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Abstract .  We propose  that life emerged  f rom grow- 
ing aggregates  of  iron sulphide bubbles  containing al- 
kal ine and highly reduced hydrothermal  solution. These 
bubbles  were inflated hydrosta t ica l ly  at sulphidic  sub- 
mar ine  hot springs sited some dis tance from oceanic 
spreading centers four bi l l ion years ago. The membrane  
enclosing the bubbles  was precipi ta ted in response to 
contact  be tween the spring waters and the mi ld ly  oxi-  
dized,  acidic and i ron-bear ing Hadean ocean water.  As 
the gelat inous sulphide bubbles  aged and were inflated 
beyond their  strength they budded,  producing contigu- 
ous daughter  bubbles  by the precipi ta t ion of  new mem- 

brane. [FeeS2] +/0 or [Fe4S4 ]2+/+ clusters, possibly bond- 
ed by hydrothermal  thiolate l igands as proferredoxins ,  
could have ca ta lyzed  oxidat ion  of  thiolates to disul-  
phides ,  thereby modi fy ing  membrane  propert ies .  

W e  envisage the earl iest  iron sulphide bubbles  (pro- 
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Glossary: Hollow pyrite botryoids: hollow hemispheres of cryp- 
tocrystalline pyrite (FeS2) 0.1-1 mm across. Fischer-Tropsch syn- 
theses: the highly exothermic catalytic hydrogenation of CO to hy- 
drocarbons and aliphatic oxygenated compounds using finely divided 
iron. Greigite (Fe3S4): metastable iron sulphide precipitated from 
aqueous solution in a gel at 100°C and containing two-thirds of its 
iron as the high-spin ferric ion. Haber-Bosch process: the exothermic 
catalytic hydrogenation of nitrogen to yield ammonia. Probotryoid: 
a hydrostatically inflated colloidal iron monosulphide bubble; pre- 
cursor to hollow botryoids and the progenitor to protocelts. Pro- 
ferredoxins: [F%S2] and [F%MS4] clusters (M = Fe, Mo, W, Ni, etc.) 
ligated by abiogenic thiols and thiolates. Protocell: a cell comprised 
mainly of abiogenic organics including thiols with subordinate iron 
sulphides, partly as proferredoxins; growth results from catabolism 
and osmotic pressure 

botryoids) first growing by hydrostatic inflation with hy- 
drothermal  f luid,  but evolving to grow mainly  by os- 
mosis (the protocel lular  stage), driven by (1) catabolism 
of  hydrothermal  abiogenic  organics  t rapped on the in- 
ner wal ls  of  the membrane ,  ca ta lyzed by the iron sul- 
phide clusters;  and (2) c leavage of  hydrophobic  com- 
p o u n d s  d i s s o l v e d  in the m e m b r a n e  to h y d r o p h i l i c  
moiet ies  which were translocated,  by the proton motive 
force inherent  in the acidic Hadean ocean,  to the alka- 
l ine interior  of  the protocel l .  The organics were gener- 
ated first within the hydrothermal  convect ive  system 
feeding the hot springs operat ing in the oceanic crust 

and later  in the pyri t iz ing mound developing  on the sea 
floor, as a consequence of the reduction of CO, CO e, and 
formaldehyde  by Fe z+- and s e - - b e a r i n g  minerals .  

We  imagine  the phys icochemica l  interactions in and 
on the membrane  to have been suff icient ly complex  to 
have engendered auto- and cross-cata lyt ic  repl icat ion.  
The membrane  may have been constructed in such a 
way that a "successful"  parent  could have " informed"  
the daughters of  membrane characteristics functional for 
the then-current  level  of  evolut ion.  

Key words: Botryoid  - -  Chemiosmosis  - -  Ferredox-  
in - -  Greigi te  - -  Hydro thermal  - -  Iron sulphides - -  
Membrane  - -  Origin of  l ife - -  Protocel l  - -  Proton mo- 
tive force 

Introduct ion 

Cairns-Smith  (1982) has emphas ized  the diff icul ty of  
imagining how organic compounds  of  any descr ipt ion 
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could have been generated and concentrated to compose 
the first forms of life. So instead of organics we suggest 
that iron sulphide membranes, precipitated on the deep 
sea floor at the interface between sulphidic, alkaline, and 
highly reduced hot spring waters and the acidic, mild- 
ly oxidized, iron-bearing Hadean ocean, formed the 
first reproducing "probotryoids" (iron sulphide bub- 
bles). It was on these fresh membranes that such or- 
ganics as there were became concentrated by adsorption, 
so protecting them from dissolution or oxidation. In 
this hypothesis metabolism was preceded in evolution- 
ary terms by the hydrostatic inflation of the membrane 
comprising the "probotryoids" with the buoyant hot 
spring waters seeking to exhale into the Hadean sea 
(Russell et al. 1988, 1989, 1993). 

Free energy in this far-from-equilibrium system is 
given by the contrast in the chemistries of the alkaline 
hydrothermal fluid and acid ocean water and their sep- 
aration by the semipermeable composite membrane 
proposed here. Step-wise evolution in chemical com- 
plexity would have resulted from the growth and de- 
velopment of the successful membrane over millions of 
years. We can think of such a membrane as a flexible 
catalytic surface, partially hydrated when formed, but 
dehydrating and thickening with time. One advantage of 
this process of growth is that the hydrothermal solutes, 
trapped as they are within the iron sulphide bubbles, are 
always administered directly to where the inflating 
membrane weakens so that new probotryoids are gen- 
erated over, and contiguously with, the parent probot- 
ryoid. Compare this contiguity with the limitations of 
crystal growth where, although information is trans- 
ferred by the conformable copying of the stacking se- 
quence from one structural layer to another, crystal- 
lization is terminated as (1) other similar crystals are 
intersected, (2) surface energy is lowered, or (3) crys- 
tal faces are "poisoned." 

The hypothesis presented here seeks to explain the 
emergence of life as an expression of the electron flow 
during gradual oxidation and loss in energy of our plan- 
et as hydrogen is freed from compounds and escapes to 
space. It is influenced and inspired by aspects of other 
hypotheses and knowledge: the suggestions of Leduc 
(1911) that inorganic osmotic membranes comprised 
the boundaries to the first living cavities and that sul- 
phur may have been implicated in this encapsulation 
(the sulphobes of Herrera 1942); the affinities of organic 
surfactants for sulphides established in the minerals in- 
dustry (Wark and Wark 1935; Leja 1982); the abio- 
genic generation of such organics in the Earth's crust 
(e.g., Degens 1979); the significance in "prebiology" of 
the separateness of H + and OH-  (Williams 1961) and 
of the dis locat ion of act ivated reagents in space 
(Williams 1965); the antiquity and ubiquity of the iron- 
sulphur proteins recognized by Hall and his co-workers 
(1971, 1974) and the idea that earliest life was based on 
iron/sulphur chemistry (Hartman 1975); the anastro- 

phic supramolecular organization that results in far- 
from-equilibrium conditions (Nicolis and Prigogine 
1977; and see Kauffman 1993); the fact that submarine 
hydrothermal springs provide such conditions (Corliss 
et al. 1981); the significance of surfaces in catalysis in- 
cluding iron sulphides (Cairns-Smith 1982; W~ichter- 
shfiuser 1988a, 1992); leading finally to the possibility 
of a simple evolutionary biogenesis (Morowitz et al. 
1991; de Duve 1991). 

W~ichtersh~inser (1988b, 1992) sees the exergonic 
formation of pyrite from hydrogen sulphide and ferrous 
sulphide as the first energy source for the fixing of car- 
bon. In this vein Koch and Schmidt (1991) have argued 
that such energy, provided by the oxidation of hydro- 
gen sulphide to provide protons, could be transduced (as 
electrons) across a primitive organic cell membrane to 
produce the first proton motive force. While we see the 
W~ichtersh~iuser "pyrite-pulled" mechanism (albeit with 
both CO and CO 2 as carbon sources) possibly aug- 
menting the abiogenic production of particular organic 
molecules in the consolidating hydrothermal sulphide 
mound (Fig. 1), our proposal contrasts with that of 
Koch and Schmidt (1991) as we argue that energy was 
provided by a natural proton motive force, already in 
place, a consequence of an acid ocean interfacing an al- 
kaline hot fluid through a precipitating membrane. The 
"RNA world" (Crick 1968; Orgel 1968; Gilbert 1986; 
Joyce 1989; Orgel and Crick 1993) was, we believe, a 
later evolutionary development. 

Below we outline a simple model for the emergence 
of life from probotryoids which evolve to aggregates of 
protocells up to 1 mm across that share a contiguous 
membrane with all their forebears. 

