




























































freeze-drying speeds up the curing of gels, that is, it demonstrates the effects of

lithification without waiting on geological time. And they are remarkably similar to

the Tynagh ‘bubbles’, even in detail (Russell et al. 1994, Fig. 6; Russell and Hall

1997, Fig. 5b, c) (Fig. 6).

(ii) ‘‘We have no Hadean rocks that could show evidence for FeS-cells’’ and
‘‘As long as no valid empirical evidence is produced, a Hadean mound of FeS-
cells must be considered unsubstantiated’’

(Wächtershäuser 2006, p 1808)

By definition, there are no Hadean sediments. As we have declared in numerous

publications, indications that Hadean iron sulfide chimneys and botryoids may have

formed then derives from the study of 350 million year old early Carboniferous

Irish metal-sulfide ore deposits (Boyce et al. 1983, 2003). Moreover, two newly

discovered active submarine alkaline hydrothermal mounds (of the kind predicted

by the hypothesis, Russell et al. 1994) are entirely composed of porous precipitates

comprising, in these cases, carbonate and clays—the kinds of deposit to be expected

in present-day conditions (Kelley et al. 2001, 2005; Marteinsson et al. 2001).

(iii) The FeS-cell experiments were done with a FeCl2 solution of pH 1.9
(Russell et al. 1989). Acidity is crucial. Russell and Hall (1997) and Russell
et al. (1998, 2003) calculated for the Hadean ocean pH 3.5, pH 4.5 (1998) or
pH 5.5 (2003). This is anything but uncontroversial. Some geologists assume
an alkaline Hadean ocean (Maisonneuve 1982; Kempe and Degens 1985,

1989; Grotzinger 1994; Sukumaran 2000). Others assume a nearly neutral
Hadean ocean that developed from pH 5.6 at 100�C to pH 6.8 at 70�C

Fig. 6 Polished cross-sections of the Tynagh iron sulfide botryoids. These structures inspired the idea
that the first compartments involved in the emergence of life were of comparable structure. It should be
noted that the sulfide comprising what is now pyrite (FeS2) in these 350 million-year-old submarine
deposits was derived through bacterial sulfate reduction that took place in somewhat alkaline and saline
seawater while the iron was contributed by exhaling acidic hydothermal solutions. On the early Earth the
sulfide would have been carried in the alkaline solution as bisulfide, whereas the iron would have been
contributed from the acidulous Hadean Ocean. On mixing, mackinawite (Fe(Ni)S) and greigite (Fe5NiS8)
would have precipitated to form inorganic membranes at the interface (Russell et al. 1994; Russell and
Hall 1997). Submarine mounds are invariably porous (Marteinsson et al. 2001; Kelley et al. 2005)
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(Morse and Mackenzie 1998). Therefore, a Hadean ocean with a combination
of a low temperature (less than 20�C) and an acidic pH, as required (Russell

et al. 2005) may well be a geochemical impossibility’’

(Wächtershäuser 2006, p 1808).

The FeS-cell experiments were undertaken at a variety of pH conditions up to pH 5

in exploration for the kind of conditions that might reproduce such morphologies.

The onus appears to be on Wächtershäuser to demonstrate that an acidulous ocean

(pH 5–6) is a geochemical impossibility. Climatic and geochemical conditions are

bound to have fluctuated quite violently on the early Earth. Nevertheless, the

calculations concluding an acidulous Hadean ocean were advanced in Macleod

et al. (1994). We note that the 10 bars of CO2 in Lake Nyos in the Cameroon, our

modern analogue, induces a pH approaching 5 (Russell and Hall 1997; Kusakabe

et al. 2000). This level of acidity would have been further augmented by the sulfur

dioxide produced by violent volcanism and meteoritic impacts and ultimately rained

into the Hadean ocean as sulfuric acid, by volcanic HCl and by acid (pH 3) hot

springs, ten times more numerous then than today (Lowell and Keller 2003). As to

the idea of an early soda ocean, there is simply no known concentrating mechanism

and no geological or geochemical support for this notion (Morse and Mackenzie

1998).

(iv) ‘‘Russell and co-workers used in their chemical garden experiments
concentrations of FeCl2 of 3 wt% (1989) or 0.5 molar (1997), both by orders
of magnitude too high’’. As long as no valid empirical evidence is produced, a
Hadean mound of FeS-cells must be considered unsubstantiated’’

(Wächtershäuser 2006, p. 1808).

