heat. T, pH, chemical Anacrobic chemo- ~ instantancous

dient in seawater.

reaction from redu-
ced gases to “proto-
cells™.

concentration.  autotrophs.
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of cells or cell-like structures, metallo-proteins, including
enzymes, were formed from simple polypeptides and that
these early macromolecules were active, although ineffi-
cient when compared to present analogous compounds
(Ochai, 1978 ; Egami. 1975). The importance of molybde-
num in biochemical processes and the apparent scarcity of
this metal in terrestrial environments has been used 10
support the hypothesis that the first microorganisms on
Earth originated from an extraterrestrial source where
molybdenum was abundant (Crick, Orgel, 1973). However,
the concentrations of molybdenum and other biochemically
active metals are not limiting in the present ocean, and it is
generally accepted that this was also the case in the early
ocean (Holland, 1962). Hydrothermal alteration of oceanic
crust has been the primary source of these transition metals
to both the ancient and the present oceans.

The synthesis of amino acids from gases by thermal energy
has been repeatedly demonstrated in the laboratory (Lem-
mon, 1970). The fact that very high temperatures (800 to
1,000°C) are required to form amino acids has been a
criticism of the hypothesis that life could have originated in
high temperature environments. This is because the conti-
nued exposure of both low molecular weight organic
compounds and polymers to high temperatures after forma-
tion leads to their rapid decomposition. It would take only
minutes to denature complex protein structures at tempera-
tures greater than 100°C. The temperature gradient of
hydrothermal environments provides a natural solution to
this problem.

It is also possible that many of the amino acids, particularly
those with low molecular weights, are formed at much lower
temperatures, given appropriate chemical conditions. It has
been demonstrated, for example, that if, besides the pre-
sence of the usual gases. reactive compounds such as
hydrogen cyanide and formaldehyde are available. amino
acids can be synthesized at temperatures between 80° and
100°C (Lemmon, 1970). Amino acids have also been synthe-
sized from formaldehyde and hydroxylamine at 105°C in
seawater (Ochai, 1978). This process was found to be
greatly influenced by the concentration of molybdenum in
artificial seawater. In addition, as previously discussed,
Yanagawa and Egami synthesized *‘protocell”” structures in
a “modified seawater” medium resembling hydrothermal
fluids.

However, the synthesis of the high molecular weight amino
acids, such as tyrosine and phenylalanine, from gases
requires temperatures close to 1,000°C. High temperatures
(600 to 950°C) are also required to form sulfur-containing
amino acids from hydrogen sulfide (Raulin, 1978), which is
one of the most abundant gases formed in hydrothermal
vents. Although oceanic hydrothermal waters have not been
analyzed in order to detect hydrogen cyanide and formalde-
hyde, Dowler and Ingmanson (1979) recently reported the
discovery of thiocyanate in Red Sea brines.

In view of these experimental results, we believe that it is
highly probable that amino acids are formed in hydrother-
mal environments over a wide temperature range, between
roughly 100° and 1,000°C (see Fig. 1 b). These varying
conditions exist in hydrothermal systems and the spatial
distance of the hydrothermal temperature gradient is relati-
vely short.

The formation of peptides and other organic polymers from
low molecular weight intermediate compounds has also
been shown to occur under varying conditions and at
temperatures between roughly 150 and 200°C. At tempera-

tures lower than 100°C, the presence of polyphosphoric acid
can initiate polymerization (Harada, Fox, 1964). In the Fox
recipe for the formation of *‘protocells™, amino acids must
be heated to 200° or 300°C under dehydrating conditions,
However, in addition to the dehydration reaction described
by Fox, it is possible to effectively remove water from
amino acids and form peptides through the use of various
reactive compounds, such as cyanamides and carbodiimides
(Ponnumperuma, 1978). These compounds have been
shown to initiate the condensation of amino acids to
peptides and of certain purines and pyrimidines to nucleoti-
des. Although there are no published reports on the possible
existence of condensing compounds in hydrothermal envi-
ronments, the necessary reducing gases are present in the
required concentrations in order for the synthesis of these
compounds to readily take place.

THE FIRST ORGANISMS

Earlier in this paper we discussed how ““protocells’ contai-
ning hydrothermally-derived organic compounds could have
formed in very high numbers within the vents and would
have been carried out into cooler ocean waters by circula-
ting hydrothermal fluids. In the present vents, the most
abundant groups of chemoautotrophic bacteria isolated
from both the Galapagos and 21°N have a temperature range
for growth from a minimum of 10 to 20°C to over 70°C (the
higher minimum and maximum growth temperatures are
from bacteria isolated from 21°N samples) (Baross, unpu-
blished results). Since the ambient water temperature
around the vents is approximately 2°C these bacteria would
be incapable of growth outside of the vents proper. The fact
that a significant portion of the primary producers in these
environments is found within the vents definitely undersco-
res the efficiency of hydrothermal gradients in sustaining
life.