Initial Conditions 

Although details of the environmental conditions that 
pertained during the Hadean are uncertain, some gen- 
eralizations may be made. Assuming that the Earth's up- 
per mantle was somewhat more reducing than that 
presently maintained by the quartz-fayalite-magnetite 
(SiO2-Fe2SiO4-Fe304) buffer (Arculus and Delano 1980; 
Kasting et al. 1993), the atmosphere at 4 Ga probably 
comprised - 1 0  bars of CO 2 and significant CO, as well 
as water vapor, N 2, some SO 2, and possibly traces of 
formaldehyde (HzCO), CH4, and NH 3 (Pinto et al. 1980; 
Walker 1985; Kasting et al. 1993). The iron-bearing 
minerals and complexes in the Earth's lithosphere and 
hydrosphere would have been beginning to oxidize, 
mainly as a result of the thermal, electrical, and pho- 
tolytic dissociation of water and hydroxyl, so the at- 
mosphere would also have been host to transient hy- 
drogen as it escaped the gravity field. There would have 
been a form of ocean floor spreading, but whether that 
floor was composed of basalt or the more mafic ko- 
matiite is not certain (Arndt 1983; Nisbet 1984, 1987; 
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Bickle 1986). Springs of superheated ( -400°C)  water 
broadly comparable to present-day black smokers (Ed- 
mond and yon Damm 1983), i.e., powered by igneous 
intrusion, would have featured at oceanic spreading 
centers as well as at zones of ocean floor destruction. 
Land would have been ephemeral at these plate margins 
(Smith 1981; Moorbath 1985). Away from these mar- 
gins, on the 4-kin-deep ocean floor, sediments would 
have been thin and the high heat flow from the Earth's 
interior in those times would have driven about a mil- 
lion medium-temperature (<200°C) springs at spacings 
of about 7 km (cf., Fehn and Cathles 1986). 

Our favored site for membrane growth is at sulphide 
mounds developing at these hot (150-200°C) springs on 
the deep Hadean ocean floor. The initial conditions 
were satisfied at some of these long-lived, stable hy- 
drothermal springs; specifically at the interface between 
an iron-deficient, HS--bearing and thiolate (RS-)-bear- 
ing, alkaline (pH - 8 ) ,  reduced (Eh ~v-0.5 V) hot spring 
water at 150-200°C, and an iron-bearing, mildly oxi- 
dized (Eh - - 0 . 1  V) and acid (pH ~5)  ocean (Macleod 
et aI. 1994; Grotzinger and Kasting 1993) (Fig. 1). Ex- 
halation of such a hot alkaline solution into an acid 
ocean results in some significant effects. For example, 
as solubilities of many complexes (e.g., bi- and poly- 
sulphides) are much greater in alkaline solution, col- 
loidal membranes are precipitated on acidification (Fig. 
2). Perhaps traces of tungsten and molybdenum were in- 
troduced to the membrane in this way, i.e., as [WS4 ]2- 
and [MoS4] 2-. 

For life's beginnings solar photons may have been an 
important, but indirect, energy source additional to ther- 
mal and chemical (free) energies. The oxidative pho- 
tolysis of Fe z+, derived from black smokers and dis- 
solved in seawater, to FeOOH, could have provided the 
ultimate electron sink for prebiotic oxidation processes 
in the oceans as electrons were lost to space via hydro- 
gen (Braterman and Cairns-Smith 1987): 

4H + + 2FeOH + t~'/:~ 2Fe(III) + 2H20 + Hz~ (1) 

The Fe(IlI) produced will react with water to produce 
an iron oxyhydroxide sol. The ocean may have supplied 
ferric hydroxide for incorporation by sulphidation into 
the developing mixed valence iron sulphide membranes. 
At the same time an organic component in the ocean, 
scavenged by the ferric hydroxide, could have been 
brought to the membrane (Tatsumoto et al. 1961; Val- 
lentyne 1965; Collingwood et al. 1988). Another, or an 
alternative, source of Fe(III) would have been from the 
dissolution of magnetite in the high-temperature, acidic 
black smoker systems mentioned above (Seyfried et al. 
1991). 

Other possible electron sinks may have been sul- 
phate or sulphite, and H +. Solar photons could also 
have generated prebiotic formaldehyde (HzCO) from 

CO2, CO, and water vapor, to be rained out into the 
oceans where it may have achieved concentrations of at 
least 100 ppm (Pinto et al. 1980). Formaldehyde is a 
compound of some potential in the building of more 
complex organic molecules (Reid and Orgel 1967; 
Cairns-Smith 1982; Cole et al. 1994). 

We are confident of the alkaline nature of the off- 
spreading center hydrothermal solutions for there are 
modem examples of such springs (and groundwaters) in 
ultramafic rocks, rocks with compositions approximat- 
ing those that could have comprised the Hadean ocean 
floor (Barnes and O'Neil 1969; Barnes et al. 1978; Neal 
and Stanger 1984). There is also experimental support 
for the concept (Janecky and Seyfried 1986). More- 
over, theoretical rock:water thermodynamic modeling of 
such systems predicts aqueous fluids which, below 
300°C, are invariably alkaline and reducing (Macleod et 
al. 1994). But the likely abiotic organic content of this 
fluid is unknown. On theoretical grounds Shock (1992), 
purposely conservative, suggests a tenor of around 1 
ppm, although the overall concentration of abiotic or- 
ganics was likely to have been higher, as we shall see. 
Reduction of CO and CO 2 to organics during geother- 
inal convection of hydrothermal solution through the 
Earth's crust would have been concomitant with the 
oxidation of Fe 2+ in silicates (olivine and pyroxene), 
sulphides (e.g., pyrrhotite--Fe(l_,)S), wfistite (FeO), 
and, in places, residual native iron and iron-nickel al- 
loys. (See Hall 1986). Hydrogenation and other reduc- 
tions could have been catalyzed by both the sulphides 
and oxides, but most effective in this regard could have 
been filaments of awaruite (FeNi3), which is common 
in such rocks (Ulrich 1890; Krishnarao 1964; Neal and 
Stanger 1984). So the organic compounds capable of 
acting as ligands for the iron sulphides may have been 
provided, at least in part, by these Fischer-Tropsch-like 
reactions within the free hydrothermal convective sys- 
tems operating in the magnesium silicate and sulphide 
rich crust of the early Earth (Ferris 1992; Shock 1992) 
(Fig. 1). Certainly hydrogen would have been available 
for hydrogenation as a consequence of the well-estab- 
lished ease of oxidation of mafic rocks by water (Neal 
and Stanger 1984; Coveney et al. 1987; Peretti et al. 
1992): 

6[(Mgl.sFe0.5)SiO 41 + 7H20 --* 
3[Mg3Si205(OH) 4] + Fe30 4 + H 2 

olivine serpentine magnetite 

(2) 

Also, given the increase in solubility of nitrogen 
with pressure, Haber-Bosch-like reactions for generat- 
ing ammonia and hence amines are possible (and see 
Cole et al. 1994). Moreover, the experiments of Hennet 
and his co-workers (1992) indicate that certain amino 
acids could have been produced as metastable phases in 
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Fig. 1. Model environment for the emergence of life as contiguous 
iron monosulphide probotryoids on the 4-km-deep ocean floor four 
billion years ago above a convection cell involving modified Hadean 
seawater. Note that the mound and probotryoids are not to scale. In- 
set shows the evolution of probotryoidal FeS aggregates with only a 
minor organic content where growth is primarily driven hydrostati- 
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cally, through to protocells where the drive is osmotic and the mem- 
brane is mostly organic with the FeS sequestered. The hydrothermal 
spring operates for 1-10 million years. (See Russell and Skauli 1991 .) 
If the system is considered overall then life began autotrophically; if 
only the probotryoids are considered then life emerged heterotroph- 
ically. 
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Fig. 2. An Eh-pH plot of the putative Hadean (4-billion-year-old) 
seawater and hydrothermal solution demonstrating the iron mono- 
sulphide membrane as a chemical interface (redrawn from Macleod 
et al. 1994). The oblique dashed line through the membrane repre- 
sents the boundary between soluble Fe 2+ at lower pH and Eh, and in- 
soluble Fe (3 +) at higher pH and Eh. The Eh contrast between the two 
solutions provides a potential across the membrane of at least 0.4 V 
to initiate and drive catabolic processes. 

hydrothermal convection cells operating in the crust at 
150°C. In their experiment the Earth's crust was rep- 

resented by pyrite, pyrrhotite, magnetite, and titanium 
oxide; platinum was used as a sink for any free oxygen. 
Their model hydrothermal solution contained KCN 
(0.19 M), NH4C1 (0.23 M), H2CO (0.18 M), and NariS 

(0.05 A4) in the presence of a 10-atmosphere mixture of 
CO 2 and H 2 (3:1). The main amino acids synthesized in 
this way were glycine ( - 1 0  raM), aspartic acid (--0.3 
raM), and alanine ( -0 .1  mM). 