I concede that to reproduce the phenomenon of the botryoids and chimneys in the

lab we have adopted a number of experimental approaches—normal practice in the

early elucidation of origins. After all the Wächtershäuser experiments range in pH

up to 12.8 (Huber and Wächtershäuser 2006), hardly matching conditions of the

volcanic exhalations he appeals to for the site of life’s emergence, though of course,

more in keeping with our hypothesis (Russell 2003).

Wächtershäuser (2006, p 1808) also implies we should anyway defer to the

seminal work of Hans Kuhn. From the kind of statement made in Kuhn and Kuhn

(2003, p 263), [viz., ‘‘Thus even for the first steps suitable conditions must be found

which lead to the aggregates of mutually compatible molecules and to the evolution

of increasingly more complex and intricate structural diversity, temporal periodicity

and spatial compartmentalization (e.g. day-night cycle and small pores in a rock) are

fundamentally important conditions’’], I find no particular resonance. The point

about the submarine hydrothermal hatchery is that it grows fresh catalytic and

chemically osmotic compartments at the same time as the proto-metabolic

reductions, condensations and hydrolyses are assumed to take place, and in the

dark. This submarine chemical and electrochemical reactor and affinity column is

long-lived, chemostated, thermostated and self-restoring—it is not a bunch of

passive unspecified rock pores.
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While our hypothesis has developed and evolved we have not wavered in the

basic tenets, i.e., of a warm alkaline hydrogen-bearing solution interfacing a

carbonic ocean through a spontaneously precipitated catalytic barrier (Russell et al.

1988, 1989). And I would argue that most of the undoubted experimental successes

of Wächtershäuser and his co-workers actually speak directly for the alkaline

solution to the emergence of life and against an acidic origin at a volcanic

exhalation. We recognize that one essential difference between the alkaline theory

and Wächtershäuser’s experimental findings lies in the source of carbon, whether

volcanic CO (Wächtershäuser 2006; Huber and Wächtershäuser 2006; Ferry and

House 2006) or CO2 (Russell and Hall 1997; Russell and Martin 2004). Even here

we have confessed uncertainty, wondering if CO2 reduction wasn’t initially a

geochemical contribution, though of the alkaline hydrothermal system rather than

from a distant volcano (Russell and Hall 1997, p 397; Martin and Russell 2007).

Another major difference is that Wächtershäuser’s fixation reactions are

putatively confined to the surface of a growing pyrite crystal (Wächtershäuser

1988b, 1990) whereas our assumed core reactions take place within the inorganic

membrane and the products are then trapped within pores within the hydrothermal

mound (Russell et al. 1988, 1994). Baaske et al. (2007) have now demonstrated

how such products may be exponentially concentrated by thermophoresis within the

cooler sections of the pores. Moreover, laminar convection within elongated pores

could also have generated nucleic acid multimers (initially RNA) through the

process of unfolding, melting (at �100�C), annealing and elongation (at �50�C)

within clefts in a similar fashion to the albeit protein-catalyzed polymerase chain

reaction (PCR) (Krishnan et al. 2002; Braun and Libchaber 2002, 2004).

Cody (2004) has compared both autogenic models in his review of the place of

transition metal sulfides in the origin of metabolism.

20 Conclusions

Life is the chemical vortex that defies our vivocentric proclivities. Taking on the

disequilibria that physics and chemistry could not resolve on our planet, life is a

complex funnel for molecules such as CO2 and H2, unstable each to the other,

produced by geochemical and/or photochemical processes and reliant on convec-

tion, to react, interact and ultimately be exhausted as one more transient drop in our

lazy tiring, though partly complexifying Universe. The autogenic path into this

chemical vortex, now a complex of coherent and genetically regulated metabolic

cycles was, we contend, via early inorganic catalytic barriers or membranes, formed

at an alkaline hydrothermal seepage and comprised in part of mixed valence iron

sulfides doped with other transition elements such as nickel and molybdenum. These

catalysts paved the way for the generation of acetate or methane, wastes from

attractor systems that saw the synthesis of molecules entrained in further chemical

reactions. Although evolution toward a takeover of membrane processes by

proteins, and later by lipids, was probably rapid—minor concentrations of iron

sulfides and traces of certain transition elements are vital to membrane processes to

this day. That life had autogenic beginnings is not such an affront when we consider
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that the present food chain or web is grounded in the autotrophic fixation of

atmospheric CO2 with H2 variously derived through chemosynthetic or photosyn-

thetic reduction of CO2 with H2 from H2O or H2S respectively.