In a hydrothermal system, it is highly probable that most of
the amino acids and other organic compounds would be
condensed into polymers and “‘protocells™ shortly after
their synthesis. Consequently, it does not seem likely that
there would be an accumulation of soluble organics as in the
Oparin model. Instead. within the newly-formed protocells,
the synthesis of high molecular weight compounds would
probably continue due to the inclusion of low molecular
weight organic condensing compounds, reactive gases and
reduced metals. Any high molecular weight substances
internally synthesized would be unable to pass out of the
early cells. This strongly implies that the first protocells and
ultimately the first protists were anaerobic chemoautotro-
phs, organisms which could utilize the hydrothermally
delivered gases such as CO,. H,, NH;, H,S (and perhaps
sulfate or some other oxidized form of sulfur), and HCN
with the reduced metals 1o carry out internal
oxidation/reduction reactions. Eventually, biochemically
active macromolecules and energy transforming compounds
such as NAD and ATP could be formed.

The use of inorganic gases and metals as energy sources in
these early organisms would solve one of the major pro-
blems in current research into the origin of lige : explaining
the formation of the complex membrane required by hetero-
trophic organisms for the transport of organic compounds.
It would also explain how these early microorganisms would
survive in  an oceanic environment where organic
compounds would be quite dilute and how they could
perpetuate before evolving the complex macromolecules
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needed for division by binary fission. It is possible that the
earliest cells “‘reproduced’ as a result of “‘swellings™ in
portions of the cell surface, a mechanism that would appear
similar to budding and would result in the distribution of
internally synthesized organic compounds. It is interesting
that *‘protocells’ synthesized in the laboratory were found
to be capable of budding and forming chains of cells (Fox,
1971), and that Pflug and Jaeschke-Boyer (1979) and Knoll
and Barghoorn (1977) found possible fossil evidence of
budding cells in the Isua and Onverwacht rocks.

It is also quite conceivable that these early “‘protocells™
were capable of reducing CO, and sulfate to methane and
sulfides through the use of hydrogen. This implies that the
earliest organisms were methanogens (Woese, 1977) and
related ‘‘archaeobacteria”. The molecular analyses of
tRNAs, rRNAs, and cell wall components of various
species of methanogens not only indicate that they are
distinctly separate from most of the other procaryotes but
also that, as a nutritional group, they are markedly heteroge-
neous (Balch et al., 1979). They state that the apparent rate
of change in the sequence of RNAs is more rapid in
methanogens than in other groups of bacteria, such as the
“‘eubacteria’’. A possible interpretation of these data, in
keeping with our hypothesis for the origin of life, is that the
methanogens developed somewhat different molecular
structures and morphologies, because they evolved separa-
tely over some period of time in different hydrothermal
environments. It is conceivable that the most common
present-day group of procaryotes, the “eubacteria’, could
have evolved from just one of the separate groups of
methane producers.

CONCLUSION

In this paper we have drawn together data from diverse
scientific disciplines to assert that hydrothermal systems
provide an ideal environment for the thermal abiotic synthe-
sis of complex organic compounds and simple organisms.
This hypothesis is compatible with the geology and paleon-
tology of the Archaean and with the results of abiotic
synthesis experiments. We are proposing that abiotic syn-
thesis occurred as an integral part of the origin and
evolution of the atmosphere, ocean, and crust.

There are three additional interesting considerations regar-
ding this model :

1) A reducing atmosphere is not a prerequisite for the origin
of life. An appropriate reducing environment, with sources
for all of the required raw materials and which feeds into a
packed-bed continous flow gradient reactor lined with
appropriate catalytic surfaces has been present on the floor
of the oceans since they formed.

2) A long time interval between the appearance of a life
sustaining environment (e.g. liquid water) and the appea-
rance of the first living organism on earth may not be
required. There seems to be no reason why protocell
structures would not have been rapidly produced in these
hot springs as soon as they formed in the Archean oceans.
The next step, the evolution of protocells to living orga-
nisms, is a function of probabilities, an improbable event
becomes more probable with an increasing number of trials.

The ubiquitous nature of the process provided an extremely
large number of trials.

3) It is not clear whether deep water hot springs are
required for the process. The Onverwacht and Warrawoona
fossils are found in rocks with evidence of a high energy
depositional environment with evaporite minerals which has
been interpreted as a shallow environment, but it is possible
that a high energy environment and salt saturation could
occur in deeper water in the Archaean oceans. Interesting
questions include the effect on abiotic synthesis of boiling in
shallow systems and high pressures in deep systems.

The early Earth was a complex, evolving system. The
system was probably driven then, as it is now, by mantle
convection through a mechanism of plate tectonics. Then,
as now, new crust formed along submarine rift systems and
was cooled, degassed and metamorphosed through reaction
with seawater. We believe that we have convincingly
demonstrated that living organisms could have been created
as a result of this reaction.

One of the unavoidable conclusions to be drawn from our
hypothesis is that the events leading to the formation of
complex organic compounds and “‘protocell’ structures
may still be occurring in present-day oceanic hydrothermal
systems. However, the complex communities of bacteria in
modern oceanic environments would outcompete and
consume any abiotically synthesized protocells, preventing
their evolution into more organized entities. Future expedi-
tions to oceanic hydrothermal environments will attempt to
obtain evidence bearing upon our hypothesis.
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