Although the actual tenors of organics in Hadean hy- 
drothermal solutions of the type considered here are an 
unknown quantity, their occurrence in association with 
hydrothermal minerals in certain meteorites, the car- 
bonaceous chondrites (Cronin et al. 1988; Anders 1989; 
Tomeoka 1990), could, by analogy with parent aster- 
oids, indicate an environment on the early Earth richer 
than some theoretical calculations imply. They could 
have been introduced late during cold accretion and 
then differentiated into the Earth's crust, to be aug- 
mented by cometary dust (Anders and Owen 1977; Chy- 
ba and Sagan 1992), finding their way into the oceans 
(to join formaldehyde) and thereby into hydrothermal 
solutions. Be that as it may, there would certainly have 
been another potentially polymerizing nonmetal avail- 
able in the hydrothermal solution--sulphur. Macleod et 
al. (1994) estimate its concentration (as HS-)  in the hy- 
drothermal solutions as approaching 1,000 ppm (--0.03 
M). We have found that a variety of organosulphur 
compounds are produced in experiments simulating hy- 
drothermal conditions. The main products are thiols, 
dithiols, disulphides (Kaschke et al. 1994), carbon/sul- 
phur ring compounds, and secondary amines (Cole et al. 
1994). Organosulphur compounds would have con- 
tributed to the membranes simply by adsorption on to 
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the fresh iron sulphide surfaces (Leja 1982). Some of the 
organics in the hydrothermal solution could also have 
escaped directly through fine chimneys into the seawa- 
ter to bathe the exterior of the sulphide mound (Fig. 1). 

The chemistry of the Hadean ocean would have been 
governed by interactions with the atmosphere and the 
oceanic crust, given that the land area at a time when 
there were no continents (Moorbath 1985) would have 
been relatively insignificant. A 10-bar CO 2 atmosphere 
would have acted as a very effective "greenhouse" 
(Walker 1985; Kasting and Ackerman 1986) although 
the actual temperature of the ocean then is disputed. 
Henderson-Sellars and Henderson-Sellars (1988) cal- 
culate a temperature of only up to 16°C, whereas on iso- 
topic evidence Ohmoto and Felder (1987) suggest 
30-50°C and Karhu and Epstein (1986) favor a hot, 
80°C early Archaean ocean. Costa and his co-workers 
(1980) consider an even hotter ocean more likely, a 
c o n d e n s a t e  f r o m  the s e c o n d a r y  a t m o s p h e r e  at 
100-120°C, maintained for a time by the "greenhouse," 
notwithstanding the relatively low solar flux (Newman 
and Rood 1977). High CO 2 in the atmosphere would al- 
so have imposed a low pH on the Hadean ocean, esti- 
mated to be around 5 once saturated in dolomite (Fig. 
3). About 100 ppm or ~ 2  mM of dissolved iron would 
have been supplied to the Hadean ocean by black-smok- 
er-like hot submarine springs (yon Damm et al. 1985). 
Assuming a 10-bar CO 2 atmosphere, the Fe 2+ carrying 
capacity of ocean water saturated in siderite would have 
been dependent on temperature, and calculations using 
Geochemist 's  Workbench (Bethke 1992a,b) give 225 
ppm (4 raM) at 20°C and 63 ppm ( ~  1 mM) at 80°C (and 
see Edmond and von Datum 1983). Nickel may also 
have been present at the ppm level in the ocean, derived 
from the acid weathering of the ephemeral land surfaces. 
(See Hirst 1971.) Minor concentrations of formic and 
phosphoric acids in the ocean are also a likely conse- 
quence of volcanic exhalations (Kasting et al. 1993; 
Yamagata et al. 1991). 

A continual supply of protons to the exterior of the 
sulphide mound would be guaranteed by the secondary 
entrainment and convection of these acid Hadean ocean 
bottom waters (Fig. 1). 

Membranes in Laboratory Experiments 

Chemical (silica) gardens illustrate how inorganic mem- 
branes can form. These grow osmotically by means of 
precipitation of a semipermeable membrane at the in- 
terface of acid and basic solutions (cf. Cairns-Smith 
1982). Seeds for the resulting garden spires come in the 
form of hydrated salts of a weak base and a strong acid 
(e.g., CoC12 • 6H20) cultivated in a solution of sodium 
silicate, a salt of a strong base and weak acid (Coatman 
et al. 1980; Garcia-Ruiz 1985; and see Leduc 1911). 
Comparable structures can be produced by the intro- 
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Fig. 3. Calculation of the pH of fresh water, as well as of water sat- 
urated in carbonates, in equilibrium with carbon dioxide at varying 
pressures (after Macleod et al. 1994). This leads to an estimated 
maximum pH of --5 for Hadean ocean water assuming (1) that it was 
saturated in carbonate and (2) a 10-bar CO 2 atmosphere (Grotzinger 
and Kasting 1993). Present-day near-surface seawater is buffered by 

calcite. 

duction of an alkaline solution of sodium silicate 
through a fine aperture into a mildly acidic solution of 
a metallic salt, and an iron sulphide version may be pro- 
duced by introducing a solution of sodium sulphide in- 
to iron chloride solution (Russell 1988), an experiment 
originally designed to mimic the formation of fine hy- 
drothermal chimneys at sedimentary exhalative lead- 
zinc deposits in Ireland such as Silvermines and Tynagh 
(Larter et al. 1981; Banks 1985). Apart from fine hol- 
low spires of iron sulphide, bubbles may also form, 
measuring 0.1-1 mm in diameter (Fig. 4), comparable 
to sulphide structures fossilized as hollow pyrite botry- 
oids in those same ore deposits (Fig. 5, 6) (Russell et al. 
1989). The semipermeable nature of these iron mono- 
sulphide membranes is demonstrable in imitations of the 
porous pot experiments of Pfeffer (1877) as well as in 
our chemical garden experiments. 

The iron-sulphur membranes, formed by the injection 
of a 0.1 M solution of sodium sulphide (Na2S • 9H20) 
into 0.1 M solution of ferrous chloride (FeC12 • 4H20), 
have about 20-40 times the durability when a 100-ppm 
mixture of (potentially) abiogenic organics is added to 
a liter of each of these fluids at standard temperature and 
pressure (STP). We chose the following on the basis of 
previously published work (e.g., Degens 1979; Pinto et 
al. 1980; Hennet et al. 1992): formaldehyde (15 ppm), 
formic acid (15 ppm), methanol (30 ppm) glycine (15 
ppm), valine (15 ppm), alanine (5 ppm), and aspartic 
acid (5 ppm). Increasing these concentrations propor- 
tionately to total 1,000 ppm also led to a 20-fold in- 
crease in the lifetime of the iron sulphide bubbles, but 
only minor effects were observed on addition of a 10- 
ppm mixture (Cart and Russell, unpublished research). 

Gelatinous iron monosulphide (Fe(l_x)S) precipitates 
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Fig. 4. Probotryoid bubbles comprising an iron monosulphide gel 
produced at the interface between model alkaline "spring" water 
bearing HS- and the ambient seawater analogue containing FeC12. 

Fig. 5. Pyrite botryoids from Tynagh Mine, Ireland. Scale in mm. 

are difficult to characterize (Rickard 1975; Stanton and 
Goldhaber 1991) but in certain conditions may pass, by 
dehydration of hydrated iron bisulphides (Rickard 
1989), through mackinawite (Fe(l+x~S), and are well 
known to oxidize, even at relatively low oxygen fu- 
gacities (low redox potential, see Fig. 2), to form the 
metastable ferrous/ferric sulphide, greigite (Fe3S4) 
(Skinner et al. 1964; Berner 1967; and see Russell 
1988). Vaughan and his co-workers (1991) have demon- 
strated the presence of the greigite structure in fresh 
"amorphous iron sulphide" precipitated from aqueous 
solution at 100°C. Greigite (Fig. 7) is an inverse spinel 
(Vaughan and Tossell 1981) for which the formula ac- 
counting for charge and coordination may be written: 

Fe 3 + (tet) Fe 3 + (oct)Fe 2 + (oct) 842- (tet) 

Fig. 6. Section through hollow pyrite botryoids from Tynagh. Field 
of view2mmacross. 

As can be seen from the half cell depicted in Fig. 7, 
it can be considered to consist, in part, of a primitive 
[Fe4S4] cube with each Fe linked "externally" to three 
S atoms and each S linked "externally" to one iron 
atom. Ul t imately ,  al though nucleat ion is difficult  
(Schoonen and Barnes 1991), highly stable ferrous 
disulphide (pyrite), Fe2+($22-), is produced on pro- 
gressive oxidation of iron sulphide precipitates. But the 
[Fe4S412+ cluster itself, if protected from complete ox- 
idation (or reduction) by organic ligands, has the qual- 
ity of an electron transfer agent. 