Although in dispute, it seems from the contrary requirements of kinetics and

thermodynamics that the likely temperature of life’s emergence was around 40�C

(Moulton et al. 2000). Yet there is evidence to indicate that the last common

surviving community thrived at 50 to 60�C or at even higher temperatures (Gaucher

et al. 2003; Di Giulio 2003) perhaps a result of screening through a period of high

ambient temperature caused either by bolide impacts or by the clearing of the skies

and a reversion to a carbon dioxide greenhouse (Kasting and Akerman 1986; Kasting

and Brown 1998; Nisbet and Sleep 2001; Schwartzman and Lineweaver 2005).

An early achievement of evolution was the decoupling of cells from the

hydrothermal seepage site. Autonomous microbial communities could eventually

prospect for fuels, carbon and metal sources elsewhere on and in the Earth. So from

reliance on H2, cells could fix CO2 using organic detritus or other reduced entities

such as H2S (with S0 as the waste). Much of this early evolution proceeded on and

within the ocean floor. Then, born on the back of the advecting lithosphere, portions

of the ocean floor and accompanying biosphere were obducted into the photic zone

(Russell and Arndt 2005). Here, protected from hard UV by mineral grains,

precursors to the green sulfur bacteria could have augmented the chemical energy

supply of hydrothermal H2S with solar photons (Phoenix et al. 2001; Baymann

et al. 2001; Blankenship 2002). The extraordinary evolutionary jump to oxygenic

synthesis was made possible by the redox sensitivity of a manganiferous component

of the sediments. A mixed valence calcium manganite (CaMn4O8, cf., Barrier et al.

2005) could have been co-opted as a ‘ready made’ active center to facilitate the

photolytic dissociation of two water molecules, gaining four electrons and four

protons for biosynthesis in the process—ambient ferrous iron initially extracting the

oxygen though eventually it was to escape as a waste gas (Allen 2005; Russell and

Hall 2006; Yano et al. 2006; Allen and Martin 2007) (Table 1).

Metal-driven redox reactions are still responsible for a good proportion of the

Earth’s primary organic production. Much of this production is processed by

phytoplankton even though the required metals are only available at less than

0.1 mM/l in today’s aerobic oceans (Morel and Price 2003). Concentrations are

greater in ocean bottom sediments where methanogens and acetogens still make up

a large proportion of the Earth’s biomass (Whitman et al. 1998) as they are in acid

mine drainage (Baker and Banfield 2003). Although metals constitute the active

centers of about one third of all known proteins, they were likely to have been

involved in many more before ‘‘the great oxidation event’’, which happened when

our planet was only half its present age. Even during the time of transition toward

fully oxic conditions, the biophile trace metals were not limiting (Konhauser et al.

2002). But the first ocean, which condensed at �4.4 Ga (Wilde et al. 2001) would

have been strongly enriched in metal ions, supplied almost entirely through high

temperature springs. In these early times we contend that metal complexes played

many roles in the emergence of life and the production of the biosphere. They did so

in conjunction with sulfides and phosphates. Indeed, to borrow a phrase from David

Garner, ‘‘it is the inorganic elements that bring organic chemistry to life’’. Life then

M. J. Russell

123



joined in the process aided by the conjugated bases, especially the nucleic acids

(Martin and Russell 2007). Yet challenges and tests remain almost boundless in the

experimental endeavor to demonstrate that, in principle, life could arise as a result

of the abiogenic organization of inorganic matter and its organic products

(Eschenmoser 1999).
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Marteinsson VTh, Kristjánsson JK, Kristmannsdöttir H et al. (2001) Discovery of giant submarine

smectite cones on the seafloor in Eyjafjordur, Northern Iceland, and a novel thermal microbial

habitat. Appl Environ Microbiol 67:827–833

Martin W, Russell MJ (2003) On the origin of cells: an hypothesis for the evolutionary transitions from

abiotic geochemistry to chemoautotrophic prokaryotes, and from prokaryotes to nucleated cells. Phil

Trans Roy Soc Lond (Ser B) 358: 27–85

Martin W, Russell MJ (2007) On the origin of biochemistry at an alkaline hydrothermal vent. Phil Trans