Greigite itself is a metastable, somewhat "ionic" 
mineral, which is rare in the geological record because 
of the instability imparted by the large number of elec- 
trons in antibonding orbitals (Vaughan and Craig 1985; 
Vaughan and Lennie 1991). It is only found in relatively 
recent sediments, and then only where it has been well 
protected f rom oxidation to pyrite or reduction to 
pyrrhotite (~Fe7Ss) by surrounding impermeable clays, 
carbonates, or borax (Skinner et al. 1964). Otherwise the 
final products depend mainly on the degree of oxidation 
via both: 

Fe2+--->Fe 3+ + e -  
and 2S2---- ,$22- + 2e-  

(3) 
(4) 

But greigite also occurs in a magnetotactic bacterium 
(Mann et al. 1990) where, apart from its navigational 
use, it probably serves as an iron store (Williams 1990), 
and could even be acting as a redox buffer. So in this 
"primitive" sulphur bacterium the greigite is protected 
from oxidation by organic ligands in the same way that 
[Fe4S4] clusters are protected by organic ligands in 
ferredoxins. And bacteria may be the source of greig- 
ite at least in lacustrine sediments (Mann et al. 1990). 

We conclude that a membrane of some complexity 
comprising a dehydrating iron and organic sulphide gel 
is a likely consequence of fluid mixing on the Hadean 
ocean floor, and that it had the capacity to stem much 
of the energy flow from one solution to the other. In 
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Fig. 8. Natural hydrogenase reaction involving acid seawater acti- 
vating an iron center within the membrane and, in turn, precipitating 
an organic disulphide. 
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Fig. 7. The structure of greigite (Fe3S4) drawn to emphasize the dif- 
ferent iron sites in contrast to a similar network of sulphur atoms. Note 
the primitive cube to the bottom right of this half cell in which the 
four iron ions may be considered as being in the Fe 2'5+ state. 

general gels are neither liquid nor solid but exist at the 
boundary between these states and consist of a distri- 
bution of self-similar clusters over a range of sizes, 
fractal on all length scales (Kopelman 1989). When gel 
membranes thicken, diffusion through them becomes 
exponentially slower, which is significant since many 
chemical reactions are diffusion controlled. 

Membrane Catalysis 

A colloidal gelatinous ferrous/ferric sulphide membrane 
would, with the help of organic ligands, develop the po- 
tential to act as a catalyst by offering the possibility of 
electron transfer, owing to Fe2+/Fe 3+ transitions in the 
membrane, before the evolution of ferredoxins (cf. 
Williams 1965). Iron-sulphur proteins are ubiquitous in 
current forms of life. Moreover, in "primitive" forms 
they play the role of NADP(H) (Daniel and Danson in 
review), and Hall and his co-workers (1971) have sug- 
gested that they are primordial catalysts, a view sup- 
ported by the work of George et al. (1985) and by the 
theoretical proposals of W~ichtersh~iuser (1992). They 
are effective and versatile redox catalysts and, especially 
if incorporating nickel, can carry out hydrogenase re- 
actions of the type shown in Fig. 8. There is good rea- 
son to believe that simpler versions with short polymers 
of prebiotic organic compounds would also be ex- 
tremely active (Williams 1965; Mtiller and Schladerbeck 
1985; da Silva and Williams 1991) and, because of their 
thermodynamic stability, spontaneously self-assembling 
(Hagen et al. 1981). Given the propensity of ferrous/fer- 

ric sulphide to conform in part to a primitive cube in 
metastable greigite, we can imagine this molecule either 
developing into that iron sulphide mineral, or, as the 
"cubane" (Holm 1992), developing into a proferredox- 
in in the membrane, depending on the local availabili- 
ties and activities of iron and prebiotic organics. 

Notwithstanding the findings of Hennet et al. (1992) 
it is by no means certain that primitive peptides were the 
only ligating agents for the iron-sulphur centers, because 
it appears that apart from glycine, amino acids would 
not have been developed in quantity abiogenically in the 
hot-spring environment. For example, in an attempt to 
reproduce the findings of an earlier aqueous synthesis 
of amino acids (Kimoto and Fujinaga 1988, 1990) we 
found only methylaminomethanethiol, carbon/sulphur 
ring compounds, and insoluble polymers which, com- 
bined, had the elemental analyses corresponding to the 
formula CsH16SsN 2 (Cole et al. 1994). Even in the cas- 
es where amino acids have been generated in the labo- 
ratory they are outweighed by other organic molecules, 
and anyway, peptidelike polymers are not produced 
(Miller 1955; Hennet et al. 1992). So perhaps the li- 
gands were more like those used by Bonomi et aI. 
(1985) in the generation of ferredoxin model compounds 
in aqueous solution. These workers have shown that it 
is possible for [Fe4S4(SC6Hs)4 ]2- to assemble in water 
from FeCI 2, sulphur, and thiophenol (C6HsSH) at STP; 
2-mercaptoethanol (HOCH2CH2SH) has a similar li- 
gating ability, producing [Fe4S4(SCH2CH2OH)4 ]2-. In 
modern iron-sulphide proteins the wide redox potential 
range (from +0.2 to - 0 . 4  V at pH 7, 25°C) is obtained 
largely through the effect the particular protein has on 
the iron sulphide center, but the redox potential in the 
probotryoidal membrane we propose would probably 
have been more restricted (approx. - 0 . 3  V at pH 7, see 
Fig. 2). Proferredoxins may have been important at this 
earliest stage of evolution as the FeS clusters could 
have been protected from oxidation to inert but con- 
ductive crystalline pyrite by  ligands which prevent the 
reaction 2S 2- ---, $22-. On the other hand, Fe2+/Fe 3+ 
switching is permitted in clusters (Fig. 8), allowing the 
complex to behave as an electron transfer agent (see 
equations 3 and 4) with distortion but without a change 
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in conformation of the active center (Noodleman and 
Case 1992). In this way these agents may have helped 
the membrane to resist the aging process. We speculate 
that traces of [MOS412- and [W8412- , complexes solu- 
ble in alkaline solution, were carried in hydrothermal so- 
lution to the hot spring mounds where they reacted with 
iron in ocean water to form [MFe3S4] clusters of the type 
to become significant in some hyperthermophilic ar- 
chaebacteria (e.g., Makund and Adams 1991; and see 
Holm 1992). 

Our proposed role for iron sulphides contrasts with 
that of W~ichtersh~iuser (1988a, 1990), who envisaged 
the growth of insoluble pyrite providing both a supply 
of electrons (energy) as well as a substrate for the first 
chemoautotrophic (but noncellular, two-dimensional) 
metabolism. As touched on above, we consider that 
pyrite crystals would not only destroy the flexibility and 
insulating properties of the membrane, but that they 
would also severely limit its chemical reactivity: once 
formed, pyrite is extremely difficult to reduce. Iron is 
usually bonded in fourfold coordination to sulphur in bi- 
ological systems, and if ligated, it can tolerate oxida- 
tion/reduction, as we have seen, but in pyrite it is bound 
as Fe z+ in sixfold, octahedral coordination to (S2)2- 
(Finklea et al. 1976; and see Cairns-Smith et al. 1992). 

But W~chtershguser's mechanism may have provid- 
ed a process in the development of the ever-enlarging 
hydrothermal hot-spring mound which would have in- 
creased autonomy of cellular colonies, perhaps a step 
toward autotrophy. The original hydrothermal circula- 
tion system supplying the organic compounds, in part 
by "proanabolism" (Fig. 1), could have been supple- 
mented by organic synthesis of a restricted number of 
organics generated on the growing pyrite crystals re- 
placing and nucleating upon the old iron monosulphide 
membranes within the mound itself. That is, once the 
sulphide mound had started to form, seawater-bearing 
formaldehyde and carbonate could have been entrained 
through the base (Fig. 1) and monosulphide oxidized to 
pyrite, perhaps accompanied by the concomitant fixa- 
tion of carbon as in the W~ichtersh~iuser model--a  final 
contribution to earliest "life" as probotryoids (cf. Fig. 
4) converted to true pyrite botryoids (Figs. 5, 6). So the 
mound could be considered as a chemical reactor (cf. 
Corliss 1990). 

M e m b r a n e  G r o w t h  

We propose that an iron-sulphide membrane would 
have grown in the first instance by inflation with the 
buoyant hydrothermal solution at the submarine hot 
spring (probotryoidal stage), and only later by osmosis 
(protocellular stage). Membrane area expansion could 
occur by autoinsertion of hydrophobic moieties (e.g., 
fatty acids + SH = protolipids) as the membrane ex- 
panded. There are precedents for such insertion in cur- 

rent biological membranes--for example, the sponta- 
neous monomeric diffusion of cholesterol into them 
(Phillips et al. 1987). The organic contribution to the 
membrane may have included those organic sulphides 
which we presume to have been produced within the hy- 
drothermal system. (See previous section). 

There are three obvious possibilities that could act as 
the driving force behind osmosis as the probotryoids 
evolve to protocells. First, the catalytic (catabolic) split- 
ting of large, chemically fragile molecules on the mem- 
brane's inner wall (cf. Hall et al. 1971; and see Weiss- 
er and Landa 1973). Fermentation is one process in 
which oxidation of organics could be encouraged by hy- 
drogenase activity of the iron-nickel sulphide clusters 
driven by the protons in the acidic ocean water at the 
membrane exterior (2H + + 2e ---, H2) (Fig. 8). Second, 
a portion of the hydrophobic compounds (e.g., neutral 
fatty acids) capable of dissolving in the membrane could 
be converted in the membrane, or at its inner face, to a 
more hydrophilic form, possibly by redox reaction or 
ionization, thus becoming more soluble: 

RCOOH ~ RCOO + H + (5) 

Those hydrophilic forms dissolving in the interior of the 
protocell will add to the internal osmolality. This sec- 
ond possibility has an analogy in current mitochondri- 
al metabolism. The retention of tricarboxylic acid cycle 
intermediates in mitochondria occurs because the di- 
and tricarboxylic acids which make up the intermediates 
have larger dissociation constants (i.e., a higher pro- 
portion is in the charged state) than is the case for the 
monocarboxylic acids which are the feeders for the cy- 
cle. Uncharged molecules can dissolve in, and diffuse 
through, biological membranes, but charged molecules 
cannot. Third, the transport of positively charged ions 
in the external, acidic ocean (including organics ulti- 
mately derived from cometary dust and the primitive 
crust) into the membrane, driven by the natural chemios- 
motic gradient (cf. Mitchell 1961, 1979; Williams 1961, 
1965) arising as a consequence of the acid ocean and an 
alkaline hydrothermal fluid (Macleod et al. 1994). 

At this stage of evolution all these products would be 
maintained at a relatively constant level by volume in- 
crease as the protocell grows, buds, and produces con- 
tiguous offspring. Nevertheless, as we have seen, not all 
the catalytic conversions would have been destructive 
or catabolic. With the ligated iron-sulphide centers in the 
membrane acting as redox catalysts or proferredoxins 
(Fig. 8), oxidation and concomitant polymerization of 
prebiotic thiolates to insoluble disulphides would also 
have taken place--e.g.: 

2C2H5OCS 2 + 2Fe 3+ 
CH5OCS 2 - S2COC2H 5 + 2Fe 2+ (6) 

We assume aqueous voids in the membrane interior 
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were quickly filled by the proferredoxins and also abio- 
genic organic compounds, attracted to the membrane by 
surface effects, and possibly rendered less soluble by the 
catalytic oxidation outlined above (equation 6). 

A major implication of our proposal is that the pro- 
ton motive force, which forms a fundamental part of en- 
ergy transduction and conservation across cell mem- 
branes (Jones 1988), including those of archaebacteria, 
has existed from the time of the first abiogenic steps to- 
ward life. An important role for thioester (RCOSR') 
bonds, which would be available in the primitive sul- 
phide-rich organic membrane, is favored by de Duve 
(1991) for the initiation of phosphate-based metabolic 
cycles, as inorganic phosphates (and thiophosphates) 
can attack thioester bonds to produce acyl phosphates 
and pyrophosphates, possible precursors of ATP: 

R'SCOR + Pi --> R'SH + RCOP- (7) 
RCOP- + Pi- --~ RCOOH + PPi 2 (8) 

Three key components for the development of me- 
tabolism are therefore incorporated in the membrane we 
envisage: a proton gradient (ultimately providing the 
proton motive force mechanism of energy conserva- 
tion) (Fig. 8); electron transfer agents (ultimately par- 
ticipating in the proton motive force through respiration 
and photosynthesis); and thioester bonds (important in 
the production of polyphosphates with "high-energy" 
bonds for diverse processes of biosynthesis). 

In this model the Hadean ocean not only stores fer- 
rous iron and protons but also ferric iron complexes, 
ions of phosphoric acid, and perhaps residual prebiotic 
organic acids. The hot spring supplies reduced sulphur 
as HS- ,  RS- ,  and possibly glycine (Hennet et al. 1992). 

Membrane Reproduction 

As the young iron-monosulphide-dominated membranes 
are semipermeable, indicating some hydrophobic char- 
acter, they are self-sealing. Sealing of ruptures would al- 
so be facilitated by spontaneous precipitation of new 
membrane, the composition of which, nucleating and 
propagating from the old, would tend to have a similar 
chemistry and structure: i.e., reproduction would be 
self-seeding even at an early stage. A sense of how this 
might work for the simplest of systems prior to the 
emergence of life may be gleaned from a chemical gar- 
den experiment. If a crystal of hydrated ferrous chloride 
(FeC12 • 4H20 ) is dropped into a petri dish containing 
a saturated, filtered solution of sodium sulphide (pH 
13.6), submillimetric vesicles are observed to "germi- 
nate," one or two coming from another. These vesicles 
are morphologically comparable to, though smaller than, 
the pyrite botryoids found at Tynagh (cf. Figs. 5, 6). 

As with the chemical garden experiment, the mem- 
brane at the submarine mound would have formed at the 

interface between an HS--  (and probably RS-)-bearing 
alkaline hydrothermal solution and the iron-bearing, 
acid ocean. Positively charged colloidal ferric oxyhy- 
droxide would have been attracted, along with the Fe(II) 
complexes, to the negatively charged membrane. Here 
the iron species would have been precipitated to produce 
a mixed valence iron sulphide, a portion of which may 
have been ligated by organosulphur compounds. As 
Williams pointed out in 1965, "RS- (or RS-SR or RS2- ) 
could have the function of making the iron ions (II and 
III) in their complexes extremely active both as elec- 
trophilic (III) and as nucleophilic (II) centers, showing 
much of the capacity of free radicals in these respects." 
The catalytic properties of these proferredoxins would 
encourage chemical ordering; the proferredoxins would 
have participated in chemical cooperation. 

The leading surface of the membranous sulphide 
mound is always young and ever growing (Fig. 1). Pro- 
botryoids of iron sulphide up to 1 mm across could 
have a lifetime of hours or even days because those iron- 
sulphide clusters which have been ligated will not par- 
ticipate in the normal pyritization process, and will, 
along with other adsorbed hydrophobic organics, block, 
or at least inhibit, the crystallization of those unligated 
clusters beyond greigite. 

But after aging the membrane would not have been 
good at self-maintenance. As we have seen, thickening 
is likely to have led to overall loss of expansivity and 
therefore to budding as the hydrothermal  system 
pumped more fluid into the sulphide mound. Organic 
disulphides resulting from oxidation of thiolates (equa- 
tion 6) within the membrane could have adhered to it. 
We have produced amines and carbon/sulphur ring sys- 
tems in experiments partly designed to mimic such a 
system (Cole et al. 1994). Such compounds could have 
conferred chemical stability and physical flexibility to 
the membrane. So in our view growth involves the ox- 
idation of RS-  to give a disulphide linkage (Fig. 8) and 
the bonding of metal ions with anionic functional groups 
of organosulphur compounds (Kawka and Simoneit 
1987; Cole et al. 1994; and cf. Wu and Orgel 1991). 

We propose an evolution toward an initially pliable 
but gradually aging membrane, a "smart structure" able 
to withstand the vagaries of the hydrothermal supply. 
We go on to speculate that in this primitive system the 
composition of the membrane contains information that 
determines the environment for further growth. The 
longevity of the system will influence how effective the 
membrane is in providing an environment in which 
more complex prometabolic and self-replicating sys- 
tems can develop over time. But crucially, the overall 
composition of the membrane will determine future 
composition. Hydrophobic, or better still, amphipathic, 
molecules can be expected to self-insert into such a hy- 
drophobic membrane, and the compounds inserted will 
depend partly on the membrane's composition (e.g., 
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hydrophobicity) and partly on the concentration of the 
various organics in the hydrothermal solution and the 
surrounding ocean waters. The more successful the dis- 
criminating system is in retaining osmotically active, 
and in particular organic, species, the more likely it is 
to evolve from reliance on hydrothermal inflation to- 
ward independent, osmotically driven growth and divi- 
sion, so increasing the number and survival of "daugh- 
ter" protocells. The more successful the exterior is at 
controlling the insertion of organics, the more likely any 
daughter protocell is to resemble the parent. These steps 
have to precede the complete separation of daughter 
cells. 