Roy Soc Lond (Ser.B), DOI 10.1098/rstb.2002.1183

Martin W, Rote C, Hoffmeister M, Theissen U, Gelius-Dietrich G, Ahr S, Henze K (2003) Early cell

evolution, eukaryotes, anoxia, sulfide, fungi first (?), and a tree of genomes revisited. Life 55: 193–

204

Maurette M, Brack A, Duprat J, Engrand C (2004) Delivery of micrometeoritic greenhouse gases and

‘‘smoke’’ particles during the post-lunar ‘‘late heavy bombardment’’ of the Earth. 35th COSPAR

Scientific Assembly, 18–25 July, Abstract 04-A-02754, Paris

McCollom T, Seewald JS (2003) Experimental constraints on the hydrothermal reactivity of organic acids

and acid anions. I. Formic acid and formate. Geochim Cosmochim Acta 67:3625–3644

Mehta MP, Baross JA (2006) Nitrogen fixation at 92�C by a hydrothermal vent archaeon. Science 314:

1783–1786

Mellersh AR (1993) A model for the prebiotic synthesis of peptides which throws light on the origin of

the genetic code and the observed chirality of life. Orig Life Evol Biosph 23: 261–274

Mellersh AR, Wilkinson A-S (2000) RNA bound to a solid phase can select an amino acid and facilitate

subsequent amide bond formation. Orig Life Evol Biosph 30:3–7

Mereschkowsky C (1910) Theorie der zwei Plasmaarten als Grundlage der Symbiogenesis, einer neuen

Lehre von der Entstehung der Organismen. Biol Centralbl 30: 278–288; 289–303: 321–347; 353–

367

Miller SR, Wingard CE, Castenholz RW (1998) Effects of visible light and UV radiation on

photosynthesis in a population of a hot spring cyanobacterium, a Synechococcus sp., subjected to

high-temperature stress. Appl Environ Microbiol 64:3893–3899

Milner-White EJ (1997) The partial charge of the nitrogen atom in peptide bonds. Protein Sci 6: 2477–

2482

Milner-White EJ, Russell MJ (2005) Nests as sites for phosphates and iron–sulfur thiolates in the first

membranes: 3 to 6 residue anion-binding motifs. Orig Life Evol Biosph 35: 19–27

Milner-White EJ, Nissink WM, Allen FH, Duddy WJ (2004) Recurring main chain anion-binding motifs

in short polypeptides. Acta Crystallogr (Sect D) 60: 1935–1942

Mitchell P (1967) Proton-translocation phosphorylation in mitochondria, chloroplasts and bacteria:

natural fuel cells and solar cells. Fed Am Soc Exp Biol 26:1370–1379

Mojzsis SJ, Harrison TM, Pidgeon RT (2001) Oxygen-isotope evidence from ancient zircons for liquid

water at the earth’s surface 4,300 Myr ago. Nature 409: 178–181

Moore PB, Steitz TA (2003) After the ribosome structures: how does peptidyl transferase work? RNA 9:

155–159

Morel FMM, Price NM (2003) The biogeochemical cycles of trace metals in the oceans. Science 300:

944–947

Morita RY (2000) Is H2 the universal energy source for long-term survival? Microb Ecol 38: 307–320

Morowitz H, Smith E (2006) Energy flow and the organization of life. Santa Fé Special Paper #06–08–029
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Vaughan DJ, Ridout MS (1971) Mössbauer studies of some sulfide minerals. J Inorg Nucl Chem 33: 741–

747

Vladimirov MG, Ryzhkov YF, Alekseev VA, Bogdanovskaya VA, Otroshchenko VA, Kritsky MS (2004)

Electrochemical reduction of carbon dioxide on pyrite as a pathway for abiogenic formation of

organic molecules. Orig Life Evol Biosph 34:347–360

Volbeda A, Fontecilla-Camps JC (2005a) Structure-function relationships of nickel–iron sites in

hydrogenase and a comparison with the active sites of other nickel–iron enzymes. Coord Chem Rev

249:1609–1619

Volbeda A, Fontecilla-Camps JC (2005b) Structural bases for the catalytic mechanism of Ni-containing

carbon monoxide dehydrogenases. Dalton Trans 2005:3443 – 3450

von Neumann J (1951) The general and logical theory of automata. In: Jeffress LA (ed) Cerebral

mechanisms in behavior—The Hixon Symposium. Wiley, New York, pp 1–31

Wächtershäuser G (1988a) Pyrite formation, the first energy source for life: a hypothesis. Syst Appl

Microbiol 10:207–210
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