Conclusions 

The minimum requirements for life are (1) maintenance 
of a volume (procytoplasm) separated from the bulk 
medium, (2) ability to carry out some form of catalytic 
conversion, (3) energy, and (4) reproduction, including 
the passage of enough information to ensure that off- 
spring is relatively similar to the parent. Although an 
isolated reproducing cell is usually seen as a minimal 
life form, it is evident that a hydrated iron-sulphide--con- 
taining membrane has the advantage of potentially em- 
bodying all these requirements within a single entity. A 
membrane, separating a volume from the external medi- 
um, could, as a probotryoid, grow by hydrothermal in- 
flation, and subsequently evolve, in stages, by organic 
takeover of the greigite component, to encapsulate pro- 
tocells which would grow by osmosis. It could have the 
potential to carry out catalytic conversions as a contri- 
bution to chemical cooperation, and perhaps to act as 
"genetic" information in the sense that the membrane 's  
composition could exert some control on the nature of 
components inserted into, or permeating through, it and 
its progeny, as it increases in area in an environment of 
persistent chemical and thermal disequilibrium--i.e.,  
where those gradients are high and are maintained by the 
membrane. 

As hydrothermal (hydrostatic) inflation precedes 
catabolically driven osmosis as the means of growth and 
reproduction, the old argument over the prior appear- 
ance of metabolism or genetic information is avoided. 
They may have developed interactively: the structure of 
the membrane holding information, and, at the same 
time controlling, its semipermeable nature. Also the di- 
chotomy between the heterotrophic and autotrophic the- 
ories of the origin of life is dissolved. It is a matter of 
scale. If  the overall hydrothermal system is conceived 
of as the first approach to life then it is autotrophic, but 
if the focus is restricted to the probotryoidal bubbles it 
may be considered heterotrophic. 

So here we have attempted to show that life emerged 
as a natural consequence of the drive for equilibrium be- 
tween the Earth's crust and hydrosphere, itself in equi- 

librium with the atmosphere. It was not an event that 
merely happened on Earth: it was a part of its func- 
tioning, one result of the loss of free energy. 

The central features of our proposal are: 

l. Semipermeable membranes comprising iron and or- 
ganic sulphides formed probotryoids which were 
capable of  growth and "reproduction" by hydrostat- 
ic inflation-driven swelling and budding while main- 
taining the strong Eh-pH (chemiosmotic) contrast 
between an internal alkaline, highly reduced hy- 
drothermal fluid, and the external, mildly oxidized, 
and acid seawater. 

2. Depending on the local availabilities and activities 
of iron and prebiotic organics the "cubic" ferrous/ 
ferric sulphide clusters [Fe4S4] , newly precipitated 
and comprising the membrane, either developed in- 
to metastable greigite, or, as the "cubane" (Holm 
1992), formed the centers to proferredoxins. 

3. A large number of iron-sulphide mounds (natural 
chemical reactors) were formed as a consequence of 
a multiplicity of submarine hydrothermal convection 
cells away from oceanic spreading centers. The 
chemical composition of the hydrothermal fluid 
would not in all cases have been favorable to the de- 
velopment of the protocellular systems we propose, 
but the variation in the compositions increases the 
probability of success for one of them. 

4. Initially, at the probotryoidal stage of development, 
catalytic conversions in and on the membrane would 
have been catabolic, apart from the oxidative dimer- 
ization of thiolates to organic disulphides. Early 
"anabolic" synthesis of abiogenic organics was pro- 
vided within the submarine hydrothermal system us- 
ing, in part ,  CO, CO 2 and/or H2CO as carbon 
source(s), although carbonaceous deposits in the 
crust indicated by meteorites could also have been 
a source at least early on. 

5. Later, at the protocellular stage, selection of proto- 
cells with particular membrane compositions, now 
comprising a greater proportion of organics, would 
have depended upon osmosis, as catalytic conver- 
sions of organic molecules (the fuel supplied in the 
hot springs and from the ocean water) by proferre- 
doxins in or on the membrane resulted in an in- 
crease in intracellular osmotic pressure and mainte- 
nance of a relatively high pH. 

6. The catalytic membrane provided an environment for 
the development of a self-replicating system and of 
metabolism prior to the physical separation of iso- 
lated daughters. 

Our proposal does not purport to bridge completely 
the gap between abiogenic chemicals and cellular life 
forms but rather suggests some initial conditions, avail- 
able materials, mechanisms, energy sources, and a plau- 
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sible environment in which the latter could develop 
from the former. We see the advantage of our hypoth- 
esis as requiring a minimum of special conditions and 
fitting well with what we know of the early Earth. Many 
of the elements of our proposal are either well known 
and have been, or can be, tested in the laboratory. 

Acknowledgments. We thank the Natural Environment Research 
Council (grant number GR3/7779), the Royal Society of London, 
and the Scientific Committee for Oceanographic Research for finan- 
cial support; Graham Cairns-Smith, Michael Kaschke, Everett Shock, 
David Vaughan, and RJ.P. Williams for discussions; and Polly Cart 
and Dugald Turner for technical assistance. 

References  

Anders E (1989) Pre-biotic organic matter from comets and asteroids. 
Nature 342:255-257 

Anders E, Owen T (1977) Mars and Earth: origin and abundance of 
volatiles. Science 198:453-465 

Arculus RJ, Delano JW (1980) Implications for the primitive atmo- 
sphere of the oxidation state of Earth's upper mantle. Nature 
288:72-74 

Arndt NT (1983) Role of a thin komatiite-rich oceanic crust in the 
Archean plate-tectonic process. Geology 11:372-375 

Banks DA (1985) A fossil hydrothermal worm assemblage from the 
Tynagh lead-zinc deposit in Ireland. Nature 313:128-131 

Barnes I, O'Neil JR (1969) The relationship between fluids in some 
fresh Alpine-type ultramafics and possible modern serpentiniza- 
tion, Western United States. Bull Geol Soc Am 80:1947-1960 

Barnes I, O'Neil JR, Trescases JJ (1978) Present day serpentinization 
in New Caledonia, Oman and Yugoslavia. Geochim Cosmochim 
Acta 42:144-145 

Berner RA (1967) Thermodynamic stability of sedimentary iron sul- 
fides. Am J Sci 265:773-785 

Bethke C (1992a) The geochemist's workbench (code). The Board of 
Trustees of the University of Illinois, Chicago. 

Bethke C (1992b) The geochemist's workbench: a users guide to 
Rxn, Tact, React and Gtplot. University of Illinois, Chicago, pp 
174 

Bickle MJ (1986) Implications of melting for stabilization of the 
lithosphere and heat loss in the Archaean. Earth Planet Sci Lett 
80:314-324 

Bonomi F, Werth MT, Kurtz DM (1985) Assembly of FenSn(SR)2- 
(n = 2, 4) in aqueous media from iron salts, thiols and sulfur, sul- 
fide, thiosulfide plus rhodonase. Inorg Chem 24:4331-4335 

Braterman PS, Cairns-Smith AG (1987) Iron photoprecipitation and 
the genesis of the banded iron-formations. In: Uitterdijk Appel 
PW, LaBerge GL (eds) Precambrian banded iron-formations. 
Theophrastas Publications SA, Athens, Greece, pp 215-245 

Cairns-Smith AG (1982) Genetic takeover and the mineral origins of 
life. Cambridge University Press, Cambridge, England 

Cairns-Smith AG, Hall A J, Russell MJ (1992) Mineral theories of the 
origin of life and an iron sulphide example. Orig Life Evol Biosph 
22:161-180 

Chyba C, Sagan C (1992) Endogenous production, exogenous deliv- 
ery and impact-shock synthesis of organic molecules: an inven- 
tory for the origins of life. Nature 355:125-131 

Coatman RD, Thomas NL, Double DD (1980) Studies of the growth 
of "silicate gardens" and related phenomena. J Materials Sci 
15:2017-2026 

Cole WJ, Kaschke M, Sherringham JA, Curry GB, Turner D, Russell 
MJ (1994) Can amino acids by synthesised by H2S in anoxic 
lakes. Marine Chem 45:243-256 

Collingwood TN, Daniel RM, Langdon AG (1988) An M(III)-facil- 
itated floculation technique for enzyme recovery and concentra- 
tion. J Biochem Biophys Meth t7:303-310 

Corliss JB (1990) Hot springs and the origin of life. Nature 347:624 
Corliss JB, Baross JA, Hoffman SE (1981) An hypothesis concern- 

ing the relationship between submarine hot springs and the origin 
of life on Earth. Oceanol Acta Proc 26th International Geologi- 
cal Congress, Geology of the Oceans symposium (suppl), Paris, 
pp 59-69 

Costa UR, Fyfe WS, Kerrich R, Nesbitt HW (1980) Archaean hy- 
drothermal talc, evidence for high ocean temperatures. Chem Ge- 
ol 30:341-349 

Coveney RM, Goebel ED, Zeller EJ, Dreschhoff GAM, Angino EE 
(1987) Serpentinization and the origin of hydrogen gas in Kansas. 
Bull Am Assoc Petrol Geol 71:39-48 

Crick FHC (1968) The origin of the genetic code. J Mol Biol 
38:367-379 

Cronin JR, Pizzarello S, Cruickshank DP (1988) Organic matter in car- 
bonaceous chondrites, planetary satellites, asteroids and comets. 
In: Kerridge JF, Matthews MS (eds) Meteorites and the early so- 
lar system. University of Arizona Press, Tucson, pp 819-857 

da Silva JJRF, Williams RJP (1991) The biological chemistry of the 
elements. Clarendon Press, Oxford, England 

Daniel RM, Danson MJ (in review) Did early life use non-haem iron 
proteins in place of NAD(P)? J Mol Evol 

de Duve C (1991) Blueprint for a cell: the nature and origin of life. 
Neil Patterson Publishers, Burlington, North Carolina 

Degens ET (1979) Primordial synthesis of organic matter. In: Bolin 
B, Degens ET, Kempe S, Ketner P (eds) The global carbon cycle. 
John Wiley, New York, pp 57-77 

Edmond JM, yon Datum KL (1983) Hot springs on the ocean floor, 
Sci Am 248/4:70-85 

Fehn U, Cathles LM (1986) The influence of plate movement on the 
evolution of hydrothermal convection cells in the oceanic crust. 
Tectonophysics 125:289-312 

Ferris JP (1992) Chemical markers of prebiotic chemistry in hy- 
drothermal systems. Orig Life Evol Biosph 22:109-134 

Finklea SL, Cathey S, Amma EL (1976) Investigation of the bond- 
ing mechanism in pyrite using the Mossbauer effect. Acta Crys- 
tall A32:529-537 

Fox SW (1965) A theory of macromolecular and cellular origins. Na- 
ture 205:328-340 

Garcia-Ruiz JM (1985) On the formation of induced morphology 
crystal aggregates. J Crystal Growth 73:251-262 

George DG, Hunt LT, Yeh L-SL, Barker WC (1985) New perspec- 
tives on bacterial ferredoxin evolution. J Mol Evol 22:20-31 

Gilbert W (1986) The RNA World. Nature 319:618 
Grntzinger JP, Kasting JF (1993) New constraints on Precambrian 

ocean composition. J Geol 101:235-243 
Hagen KS, Reynolds JG, Holm RH (1981) Definition of reaction se- 

quences resulting in self-assembly of [Fe4S4(SR)4 ]2 clusters from 
simple reactants. J Am Chem Soc 103:4054-4063 

Hall AJ (1986) Pyrite-pyrrhotine redox reactions in nature. Minera- 
log Mag 50:223-229 

Hall DO, Cammack R, Rao KK (1971) Role for ferredoxins in the ori- 
gin of life and biological evolution. Nature 233:136-138 

Hall DO, Cammack R, Rao KK (1974) The iron-sulphur proteins: evo- 
lution of a ubiquitous protein from the origin of life to higher or- 
ganisms. In: Dose K, Fox SW, Deborin GA, Pavlovskaya TE 
(eds) The origin of life and evolutionary biochemistry. Plenum 
Press, New York, pp 153-168 

Hartman H (1975) Speculations on the origin and evolution of me- 
tabolism. J Mol Evol 4:359-370 

Henderson-Sellers A, Henderson-Sellers B (1988) Equable climate in 
the early Archaean. Nature 336:1 t7-118 

Hennet R J-C, Holm NG, Engel MH (1992) Abiotic synthesis of amino 
acids under hydrothermal conditions and the origin of life: a per- 
petual phenomenon ? Naturwissenschaften 79: 361-365 



242 

Herrera AL (1942) A new theory of the origin and nature of life. Sci- 
ence 96:14 

Hirst DM (1971) Considerations of a sedimentary source for the 
heavy metal content of ore-forming fluids. Trans Instn Min Met- 
all 80:B l-B3 

Holm RH (1992) Trinuclear cuboidal and heterometallic cubane-type 
iron-sulfur clusters: new structural and reactivity themes in chem- 
istry and biology. Adv Org Chem 38:1-71 

Janecky DR, Seyfried WE (1986) Hydrothermal serpentinization of 
peridotite within the ocean crust: experimental investigations of 
mineralogy and major element chemistry. Geochim Cosmochim 
Acta 50:1357-1378 

Jones CW (1988) Membrane-associated energy conservation. In: An- 
thony C (ed) Bacterial energy transduction. Academic Press, Lon- 
don, pp 1-82 

Joyce GF (1989) RNA evolution and the origins of life. Nature 
333:217-224 

Karhu J, Epstein S (1986) The implication of the oxygen isotope 
records in coexisting cherts and phosphates. Geochim Cosmochim 
Acta 50:1745-1756 

Kaschke M, Russell MJ, Cole WJ (1994) [FeS/FeSz]. A redox system 
for the origin of life. Orig Life Evol Biosphere 24:43-56 

Kasting JF, Ackerman TP (1986) Climatic consequences of very high 
carbon dioxide levels in the Earth's early atmosphere. Science 
234:1383-1385 

Kasting JF, Eggler DH, Raeburn SP (1993) Mantle redox evolution 
and the oxidation state of the Archean atmosphere. J Geol 
101:245-257 

Kauffman SA (1993) The origins of order: self-organization and se- 
lection in evolution. Oxford University Press, New York 

Kawka OE, Simoneit BRT (1987) Survey of hydrothermally-gener- 
ated petroleums from the Guaymas Basin spreading center. Org 
Geochem 11:311-328 

Kimoto T, Fujinaga T (1988) Non-biotic synthesis of cellular organ- 
ic polymers in the presence of hydrogen sulphide. Chem Express 
3:123-126 

Kimoto T, Fujinaga T (1990) Non-biotic synthesis of organic poly- 
mers in H2S-rich sea floor: a possible reaction for the origin of life. 
Marine Chem 30:179-192 

Koch AL, Schmidt TM (1991) The first cellular bioenergetic process: 
primitive generation of a proton-motive force. J MoI Evol 
33:297-304 

Kopelman R (1989) Diffusion-controlled reaction kinetics. In: Avnir 
D (ed) The fractal approach to heterogeneous chemistry. John Wi- 
ley, New York, pp 295-309 

Krishnarao JSR (1964) Native nickel-iron alloy, its mode of occur- 
rence, distribution and origin. Econ Geol 59:443-448 

Larter RCL, Boyce AJ, Russell MJ (1981) Hydrothermal pyrite 
chimneys from the Ballynoe baryte deposit, Silvermines, County 
Tipperary, Ireland. Mineralium Deposita 16:309-318 

Leduc S (1911) The mechanism of life. Rebman & Co., New York 
Leja J (1982) Surface chemistry of froth flotation. Plenum Press, 

New York 
Makund S, Adams MWW (1991) The novel tungsten-iron-sulfur pro - 

tein of the hyperthermophilic Archaebacterium, Pyrococcus fu- 
riosus, is an aldehyde ferredoxin oxireductose. J Biol Chem 
266:14208-14216 

Macleod G, McKeown C, Hall A J, Russell MJ (1994) Hydrothermal 
and oceanic pH conditions of possible relevance to the origin of 
life. Orig Life Evol Biosph 24:19-41 

Mann S, Sparks NHC, Frankel RB, Bazylinski DA, Jannasch HW 
(1990) B iomineralization of ferrimagnetic greigite (Fe3S4) and iron 
pyrite (FeS 2) in a magnetotactic bacterium. Nature 343:258-261 

Miller SL (1955) Production of some organic compounds under pos- 
sible primitive Earth conditions. J Am Chem Soc 77:2351-2361 

Mitchell P (1961) Coupling of phosphorylation to electron and hy- 
drogen transfer by a chemiosmotic mechanism. Nature 191: 
144-148 

Mitchell P (1979) Keilin's respiratory chain concept and its chemios- 
motic consequences. Science 206:1148-1159 

Moorbath S (1985) Crustal evoIution in the early Precambrian. Orig 
Life Evol Biosph 15:251-261 

Morowitz HJ, Deamer DW, Smith T (1991) Biogenesis as an evolu- 
tionary process. J Mol Evol 33:207-208 

Mtiller A, Schladerbeck N (1985) Systematik der Bildung yon Elek- 
tronentransfer-clusterzentrum {FenSn }m+ mit Relevanz zur Evo- 
lution der Ferredoxine. Chimia 39:23-24 

Neal C, Stanger G (1984) Calcium and magnesium hydroxide pre- 
cipitation from alkaline groundwater in Oman, and their signifi- 
cance to the process of serpentinization. Mineral Mag 48:237-241 

Newman M J, Rood RT (1977) Implications of solar evolution for the 
Earth's early atmosphere. Science 198:1035-1037 

Nicolis G, Prigogine I (1977) Self-organization in nonequilibrium sys- 
tems. John Wiley, London 

Nisbet EG (1984) The continental and oceanic crust and lithosphere 
in the Archaean: isostatic, thermal, and tectonic models. Can J 
Earth Sci 21:1426-1441 

Nisbet EG (1987) The young Earth: an introduction to Archaean ge- 
ology. Allen and Unwin, Boston 

Noodleman L, Case DA (1992) Density-functional theory of spin po- 
larization and spin coupling in iron-sulfur clusters. Adv Organ 
Chem 38:423-470 

Ohmoto H, Felder RP (1987) Bacterial activity in warmer, sulphate- 
bearing, Archaean oceans. Nature 328:244-246 

Orgel LE (1968) Evolution of the genetic apparatus. J Mol Biol 
38:381-393 

Orgel LE (1986) Did template directed nucleation precede molecu- 
lar replication? Orig Life Evol Biosph 17:27-34 

Orgel LE, Crick FHC (1993) Anticipating an RNA World, some past 
speculations on the origin of life: where are they today? FASEB 
J 7:238-239 

Peretti A, Dubessy J, Mullis J, Frost BR, Trommsdorff V (1992) 
Highly reducing conditions during Alpine metamorphism of the 
Malenco peridotite (Sondrio, northern Italy) indicated by miner- 
al paragenesis and H 2 in fluid inclusions. Contrib Mineral Petrol 
112:329-340 

Pfeffer W (1877) Osmotische untersuchungen. Engelmann, Leipzig 
Phillips MC, Johnson W J, Rothblat GH (1987) Mechanisms and con- 

sequences of cellular cholesterol exchange and transfer. Biochim 
Biophys Acta 906:223-276 

Pinto JP, Gladstone GR, Yung YK (1980) Photochemical production 
of formaldehyde in Earth's primitive atmosphere. Science 
210:183-185 

Prigogine I, Stengers I (1984) Order out of chaos. Heinemann, Lon- 
don 

Reid MH, Orgel LE (1967) Synthesis of sugars in potentially prebi- 
otic conditions. Nature 216:455 

Rickard DT (1975) Kinetics and mechanism of pyrite formation at low 
temperatures. Am J Sci 275:636-652 

Rickard DT (1989) Experimental concentration-time curves for the 
iron(II) sulphide precipitation process in aqueous solutions and 
their interpretation. Chem Geol 78:315-324 

Russell MJ (1988) Chimneys, chemical gardens and feldspar horizons 
+ pyrrhotine in some SEDEX deposits: aspects of alkaline envi- 
ronments of deposition. Proc 7th Quadrennial IAGOD Symposium, 
E Schweizerbartsche Verlagsbuchhandlung, Stuttgart, pp 183-190 

Russell MJ (1992) Hydrothermal ore deposits. In: Brown GC, 
Hawkesworth C J, Wilson RCL (eds) Understanding the Earth. 
Cambridge University Press, Cambridge, England, pp 204-221 

Russell MJ, Skauli H (1991) A history of theoretical developments 
in carbonate-hosted base metal deposits and a new tri-level en- 
thalpy classification. Econ Geol Monograph 8:96 116 

Russell MJ, Hall AJ, Cairns-Smith AG, Braterman PS (1988) Sub- 
marine hot springs and the origin of life. Nature 336:117 

Russell M J, Hall A J, Turner D (1989) In vitro growth of iron sulphide 
chimneys: possible culture chambers for origin-of-life experi- 
ments. Terra Nova 1:238-241 



243 

Russell MJ, Hall AJ, Gize AP (1990) Pyrite and the origin of life. Na- 
ture 344:387 

Russell MJ, Daniel RM, Hall AJ (1993) On the emergence of life via 
catalytic iron sulphide membranes. Terra Nova 5:343-347 

Schoonen MAA, Barnes HL (1991) Reactions forming pyrite and mar- 
casite from solution: I. Nucleation of FeS 2 below 100°C. Geochim 
Cosmochim Acta 55:1495-1504 

Seyfried WE, Kang Ding, Berndt ME (1991) Phase equilibria con- 
straints on the chemistry of hot spring fluids at mid-ocean ridges. 
Geochem Cosmochim Acta 55:3559-3580 

Shock EL (1992) Chemical environments of submarine hydrothermal 
systems. Orig Life Evnl Biosph 22:67-107 

Simoneit BRT, Kwat OE, Brault M (1988) Origin of gases and con- 
densates in the Guaymas Basin hydrothermal system (Gulf of 
California). Chem Geol 71:169-182 

Skinner B J, Erd RC, Grimaldi FS (1964) Greigite, the thiospinel of 
iron: a new mineral. Am Mineralogist 49:543-555 

Smith JV (1981) The first 800 million years of the Earth's history. R 
Soc Lond Philos Trans 301A:401-422 

Stanton MR, Goldhaber MB (1991) An experimental study of goethite 
sulfidization-relationships to the diagenesis of iron and sulfur. US 
GeoI Surv Bull 1973E:1-20 

Tatsumoto M, Williams WT, Prescott JM, Hood DW (1961) Amino 
acids in samples of surface sea water. J Marine Res 19:89-95 

Tomeoka K (1990) Phyllosilicate veins in a CI meteorite: evidence 
for aqueous alteration on the parent body. Nature 345:138-140 

Ulrich GHF (1890) On the discovery, mode of occurrence and dis- 
tribution of nickel-iron alloy awaruite on the west coast of South 
Island, New Zealand. Q J Geol Soc Lond 46:619-633 

Vallentyne JR (1965) Why exobiology? In Mamikunian G, Briggs MH 
(eds) Current aspects of exobiology. Pergamon Press, New York, 
pp 1-12 

Vaughan DJ, Tossell JA (1981) Electronic structure of thiospinel 
minerals: Results from MO calculations. Am Mineral 66:1250- 
1253 

Vaughan DJ, Craig JR (1985) The crystal chemistry of iron-nickel 
thiospinels. Am Mineral 70:1036-1043 

Vaughan DJ, Lennie AR (1991) The iron sulphide minerals: their 
chemistry and role in nature. Sci Prog Edinburgh 75:371-388 

Vaughan D J, Lennie AR, Tossell J (1991) Pyrite and related sulphides: 
Electronic structure and surface properties. In: Russell MJ (com- 
piler) The inorganic-organic interface, (abstracts). Geology and 
Applied Geology, Glasgow University, pp 1-4 

yon Datum KL, Edmond JM, Grant B, Measures CI, Walden B, Weiss 
RF (1985) Chemistry of submarine hydrothermal solutions at 
21°N, East Pacific Rise. Geochim Cosmochim Acta 49:2197- 
2220 

W~ichtersh~iuser G (1988a) Pyrite formation, the first energy source 
for life: a hypothesis. System Appl Microbiol 10:207-210 

W~ichtersh~user G (1988b) Before enzymes and templates: theory of 
surface metabolism. Microbiol Rev 52:452-484 

W~ichtersh~user G (1990) Evolution of the first metabolic cycles. 
Proc Natl Acad Sci USA 87:200-204 

W~ichtersh~iuser G (1992) Groundworks for an evolutionary bio- 
chemistry: the iron-sulphur world. Prog Biophys Mol Biol 
58:85-201 

Walker JCG (1985) Carbon dioxide on the early Earth. Orig Life Evol 
Biosph 16:117-127 

Wark EE, Wark IW (1935) The physical chemistry of flotation. VI, 
the adsorption of amines by sulfide minerals. J Phys Chem 
39:1021-1030 

Weisser O, Landa S (1973) Sulphide catalysts, their properties and ap- 
plications. Pergamon Press, Oxford, and Friedr. Vieweg and Sohn, 
Braunschweig 

Williams RJP (1961) Functions of chains of catalysts. J Theoret Bi- 
ol 1:1-13 

Williams RJP (1965) Electron migration in iron compounds. In: San 
Pietro A (ed) Non-heme iron proteins: role in energy conversion. 
The Antioch Press, Yellow Springs, Ohio, pp 7-22 

Williams RJP (1990) Iron and the origin of life. Nature 243:213-214 
Wu T, Orgel LE (1991 ) Disulphide-linked oligonucleotide phospho- 

thioates: novel analogues of nucleic acids. J Mol Evol 32:274-277 
Yamagata Y, Wanatabe H, Saitoh M, Namba T (1991) Volcanic pro- 

duction of polyphosphates and its relevance to prebiotic evolution. 
Nature 352:516-519 


